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The reducing power possessed by bacteria was a characteristic
early recognized. In 1843 Helmholtz observed in putrefactive
mixtures the reduction of litmus to its leuco base. The first
observers to make direct researches in reference to the reducing
power of bacteria were, however, Cahen, Spina, and Rozahegyi.
Later came the work of Petruscky, Wiirtz, Behring, Smith,
Miiller, Uffelmann, Grasser, Marpmann and Rothberger, all of
whom used dyes as indicators. Besides dyes other organic
compounds may undergo reduction. Amino acids are reduced
by anaerobes with the formation of saturated fatty acid and
ammonia. Gayon and Dubourge observed the conversion of
fructose into mannitol, Labbé, of oxyhemoglobin into hemo-
globin, and Alsberg, of oxyhemocyanin into hemocyanin. The
formation in human feces of coprosterol from cholesterol and
of stercorcin from bilirubin is believed to be the result of bac-
terial reduction.

Inorganic compounds also suffer reduction. The reduction of
ammonium molybdate has been reported by Capaldi and Pros-
kauer and also by Levine and Jahr, and ferric compounds have
been transformed into ferrous compounds by Poehl. That ni-
trates in the soil are capable of being converted to nitrites was
first observed in 1862 by Goppelsroder. Meusel attributed this

1 This work was partly done in the biochemical laboratory of the College of
Physicians and Surgeons, Columbia University, and partly at the Museum of
Natural History, New York City.
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phenomenon to bacterial action. Sulfates are reduced to hydro-
gen sulfid, according to Stockvis and Saltet, Kochmann, Van
Delden and others. Not only sulfates but also sulfites, tetra-
thionates, pentathionates, sulfur in organic complexes such as
peptone, cystine and thiourea yield hydrogen sulfid. Free sulfur
is also converted into hydrogen sulfid, but selenium, tellurium,
arsenic and antimony do not yield the corresponding hydrogen
compounds.

Bacteria are also capable of carrying on oxidations. The
existence of autotrophic microorganisms, capable of de-
riving energy through the oxidation of purely inorganic sub-
stances has become an established fact. The nitrate and nitrite
bacteria, the sulfur bacteria and the iron bacteria are examples
of such types. Recently Lipman and Waksman have added
another group of organisms to the already known autotrophic
forms. These organisms secure energy from the oxidation of
selenium. Lipman and Waksman mixed a small quantity of
selenium with the soil and observed an increase in the acidity of
the latter. They transferred some of this soil to a culture
medium consisting of inorganic materials with elemental sele-
nium as the only source of energy. The medium became cloudy
within a few days and there appeared in it a minute rod-shaped
bacterium capable of oxidizing selenium to selenic acid, just as
the sulfur bacterium is capable of oxidizing elemental sulfur to
sulfuric acid.

Whether selenium or tellurium could replace sulfur in the
metabolism of sulfur bacteria was the object of an investigation
of W. Brenner. One species, which he isolated from marine
mud, Micrococcus selentcus, made good growth in sodium selenid
without sodium selenite. The latter could be replaced by other
substances such as sodium selenate, sodium thiosulfate, indigo-
carmin and litmus but not by potassium tellurite, potassium
sulfate, potassium nitrate or atmospheric oxygen. Another
species isolated from marine mud grew well on a substance con-
taining sodium selenite, but a third species, Thiobacsllus thio-
parus, gave entirely negative results. Free selenium was found
in the bacterial cell when grown on selenite medium. An odor
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similar to that emanating from molds, when grown with sodium
selenite was observed in the presence of sodium selenid, but not
in the presence of sodium selenite alone.

That bacteria reduced certain compounds of selenium was first
mentioned by Japha in 1842. To quote from his dissertation,
“Bactllus ferreus urinae immissus post aliquod tempus colorae
fusco rubro tinctus est, paulatimque selenium purum floceis
rubiis in illo praecipitatum.” He utilized the reducing power
of Bacillus ferreus to determine the presence of selenium dioxid.
Not finding any reduced selenium by this biochemical method
as well as by several purely chemical procedures, he concluded
that the selenium was not eliminated in the urine.

