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Escherichia coli strain WWU was found to be moderately resistant to streptomycin
when grown in a minimal medium, although the strain was sensitive if grown in nu-
trient broth. Transfer experiments showed that cells grown in minimal medium re-
tain the resistant state for a period of time after dilution into nutrient broth; and
conversely, sensitive cells grown in nutrient broth were sensitive after dilution into
minimal medium for a period of time. The kinetics of transition from resistant to
sensitive and from sensitive to resistant were observed, and kinetics of 'H-dihydro-
streptomycin accumulation by resistant and sensitive cells were compared. The data
suggested that cells grown in minimal medium were physiologically resistant because
they accumulated streptomycin poorly. Inactivation per incorporated antibiotic
molecule was the same in resistant and sensitive cells.

Streptomycin is an aminoglycoside antibiotic
with a wide range of effects on Escherichia coli
(2). One result of the cell-streptomycin interac-
tion is loss of viability, which has been attributed
to an interaction with the ribosomes (9). More
specifically, the sensitivity has been associated
with a particular protein subunit of the core
proteins of the 30S ribosomal particle (6, 11).

Mutational and genetical data have generally
supported the initial observation by Hashimoto
(5) that a single-step genetic alteration could
confer resistance to high levels of streptomycin.
Genetically stable E. coli strains have also been
observed which have a low-level resistance to
streptomycin (resistant to concentrations of 5 to
10 ,ug/ml). Permeability barriers (3) and en-
zymatic inactivation of the antibiotic (4, 10, 13)
are mechanisms of low-level resistance.

In addition to resistance resulting from muta-
tion in the cell, several instances of relative re-
sistance to streptomycin have been reported and
ascribed to antagonistic or competitive effects of
various ions in the media (7, 12). In this report we
describe the moderate resistance of E. coli strain
WWU grown in a minimal medium. The same
strain is sensitive to streptomycin if grown in
nutrient broth. However, in this instance we find
evidence that the differential resistance results
from the physiology of the cell. This conclusion is
chiefly supported by the gradual alteration of the
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cell's resistant condition upon transfer from one
medium to another.
By measuring simultaneously the incorpora-

tion of antibiotic and the inactivation of cell
viability, with cells grown either in nutrient broth
or in minimal medium, it was apparent that both
types of cells were equally sensitive to the an-
tibiotic once incorporated. The physiological
resistance resulted from a reduced permeability
to streptomycin.

MATERIALS AND METHODS

Bacterial strains. A multiauxotroph of E. coli
strain 15 T-, known as WWU, was the principal
organism used in this study (1). A single-step, high-
level, streptomycin-resistant mutant of strain WWU
was also used.

Media. The minimal-salts, defined medium has
previously been described (1). It contained thymi-
dine, uridine, tryptophan, arginine, methionine, and
proline to satisfy the auxotrophic requirements of
WWU. The nutrient broth was 8 g of Nutrient Broth
(Difco) preparation per liter of distilled water,
sterilized at 121 C for 20 min. For solid media, 15 g
of agar (Difco) per liter was incorporated in the
appropriate liquid media.

Streptomycin. Streptomycin sulfate was obtained
from Pfizer Laboratories (New York, N.Y.). A
concentrated stock solution of 100 mg/ml was made
in distilled water and stored at -20 C in 1-ml por-
tions.

3H-dihydrostreptomycin (3HSm) was obtained
from Mallinckrodt Chemical Works (St. Louis, Mo.)
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as a dry powder with a specific activity of 262 Ci/
mole. 3HSm was dissolved in distilled water (5.6
mg/2.8 ml) and stored at -20 C. A further dilution
of 1:4 was made as required (500 ,ug/ml, final con-
centration).

Growth and inactivation. Cultures inoculated from
stock strains were grown overnight in minimal or
nutrient medium, with shaking at 37 C. Experimen-
tal cultures (10 ml) were inoculated (0.1 ml) from
the overnight cultures and grown at 37 C with aera-
tion to mid-exponential phase.

