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in the medium and to the salt concentration.

3. The effect of salt is exerted not upon
the streptomycin itself but upon the medium,
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which in turn influences the growth of the
organism.
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The antibacterial potency of streptomycin
is still largely measured by its inhibiting
effect upon the growth of certain bacteria in
artificial culture media, under given con-
ditions of cultivation. The activity of the
antibiotic thus measured is influenced by a
great many factors. Chief among these is
the presence of certain organic and inorganic
constituents in the medium,’ the presence of
certain reducing substances,?® the nature of
the test organism, its age and number of
viable cells used.* In addition to these, the
presence of certain organic acids that may be
formed as intermediary metabolic products
in the nutrition of various bacteria may also
affect the activity of streptomycin. A study
of the last phenomenon forms the subject of
this report.

Escherichia coli ATTC 9637 was used as
the test organism. Its growth in various
media was determined by means of a Cenco-
Sheard-Sanford Photelometer. Immediately
after inoculation, the culture tubes gave a
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reading of zero turbidity. The final turbidity
was expressed in terms of per cent of light
absorption.

The organic acids used in these studies
were neutralized to pH 7.0, sterilized by fil-
tration through Mandler candles, and added
to the medium to give a final concentration
of 1%. The streptomycin solution was steri-
lized by heating at 60°C for 30 minutes.
The basic nutrient broth used in these ex-
periments contained 0.5% peptone and 0.3%
meat extract.

The influence of different organic acids as
compared to that of sugars and glycerol upon
streptomycin activity was at first determined
(Table I). The growth of E. coli in nutrient
broth is usually inhibited by 1 ug of strepto-
mycin per ml. When pyruvic or fumaric

TABLE T.
Effect of Various Carbon Sources in Medium upon
Streptomyein Aectivity on E. coli.

Turbidity*
4 hr 21 hr
Carbon source Streptomyein, 10 yg/ml

1% 0 + 0 +

Glucose —_ 41 0
Lactose 14 0 36 0
Pyruvie acid 23 13 67 31
Fumarie acid 14 12 53 30
Formie acid 0 0 15 12
Succinic acid 8 6 30 7
Glyeerol 8§ 0 42 0
Maleic acid 10 6 40 12
Malonic acid 8§ 6 31 6
Glycerophosphoric acid T 0 33 0
Acetic acid 6 0 34 0
Propionic acid 5 0 30 0
Laectic acid 9 0 52 0

* Absorption of light in per cent.
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TABLE II .
Effect of Different Concentrations of Streptomyein upon Growth of E. coli in Presence of
Pyruvie or Fumaric Acids.

Turbidity

Carbon source Streptomyein, - ~
1% ug/ml 5 hr 8 hr 17 hr 22 hr

Pyruvie acid 0 14 19 50 48

10 7 14 33 34

25 2 5 23 27

50 0 0 0 2

100 0 0 0 0

Fumarie acid 0 10 25 49 49

10 9 20 40 41

25 6 16 29 32

50 1 3 15 16

100 0 0 0 0

TABLE III.

Influence of Nitrogen Sources upon Effect of Organic Acids and Other Carbon Compeounds upon
Streptomycin Aectivity.*

Casein hydrolysate Asparagine Tryptone
Streptomyein, 10 ug/ml

Additional material 0 -+ 0 -+ 0 —+
None 20 0 2 0 22 0
Glucose 38 0 2 0 39 0
Lactose 33 0 0 0 30 0
Formie acid 4 3 + 0 13 8
Maleic acid 29 22 5 5 21 10
Malonic acid 44 10 11 0 21 4
Malic acid 51 15 16 0 40 18
Sucecinic acid 38 10 12 0 30 10
Pyruvic acid 48 37 50 2 42 40
Glycerol 37 0 2 0 29 0
Fumaric acid 35 22 17 2 36 19
Lactic acid 57 0 9 0 36 0

* E. coli used as test organism; incubation 20 hours at 28°C.

acid was added to the medium good growth
was obtained even in the presence of 10
pg/ml of the antibiotic. Succinic, formic,
maleic, and malonic acids also exerted a cer-
tain degree of protection upon the bacteria
against the antibacterial action of strepto-
mycin. Lactose, glycerol, sodium glycero-
phosphate, lactate, and glucose had, however,
no effect upon streptomycin activity; the
same was true of propionic and acetic acids.

