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Escherichia coli B/r was subjected to sucrose concentrations up to 1 M in the
presence of Nutrient Broth. Plasmolysis seldom was evident 2 min after this
treatment. The subsequent response was characterized by transient decreases
in optical density as well as changes in appearance as seen under phase optics.
No transient effects were detected in the synthetic rates or in the division of
the survivors.

Escherichia coli cells are expected to plas-
molyze when subjected to high concentrations
of sucrose (4, 6, 7, 24). Deplasmolysis generally
follows after some minutes, but can be delayed
if nutrients are removed from the medium be-
fore the sucrose is added (6). Cellular activities
subsequent to deplasmolysis have received
little attention. Reports that do exist are based
on conditions under which either nutrients
were removed for plasmolysis and then resup-
plied (17, 22) or the high concentrations of su-
crose were diluted before measurements were
made (3).
Almost no information is available on the

response of these cells to high concentrations
of sucrose under conditions that otherwise
would permit optimal synthesis and growth.
Some aspects of such a response are described
in this report. Visible evidence of plasmolysis
was found to be absent 1 to 2 min after the
cells were placed in contact with the sucrose.
However, subsequent transient changes in
appearance as well as transient changes in op-
tical density (OD) were observed. At the same
time, no corresponding effects were detected
in the synthetic rates or in the division rates of
the surviving cells.

MATERIALS AND METHODS
E. coli B/r obtained from Stanley Person of this

laboratory were grown in 10-ml volumes of air-bub-
bled Nutrient Broth (Difco) at 37 C. During log
phase, at concentrations near 2 x 108 cells/ml, 3 ml
of such cultures were pipetted into 7 ml of warmed,
air-bubbled Nutrient Broth containing appropriate
amounts of dissolved, reagent-grade sucrose. Various
means were then used to monitor the response of the
cell. The uniqueness of the response was checked by
use of other strains of E. coli, B, and 15T- (supple-
mented with thymidine at 0.4 ztg/ml), also obtained

from Dr. Person, as well as a different species, E.
intermedia (ATCC 21073).

Microscopic observation. Observations were car-
ried out at room temperature with medium dark-
contrast phase microscopes at magnifications of
1,000 to 2,000. Samples were removed and placed on
microscope slides at various times after the cells
were subjected to sucrose solutions. Vaseline or par-
affin was placed around the cover slip to prevent
evaporation. Photomicrographs were obtained with a
x90 normal-contrast objective on a Leitz microscope
with Kodak Contrast Copy film.
OD measurement. The OD of cell suspensions

was measured at 425 nm with a Bausch & Lomb
Spectronic-20 spectrophotometer. This information
was used to determine growth rates and to follow
changes subsequent to subjecting cells to sucrose.
The test tube containing the entire culture of in-
terest was transferred to the spectrophotometer for
each measurement, a procedure that required less
than 20 sec per reading.

Survival. Colony-forming ability was determined
by diluting the cells through warm (37 C) blanks
containing the same medium as the culture being
examined, and then plating them in triplicate on
nutrient agar plates containing the same sucrose
concentration as the culture and blanks. The plates
were incubated at 37 C, and colonies were counted
when they became easily visible. This required incu-
bation for 3 or 4 days at the higher sucrose concen-
trations.
Incorporation of radioactive macromolecule

precursors. Log-phase cells were grown for approxi-
mately four division times in a Nutrient Broth me-
dium containing the labeled compound to be investi-
gated. For thymine, this included 0.093 jg of 14C-
thymine/ml (New England Nuclear Corp.) at a spe-
cific activity of 0.04 qsCi/ml, 0.4 jig of 12C-
thymine/mi, and 250 Ag of deoxyadenosine/ml.
When such a culture reached about 108 cells/ml, 6
ml was added to 14 ml of a similar solution contain-
ing, in addition, the appropriate concentration of
sucrose. For the control, 3 ml of the culture was
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added to 7 ml of the medium lacking sucrose. At
specified times, 1-ml samples were removed and
placed in 9 ml of cold 5% trichloroacetic acid for at
least 2 hr. These suspensions were then filtered
(0.45-Mm membrane filters; Millipore Corp.) and
washed with 15 ml of 5% trichloroacetic acid. The
filters were glued to planchets, dried, and counted
with a Nuclear-Chicago gas-flow Geiger counter
(model 1105). Incorporation was assumed concomi-
tant with deoxyribonucleic acid (DNA) synthesis.
A similar procedure was followed for investigating

