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Mutations ts2158 and ts1882, which confer temperature sensitivity of septum
formation, map near leu in the region of min 2.0 to 2.1 on the Escherichia coli
chromosome. These mutants stop division abruptly and grow as filaments at
42 C; when returned to 28 C, division resumes after about 30 min to produce
short cells. The product of the gene defined by these mutations probably is
required during all stages of septum formation rather than specifically for
initiation of septation. Filaments that formed at 42 C contained incomplete
constrictions (septa). When actively dividing filaments (i.e., those incubated at
28 C until division resumed) were shifted to 42 C a second time, division again
stopped abruptly and incomplete constrictions persisted during the incubation at
42 C. Filaments that were subjected to 28 C incubation for a brief time (10, 20, or

30 min) before being shifted again to 42 C did not resume division as would be
expected of a strain defective in initiating septation. Mutations ts1882 and ts2158
are recessive to the ts+ allele, which is consistent with the interpretation that
these mutations cause the loss of a function. They did not complement each other
and presumably represent one cistron. Mutants carrying ts1882 and ts2158
mutations were compared with a mutant defective in the ftsA allele, also known
to map near leu.

Some temperature-sensitive (ts) cell division
mutants of Escherichia coli (2, 8, 14, 17, 23, 28),
of Salmonella typhimurium (1, 6), and of Bacil-
lus subtilis (3, 13, 22) continue deoxyribonucleic
acid synthesis and growth at elevated tempera-
ture but do not form septa. These mutants
presumably are defective in the initiation or in
the process of septum formation. In E. coli, at
least seven (18), and probably more, alleles are
involved in septum formation.
Two mutations that confer temperature sen-

sitivity in septum formation, ts1882 and ts2158,
map at approximately min 2.0 to 2.1 near leu
(2). Mutants carrying these mutations stop
division abruptly when shifted to 42 C and
continue growth as filaments; after reduction of
temperature to 28 C they resume division at a
rate greater than normal until the filaments
have divided to form short cells (2). The ftsA
gene, defective in strain PAT84, also maps near
leu; ftsA mutants stop division at 41 C and
resume division after the temperature is re-
duced to 30 C (18). The ftsA, ts1882, and ts2158
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mutants all were identified as clones which, at
42 C, grew as filaments but could not form
colonies (2, 8).

In this paper, we present evidence that the
ts1882 and ts2158 mutations define an allele
that codes for a product required during the
process of septum assembly, rather than for
initiation of septation. Filaments forming dur-
ing incubation at 42 C retain visible, incom-
plete septa. The ts+ allele is dominant over
ts1882 and ts2158; also, these mutations proba-
bly represent one cistron. Properties of the
mutants that contain ts1882 and ts2158 are
compared with those of an ftsA mutant.

MATERIALS AND METHODS
Strains. The E. coli K- 12 strains, their characteris-

tics, and their sources are listed in Table 1. Bacterio-
phage Plvira was obtained from E. Moody.

Media. Enriched tryptone-yeast extract (YET)
medium and defined medium base (9) supplemented
with glucose (10 mg/ml), thiamine hydrochloride and
nicotinic acid (5 Ag/ml), L-amino acids (50 lAg/ml),
and streptomycin (200 Ag/ml) as needed, were used.
The YET broth contained 0.5% NaCl for use with all
strains except ftsA84 derivatives, for which the NaCl
concentration was 0.4%. The ftsA84 phenotype is
suppressed by concentrations of NaCl of 0.5% or
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TABLE 1. Principal strains

Strain Characteristics Source

AX655 ts2158 derivative of (2)
AB1157 F- thr elu
thi arg proA his gal
xyl ara mtl lac str

AX621 As AX655 but ts1882 (2)
P4X8 Hfr leu ftsA84 (PO3) B. Shapiro
UTH4113 F- thr leu str nadC22 T. Matney
AX710 leu+ ts1882 transduc-

tant of UTH4113
AX720 leu+ ftsA84 transduc-

tant of UTH4113
AX732 leu+ ts2158 transduc-

tant of UTH4113
F',,,/C600 F'101 thr+ leu+ ts+

nadC+/thr leu str+
F' ,1,ts2158/AX655 Isolated from F' ,J/

AX655

higher (J. R. Walker, unpublished data; according to
Ricard and Hirota [181, the minimum NaCl concen-
tration required for suppression is 0.65%). The ts1882
and ts2158 mutants are not affected by variations in
NaCl concentration from 0.2 to 1%. Media for phage
growth and transduction were those of Rosner (19) for
liquid media and of Caro and Berg (5) for solid media.