Inactivation by streptomycin was tested by adding
streptomycin to these cultures and assaying for
viability on nutrient agar. Buffer solution (minimal
medium without glucose and the supplements) was
used for dilutions. Colonies were counted after 12
hr of incubation at 37 C.

Transfer experiments. Cells were grown in the
first growth medium to a viable titer of approximately
2 X 108 organisms per ml. Samples (0.1 ml) were
transferred to 10-ml amounts of prewarmed second
growth medium in a set of culture tubes. At intervals
of time after transfer, streptomycin was added to
individual cultures in the second growth medium.
The effect of streptomycin on cells was determined
by viability assays and measurements of accumu-
lated, radiolabeled antibiotic.

Accumulation of 3H-dihydrostreptomycin. Sam-
ples (0.1 ml) of cultures growing in the presence of
3HSm were individually added to 10-ml amounts of
buffer solution held in an ice bath. Each diluted
sample was filtered onto a membrane filter (Milli-
pore Corp., HAWP 02500); the filter was rinsed
once with 10 ml of buffer solution, dried with hot air,
and placed in 15 ml of scintillation fluid for count-
ing.
The toluene - ethanol - 2, 5 - diphenyloxazole - di-

methyl 1, 4-bis-2-(5-phenyloxazolyl)-benzene scin-
tillation fluid (779 ml, 230 ml, 4 g, and 0.25 g, re-
spectively) had a 15% counting efficiency by
counting samples of a known activity.

RESULTS

Inactivation by streptomycin. E. coli WWU
showed different sensitivities to streptomycin in
the two media. Cells grown in minimal medium
were more resistant to streptomycin than were
cells grown in nutrient medium. Streptomycin at
10 ,ug/ml in%nutrient broth reduced viability by a
factor of 10-i in 15 min. In minimal medium a
concentration of 50 ,ug/ml caused only a slight
decline in viable titer, and a concentration of 100
,ug/ml caused a slight loss of viability in the first
20 min followed by a faster rate of killing (Fig. 1).

Transfer experiments. Cells grown in minimal
medium were transferred into nutrient broth and
challenged with streptomycin (10lg/ml) after
various periods of incubation in nutrient broth.
By this means the kinetics of change from re-
sistance to sensitivity could be estimated.

Figure 2 shows a gradual change in the sen-
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FIG. 1. Inactivation of E. coli by slreptomycin in
different media. Streptomycin was added to exponen-
tially growing cultures ofE. coli WWU in nutrient broth
(broken line) or minimal medium (solid line). Final con-
centrations of streptomycin were 10 gg/ml (0), 50
,g/ml (A), and 100 ug/ml (0). Viable counts were
determined by plating diluted samples on nutrient agar.

sitivity of the cells. At least a 40-min incubation in
nutrient broth is required for cells to lose their
resistance and become sensitive.
A similar gradual change in sensitivity was

observed in the converse experiment. Cells grown
in nutrient broth were transferred into minimal
medium and challenged with streptomycin (100
jig/ml) after periods of incubation in minimal
medium. At 90 min after transfer into minimal
medium, these cells had become resistant to
streptomycin (Fig. 3).
The gradual change in sensitivity as seen in the

transfer experiments suggested that a physiologi-
cal change took place in the cells when they be-
came either sensitive or resistant. However, some
of the observed resistance might have been the
result of an antagonism between streptomycin
and phosphate. This was a small effect at most.
Strain WWU grown in defined medium with 0.2
mm phosphate instead of the normal 64 mm
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FIG. 2. Increasing sensitivity of cells transferred to
nutrient broth. Cells growing in minimal medium were
identically diluted into five equal portions of nutrient
broth. Streptomycin was added to a concentration of J0
,g/ml in each culture after incubation periods of 0, 10,
20, 30, and 40 minutes, respectively. A viable count was
determined in each culture just before adding strepto-
mycin and every 2 min after adding streptomycin.
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FIG. 3. Decreasing sensitivity of cells transferred to
minimal medium. Cells growing in nutrient medium were
identically diluted into four equal portions of minimal
medium. Streptomycin was added to a concentration of
100 j.g/ml in each culture after incubation periods of0,
30, 60, and 90 min, respectively. A viable count was
determined in each culture just before adding strepto-
mycin and every 2 min after adding streptomycin.