the incorporation of uracil and proline into ribonu-
cleic acid (RNA) and protein. For uracil incorpora-
tion, the medium contained 0.074 Mg of '4C-
uracil/ml at 0.02 gCi/ml; for proline incorporation, it
contained 9 ;tg of 14C-proline/ml at 0.005 uCi/ml.

RESULTS
Appearance of cells. Cells were observed

under phase contrast 1 to 2 min after being
placed in a medium containing Nutrient Broth
and sucrose. Very few signs of plasmolysis
were evident, even in sucrose concentrations of
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1 M, whereas in the absence of nutrients plas-
molysis was evident for several minutes at 0.2
M sucrose (24). Figures lb and e show typical
phase micrographs of E. coli B/r cells shortly
after they were immersed in 0.5 and 1.0 M su-
crose, respectively. Deplasmolysis apparently
had already occurred.

It is important to note that both a 1 M su-
crose solution and normal E. coli cells have a
refractive index near 1.38 (28). Hence, the fact
that the cells, when placed in 1 M (and higher)
sucrose, still appeared quite dark in positive
phase contrast indicates that the refractive
index of the cells had increased (2). This is
consistent with the belief that deplasmolysis
occurred as sucrose got into the cell.
The cells began to change their appearance

as a function of time in the sucrose. Internal
regions, often near the center of the cell, began
to exhibit a decrease in contrast, indicating
that the refractive index of this central portion
of the cell was approaching that of the me-
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FIG. 1. Phase micrographs of E. coli Bir cells (1 mm = 0.49 Mm). (a) Normal log-phase cells. (b) Log-phase
cells shortly after being placed in a broth medium containing 0.5 M sucrose. (c) Log-phase cells placed in
broth with 0.5 M sucrose for approximately 15 min. (d) Cells in log phase grown in broth with 0.5 M sucrose.
(e) Log-phase cells shortly after being placed in broth with 1 M sucrose. (f) Log-phase cells after being in
broth with 1 M sucrose for 30 min. (g) Cells grown in broth with 1 M sucrose.
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dium. Examples of this are shown in Fig. lc
and f. The regions of low contrast will be re-

ferred to as light centers. Light centers re-

quired a longer time to develop and became
more pronounced with increased sucrose con-

centrations. A difference in contrast between
cells can be noted in both Fig. le and f. This is
believed to have been the result of a differen-
tial accessibility to the sucrose.

Certain orientations of plasmolyzed cells
could present somewhat similar appearances;

however, the appearance referred to here took
several minutes to develop and did not change
in tumbling cells as different views were pre-

sented, lior was more than an occasional cell
observed that had the more familiar features of
plasmolyzed cells, in particular, the sharp dif-
ference in contrast between cytoplasm and
periplasmic space.

Eventually, much of the original contrast
returned to cells placed in concentrations up

to about 0.5 M sucrose, and although they may

have become shorter they still maintained
their rodlike shapes (Fig. ld). On the other
hand, many cells in 1 M sucrose, after several
days of incubation, were found to have lost
their normal shape; these cells usually showed
less overall contrast than normal cells (Fig. lg).
The decrease in contrast of normal cells sug-

gests that their internal environments had
been at least partially restored to that for
normally grown cells, whereas the swollen and
distorted appearance of other cells suggests
that sucrose may have interfered with normal
construction of the rigid layer in the cell enve-

lopes. It is not known whether cells with dis-
torted shapes were capable of reverting to
normal or of forming colonies.
The light centers resembled those shown in

other phase micrographs of E. coli placed in
media of raised refractive index (13, 23, 27). In
those instances, the high refractive index was

achieved with material such as serum albumin,
gelatin, or polyvinylpyrrolidone whose osmotic
activities, on a weight basis, are much less
than that of sucrose. The light regions were

purported to represent the positions of the
nuclear material. Similar results could not be
obtained by placing the cells used here in a
medium containing 20 to 30% bovine serum al-
bumin. Perhaps in these E. coli B/r cells the
DNA normally was spread throughout the cell
and the response to sucrose included a tempo-
rary rearrangement of the DNA to a more

compact configuration. This is consistent with
electron micrographs of normal B/r cells (25)
as well as with other reports that nuclear ma-

terial can exhibit altered appearance when

cells are subjected to various treatments either
before or during the fixation process (11, 14,
15).