Cell number and mass determinations. Cells
were diluted in 0.9% NaCl-0.05% formaldehyde and
counted in a model ZB Coulter counter. Absorbance
was measured at 450 nm in a Zeiss PMQ II spectro-
photometer, using a 10-mm light path.
Growth conditions. Cultures were grown in YET

broth at 28 C with shaking for 12 generations before
use. Changes in temperature were made without
dilution by pouring cultures into prewarmed flasks.

Staining of cells for light microscopy. The cell
wall stain procedure of Breakefield and Landman (3)
was used.

Plvir transduction. The procedure of Rosner (19)
was used for preparation of lysates. Lysates were
grown on the donor host twice before use in the
transduction procedure of Willetts et al. (25).

RESULTS
Resumption of division after 42 C incu-

bation. In strain AX655 ts2158, division ceased
abruptly at 42 C but growth, as measured by
absorbance, continued for 2.5 mass doublings
during 60 min (Fig. 1). The residual division at
42 C was limited to an increase of 6% in the
total number of cells (average of nine experi-
ments, range of 1 to 11%). Division resumed 28
to 30 min after reducing the temperature to
28 C at a rate greater than the normal rate at
28 C. As the filaments divided into shorter cells,
the division rate gradually decreased over 180
min until the rate slowed to the usual 28 C rate.

In the ftsA strain, division also stopped at
42 C after a residual increase of 15% over 60 min
(average of 12 experiments, range of 8 to 23%);

growth continued for three mass doublings over
90 min, after which growth ceased (Fig. 2).
When the temperature was reduced to 28 C
after 60 min at 42 C, division resumed at 14 min
(average of eight experiments, range 12 to 15
min) with a burst of division that yielded
approximately four short cells per filament
during a 15-min period. After these initial rapid
divisions, the division rate gradually returned to
the normal 28 C rate.

Although both mutants AX655 ts2158 and
P4X8 ftsA stopped dividing abruptly at 42 C,
they differed in that AX655 filaments retained
incomplete septa (Fig. 3). There were no appar-
ent septa in filaments of P4X8 when viewed by
light (Fig. 4) or, as sections, by electron micros-
copy (data not shown).

Effects of multiple temperature shifts on
cell division. When cultures were incubated at
42 C for 60 min, then for a limited period at
28 C, and finally again at 42 C, AX655 ts2158
and P4X8 ftsA differed in ability to divide
during the second 42 C incubation period.
When the 28 C incubation period was shorter
than the time required for division to resume at
this temperature, P4X8 ftsA, but not AX655

28, 42 28
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FIG. 1. Growth and cell division ofAX655 ts2158 at
28 and 42 C. Relative amount 1 represents 101
cells/ml (0) and an absorbance (A) of 0.01.
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FIG. 2. Growth and division of P4X8 ftsA at 28 and
42 C. A culture was grown at 28 C and shifted at 0
min to 42 C(A); after 60 min at 42 C, a portion of the
culture was shifted to 28 C (B). Relative amount 1
represents 106 cells/ml (0) and an absorbance (A) of
0.01.

ts2158, was able to divide during the second
period at 42 C. Filaments of strain AX655
ts2158 required 28 to 30 min (Fig. 1) to resume
division at 28 C; if only 10 or 20 min at 28 C was

permitted, a second shift to 42 C prevented the
resumption of division (Fig. 5). The percentage
increase in cell number was limited to 0 and 10,
respectively, under these conditions. If the sec-
ond shift to 42 C occurred after 30 min of 28 C
incubation, i.e., as filament division resumed,
the residual division that occurred over the
ensuing 30 min resulted only in a 15% increase
in cell number (Fig. 5).