phosphate showed the same gradual change in
resistance when transferred into nutrient me-
dium. Cells growing in nutrient medium with
phosphates added to the concentration present
in defined medium were moderately resistant,
but they were immediately sensitive upon transfer
to normal nutrient medium.
Accumulation of 1H-dihydrostreptomycin. Ra-

dioactive dihydrostreptomycin was used to de-
termine the correlation between accumulation of
antibiotic within the cells and inactivation of the
cells. Control experiments showed 3HSm to be
equivalent to streptomycin (data not given).

Cells grown in minimal medium and exposed
to 1HSm at 10 ,ug/ml showed no significant ac-
cumulation of radioactivity in 30 min. With cells
grown in nutrient broth, a steady increase in

accumulated radioactivity occurred during ex-
posure to 3HSm (Fig. 4).
The uptake kinetics of physiologically changing

cells were examined by using 3HSm. Cells were
transferred from minimal medium to nutrient
broth as described above. The rates of accumula-
tion and inactivation were observed after various
periods of incubation in the second medium. The
general increase in sensitivity was accompanied
by a gradual increase in the rate of 1HSm ac-
cumulation (Fig. 5).

Inactivation as a function of accumulated an-
tibiotic. The accumulation results showed sensi-
tivity to parallel permeability. More specifically,
the results suggested that the cytoplasm and
presumably ribosomes were equally sensitive to
streptomycin in cells growing in minimal medium
or nutrient medium. This point could be made
more explicit by replotting the data of Fig. 5 to
show viability as a function of accumulated an-
tibiotic (Fig. 6). Although the kinetics of inac-
tivation (sensitivity) of the cells in three different
physiological conditions differed markedly, in-
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FIG. 4. Uptake of 3HSm by cells in minimal or

nutrient medium. 3H-Sm was added to a concentration
of 10 isg/ml to exponential cultures of E. coli WWU in
nutrient (a) or minimal (0) medium. Samples were
taken during incubation to determine uptake of the
tritium labeled antibiotic. The cells were washed with a
salts buffer before liquid scintillation counting. The
measured radioactivity was normalized to a standard
cell number determined from the viable titer just before
antibiotic addition.
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activation as a function of 'HSm accumulation
could be represented by a single straight line.

Test of a streptomycin-resistant mutant. To
demonstrate that poor accumulation of 3HSm was
not in fact a function of resistant ribosomes, a
single-step, high-level, streptomycin-resistant mu-
tant was examined. This mutant was resistant to
streptomycin at 1000 Ag/ml in nutrient broth.
Accumulation of 3HSm was observed with this
mutant, and survival after the accumulation of
1.2 X 105 3HSm molecules per cell was greater
than 98 %. Accumulation could occur in the
absence of the specific complexing which caused
cell inactivation.
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FIG. 5. Increasing sensitivity and 3H-Sm accumula-
tion after transfer to nutrient broth. Cells growing in
minimal medium were identically diluted into three por-
tions of nutrient broth. 3H-Sm was added to a concen-

tration of 10 ,g/ml in each culture after incubation
periods of0, 20, and 50 min, respectively. A viable count
was determined in each culture just before and every 2
min after adding 'H-Sm. Concomitantly, samples were

removed and assayed for 3H-Sm uptake.
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FIG. 6. Cell survival as a function of3H-Sm uptake.
Cells were challenged with 3H-Sm at three stages of the
transition from resistance to sensitivity in nutrient broth
(see Fig. 5). The kinetics of cell survival and 3H-Sm
uptake were determined in each stage: after 0 min of
incubation in nutrient broth (A), after 20 min ofincuba-
tion in nutrienit broth (0), and after 50 min of incuba-
tion in nutrient broth (@). The straight line drawn
through the data points has a slope indicating a proba-
bility of one inactivation event per 1.2 X 101 accumu-
lated antibiotic molecules.