Several other factors were investigated for
possible influence on this response. Light cen-
ters were observed when sucrose was replaced
with similar concentrations of glucose or lac-
tose (but not with NaCl), when Nutrient Broth
was replaced with Roberts' C-minimal salts
(20), when the culture in sucrose was bubbled
with nitrogen, or when the culture was not
bubbled at all. Pretreatment of the cells with
chloramphenicol (0.1 mg/ml) to halt protein
synthesis did not prevent the formation of
light centers, but did prevent their subsequent
disappearance. Both KCN (0.85 mg/ml) and
low temperature (0 C) inhibited the formation
of light centers. When cold cells in sucrose and
broth were rewarmed, the light centers began
to appear. When cells having light centers
were centrifuged and resuspended in broth
without sucrose, no light centers remained.

These results indicated that some metabolic
activity was required for the appearance of
light centers, that protein synthesis was re-
quired for the return to normal contrast in su-
crose-containing media, and that formation of
light centers was reversed rapidly when the
sucrose was removed.
Changes in OD. OD at 425 nm showed an

initial value near or slightly higher than that
which would be expected by the dilution
factor. The OD then underwent a transient
decrease, the duration and amplitude of which
increased with increasing concentrations of
sucrose (Fig. 2). Light centers were most prev-
alent at times corresponding to the minimum
of OD. These times for reaching the minimum
OD are shown as a function of sucrose concen-
tration in Fig. 3. The factors previously men-
tioned that affected the development of the
observable light centers affected the decrease
in OD in a similar manner.
Myers et al. (16) showed that cells placed in

0.6 osmolal sucrose should produce a 40% de-
crease in OD as a result of the increased re-
fractive index of the medium. The shrinkage
associated with plasmolysis was believed to
increase the OD so that the OD which they
measured was not much different from that of
the control cells. The almost unchanged initial
OD in even higher sucrose concentrations as
reported here may indicate a similar cancella-
tion of effects. The increased refractive index
of plasmolyzed cells would be partially main-
tained as sucrose entered the cells during de-
plasmolysis. Rubenstein et al. (22) also re-
ported a temporary decrease in OD in cells
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FIG. 2. Changes in optical density after E. coli

Bir cells were subjected to sucrose-containing broth:
0, 0.2 M sucrose; x, 0.5 M sucrose; 0, I M sucrose.
The arrow indicates the expected initial value on the
basis of dilution.

that had been washed before being subjected
to sucrose. Other investigators have reported
time-dependent optical effects at sugar con-
centrations of 0.2 M or less. These effects in-
cluded increases in OD found in nongrowth
media and attributed to cell shrinkage (1, 12),
as well as decreases in OD attributed to
swelling accompanying sugar uptake (18, 26) or
to the sugar becoming associated with, and
raising the refractive index of, the cell mem-
brane (21). All of these effects could have been
present when higher concentrations were used.

Dips in OD and the development of light
centers also were observed at 0.5 M sucrose
with E. coli B6,1, E. coli 15T-, and E. inter-
media. Plasmolysis vacuoles were evident in E.
intermedia for several minutes.
Survival of colony-forming ability. It was

desirable to determine whether the changes
in appearance and in OD were accompanied
by changes in colony-forming ability. Figure
4 shows the survival of colony-forming ability
for cells subjected to, diluted through, and
plated on sucrose-containing media. De-
creased survival became appreciable above 0.6
M sucrose as reported for conditions conducive
to more long-lasting plasmolysis (24). Since
light centers were observed in cells at all con-
centrations above 0.2 M, the qualitative change
observed in appearance was not correlated in
any obvious fashion with cell death. Most cells