In 1890 Chabrié and Lapicque performed a single expenment
which showed that a 0.2 per cent solution of selenious acid
prevented the putrefaction of bouillon. In smaller concentra-
tion, however, putrefaction did occur. At the same time the
selenious acid was reduced and colonies, which alone were colored
red, were observed in the liquid. These authors attributed the
reduction of the selenium compound to the activity of the micro-
orgadisms in the bouillon.

In 1900 Scheuerlen grew cultures of Bacillus anthracis on a
medium containing either sodium selenite or sodium tellurite.
These he added to the medium because of a desire to grow the
bacillus in pure culture and in the absence of atmospheric oxygen,
which might bring with it contaminating organisms. He had
hopes that this sodium or tellurium salt, which is easily reduced,
would act similarly to the loosely bound oxygen in oxyhemo-
globin and would be almost as favorable to the growth of the
anthrax bacillus as blood itself. He found, however, that al-
though these salts were reduced to red selenium or dark gray
tellurium, growth nevertheless suffered retardation. Continuing
his observations, he found that not only Bacillus anthracts but
also all of the growing bacteria he examined were colored in the
presence of sodium selenite or tellurite. Pigmentation occurred
in the bacterial cell, but the nutrient medium itself was free
from color.

The results of Scheuerlen led directly to the more extensive
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work of his pupil, Klett, who made a study of twenty-seven
species of bacteria and molds under the influence of sodium
tellurite, sodium selenite and sodium selenate. He also reported
that the tellurite and the selenite were reduced by living or-
ganisms. On agar streak cultures, colonies grew in gray-black
streaks in the presence of the tellurium compound. Reduced
selenium accumulated for the most part in the water of con-
densation.

- In general Klett found that sodium selenite or tellurite did not
favor the growth of bacteria and that the intensity of the reduc-
tion was proportional to the intensity of growth. These two salts
had no effect on the virulence of bacteria. Aerobic bacteria
grown under anaerobic conditions could not thrive on the oxygen
set free in the course of the reduction of sodium selenite. Klett
also observed that, when the nutrient medium contained glucose,
reduction took place at 37°C. even in the control tubes. He
was obliged therefore to allow growth in such media to pro-
ceed at room temperature.

Klett believed that reduction took place within but not w1th-
out the bacterial cell. He observed that reduction followéd the
line of growth, the red or gray color not being diffused through-
out the medium. A microscopic examination of bacterial bodies
revealed the presence of yellowish or grayish particles within the
cell. Sodium selenate, like sodium sulfate or sodium phosphate
showed no inhibition of growth, nor was there any evidence of
reduction of the selenate to brick red seleniuin.

Gosio in 1904 took up the problem of the bacterial reduction of
selenium and tellurium salts in the hope of obtaining a method
for determining the sterility of sera, culture media, body fluids,
foods and other biological substances. With this end in view he
examined 181 organisms grown upon selenite or tellurite media.
He came to the conclusion that sodium selenite was more easily
reduced than the tellurite by substances other than bacteria.
He therefore preferred the tellurite and employed this salt for
most of his experiments. King and Davis have recently con-
firmed Gosio in proving the value of tellurite medium as an
indicator of microbial life.
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According to Gosio tellurite reduction was accelerated in a
milk medium or in a medium containing glucose, sucrose or
lactose. Glucose seemed to be the best accelerator. He at-
tempted to explain these findings on the basis of the supposition
that lactic acid was produced, which, interacting with the po-
tassium tellurite gave rise to the more easily decomposed tellurous
acid. The limit of sensitiveness in a sugar-free medium was
1:20,000, whereas in a sugar medium, reduction was noticeable
when the latter contained one part of the tellurite in 75,000,
or even 100,000 parts of the nutrient substance. Levine has
found that at 30°C.to 37.5°C. or over and under sterile conditions,
glucose, lactose, and lactic acid themselves cause reduction of
sodium selenite. The accelerated reduction, noted by Gosio,
was really due to action of these reducing substances in the
nutrient medium.