Effect of media on a permeability mechanism.
It was noted that filtering cells grown in nutrient
broth and suspending them in minimal medium
before further dilution into minimal medium
made the cells immediately resistant to strepto-
mycin upon transfer to minimal medium. Sensi-
tivity could be restored if fresh nutrient broth was
added in addition to the filtered cells. Filtered
cells transferred to defined medium showed no
significant uptake of 'HSm, whereas, when a one-
hundredth dilution of nutrient broth was also
added (80 ,g/ml), the cells did accumulate 3HSm.

It should be emphasized that this dependence
of sensitivity on a small supplement of nutrient
material was a characteristic of nutrient broth-
grown cells only. Cells grown in minimal medium,
which showed a reduced permeability to the
antibiotic and hence resistance, were not im-
mediately sensitive upon transfer to a total
nutrient medium (Fig. 2). Moreover, the addi-
tion of a one-hundredth dilution of nutrient
broth to cells which had made the normal transi-
tion from sensitivity to resistance (as seen in
Fig. 3) did not alter the resistant response of
these cells. Nutrient broth-grown cells (sensitive
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cells) diluted into minimal medium were still
sensitive only when a small amount of the nu-
trient medium was transferred to the defined
medium in addition to the cells.

DISCUSSION
The differential sensitivity of E. coli strain

WWU to streptomycin was very pronounced.
Although high concentrations of streptomycin
cause considerable killing both in nutrient broth
and in minimal medium, moderate concentra-
tions (10 to 50 ,ug/ml) caused little killing in
minimal medium.

It does not seem possible to explain this in-
sensitivity simply in terms of streptomycin an-
tagonism by constituents of the medium. When
cells were switched from one medium to another
they retained the state of sensitivity (or resist-
ance) observed in the first medium.

Cells growing or grown in minimal medium
incorporated radio-labeled dihydrostreptomycin
at less than 1/40 of the rate of cells growing in
nutrient broth. These cells incubated in nutrient
broth did not become sensitive until they become
permeable. Moreover, as they gradually became
more permeable they gradually became more
sensitive. Loss of viability was, at all times, an
unvarying function of incorporated antibiotic.
Although inactivation of bacteria by strepto-

mycin is generally plotted against incubation
time, it is apparent in Fig. 6 that a possibly fun-
damental aspect of inactivation by streptomycin
can be observed if survival is plotted against ac-
cumulated antibiotic molecules. Inactivation is
exponential.
Hence the target theory of drug action, as first

proposed many years ago by Paul Ehrlich, can be
examined in the analytical form of contemporary
target theory for radiation action (8). Both con-
cepts attribute survival to "total escape" of a
critical target within the cell. Accordingly, the
data of Fig. 6 suggest a D37 dose of 120,000 'HSm
molecules, or that for every 120,000 possible
adsorption sites in E. coli for 3HSm molecules
there is one critical "target" site. Adsorption of
streptomycin to this "target" destroys the colony
forming ability of the cell.
The studies reported here do not allow a deci-

sion as to whether the physiological resistance of
cells grown in minimal medium results from a
novel barrier to streptomycin or a deficient
permeation system. It is interesting to note, how-
ever, that the sensitivity of cells from nutrient
broth, in minimal medium, was dependent on
small supplements of nutrients, that the high-level
resistant mutant still incorporated 'HSm, and
that the concentration of incorporated 3HSm

exceeded the concentration of exogenous 'HSm
after a short period of uptake (106 'HSm mole-
cules per cell is approximately a concentration of
100 .g/ml).

It is not unreasonable that cells grown in nu-
trient broth contain a permeation system for
streptomycin, which concentrates streptomycin
inside the cell. This system would be of little
consequence when high concentrations of an-
tibiotic are in the medium, since a large concen-
tration gradient would assure rapid accumulation.
However, when exogenous antibiotic is at a low
concentration, this system would cause the ac-
cumulation of antibiotic within the cell. Cells
growing in minimal medium would lack this
hypothetical permeation system, would have a
very low endogenous streptomycin concentration,
and would have a small probability of a lethal
interaction with streptomycin.
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