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The effects of oleate starvation on an oleate auxotroph of Escherichia coli K-12
were investigated. Following removal of oleate from the mutant growing in a

minimal glycerol-peptone medium, the cells stopped making deoxyribonucleic acid,
ribonucleic acid, protein, and phospholipids; they began to die exponentially and
finally lysed. During oleate starvation in minimal medium minus peptone, inhibition
of macromolecular syntheses and death occurred; however, lysis did not follow.
When growth ceased, no further dying was observed. It is shown that none of the
early effects (inhibition of macromolecular syntheses and death) can be due to
leakiness of the cells, induction of a prophage or a colicin, or lack of energy sources.

The cause of inhibition of macromolecular syntheses remained unknown. Since the
rate of death was the same as the generation time under different conditions, it
appears that death is due to the defective synthesis of some cellular structure (quite
possibly, cytoplasmic membrane) during phospholipid deficiency. Lysis was found
to require protein synthesis; electron microscopy revealed a peculiar type of "lysis
from within"; i.e., the shape of the cells did not change but fragmentation of the
inner layer of the cell envelope occurred. The murein was found to be unaltered.
Most likely, lysis was a consequence of the cell's attempt to synthesize cytoplasmic
membrane with altered phospholipid composition or during phospholipid deficiency.
Several membrane functions (respiration, adenosine triphosphate formation,
permeability) existing before oleate removal were not lost during starvation. There-
fore, general damage to the membrane did not occur, and it could be that most, if
not all, described effects were due to defective de novo membrane synthesis.

In the course of studies on the synthesis of
Escherichia coli succinate dehydrogenase, which
is bound to the cytoplasmic membrane (22), we
obtained some indirect evidence that control of
the synthesis of the enzyme may be coupled with
control of membrane growth. To test this possi-
bility, we wished to differentiate between mem-
brane synthesis and synthesis of soluble proteins.
It was thought that one approach could consist
in the use of mutants which would be unable to
grow under certain conditions but would, at least
for some time after arrest of growth, exhibit un-
altered inducible enzyme synthesis. A mutant of
the desired type was envisioned in an oleate auxo-
troph, as isolated recently by Silbert and Vagelos
(24) and by Overath et al. (14). One might as-
sume that upon removal of the fatty acid from the
medium such a mutant must stop growth because
of the lack of one class of building blocks for-the
cell envelope. Possibly, the synthesis of a number

' Present address: Uppsala Universitet, Biokemiska Institu-
tionen, 75 121 Uppsala 1, Sweden.

of different components of the cell envelope is
regulated in such a way that the amount of each
component available meets the requirements of
the assembly process. Deficiency of one compo-
nent may then cause inhibition of the synthesis
of other components, and growth inhibition
should follow. Synthesis of soluble proteins could
still be possible for a while after arrest of growth,
as is the case with spheroplasts (19).
We found, however, that these considerations

do not apply if the missing component is an un-
saturated fatty acid. In an oleate auxotroph,
protein synthesis decreased fairly rapidly-and
before growth stopped-after deprival for oleate.
This somewhat unexpected phenomenon promp-
ted a more detailed study on the effects of oleate
starvation in the mutant.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The
E. coli K-1 2 parental strain was a thiamine-requiring
HfrH. The oleate-requiring auxotroph was obtained

784



EFFECTS OF OLEATE STARVATION IN E. COLI

from this strain after treatment with diethylsulfate
followed by penicillin selection in a glucose-minimal
medium. As will be seen from the properties of the
mutant described here, recovery of this mutant would
not have been expected with the penicillin selection
procedure. [We have not determined the enzymatic
defect in the mutant; most likely it is the same as is
present in the oleate auxotroph reported by Silbert and
Vagelos (24); they found that their mutant lacked
,3-hydroxy-decanoyl thioester dehydrase activity. This
mutant (donated by D. F. Silbert) was compared with
ours concerning the properties described in Fig. 1 and
2. They behaved indentically. Another oleate auxo-

troph (isolated from E. coli K-12, strain YMel,
donated by P. Overath) also showed the characteristics
depicted in Fig. 1 and 2.1