Gloger in 1906 repeated some of the work of Gosio. He agreed
with the latter that the presence of glucose accelerated reduc-
tion and stated that the kind of medium used was a very im-
portant factor in determining bacterial reduction. He, how-
ever, did not make any effort to determine what chemical
substances present in the nutrient medium would interfere. He
formulated a relationship between the production of hydrogen
sulfid and the reduction of potassium tellurite. Finding that
B. tuberculosis-hominis, B. pseudotuberculosis Pfeiffer, B. acidi-
lactict, Spirillum rubrum, B. diphtheriae and B. pseudodiph-
theriae did not reduce, he put forth the proposition that these
organisms were not active because they evolved only traces of hy-
drogen sulfid or none at all, the hydrogen sulfid itself having the
power of causing the reduction of selenite or tellurite. W. Kruse
in his “Allegemeine Mikrobiologie” published in 1910 stated
that anaerobes did not reduce, and that small amounts of sele-
nite or tellurite impeded their growth, while small quantities of
sulfite acted favorably. He also mentioned the fact that B.
tuberculosis-hominis, B. pseudotuberculosts, B. diphtheriae, B.
pseudodiphtheriae, and B. acidi-lactici did not reduce. He, too,
gave hydrogen sulfid as the cause of reduction.

In the work here reported the effect of various selenium com-
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pounds upon the growth and upon the reducing power of some
of the important groups of bacteria was studied. Experiments
were also undertaken to prove or disprove the statement that
anaerobes did not reduce, and to ascertain the validity of Glo-
ger’s conclusion that hydrogen sulfid was the cause of reduction.
Still other experiments were carried out to determine the nature
of bacterial reductase. The organisms studied were obtained
from Prof. C.-E. A. Winslow’s valuable collection in the Ameri-
can Museum of Natural History, New York City.

EFFECT OF SELENIUM COMPOUNDS UPON THE GROWTH OF
BACTERIA

The effect on growth was studied with a view towards dis-
covering any relation between growth and reduction. Selenium
dioxid, selenic acid, sodium selenite, sodium selenate, and po-
tassium selenocyanid were the compounds employed. Colloidal
‘selenium was not included, but it has recently been shown by
Henry Crooke that it has no germicidal action.

The organisms tested were Bacillus coli-communis and Strep-
tococcus pyogenes-aureus. The medium used was liquid broth,
acid in reaction (pH 6.8). The nutrient media were made up
with increasing amounts of the selenium salts or acids. The
concentrations employed for sodium selenate were 0.15, 0.28,
0.40, 0.50, 0.60, 0.68, 0.77, 0.83, 0.90, 0.96 per cent. These
figures are on the basis of crystalline sodium selenate
(NasSeO4-10H,0). For selenium dioxid (SeQ.), selenic acid
(H2Se0,), sodium selenite (Na,SeO;) and potassium selenocyanid
(KCNSe) lower dilutions were used: 0.06, 0.11, 0.16, 0.20, 0.24,
0.27, 0.30, 0.33, 0.36, and 0.38 per cent. The tubes were ex-
amined after twenty-four, forty-eight and seventy-two hours.

Briefly stated, the results were as follows: At the end of twenty-
four hours only the tubes of the lowest concentration showed
growth but after seventy-two hours all of the tubes gave evidence
of growth. Streptococcus pyogenes-aureus proved more sensi-
tive to the selenium compounds tested than did Bacillus cols.
Thus at the end of the first day B. coli showed growth in the
tubes containing 0.15 to 0.95 per cent sodium selenate, while
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the streptococcus gave growth in the 0.15, 0.28 and 0.40 per
cent tubes only. In degree of toxicity the compounds may be
arranged in the following series of diminishing effect: selenium
dioxid (selenious acid), selenic acid, sodium selenite, sodium
selenate, potassium selenocyanid. This order agrees well with
that found by Levine in a study of the toxic effect of selenium
compounds upon yeast, plants and animals.

Selenium dioxid and selenic acid in concentrations as low as
0.06 per cent exercised a marked inhibitory effect. Sodium
selenite did not retard growth as much as selenious acid. So-
dium selenate and potassium selenocyanid in the very low con-
centrations had slight effect on the growth of the organisms
tested. It is interesting to mention that Némec and K4s found
that extremely small amounts of sodium selenate increase the
development of certain types of molds, even in the presence in
the culture medium of zinc and manganese compounds.

A very interesting feature of the experiments was the forma-
tion in cultures containing selenious acid, sodium selenite, and
selenic acid of free brick-red selenium, which in part precipitated
and in part suffered colloidal dispersion in the liquid medium.
Reduction took place only where growth occurred and the
profuseness of reduction paralleled that of growth. Selenic acid
was reduced more slowly than selenious acid. This fact seems
to indicate that reduction takes place in two stages. At first the
selenic acid is reduced to selenious acid and this is further re-
duced to free selenium.