In contrast, a brief period of 28 C incubation
after 60 min of 42 C incubation was adequate to
permit division of filaments of strain P4X8 ftsA
during a second period of incubation at 42 C
(Fig. 6A, B). A 5-min and a 10-min incubation
period at 28 C permitted subsequent increases
in cell number at 42 C of 35 and 110%, respec-
tively. This division occurred at 42 C immedi-
ately upon the temperature increase and earlier
than division resumed in a control culture
maintained at 28 C (Fig. 6A, B).
When filaments that were actively dividing

were shifted to 42 C, AX655 ts2158 stopped
division abruptly but P4X8 ftsA continued
division. When filaments of AX655 were shifted

a second time to 42 C after 40 or 50 min at 28 C,
the residual division was limited to increases in
cell number of 5 and 17%, respectively (Fig. 7).
Thus, although filaments were forming septa
(Fig. 3d), the divisions were not completed at
42 C. Filaments observed during the second
period of incubation at 42 C contained incom-
plete septa (Fig. 3e), as did filaments observed
during the initial period of incubation at 42 C.
In contrast, actively dividing filaments of P4X8
ftsA continued division when shifted a second
time to 42 C (Fig. 6C). A 127% increase in cell
number followed a shift to 42 C made after 17
min of incubation at 28 C (Fig. 6C); no incom-
plete septa were found in filaments of the ftsA
mutant under these conditions (Fig. 4e).

Effect of length of period at 42 C on re-
sumption of division. Strain AX655 ts2158,
when shifted to 42 C for periods of 5 to 10 min,
slowed the division rate for an ensuing 30 min
(Fig. 8), but division then resumed at a rate
greater than the normal 28 C rate for about 55
min, after which division occurred at the normal
rate. Incubation at 42 C for 15 or 30 min re-
sulted in almost complete inhibition of division
for a period of 30 min during subsequent incuba-
tion at 28 C (Fig. 9; cf. Fig. 1); when division
resumed, rapid division occurred for periods of
70 and 90 min, respectively, before the normal
division rate was reestablished. In mutant
P4X8, subsequent division at 28 C was slowed
even by 3 min of 42 C incubation; periods longer
than 3 min (i.e., 5 to 45 min) had the effect of
stopping subsequent division at 28 C for ap-
proximately 15 min in all cases tested (Fig. 10).

After resumption of division, P4X8 ftsA di-
vided with a rate proportional to the duration of
42 C incubation (Table 2), until a minimum of 7
min for septum formation and cell separation
was reached. In AX655 ts2158, the rate of
division of filaments was much less affected by
the length of time of 42 C incubation (Table 2).

Genetic mapping of ftsA and ts2158. We (2)
reported that ts1882, which confers a ts pheno-
type similar to that conferred by ts2158, maps
at min 2.1 between leu (at 1.5 min) and nadC
(at 2.5 min). The ftsA allele was reported to
map near min 1 to 1.5 (18). The orientation of
ftsA and of ts2158 relative to leu and nadC and
their map positions have been determined by P1
transduction. P1 was grown on leu+ revertants
of P4X8 ftsA and of AX655 ts2158. The leu+
marker was transduced into the leu ts+ nadC
strain UTH4113, and the transductants were
scored for ts and nadC (Table 3). The class of
transductants found least often (or not at all)
was the leu+ ts+ nadC+ group; formation of this
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FIG. 3. Incomplete septa of AX655 ts2158 filaments. A culture in YET broth was shifted in the sequence
28 C, 42 C for 60 min, 28 C for 40 min, 42 C. (a) Cells grown at 28 C; (b) nondividing filaments after 30 min at
42 C; (c) nondividing filaments after 60 min at 42 C; (d) dividing filaments 40 min after temperature reduction;
(e) nondividing filaments 30 min after second shift to 42 C; (f) nondividing filaments 60 min after second shift
to 42 C. The magnification was the same for (a) through (f).
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FIG. 4. Filaments of P4X8 ftsA. Cells in broth culture were shifted in the sequence 28 C, 42 C for 60 min,
28 C for 20 min, and 42 C. (a) Cells grown at 28 C; (b) filaments after 20 min at 42 C; (c) filaments after 60 min
at 42 C; (d) dividing filaments 20 min after reduction of temperature to 28 C; (e) filaments 60 min after
increasing the temperature to 42 C the second time. Magnification was the same for (a) through (e).