Minimal medium was the tris(hydroxymethyl)-
aminomethane medium of Weigert and Garen (27;
with potassium phosphate concentration changed to
6.4 X 10-4 M) supplemented with glycerol (0.5%),
potassium oleate (100,ug/ml), peptone (Difco; 0.25%),
and thiamine (1 Ag/ml). Complete medium was a

glucose-containing broth (Antibiotic Medium no. 3,
Difco). In all experiments, cells were grown at 37 C
with vigorous aeration. Turbidity was measured at
578 nm (1-cm light path, Eppendorf photometer).

Analytical procedures: deoxyribonucleic acid (DNA)
synthesis. From cultures growing in glycerol medium
(cf. Fig. 4), 6.5-mI samples were removed and further
aerated after addition of 3H-thymidine (1.9 c/mmole;
Schwarz BioResearch, Orangeburg, N.Y.) at 2,uc/ml.
At 2, 5, and 10 min after addition of thymidine, 2-ml
samples of the labeled culture were processed as de-
scribed by Carr and Rosenkranz (2). The rate of in-
corporation was found to be linear with time over the
interval measured. The amounts of 3H-thymidine in-
corporated after 2, 5, and 10 min were used to calculate
the rate of DNA synthesis per 1 ml of culture per 0.1
optical density (OD) (578 nm; turbidity of the culture).

Ribonucleic acid (RNA) synthesis. For RNA syn-

thesis, 6.5-ml samples were further aerated after addi-
tion of 2-14C-uracil (7 mc/mmole; New England
Nuclear Corp., Boston, Mass.) at 0.5 ,uc/ml. Samples
(2 ml) of the labeled culture were removed 5, 10, and
20 min after uracil addition, mixed with 2 ml of cold
10% trichloroacetic acid and filtered through mem-

brane filters (Millipore Corp., Bedford, Mass.,
HAWP 02500; pore size 0.45 4um). The filters were

washed two times with 10 ml of cold 5% trichloro-
acetic acid and twice with 10 ml of water-saturated
ether. The filters were dried and counted. Rate of in-
corporation was also found to be linear with time up to
20 min of labeling. The amounts of '4C-uracil incorpo-
rated after 5, 10, and 20 min were used to calculate the
rate of RNA synthesis the same way as described for
DNA synthesis.

Protein synthesis. For protein synthesis, 1-ml
samples were further aerated after addition of 14C-L-
leucine (uniformly labeled, 22 mc/mmole; New
England Nuclear Corp.) at 0.1 jAc/ml; 0.1-ml samples
of the labeled culture were removed 5, 10, and 15 min
after leucine addition and mixed with 2 ml of cold,
10% trichloroacetic acid. The suspension was further

treated as described for RNA synthesis, except that
10% trichloroacetic acid was used.

In all cases, the dry membrane filters were placed in
glass vials with a 0.4% solution of Omnifluor (New
England Nuclear Corp.) in toluene, and radioactivity
was measured with a Tri-Carb liquid scintillation
spectrometer-3002 (Packard Instrument Co., Inc.,
Downers Grove, Ill.).