in 0.5 M sucrose developed light centers and
also formed colonies with no evidence of a de-
trimental effect. In 1 M sucrose, light centers
were as plentiful, but colony formation was de-
pressed by 90%. It is possible that only cells
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FIG. 3. Time required for the optical density to

reach a minimum for E. coli Bir placed in broth con-
taining various concentrations of sucrose.
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FIG. 4. Survival of E. coli B/r colony-forming
ability in broth containing various concentrations of
sucrose. Error bars represent standard deviations for
three or more experiments.
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not having light centers survived at the higher
concentrations. The survival curve does hint
that there may have been different lethal fac-
tors operating above and below a concentration
of 1 M, although another interpretation is of-
fered in the next section. Other evidence has
shown survival of E. coli B to be near 90% when
subjected to > 1 M sucrose if the sucrose is
then diluted slowly (3).
Growth and rates of synthesis. Growth

rates finally attained by survivors in various
concentrations are shown in Fig. 5. Small
amounts of sucrose actually enhanced growth
in broth, but an upper limit seems likely to
have existed near 1.6 M if a linear extrapola-
tion is valid.
The transient changes observed in OD and

in the appearance of cells were expected to be
reflected in transient changes in the major
metabolic processes, the synthesis of DNA,
RNA, and protein. This was not the case.
Figure 6 presents representative results of
plating cells, on sucrose-containing plates, as a
function of time after contact with sucrose.
Extrapolations to zero time gave values corre-
sponding to the survival shown in Fig. 4. The
final slopes for 0.2 and 0.4 M sucrose were con-
sistent with the growth rates at these concen-
trations (Fig. 5) and, clearly, these new divi-
sion rates were achieved rapidly.
The behavior in 0.8 M sucrose (Fig. 6c) illus-

trates an effect that was not present at concen-
trations of 0.6 M and lower. An impressive de-
crease in survival was evident for cells diluted
and plated within 20 min of being placed in
the sucrose. Temperature shock was ruled out
as a cause, because similar results were ob-
tained when the experiment was performed in
a room maintained at 37 C. Although the basis
for this behavior has not been determined, we
suggest that it might be the cause of the
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FIG. 5. Growth rates for E. coli Bir grown in
broth with various concentrations of sucrose.
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FIG. 6. Representative results showing colony-
forming ability of E. coli Bir as a function of time
after subjection to a sucrose-broth medium: (a) 0.4 M
sucrose; (b) 0.6 M sucrose; (c) 0.8 M sucrose. Controls
are represented by filled circles.

strange survival data in Fig. 4. It is possible
that a physical factor, such as shear during
pipetting, added to the lethality, or that a
chemical factor, carried from the growth cul-
ture to the sucrose but absent in the dilution
blanks and plates, was necessary for the initial
stages of successful adaptation. A somewhat
similar anomaly was noted by Rubenstein et
al. (22), who suggested that it was the result of
decreased ability of plasmolyzed cells to gen-
erate colonies on solid medium.
No transient effects were detected in the

uptake of thymine, uracil, or proline for su-
crose concentrations up to 0.8 M. Uptake
curves at 0.6 M are presented in Fig. 7. Most of
what appeared to be delays could be accounted
for by assuming that only the surviving frac-
tion shown in Fig. 4 participated in the up-
take. This would imply a rapid cessation of the
uptake machinery in nonsurvivors and may
also account for a similar delay mentioned by
Roberts et al. (20) and Rubenstein et al. (22).
At the same time, it should be pointed out
that Henneman and Umbreit found little de-
pression in the respiration of glucose by E. coli
B at 0.8 M sucrose (9).