class would require four cross-over events, and
would be rare, only if the sequence of markers
were leu ftsA (or ts2158) nadC. From cotrans-
duction frequency data (ref. 2 and Table 3) and
the Wu formula (26), ftsA84, ts2158, and ts1882
are all located 0.5 to 0.6 min to the right of leu;
nadC is 0.9 min to the right of leu. ftsA84 was

cotransducible with leu at the level of 36%,
ts2158 at the level of 32.5%, and ts1882 at the
level of 38% (2); thus it is not possible to

determined the sequence of these three muta-
tions from these transduction data alone.
Dominance and complementation analy-

ses. The episome F',ol covers thr and leu (10)
and must extend to the right of nadC because it
donates nadC+ when introduced into the nadC
strain UTH4113. F'1ol thus covers the area in
which ftsA, ts2158, and ts1882 are located.
Partial diploid strains with the genotypes
F',1Ots+/ts2l58 were insensitive to 42 C incuba-
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FIG. 5. Effect of a second temperature shift to 42 C on resumption of division by filaments ofAX655 ts2158.

A culture was grown at 28 C, shifted to 42 C for 60 min, and then shifted to 28 C at 0 min on the abscissa. After
10 (A), 20 (B), and 30 (C) min, the temperature was again increased to 42 C. The vertical dashed lines mark the
time of the second increase to 42 C; the dotted lines represent cell number in an experiment in which the second
increase to 42 C did not occur. Relative amount 1 represents 4.8 x 106 cells/ml (0) and an absorbance (A) of
0.04.

tion and continued growth and division (Fig.
l1A). Similar results were obtained with
F'0olts+/ts1882. Thus, the ts2158 and ts1882
mutations are recessive to the wild-type allele.
In addition, a partial diploid strain of the
,enotype F'1 1ts2158/ts1882 was temperature
sensitive (Fig. l1C), indicating that both ts
mutations are located within one cistron or that
one mutation is polar. The latter possibility is
less likely because the ts mutations are pre-
sumed to be missense. Partial diploid strains of
the genotype F',OjtsA+/ftsA did not have the
wild-type phenotype (Fig. llB): growth contin-
ued for 4 h but then stopped. Division was
initially inhibited and then resumed, but with a
decreasing rate, for about 4 h. This lack of
dominance of ftsA+ over ftsA84 prevents com-
plementation analysis of the relationship be-
tween ftsA (as defined by mutation ftsA84) and
ts2158 or ts1882. It is possible that ftsA+ is not
dominant over any ftsA allele. Alternatively,
the product of ftsA+ might function as an
oligomeric structure; mixing of ftsA + and ftsA84

subunits within one functional unit could inac-
tivate that structure. The residual division
suggests the presence of a partially active prod-
uct, at least for 4 h. Partial diploid strains of the
genotype F'101ts2158/ftsA84 resembled F',O,ts+/
ftsA84 in growth and division at 42 C (Fig.
lID).

DISCUSSION
The allele defined by ts2158 and ts1882 pro-

vides a product that is probably required con-
tinuously during septum formation. This inter-
pretation is based on several lines of evidence
obtained with AX655 ts2158, AX621 ts1882, and
ts transductants prepared from then. (i) When
shifted to 42 C, these ts mutants ceased division
abruptly; the residual division resulted in an
increase in cell number of only about 6% over a
60-min period. (ii) After growth for 60 min at
42 C, incubation at 28 C for a brief period (5 or
10 min) was not adequate to initiate divisions
that could be completed during a second period
at 42 C. (iii) When rapidly dividing filaments

J. BACTERIOL.
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FIG. 6. Effect of shifting temperature to 42 C a second time on resumption of division by filaments of P4X8
ftsA. A culture was grown at 28 C, shifted to 42 C for 60 min, and then shifted to 28 C at min 0 on the abscissa.
After 5 (A), 10 (B), and 17 (C) min, the temperature was again increased to 42 C. The vertical dashed lines mark
the time of the second increase to 42 C; the dotted lines represent cell number in an experiment in which the
second increase to 42 C did not occur. Relative amount I represents 5 x 106 cells/ml (0) and an absorbance (A)
of 0.07.