Pool size of adenosine triphosphate (ATP). A 20-ml
amount of the growing culture was removed and
further aerated after addition of carrier-free 32p_
orthophosphate (Buchler, Braunschweig, Germany)
at 10 ,c/ml, yielding a specific radioactivity in the
medium of 16.7 mc/mmole. Radioactivity of the
ATP, normalized to an OD (578 nm, turbidity of the
culture) of 0.1, did not increase after 10 min of label-
ing; therefore, all pool size determinations were per-
formed after growth for 15 min in the presence of
radioactive phosphate. Labeled cells were spun, with-
out cooling, as rapidly as possible (about 2 min). The
pellet was suspended with 2 ml of cold 0.1 M HCI con-
taining 2 ,umoles of carrier ATP. After 5 min in an ice
bath, the cells were removed by centrifugation and
again extracted with 2 ml of 0.1 M HCl. (No more
ATP could be recovered from the cells by additional
washings with HCI.) The combined HCI extracts
were dried in vacuo. From 10 to 20% of the residue
dissolved in water was chromatographed on plastic
sheets coated with polyethyleneimine-treated cellulose
according to the method of Neuhard et al. (13).
(Solvents 1-2, I-3a, and I-3b were used.) Adsorption of
the HCl extracts to charcoal was found to be unneces-
sary for satisfactory resolution of ATP. ATP was lo-
cated with ultraviolet light, cut out, and counted in a
gas flow Packard Radiochromatogram Scanner-7200.
The area under the ATP peak was measured plani-
metrically, converted to nc, and normalized to an OD
(578 nm) of 0.1, as mentioned above. [It has been
shown by Cole et al. (3) that ATP can be lost from
the cells quite easily. We have not determined the dry
weight of our cultures; however, assuming one cell
weighs 10-12 g, it can be calculated that the ATP con-
centrations found fall in the same order of magnitude
as those reported by these authors.]

Phospholipid synthesis. Samples (20 ml) were re-
moved from growing cultures and further aerated
after the addition of carrier-free 32P-orthophosphate at
2 MAc/ml (specific radioactivity in the medium, 3.4
mc/mmole).
The rates of phospholipid synthesis were found to

be linear with time up to 20 min of labeling and be-
came exponential at approximately 30 min. Therefore,
labeling was performed in all cases (cf. Fig. 1 and 2)
for 5, 10, and 20 min.

32P-Labeled phospholipids were extracted by the
method of Kanfer and Kennedy (6). Extractable phos-
pholipids were chromatographed on thin-layer plates,
as described by Rouser and Fleischer (16). Solvents
used were chloroform-methanol-water (65:25:4,
first dimension) and n-butanol-acetic acid-water
(60:20:20, second dimension). Autoradiography re-
vealed that chromatography in the second dimension
was not necessary; cardiolipin, phosphatidylethanol-
amine, phosphatidylglycerol, and (usually only traces
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of) phosphatidylserine were well separated in the first
dimension, and no additional radioactive compounds
were found after chromatography in the second direc-
tion. We did not observe that phosphatidylglycerol
would give rise to two spots, one of which might have
moved together with phosphatidylethanolamine as
described by Kanemasa et al. (5). Individual
phospholipids were identified as follows. Phosphatidyl-
ethanolamine and cardiolipin were identified by com-
parison with pure substances (phosphatidylethanol-
amine from the California Corporation for Biochemi-
cal Research; cardiolipin from E. coli, a generous gift
from W. Stoffel). Phosphatidylglycerol was identified
by its RF values and absence of a positive ninhydrin
reaction. Phosphatidylserine was present in all cases in
such low amounts that its contribution to total phos-
pholipid was negligible. It has not been measured
quantitatively.

Electron microscopy. Bacteria were treated accord-
ing to the method of Ryter et al. (18) of fixation,
dehydration, and embedding in Vestopal 310 (a gift
from the Chemische Werke, Huls). Ultrathin sections
were performed with an LKB Ultrotome, using glass
knives with a knife angle of 35°. Sections were placed
onto grids coated with carbonized Formvar. The
thickness of specimens, determined by measuring the
width of wrinkles in the sections (M. K. Reedy,
personal communication), was found to be in the range
of 40 to 80 nm. Sections were stained with lead citrate
(15; Fig. 8, 9, 11, 17, 18) or with 5% uranyl acetate in
50% methanol (Figs. 10, 12-14). For shadowing,
specimens were prepared with the agar filtration
technique (8) and shadow-cast with platinum alloy
1010 (Usine Genevoise de Degrossissage d'Or,
Geneve). Preparations were examined with a Siemens
Elmiskop I at 80 kv with double condensor illumina-
tion using a 50-,um objective aperture. Micrographs
were taken at instrumental magnifications of 3,500,
8,000, 20,000, and 40,000. Magnification was checked
with a diffraction grating replica (Fullam, 2160
lines/mm).