DISCUSSION
Inferences based on these results may be
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FIG. 7. Representative results showing incorpora-
tion of radioactive precursors into E. coli Bir cells
exposed to broth with 0.6 M sucrose. Controls are

represented by filled circles. (a) l4C-thymine. (b)
14C-uracil. (c) 14C-proline.

made regarding several characteristics of E.
coli cells. The apparently rapid deplasmolysis
implies that the cells were not very imperme-
able to high concentrations of sucrose when
nutrients were present. What is not clear is
whether this is a normal state of affairs or

whether plasmolysis caused a temporary alter-
ation in the semipermeable barrier. It has been
reported difficult to obtain plasmolysis in
100% of a population of cells (6, 24). This sug-
gests that some cells are freely permeable to
sucrose and the plasmolytic step may be
omitted. It supports other evidence showing a

high permeability of E. coli to sucrose (5, 10).
On the other hand, it also has been reported
that plasmolysis resulted in leaky cells with

increased permeability to other molecules such
as uridine nucleotides (8).
A second point concerns the operation of the

cell with the sucrose inside. Myers et al. (16)
reported that maximal plasmolysis reduced
the cell volume by 20%. Presumably, this rep-
resents the portion of a deplasmolyzed cell
which is filled with the external concentration
of sucrose. If 30% of the cell volume is external
to the plasma membrane, as Myers et al. also
reported, then the 20% figure represents about
30% of the internal volume. Sucrose in this
volume might be expected, in addition to low-
ering the water activity, to increase the vis-
cosity (0.5 M sucrose has a viscosity 50% higher
than water) and decrease the dielectric con-
stant of the cell sap. These changes in turn
would decrease the expected rate of diffusion
and increase the effects of ions and exposed
charge groups on their surroundings. Processes
for which these are rate-limiting should have
been altered. One can note that diffusion rates
in water have been shown to be only margin-
ally compatible with the synthetic rates ob-
served in bacteria when the cell is assumed to
consist of enzymes in solution (19). Perhaps
some internal organization exists and the syn-
thetic processes measured in this study took
place in environments other than those con-
taining the sucrose.
The transient decrease in OD as well as

transient changes in appearance may have
been a combination of the cells changing
volume as sucrose leaked in, together with
some internal rearrangements as osmoadapta-
tion took place. Electron microscopy could,
perhaps, provide some necessary evidence for
this.
The cause of the loss in viability at the

higher concentrations of sucrose is unknown. It
is interesting that the decrease in colony-
forming ability began near 0.6 M sucrose,
whether or not nutrients were present when
sucrose was added (24). This concentration
also represents the point at which Myers et al.
(16) claimed that the plasmolytic volume de-
crease reached a maximum. Perhaps at higher
osmolarities normally bound water is removed
and leads to irreversible changes in macromo-
lecular structure.

ACKNOWLEDGMENTS

Assistance in the early stages of this investigation was
provided by Fred Henry, Kathy Hird, and Robert Goldstein.

This work was supported by grants to the department by
the National Aeronautics and Space Administration (NGR
39-009-008 to E. C. Pollard) and by Public Health Service
training grant GM-01015 from the National Institute of Gen-
eral Medical Sciences.

234 J. BACTERIOL.



RESPONSE OF E. COLI TO SUCROSE

LITERATURE CITED

1. Avi-Dor, Y., M. Kuczynski, G. Schatzberg, and J.
Mager. 1956. Turbidity changes in bacterial suspen-
sions: kinetics and relation to metabolic state. J.
Gen. Microbiol. 14:76-83.

2. Barer, R., and S. Joseph. 1954. Refractometry of living
cells. I. Basic principles. Quart. J. Microsc. Sci. 95:
399-423.

3. Bayer, M. E. 1967. Response of cell walls of Escherichia
coli to a sudden reduction of the environmental os-
motic pressure. J. Bacteriol. 93:1104-1112.

4. Bayer, M. E. 1968. Areas of adhesion between wall and
membrane of Escherichia coli. J. Gen. Microbiol. 53:
395-404.

5. Bernheim, F. 1963. Factors which offset the size of the
organisms and the optical density of suspensions of
Pseudomonas aeruginosa and Escherichia coli. J. Gen.
Microbiol. 30:53-58.

6. Birdsell, D. C., and E. H. Cota-Robles. 1967. Production
and ultrastructure of lysozyme and ethylenediaminete-
traacetate-lysozyme spheroplasts of Escherichia coli.
J. Bacteriol. 93:427-437.