were shifted to 42 C a second time, division
stopped abruptly. (iv) The filaments that
formed during incubation at 42 C retained in-
complete septa, apparently representing many
stages of septum formation (Fig. 3). (v) When
shifted in the sequence 28 C, 42 C, 28 C until
rapid division resumed and then 42 C again,
incomplete septa also persisted during the sec-
ond period of 42 C incubation. These data
indicate that septation requires the function of
at least one specific gene product during septum
formation, although the possibility that the
gene product functions only during a final step
in septum assembly cannot be excluded. Other
ts mutants that stop division abruptly at 42 C
have been described (e.g., references 1, 6, 8, 14,
17). It might be assumed that such strains are

defective in a late stage of septum formation;
however, incomplete septa have not been dem-
onstrated in them. If such mutants are blocked
in a late step in septation, it must be concluded
that septation is completed in a small fraction
of one generation or that incipient septa are
resorbed or obscured during growth of the
filament, as suggested by Slater and Schaechter
(20). Even in the ts1882 and ts2158 mutants,
not all the septa present in cells at the time of
shifting to 42 C persisted throughout the 42 C
incubation. After 60 min at 42 C, there were
about 25 to 35% as many incomplete septa in
filaments of these mutants as there were in
dividing cells at the time of the shift.
The phenotype of the ftsA strain P4X8 and ts

transductants prepared from it can be ex-

VOL. 123, 1975
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FIG. 7. Effect of shifting temperature to 42 C a

second time on actively dividing filaments of AX655
ts2158. A culture was grown at 28 C, shifted to 42 C
for 60 min, and then shifted back to 28 C (at 0 min on

the abscissa). After 40 (A) and 50 (B) min, the culture
was again shifted to 42 C. The vertical dashed lines
mark the time of the second increase to 42 C; the
dotted lines represent cell number in a control culture
which was not shifted to 42 C the second time.
Relative amount I represents 4.8 x 106 cells/ml (0)
and an absorbance (A) of 0.04.

plained by at least two models. The first as-

sumes these mutants to be def'ective in initiat-
ing septum formation. The evidence includes
the f'ollowing: (i) division stops at 42 C with a

residual increase of' 15`/7 over a 60-min period;
(ii) after growth at 42 C. a brief' period of 5 to 10
min at 28 C permits the initiation of' divisions
that can be completed during a second period at
42 C; (iii) when rapidly dividing filaments were

shifted to 42 C for a second time, division
continued, permitting an increase of over 10017(,
as if' divisions initiated at 28 C were continued
at 42 C; and (iv) f'ilaments of these mutants did
not contain visible incomplete septa. Burdett
and Murray (4) have concluded that the ftsA
mutant PAT84 is defective in an early stage of'
division involving wall modif'ication before as-

sembly of the septum. A second model is that
the ftsA allele codes for a product that functions
in initiation or completion of septa (or in both
processes) and is denatured slowly at 42 C. This
model is correct only if' incipient septa are

resorbed or obscured during filament elonga-
tion. The fact that even 3 min of 42 C incuba-
tion delayed subsequent division at 28 C for 30
min (Fig. 10) suggests that the ftsA84 product is
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A ~~~~~~~~B

'I i! 'lI

iii

I L

0 60 120 0 60 120

M N

FIG. 8. Effect of 5- (A) and 10- (B) min periods of
incubation at 42 C on subsequent division by strain
AX655 ts2158 at 28 C. Cells were grown at 28 C,
shifted to 42 C at time 0 on the abscissa, and then
shifted to 28 C again. Relative amount 1 represents
106 cells/ml (0) and an absorbance (A) of 0.01.
Dashed lines represent times of temperature shifts.
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FIG. 9. Effect of 15- (A) and 30- (B) min periods of
incubation at 42 C on subsequent division at 28 C by
strain AX655 ts2158. Conditions and symbols are as

defined in Fig. 8 legend.
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FIG. 10. Resumption of division by strain P4X8 ftsA after periods of 3 (A), 5 (B), 10 (C), 15 (D), 30 (E), and
45 (F) min at 42 C during subsequent incubation at 28 C. Conditions and symbols are as defined in the Fig. 8
legend.