RESULTS

Growth, survival, and macromolecular syntheses
in the mutant during oleate starvation. After re-
moval of oleate, the size of the population, grow-
ing in peptone-glycerol medium, increases about
fourfold; subsequently, the cells begin to lyse. The
rates of "4C-leucine incorporation and of .2P-
phospholipid synthesis decrease earlier than
visible growth (Fig. 1).
The decrease of phospholipid synthesis is not

the same for all individual phospholipids (Fig. 2).
Cardiolipin synthesis, barely detectable before
oleate removal, has increased about 10-fold 2.5 hr
after oleate removal and constitutes almost one-
half of the total extractable phospholipid. This
situation is specific for the mutant. In an identical
experiment with wild-type cells, the ratios of the
individual phospholipids did not change much
upon removal of oleate.

Time (hours)

FIG. 1. Effects of oleate starvationt oni the mutant in
glycerol-peptone medium. The syntheses measured are
expressed as rates of isotope ilncorporatioln. "4C-Leucine
incorporation(M)is given as counts/mill per ml of cells,
normalized to an OD of 0.1 (578 zm, turbidity of
cultu(re; );32p incorporation (0) is given as nc per ml
ofcells, normalized to an OD of0.1. Oleate was removed
at time zero.

Since the cells eventually lyse, the explanation
for the behavior shown in Fig. 1 might be trivial;
leakiness for intracellular substances as ions or
energy sources may begin soon after oleate de-
prival and cause the observed decrease in the rate
of protein synthesis. However, lysis is not an
obligatory consequence of oleate starvation, at
least within a certain time range. Whereas the
cells lyse in complete glycerol-peptone and glu-
cose media shortly after the growth rate de-
creases, they do not do so in the glycerol medium
for at least 8 hr after removal of oleate. It was
found later, by accident, that this property can be
lost. The mutant had often been reisolated after
growth on glycerol medium, and the behavior
depicted in Fig. 3 Al could not be reproduced.
The population lysed shortly after cessation of
growth. The "old" mutant grew with a mean
doubling time of about 3 hr, the "new" mutant
with one of about 2 hr. Thus, selection of a vari-
ant with faster growth on the glycerol medium
had occurred. It appears, therefore, that whether
lysis occurs sooner or later (or more likely, not
at all) after cessation of growth in the absence of
oleate is a function of the generation time rather
than of certain constituents of the medium. All
experiments described have been performed with
the "old," slow-growing mutant.

Figure 3 demonstrates the growth physiology
of the mutant during oleate starvation in broth
and in the glycerol medium. Two facts of interest
may be noted. First, the increase of turbidity is
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FjG. 2. Rates ofsynthesis ofindividual phospholipids.
From the mutant cells, growing in glycerol-peptone
medium, oleate was removed at time zero. Symbols:
0, total extractable phospholipid; 0, phosphatidyl-
ethanzolamine; A, phosphatidylglycerol; 0, cardiolipin.
3-P incorporation was calculated as indicated in Fig. 1.

paralleled by the increase of the cell count but
not by the increase of cells able to form colonies.
The concentration of colony formers in the mini-
mal medium remains fairly constant up to 8 hr
after oleate removal. Second, the cell count does
not decrease, although the culture lyses; i.e., the
cells remain easily visible in the phase contrast
microscope (but become transparent). Since lysis
does not interfere with observation in the glycerol
medium, macromolecular syntheses were followed
before and after oleate removal under this growth
condition. (Fig. 4). DNA and RNA syntheses,
after an initial period of acceleration, decrease
more rapidly than protein synthesis.