The pyruvate and fumarate media in which
E. coli grew in the presence of streptomycin
were tested, by the agar cup method, for
streptomycin concentration. The antibiotic
was not reduced in potency. The possible
development of bacterial strains resistant to
streptomycin was also determined; the cul-
ture was found to remain sensitive to 2 pg/ml
of streptomycin.

A study was made next of the minimum
concentration of streptomycin necessary to
inhibit the growth of E. coli in the presence
of pyruvate and fumarate. Even in the pres-
ence of 50 pg/ml of streptomycin good growth
was obtained in the peptone broth to which
fumarate was added; there was no growth,
however, with 100 pg/ml streptomycin
(Table IT). The effect of pyruvate was sim-
ilar to that of fumarate, although quanti-
tatively somewhat different. When the con-
centration of the fumarate was increased to
3%, growth occurred even in the presence of
150 pg/ml of streptomycin but none with
200 pg/ml.

The addition of organic acids and sugars
to tryptone or casein hydrolysate broth gave
results similar to those obtained with the pep-
tone broth (Table IIT). When asparagine
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was used as a source of nitrogen, slight growth
of E. coli occurred in the presence of strepto-
mycin with maleic acid, and a trace of growth
with pyruvic and fumaric acids; the other
carbon sources did not antagonize the action
of streptomycin upon the growth of E. coli.
This indicated the possibility that the com-
plex nitrogenous materials contained some
substance which was necessary for the utiliza-
tion of the pyruvate and fumarate in the
presence of streptomycin; this substance
could not be derived from asparagine.

In an effort to elucidate the possible nature
of the substance which favored the neutral-
izing effect of pyruvate and which was absent
in asparagine, yveast extract and a vitamin
mixture containing B1, B2, Be, calcium panto-
thenate, folic acid, nicotinamide, para-amino-
benzoic acid, and cocarboxylase were added
to asparagine-pyruvate broth. Only the yeast
extract proved effective in allowing the
growth of E. coli in the presence of strepto-
mycin (Table IV).

The neutralizing effect of pyruvate and
fumarate upon streptomycin was tested with
other bacteria, including another strain of
E. coli (No. 2), Aerobacter aerogenes, Pro-
teus wvulgaris, and Staphylococcus aureus.
The action of pyruvate and fumarate upon
streptomycin activity was found to vary with
the organism (Table V). It was most marked
with P. vulgaris and E. coli, and least with
A. aerogenes and S. aureus. Similar varia-
tions were obtained with other organisms.
Mucobacterium tuberculosis No. 607 showed
some inhibition by fumarate with low con-
centrations of streptomycin and none with
higher concentrations; the pyruvate showed
no effect at all for this organism.

The results tend to show that certain or-
ganic acids have a definite neutralizing or
antagonistic effect upon the antibacterial
properties of streptomycin only as regards
certain organisms. The salts of the dicar-
boxylic acids (fumaric, succinic, malic, and
maleic), as well as pyruvic and formic acids,
were most effective; they supported the
growth of E. coli in the presence of bac-
tericidal concentrations of streptomycin. The
salts of acetic, lactic, and propionic acids,
as well as sugars, such as glucose and lactose,
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TABLE IV.