TABLE 2. Effect of duration of 42 C incubation on
subsequent rate of division at 28 C

Time required to complete
period at first division (min)a
42 C (min)

AX655 ts2158 P4X8 ftsA

5 _b 44
10 37 31
15 30 27
30 27 18
45 NTC 7
60 25 7

a After resumption of division at 28 C.
bSubsequent division was not stopped by a 5-min

period at 42 C.
c NT, Not tested.

TABLE 3. Analysis of map position of ftsA84 and
ts2158 by P1 transduction

Trans-
duc-

Donor Recipient Selected Unselected tainthmarker markers unse-
lected
markers

leu+ P4X8 UTH4113 leu+ ts+nadC+ 0
ts+nadC- 159
ts-nadC+ 52
ts-nadC- 38

leu+ AX655 UTH4113 leu+ ts+nadC+ 3
ts+nadC- 111
ts-nadC+ 27
ts-nadC- 28

VOL. 123, 1975
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FIG. 11. Growth and division of partial diploid
strains at 42 C. For complementation and dominance
analysis, the ts alleles were transferred into strain
UTH4113. leu+ transductants (Table 3 and reference
2) that were ts and nadC were prepared from P1 grown

on ts donors. Strains AX710 ts1882, AX720 ftsA84,
and AX732 ts2158 were prepared by P1 transduction
from donors that were leu+ revertants of strains
AX621 ts1882, P4X8 ftsA, and AX655 ts2158, respec-
tively. Partial diploid derivatives of AX710 ts1882,
AX720 ftsA84, and AX732 ts2158 were prepared by
mating each with F'101IC600 and selecting thr+ nadC+
str merodiploids. An F'101, episome carrying the ts2158
mutation was isolated by screening clones of F'101ts+/
AX655 ts2158 for temperature sensitivity until an

F' 1,ots2158/AX655 ts2158 clone was identified.
F',10ts2l58 was transferred from F'101ts2I58/AX655
ts2158 to AX710 and to an AX720 by mating and
selecting thr+ nadC+ his+ merodiploids. Episome-
containing strains were confirmed as males by their
sensitivity to M13 or f2 phage. (A) F',0lts+/AX732
ts2158; (B) F'1,Ots+/AX720 ftsA84; (C) F'1,Ots2158/
AX710 tsI882; (D) F'1,Ots2158/AX720ftsA84. Relative
amount 1 represents 106 cells/ml (0) and an absorb-
ance (A) of 0.01.

not denatured slowly. Because both P4X8
ftsA84 and ftsA84 transductants of' another
K-12 strain form filaments without incomplete
septa, this property depends on the ftsA84
mutation rather than on some physiological
property of' the cell.
The observation that the rate of' division of'

f'ilaments of' P4X8 at 28 C, after temporary

incubation at 42 C, was proportional to the
period of' 42 C incubation (Table 2) suggests
that synthesis of' an inactive ftsA84 product
continues at 42 C but that the product is
renaturable at 28 C. A similar interpretation
has been proposed by Reeve and Clark (16) to
account for a similar phenomenon observed
with the ts strain BUG-6. However, the data
can be explained also by more complex models
such as one assuming excessive synthesis of' a
division activator at 42 C while the synthesis of'
ftsA product. normallv synthesized and de-
pleted during each cycle, is thermosensitive.
The rate of division of filaments of AX655
ts2158 was much less dependent on the period of'
42 C incubation (Table 2). Thus, models involv-
ing thermosensitive synthesis or activity of' the
product of' the gene def'ined bv this mutation are
equally plausible, although the rapid inhibition
of division after a shif't to 42 C (Fig. 1 and 9)
supports the thermolabile, non-renaturable
product model.
The relation between ftsA84 and the allele