Thus, we can distinguish three different effects
of oleate starvation: (i) inhibition of DNA, RNA,
protein, and phospholipid syntheses; (ii) death;
and (iii) lysis.
One may conceive of four entirely different

mechanisms causing the early effects (inhibition

of macromolecular syntheses). (i) As mentioned
already, the cells may become leaky. (ii) Oleate
removal may lead to induction of a defective
prophage or a colicin. (No plaque-forming
particles were found in the supernatant fluid
of a lysed culture.) Such a process could be less
effective in minimal medium than in broth. (iii)
Some direct effect on the cytoplasmic membrane
may be followed by inhibition of macromolecular
syntheses and death. (iv) The early effects may be
due to a control mechanism, such as one observes
upon removal of a required amino acid (cessation
of DNA and, in the stringently controlled state,
of net RNA synthesis). Specifically, it has been
shown (25) that total lipid synthesis is also
subject to this stringent control in E. coli.

Evidence against leakiness of cells starved for
oleate. A general leakiness for intracellular sub-
stances does not follow deprival for oleate. Cells
uniformly labeled with 32p or "4C-leucine before
oleate removal do not, on any medium, release
radioactivity upon oleate removal as long as no
lysis occurs. Appearance of label in the medium
occurs only and exactly at the time the turbidity
begins to decrease. This fact does not exclude, of
course, a specific leakiness, e.g., for K+ ions. Such
a possibility will be considered again below.

Evidence against prophage or colicin induction.
Induction of a defective prophage or a colicin
would have to be specific for oleate starvation.
Neither the parent HfrH nor a revertant of the
mutant could be induced to lyse by ultraviolet
irradiation, treatment with mitomycin, or growth
at 42 C. Such an induction, therefore, is extremely
unlikely.

Evidence against a control mechanism causing
all oleate starvation effects. Not only inhibition of
macromolecular syntheses but also cell death may
be caused by a control mechanism. If, for exam-
ple, decreasing phospholipid synthesis were fol-
lowed by inhibition of some other reaction, one
(or a number of) toxic substance(s) might ac-
cumulate. The fraction of survivors in such a case
would be expected to decrease exponentially with
time. This is true (Fig. 3A), but only so long as
growth continues. Therefore, a "toxic accumula-
tion" appears to be very unlikely. Since growth is
required for the cells to die (see following section),
it appears much more reasonable to assume that
the same type of mechanism kills the cells as the
one which causes lysis.

Experiments concerning effects on the cytoplas-
mic membrane. In the mutant starved for oleate,
we can envisage two kinds of effects on the cyto-
plasmic membrane (and, of course, other cell
wall layers). It is known (5, 6) for E. coli that
rapid turnover of phosphatidylglycerol occurs.
Lack of substrates for such a turnover may lead
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FiG. 3. Physiology of growth of the mutant in different media in the absence of oleate. Oleate removal was at
time zero. Al, glycerol medium; Bl, glycerol-peptone medium; A2, death rate expressed as fraction of survivors
of the whole population (cell count) in the glycerol mediwn; B2, same plot as A2 but for cells in the glycerol-
peptone medium.

to loss of some vital function of the membrane.
Secondly, assembly of the membrane should be
affected unless control mechanisms would lead to
a cessation of this assembly as soon as one class
of building blocks (e.g., phospholipids in this
case) is no longer available.
To obtain some information on the first possi-

bility, we asked whether preexisting membrane
functions are lost during oleate starvation under
conditions where no lysis occurs.
For cells growing aerobically on glycerol as

carbon source, the main source of ATP produc-
tion must be oxidative phosphorylation, a process
which certainly is associated with the cytoplasmic
membrane (7). Therefore, formation of ATP and
respiration were measured in the mutant before
and after removal of oleate during growth in
glycerol medium. Data obtained for the pool size
of ATP are shown in Fig. 5.
There is a rather drastic increase of intracellular