Sodium selenate was not reduced to free selenium. The
formation from potassium selenocyanid of free selenium only
occurred as a result of the production by the organism of acid
metabolites. The formation of free selenium from this com-
pound cannot be looked upon as a vital phenomenon. Levine
and Ahana have shown that acid solutions have the power
to decompose it with the formation of free selenium. The
reaction depends upon the hydrogen ion concentration. They
have proposed the use of potassium selenocyamnid as a quali-
tative test for free acidity in the gastric contents and have
found it as efficient as Topfer’s reagent. While growth after
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the first day occurred in all the B. cols and streptococcus tubes,
none showed reddening. On the second day as acidity de-
veloped some tubes showed reddening and the number of tubes
giving free selenium increased on the third day.

LOCALIZATION OF SELENIUM IN THE CULTURE MEDIUM

In order to gain a better idea as to the localization of the red
deposits it was thought advisable to employ a solid nutrient
medium such as peptone agar. All the solid media used in this
series of experiments and in experiments following were rendered
sugar-free by inoculation with B. colt and subsequent steriliza-
tion. To each petri dish were added peptone agar, 0.05 cc. of
broth containing a heavy growth of Bacillus coli or Streptococcus
pyogenes, and also a definite amount of the selenium compound.
The total volume was made up to ten cubic centimeters. The
culture plates were then kept in the incubator at 37.5°C.

The results are tabulated in table 1.

It is seen from these experiments that reduction followed the
path of growth. Colonies alone were colored brick-red. The
barren regions of the medium remained unchanged in color.

Tellurium dioxid in concentrations of 1:10,000 was also re-
duced by B. coli. The colonies alone showed up in grayish-
white circles, in the center of which dark gray metallic tellurium
spots were especlally notlceable '

I8 BACTERIAL REDUCTION CAUSED BY HYDROGEN SULFID?

Desiring to confirm the statement made by Gloger that only
organisms that produce sulfuretted hydrogen were able to cause
reduction, the author repeated  Gloger’s experiments using,
however, selenium: .fllOde and sodmm selemte instead of potassmm
tellurite.

On growing the orgamsms used by Gloger, B. actdi-lactice,
B. diphtheriae, B: pse‘adodzpht}wnae in a sugar-free medium to
which had been added-five or six drops of 1 per cent solution. of
neutralized sodium: selenite, faint reduction was found. to have
occurred at the end of twenty-four hours along the path of the
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stab of the cultures of B. pseudodiphtheriae. Cultures of B.
coli, serving as controls, showed remarkable profuseness of re-
duction. At the end of two weeks, pigmentation was not found
in the B. diphtheriae and B. acidi-lactict cultures, although con-
trol cultures, which had indicated reduction at the end of one
day, showed greater reduction at the end of the fortnight.

Believing that reduction did not take place because of the
high concentration of sodium selenite, the experiments with
B. acidi-lactici and B. diphtheriae were repeated. This time
only two drops or 0.1 cc. of a 1 per cent solution of selenium
dioxid or 0.1 cc. of a 0.2 per cent solution of sodium selenite
were used. At the end of twenty-four hours the two organisms
showed good reduction along the line of growth, in both the
selenium dioxid and in the sodium selenite media.

Tabulating the results of different workers, we find the fol-
lowing condition in respect to Gloger’s statement:

H.8 GOSIO GLOGER | LEVINE KLIGLER | BELFANTI
NAME OF ORGANISM PRODUC- 1905— 19 1913— 1913— 1914—
TION Na:TeOs | KiTeOs | Na:SeOs SeO: NasTeOs
B. tuberculosts-hominis.. .. Faint Nega- | Redue- Reduc-
reduc-| tive| tion tion
tion
B. tuberculosis-avium... .. Faint Nega- Reduc-
reduc-| tive tion
tion '
B. diphtheriae. ........... Traces | Faint | Nega- | Reduc- | Reduc-
reduc-{ tive| tion tion
tion
B. pseudotuberculosis ‘ '
(Pfeiffer).......ccuvu... No re-| Nega-
duc- tive
tion
B. pseudodiphtheriae. ..... Traces | Faint Nega- | Reduc- | Reduc-
reduc-| tive| tion tion
tion
B. acidi-lactict. . .......... Strong | Nega- | Strong
reduc-| tive| reduc-
tion tion
Spirillum rubrum......... Not Nega- | Not