defined by mutations ts2158 and ts1882 is not
clear. All three map within the region of 2.0 to
2.1 min on the chromosome. Both ts1882 and
ts2158 are presumably in one cistron because
both are recessive to the ts+ allele, and com-
plementation could not be demonstrated be-
tween the two mutants. The ftsA + allele was not
dominant over ftsA84, which means that com-
plementation analysis of the relation between
ts2158 and ftsA84 is not presently possible.
Although ftsA I was not dominant, neither was
it completelv recessive. Residual, slow division
of the F',0 JtsA+/ftsA84 strain suggests that the
ftsA product f'unctions as an oligomer of several
subunits. Mixing of' wild-type and mutant sub-
units could lead to slow residual division.
(Somewhat similar interpretations have been
suggested f'or other systems, e.g., reference 11.)
Growth, as measured by mass, stopped in the
diploid after 4 h at 42 C. The f'act that the
F'1ojts2158/ftsA84 partial diploid at 42 C resem-
bled the division and growth pattern of' the
F'101ts>/ftsA84 strain, rather than the F'101
ts2158/ts1882 strain, suggests that the ftsA84
and ts2158 mutations might be in diff'erent
cistrons.

Several mutations that af'fect cell division
have been mapped near leu. Originally, van de
Putte et al. (23) placed fts-2. fts-7. and fts-8
slightlv clockwise of leu; these mutations con-
f'erred ts filament formation and were selected
by f'iltration. Hirota et al. (7, 18) referred to the
allele defined by mutation T84 as ftsA and
reported its map position as min 1.0 to 1.5.
Wijsman (24) referred to mutations fts-10.

J. BACTERIOL.
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fts-12, and fts-15, selected by the procedure of
van de Putte et al. (23), as ftsA; the map

sequence was determined to be leu murftsA azi
(24). The P1 transduction analysis of ftsA84,
ts1882, and ts2158 places these mutations at
min 2.0 to 2.1, in the sequence leu ts nadC. (The
term ftsA was used also by Taylor [211 to refer
to azide-resistant mutants because some of
them formed filaments at high temperature
[27]. Azide resistance and ftsA should not be
used interchangeably; the cell division mutants
studied appear to be distinct genetically from
azi [24].) In S. typhimurium, the divC locus,
which also affects cell division, was mapped
near leu (1).

It might be significant that genes coding for
enzymes involved in murein precursor biosyn-
thesis (murE, F, and C and ddl) map very close
to ftsA (12, 24). Mutants defective in these
genes lyse at 42 C (12, 24), presumably because
of inhibition of murein synthesis. ftsA mutants
were not defective in the murein biosynthetic
enzymes assayed (24). The envA mutation,
which leads to chain formation and increased
sensitivity to ampicillin and several other an-

tibiotics, also has been mapped by P1 transduc-
tion in the sequence leu envA azi, with envA
and azi very close to each other (15).

ACKNOWLEDGMENTS
This work was supported by Public Health Service grant

AI-08286 from the National Institute of Allergy and Infectious
Diseases. J.S.A. was a National Science Foundation Predoc-
toral Fellow and was supported, in part, by Public Health
Service training grant GM00600 from the National Institute
of General Medical Sciences. J.R.W. is recipient of Public
Health Service research career development award GM 29413
from the National Institute of General Medical Sciences.

LITERATURE CITED

1. Ahmed, N., and R. J. Rowbury. 1971. A temperature-sen-
sitive cell division component in a mutant of Salmo-
nella typhimurium. J. Gen. Microbiol. 67:107-115.

2. Allen, J. S., C. C. Filip, R. A. Gustafson. R. G. Allen, and
J. R. Walker. 1974. Regulation of bacterial cell divi-
sion: genetic and phenotypic analysis of temperature-
sensitive, multinucleate, filament-forming mutants of
Escherichia coli. J. Bacteriol. 117:978-986.

3. Breakefield, X. O., and 0. E. Landman. 1973. Tempera-
ture-sensitive divisionless mutant of Bacillus subtilis
defective in the initiation of septation. J. Bacteriol.
113:985-998.

4. Burdett, I. D. J., and R. G. E. Murray. 1974. Septum
formation in Escherichia coli: characterization of sep-
tal structure and the effects of antibiotics on cell
division. J. Bacteriol. 119:303-324.

5. Caro, L., and C. M. Berg. 1971. P1 transduction. Methods
Enzymol. 21D:444-458.

6. Cie§1a, Z., M. Bagdasarian, W. Szczurkiewicz. M.
Przygohska, and T. Klopotowski. 1972. Defective cell
division in thermosensitive mutants of Salmonella
typhimurium. Mol. Gen. Genet. 116:107-125.