ATP concentration after oleate removal. The

ATP concentration reaches prestarvation values
again after only about 3 hr of oleate deprival.
(This result, of course, also proves that there is no
loss of permeability for the carbon source,
glycerol.) The same increase ofATP pool size was
found in wild-type cells, pregrown in the same
medium, upon removal of oleate. Whether oleate
removal, or merely resuspension in the fresh
medium, is responsible for the increase of ATP
concentration, we do not know; it is obvious,
however, that the decrease of macromolecular
syntheses is not due to lack of ATP. The rate of
succinate-dependent respiration was also found
to be unaltered up to 6 hr of oleate starvation
(measured manometrically; data not shown). We
can conclude that a number of preexisting mem-
brane functions such as respiration, phosphoryla-
tion and permeability-at least for glycerol and
succinate-are not grossly altered when growth
begins to cease. These results also argue rather
strongly against a possibility mentioned before,
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FIG. 4. DNA, RNA, and protein syntheses in the mutant upon oleate removal. Oleate was removed from the
cells, growing in glycerol medium, at time zero. (A) Physiology of growth. (B) Rates of incorporation of 3H-
thymidine, 14C-uracil, and 14C-leucine. The values are counts/min incorporated per ml of cells, normalized to an
OD of0.1 (turbidity). (C) The same rates are expressed as per cent ofthe rates measured at time-zero.

namely, selective leakiness for an intracellular
substance (not containing phosphorus or leucine)
as, e.g., certain ions. It seems very unlikely that a
process such as oxidative phosphorylation should
not respond to a significant change of ionic
environment in the cell.
At a time when the growth rate begins to de-

crease, 50 to 80% of the population does not
survive. At the same time, respiration or phos-
phorylation had not decreased significantly be-
low prestarvation values. Thus, it appears quite
safe to assume that all cells remained metaboli-
cally active when macromolecular syntheses were
already strongly inhibited.

Technical difficulties are limiting for experi-
ments aiming to answer the second question;
namely, are effects on the growing membrane re-
sponsible for the consequences of oleate starva-

tion? If so, one would expect protein synthesis to
be required for the expression of these conse-
quences. We found, however, that oleate present
in cells pregrown in oleate-supplemented media
could not be removed completely by any other
means than starvation. Starvation causes cell
death and inhibition of macromolecular syn-
theses; requirement of protein synthesis for these
effects to be expressed, therefore, cannot be
tested.

Lysis. Lysis requires protein synthesis. The
mutant was grown in glycerol-oleate and starved
in the same medium for oleate for 8 hr. If peptone
was then added, lysis occurred (although only
after a lag period of 4 hr). Lysis was completely
prevented when chloramphenicol was added 1 hr
before peptone. It should be stressed, however,
that the demonstration of this complete effect of
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FIG. 6. Effect ofchloramphenicol on lysis. Oleate was
removed from the nutrient broth at time zero. Chlor-
amphenicol was added (200 ,ug/ml) tofive cultures at the
times indicated by arrows.

5

FIG. 5. ATP pool sizes in the mutant during oleate
starvation. Oleate was removed at time zero; the
medium was glycerol. The calculation of nm ATP is
described in the Materials and Methods. = turbidity
of the culture.

chloramphenicol was not possible under all con-
ditions of growth. When the drug was added to
cells growing in glycerol-peptone, subsequent re-
moval of oleate caused lysis in the presence of
chloramphenicol, although the rate of lysis in this
case was about 10-fold slower than in the ab-
sence of chloramphenicol.

Figure 6 demonstrates that lysis is an active
process. Chloramphenicol, even when added to a

culture already beginning to lyse in broth, con-
siderably reduces the rate of lysis. Microscopic
examination of the cultures of Fig. 6 showed that
faster rates of decrease of turbidity were accom-
panied by the appearance of more lysed cells.
Thus, a slow decrease of turbidity does not rep-
resent partial lysis of all cells but complete lysis
of only a few cells.