Effect of B Vitamins and Yeast Extract upon
Antibacterial Aectivity of Streptomycin in
Asparagine-Pyruvate Broth.
Asparagine 2.5 mg/ml, pyruvate 10 mg/ml

Turbidity after 25 hrs
Supplementary Streptomyein, 10 ug/ml
additions —_—

to broth Mg/ml 0 +
Broth alone® 13 0
Pyruvate control 28 28
Yeast extract 2.5 51 17
77 72 1.25 50 6
” 72 0.63 52 8
Vitamin mixture 8 0

* No pyruvate.

did not influence the inhibiting action of
streptomycin upon E. coli.

The presence of pyruvic and dicarboxylic
acids does not result in the destruction of the
antibiotic, since the concentration of strepto-
mycin in the medium remained close to the
theoretical. These organic acids do not favor
the development of strains of bacteria re-
sistant to the action of streptomycin. No ir-
reversible combination is produced between
the antibiotic and the organic acid. The
only explanation for this effect may be looked
for in the susceptibility of a specific enzyme
system to the action of streptomycin, where-
by it may be replaced, at least in the meta-
bolism of certain bacteria, by another system
in the presence of pyruvic or fumaric acid.
That the effect of streptomycin upon suscept-
ible bacteria may be due to interference with
intermediary metabolism has been suggested.®

It may also be of interest to note here that
the oxidation of benzoic acid by Mwycobac-
terium tuberculosis No. 607 was inhibited by
10 pg/ml streptomycin, whereas even 100
rg had no effect upon this oxidation process
by a resistant strain of this organism. On
the other hand, 100 pg streptomycin had no
effect upon the oxidation of pyruvic acid by
the normal strain.”

The possibility that streptomycin inter-
feres with the synthesis of amino acids, pro-
teins, or carbohydrates and that the organic

5 Geiger, W. B., Arch. Biochem., 1947,

6 Strauss, E., Proc. Soc. Exp. BroL. ANp MED,
1947, 64, 97.

7 Bernheim, F., and Fitzgerald, R. J., Science,
1947, 105, 435.
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TABLE V. .
Effect of Pyruvate and Fumarate upon Antibacterial Activity of Streptomycin.
Incubation 17 hours at 28°C.

E. coli A.aerogenes P. vulgaris S. aureus
Carbon source 0% -+ 0 + 0 + 0 +
None 15 0 18 0 4 0 24 0
Pyruvie acid 36 29 40 4 36 26 44 13
Fumaric acid 40 23 46 6 47 42 22 6
Glucose 37 0 56 0 14 0 44 0

#0 = no streptomycin; + = 4 yg/ml streptomyecin.

acids may counteract the antibiotic effect by
acting as essential metabolites in the syn-
thesis of these compounds has been sug-
gested.” Certain preliminary results obtained
in oxidation experiments, by the use of the
Thunberg and Warburg techniques, indicated
that streptomycin does not affect metabolic
reactions measured in terms of oxygen uptake
or dehydrogenase activity; rather it appeared
that streptomycin affects a synthetic process,
and the effect on respiration is only a sec-
ondary phenomenon.

Summary. The addition of 1% pyruvate
and fumarate to nutrient broth supported the
growth of E. coli in the presence of 10 pg/ml
of streptomycin. When the concentration of
the acids was increased to 3%, growth took
place even in the presence of 150 ug/ml of
streptomycin. The streptomycin was not de-

stroyed. The test bacteria growing in the
presence of streptomycin and of the organic
acids did not become resistant to strepto-
mycin.

Salts of succinic, formic, malic, and maleic
acids also exerted some antagonistic effect
upon streptomycin. Lactose, as well as lac-
tic, acetic, and propionic acids, glycerol, gly-
cerophosphate, and glucose had no effect upon
the growth-inhibiting action of streptomycin
on E. coli.

Comparison of the antagonistic effect of
pyruvic and fumaric acids against the strepto-
mycin action upon various bacteria, showed
considerable variation. E. coli and P. vul-
garis were largely protected by the organic
acids against the action of streptomycin,
whereas A. aerogenes and S. aureus were only
slightly affected.
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There are only a few reports indicating the
effect of starvation on the urinary excretion
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