7. Hirota, Y., M. Richard, and B. Shapiro. 1971. The use of
thermosensitive mutants of E. coli in the analysis of

cell division. Biomembranes 2:13-31.
8. Hirota, Y., A. Ryter, and F. Jacob. 1968. Thermosensitive

mutants of E. coli affected in the processes of DNA
synthesis and cellular division. Cold Spring Harbor
Symp. Quant. Biol. 33:677-693.

9. Howard-Flanders, P., E. Simson, and L. Theriot. 1964. A
locus that controls filament formation and sensitivity
to radiation in Escherichia coli K-12. Genetics
49:237-246.

10. Low, B. 1968. Formation of merodiploids in matings with
a class of Rec- recipient strains of Escherichia coli
K-12. Proc. Natl. Acad. Sci. U.S.A. 60:160-167.

11. Markovitz, A., and N. Rosenbaum. 1965. A regulator gene
that is dominant on an episome and recessive on a

chromosome. Proc. Natl. Acad. Sci. U.S.A.
54:1084-1091.

12. Matsuzawa, H., M. Matsuhashi, A. Oka, and Y. Sugino.
1969. Genetic and biochemical studies on cell wall
peptidoglycan synthesis in Escherichia coli K-12. Bio-
chem. Biophys. Res. Commun. 36:682-689.

13. Mendelson, N. H., and R. M. Cole. 1972. Genetic
regulation of cell division initiation in Bacillus subtilis.
J. Bacteriol. 112:994-1003.

14. Nagai, K., and G. Tamura. 1972. Mutant of Escherichia
coli with thermosensitive protein in the process of cell
division. J. Bacteriol. 112:959-966.

15. Normark, S. 1970. Genetics of a chain-forming mutant of
Escherichia coli. Transduction and dominance of the
envA gene mediating increased penetration to some

antibacterial agents. Genet. Res. 16:63-78.
16. Reeve, J. N., and D. J. Clark. 1972. Cell division of

Escherichia coli BUG-6: effect of varying the length of
growth at the nonpermissive temperature. J. Bacteriol.
110:117-121.

17. Reeve, J. N., D. J. Groves, and D. J. Clark. 1970.
Regulation of cell division in Escherichia coli: charac-
terization of temperature-sensitive division mutants. J.
Bacteriol. 104:1052-1064.

18. Ricard, M., and Y. Hirota. 1973. Process of cellular
division in Escherichia coli: physiological study on

thermosensitive mutants defective in cell division. J.
Bacteriol. 116:314-322.

19. Rosner, J. L. 1972. Formation, induction, and curing of
bacteriophage P1 lysogens. Virology 48:679-689.

20. Slater, M., and E. Schaechter. 1974. Control of cell
division in bacteria. Bacteriol. Rev. 38:199-221.

21. Taylor, A. L. 1970. Current linkage map of Escherichia
coli. Bacteriol. Rev. 34:155-175.

22. Van Alstyne, D., and M. I. Simon. 1971. Division
mutants of Bacillus subtilis: isolation and PBS1 trans-
duction of division-specific markers. J. Bacteriol.
108:1366-1379.

23. van de Putte, P., J. van Dillewijn, and A. Rorsch. 1964.
The selection of mutants of Escherichia coli with
impaired cell division at elevated temperatures. Mu-
tat. Res. 1:121-128.

24. Wijsman, H. J. W. 1972. A genetic map of several
mutations affecting the mucopeptide layer of Esche-
richia coli. Genet. Res. 20:65-74.

25. Willetts, N. S., A. J. Clark, and B. Low. 1969. Genetic
location of certain mutations conferring recombination
deficiency in Escherichia coli. J. Bacteriol. 97:244-249.

26. Wu, T. T. 1966. A model for three-point analysis of
random general transduction. Genetics 54:405-410.

27. Yura, T., and C. Wada. 1968. Phenethyl alcohol resist-
ance in Escherichia coli. I. Resistance of strain C600
and its relation to azide resistance. Genetics
59:177-190.

28. Zusman, D. R., M. Inouye, and A. B. Pardee. 1972. Cell
division in Escherichia coli: evidence for regulation of
septation by effector molecules. J. Mol. Biol.
69:119-136.

VOL. 123, 1975