Electron microscopy revealed that alterations
in cells starved for oleate in broth concern the
nuclear material and the cytoplasmic membrane.
The distribution of nuclear material and the ap-
pearance of this membrane do not change visibly
after oleate deprival before the beginning of lysis
(Fig. 8), although at the time the sample of Fig. 8
was taken about 80% of the cells did not survive.
In samples taken shortly before lysis, however,
frequently mesosome-like structures or rather
multiply reduplicated membrane aggregates were
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FIG. 7. Growth of the mutant population usedfor the
electron micrographs. Oleate was removed from the
culture, growing in nutrient broth, at 1.5 hr. The arrows
indicate removal of samples for electron microscopy;
the numbers will be referred to in Fig. 8-16.

found (Fig. 8; cf. Fig. 13 and 14). Whether the
formation of these aggregates is a consequence of
oleate starvation could not be clarified. Similar
structures, although much less clearly distin-
guishable from the background, were also found
occasionally in mutant cells from cultures grow-
ing in oleate-supplemented media. They were
never observed, however, in the parent HfrH
strain.

Cells during and after completion of lysis are
shown in Fig. 11 and 12, respectively. The pre-
dominant features are fragmentation of the cyto-
plasmic membrane and condensation of the
nuclear material. Condensation does not appear
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jK NT.. I

.4

A
FIG. 8. Single cell from a sample removed shortly before the onset of lysis (arrow I of Fig. 7). M represents a

mesosome-like structure. The line in all micrographs, with the exception of Fig. 14, is I ,um.
FIG. 9. Single cell from the lysing culture (arrow 2 of Fig. 7).
FIG. 10. Cell from lysing culture (arrow 2 of Fig. 7) with two condensed nuclear bodies.

to necessarily precede lysis; the finely distributed
state of nuclear material seen in two cells on the
left margin of Fig. 11 can pertain. It is of interest
that in final stages the condensed nuclear body is
almost always found in close association with the

cytoplasmic membrane (Fig. 9 and 10). It also
appears that this association occurs at the site
where cell division may begin; Fig. 10 seems to
indicate that two nuclear bodies are attached to
sites determined not for the next but for the next

791VOL. 989 1969



,i'4t. = . f . z . _ '

Ai.~~~~~~~~~~~~~~~~~.

12 <K> t \

7/i~~~~~~~/
FI.1.Lsigcel;sape a akna aro 2 ofFg.7

F~~~~r'1K

r 9 p/ r . ii' t

.~~~~ 4.

12. Cells 4 to S hr after beginning of lysis; sample was taken at arrow 3 of Fig. 7.

succeeding septum formation. During lysis the during lysis (Fig. 15) is also clearly seen from
reduplicated membrane aggregates become more shadowed preparations. Since the shape of the
distinct (Fig. 13 and 14). cells after "lysis from within" does not change, it

Fragmentation of the cytoplasmic membrane was suspected that the so-called rigid layer of the
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FIG. 13. Mesosome-like structures in a cell from tile lysing culture (arrow 2 of Fig. 7).
FIG. 14. Mesosome-like, multiply reduplicated membrane structures at higher magnification.

cell envelope, the murein (26), remained intact.
Preparation of the murein by treatment of lysed
cells with hot dodecylsulfate (9) revealed un-
altered murein structures (26; Fig. 16).

Oleate starvation in glycerol medium is not
followed by lysis. The only visible alteration in
cells starved for oleate in this medium for 8 hr
(Fig. 17 and 18) concerns the nuclear material,
which attains a more electron-dense appearance.
In starved cultures containing more than 10% of
survivors (Fig. 18), it was not possible to distin-
guish two classes of cells by electron microscopy.

DISCUSSION
Three distinct effects were observed in the oleate

auxotroph upon oleate starvation: inhibition of
macromolecular syntheses, death, and lysis.

Cell death appears to be related to growth and
may, just as lysis, require a certain rate of protein

synthesis. This assumption would also explain
why the mutant with faster generation time lyses
in glycerol, whereas the same mutant with slower
generation time does not. An interesting feature
may be noted regarding the event of cell death.
The concentration of survivors remains fairly
constant so long as the cells do not lyse. In other
words, the rate at which the cells die roughly
equals the mean doubling time. Since this is true
for two different growth rates, it certainly does
not appear to be fortuitous.