7. Cota-Robles, E. H. 1963. Electron microscopy of plas-
molysis in Escherichia coli. J. Bacteriol. 85:499-503.

8. Gros, F. J., R. Gallant, and M. Cashel. 1967. Decryptifi-
cation ofRNA polymerase in whole cells in Escherichia
coli. J. Mol. Biol. 25:555-557.

9. Henneman, D. H., and W. W. Umbriet. 1964. Influence
of the physical state of the bacterial cell membrane
upon the rate of respiration. J. Bacteriol. 87:1274-1280.

10. Hurwitz, C., C. B. Braun, and R. A. Peabody. 1965.
Washing bacteria by centrifugation through a water-
immiscible layer of silicones. J. Bacteriol. 90:1692-
1695.

11. Kellenberger, E. 1960. The physical state of the bacterial
nucleus. Symp. Soc. Gen. Microbiol. 10:39-66.

12. Mager, J., M. Kuczynski, G. Schatzberg, and Y. Avi-
Dor. 1956. Turbidity changes in bacterial suspensions
in relation to osmotic pressure. J. Gen. Microbiol. 14:
69-75.

13. Mason, D. J., and D. M. Powelson. 1956. Nuclear divi-
sion as observed in live bacteria by a new technique.
J. Bacteriol. 71:474-479.

14. Mitchell, P., and J. Moyle. 1956. Osmotic function and
structure in bacteria. Symp. Soc. Gen. Microbiol.
6:150-180.

15. Murray, R. G. E. 1960. The internal structure of the cell,
p. 35-96. In I. C. Gunsalus and R. Y. Stanier (ed.),
The bacteria, vol. 1. Academic Press Inc., New York.

16. Myers, W. F., P. J. Provost, and C. L. Wisseman, Jr.
1967. Permeability properties of Rickettsia mooseri.
J. Bacteriol. 93:950-960.

17. Okrend, A. G., and R. N. Doetsch. 1969. Plasmolysis
and bacterial motility: A method for the study of mem-
brane function. Arch. Mikrobiol. 69:69-78.

18. Packer, L., and M. Perry. 1961. Energy-linked light-
scattering changes in Escherichia coli. Arch. Biochem.
Biophys. 95:379-388.

19. Pollard, E. C. 1968. The degree of organization in the
bacterial cell. Symp. Soc. Cell Biol. 6:291-303.

20. Roberts, R. B., P. H. Abelson, D. B. Cowie, E. T. Bolton,
and R. J. Britten. 1957. Studies of biosynthesis in
Escherichia coli. Carnegie Inst. Wash. Publ. 607.

21. Rogers, D., and S.-H. Yu. 1963. Turbidity changes dur-
ing glucose permeation in Escherichia coli. J. Bacteriol.
85:1141-1149.

22. Rubenstein, K. E., M. M. K. Nass, and S. S. Cohen.
1970. Synthetic capabilities of plasmolyzed cells and
spheroplasts of Escherichia coli. J. Bacteriol. 104:
443-452.

23. Schaechter, M., J. P. Williamson, J. R. Hood, Jr., and
A. L. Koch. 1962. Growth, cell and nuclear divisions
in some bacteria. J. Gen. Vticrobiol. 29:421-434.

24. Scheie, P. 0. 1969. Plasmolysis of Escherichia coli B/r
with sucrose. J. Bacteriol. 98:335-340.

25. Scheie, P. O., and H. Dalen. 1968. Spatial anisotropy in
Escherichia coli. J. Bacteriol. 96:1413-1414.

26. Sistrom, W. R. 1958. On the physical state of the intra-
cellularly accumulated substrates of ,-galactosidase-
permease in Escherichia coli. Biochim. Biophys. Acta
29:579-587.

27. Stempen, H. 1950. Demonstration of the chromatinic
bodies of Escherichia coli and Proteus vulgaris with
the aid of the phase contrast microscope. J. Bacteriol.
60:81-87.

28. Webb, S. J. 1965. Bound water in biological integrity.
Charles C. Thomas, Publisher, Springfield, Ill.

VOL. 109, 1972 235