If death is closely related to growth, then it
seems likely that this type of death is connected
with the synthesis of some essential cellular
structure(s). For instance, there is a variety of
evidence for the existence of specific DNA-
attachment sites on the cytoplasmic membrane
(17). Lack of or altered composition of phospho-
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FIG. 15. Shadowed preparation of lysed cells (arrow 3 of Fig. 7).
FIG. 16. Shadowed preparation of murein of lysed cells (arrow 3 of Fig. 7).

lipids during the formation of a new attachment
site might prevent survival.
We have already discussed that the inhibition

of DNA, RNA, and protein syntheses may be
due to a control mechanism. Using strain W 945
(thi, thr, leu, trp), we found that starvation for
tryptophan or leucine practically abolished phos-
pholipid synthesis; similar results were obtained
by Sokawa et al. (25). Chloramphenicol also
reduced the rate of phospholipid synthesis to
about 20% of the control value. [The latter find-
ing appears to disagree with the data obtained by
Sokawa et al. (25); however, we did not measure
phospholipid synthesis immediately upon chlor-
amphenicol addition but only when growth had
stopped 30 to 50 min after this addition.] It ap-
pears that normal phospholipid synthesis re-
quires protein synthesis. As yet incomplete data
favor the view that phospholipid synthesis be-
haves much as the synthesis of a coenzyme (Rehn,

unpublished data). That is, inhibition of enzyme
synthesis will also inhibit coenzyme synthesis, but
not vice versa. If this situation were true for
phospholipid synthesis, we would not expect the
inhibition of macromolecular syntheses upon
oleate starvation to be due to a control mecha-
nism. Beyond this, it is obvious that the situation
is much too complex to allow a reasonable specu-
lation concerning a mechanism causing the inhi-
bition under discussion.
Concerning the fact that cardiolipin synthesis

does not follow the same pattern of decreasing
rates of syntheses as the other phospholipids
during oleate starvation, it should be mentioned
that it has been shown by Buller and Astrachan
(1) and by Furrow and Pizer (4) that T4 infection
causes certain changes in the rates of syntheses of
individual phospholipids. Furthermore, the first
authors mentioned that T4rII infection, as op-
posed to r+ [of E. coli (X)], greatly stimulates
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FIG. 17. Cells from a culture growing logarithmically in the glycerol medium supplemented with oleate.
FIG. 18. Cells from the same medium 8 hr after removal of oleate.

cardiolipin synthesis. T4rII infection of E. coli (X)
may lead to defective membrane repair or syn-
thesis (1, 23). Increased cardiolipin synthesis
upon oleate starvation and T4rII infection may
thus point to a common alteration of regulation
of phospholipid synthesis; it could be of interest
to know whether still other types of defective
membrane synthesis [e.g., the abnormal mem-
brane formation following fl amber mutant in-
fection of E. coli (20)] have the same effect.

Lysis is "lysis from within" and as such is the
same as was found upon infection of E. coli B
with T4r phages unable to produce active lyso-
zyme (11, 21). The requirement, at least under
certain conditions, of protein synthesis for lysis
and the type of lysis observed by electron micros-
copy-ultimately leading to an almost complete
fragmentation. of the cytoplasmic mebrane-
appears to indicate that lysis results from the
cell's attempt to synthesize cytoplasmic mem-

brane during phospholipid deficiency or with
altered phospholipid composition. (No such
"degradation" of the outer layers of the cell
envelope occurs.)
The condensation of the nuclear material cer-

tainly is not specific for oleate removal. It has
been observed under a large variety of conditions,
including changes in the ionic environment (28),
phage infection (12), and chloramphenicol treat-
ment (10). It may be that the attachment to the
membrane of the condensed nuclear bodies is
specific. It has been observed without exception
in each ultrathin section examined; such an
attachment appears to be absent or less frequent
in cells treated with chloramphenicol (10).
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