tried tive t;ied




228 VICTOR E. LEVINE

Kligler, in looking for a rapid and convenient method of dif-
ferentiating B. diphtheriae from B. pseudodiphtheriae, attempted
to grow these organisms on media containing one part of selen-
ium dioxid in fifty thousand. He found reduction in both
organisms. When grown on slant cultures, those organisms on
the surface of the slants were usually unpigmented, but reduc-
tions were always observed within the medium, the reduced
selenium accumulating as a rule in the water of condensation.

REDUCTION OF ANAEROBES

Klett found that sodium selenite so markedly arrested the
growth of the anaerobes, of malignant edema and symptomatic
anthrax, that no reduction was observed. They, however, re-
duced sodium tellurite and in the presence of this salt growth
continued vigorously. Gosio in his first paper dealing with
selenite and tellurite reduction found that the bacilli of oedema,
tetanus and symptomatic anthrax hardly gave any growth in
his special media and manifested no reducing power. He used
very high concentrations, a few drops of a 20 per cent solution
in each tube. W. Kruse in his text book stated that while
selenites and tellurites are reduced by aerobic bacteria no
such action can be induced by anaerobic cultures. It .seems
important to ascertain these points, for if selenium is to be
used as an index of bacterial contamination, growth of anaerobes
would pass unnoticed.

In order to put these facts to the test, there were made some
preliminary experiments with the organisms of symptomatic
anthrax, oedema and tetanus. It was found that on the addi-
tion of five or six drops of 2 per cent sodium selenite to a sugar-
free medium no growth was obtained. It seems that the con-
centration of selenite was too great and the experiment was
therefore repeated, using 0.15 cc. of a 1 per cent sodium selenite.
Other experiments were tried with 0.15 cc. of 1 per cent potas-
sium selenocyanid and 0.1 cc. of a 0.5 per cent selenium dioxid.
At the end of twenty-four hours the potassium selenocyanid did
not inhibit the growth of these organisms, and gas formation
had taken place in the tetanus tube. No red pigmentation was
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noted in any of the selenocyanid tubes. In the oedema culture
containing sodium selenite and in the one containing selenium
dioxid there was very slight growth. In both tubes reduction
alone the line of meager growth had taken place. In the tet-
anus tubes there was no growth and no reduction in the selenium
dioxid or in the sodium selenite medium. Selenium dioxid and
sodium selenite tubes inoculated with symptomatic anthrax
displayed no growth and consequently no reduction.

At the end of the second day the reduction observed with the
oedema bacillus was more profuse. There was greater growth in
the sodium selenite tube. With the tetanus organism, reduc-
tion was noticeable in the selenium dioxid tube after two days,
but no growth and no reduction in the sodium selenite tube.
After the fifth day slight reduction was observed in the sodium
selenite tube inoculated with symptomatic anthrax. After
eight days the selenocyanid showed no free selenium formation.

It was considered probable that the selenocyanid in greater
amounts would form brick-red selenium along the path of growth.
B. coli, and the bacilli of symptomatic anthrax, oedema and
tetanus were grown in a potassium selenocyanid medium con-
taining 1 per cent lactose and also in a sugar-free medium. To
each tube was added either 0.5 or 1 cc. of the selenocyanid.
It was noted that the presence of these relatively large amounts
of potassium selenocyanid caused a diminution in the growth of
the anaerobic organisms and in the volume of the gas liberated.
There occurred less growth in the tubes containing the larger
amounts of the salt. No pigmentation, however, was observed
at the end of the week, either in the sugar-free or in the sugar-
containing medium; B. coli, however, showed reduction along the
stab in the lactose medium containing 1 cc. of potassium seleno-
cyanid. A sugar-free medium inoculated with B. cols, gave
evidence of reduction at the end of three days. Evidently the
presence of lactose favored acid production by B. colt and there-
fore acid decomposition of the selenium compound. When the
tubes were allowed to stand the selenium tint diffused gradually
through the medium.

A more systematic study of the anaerobes was determined
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upon. Having found that the concentration of the selenium
compounds was an important factor in growth and in reduction,
sodium selenite was added to the medium employed in the
following concentrations: 1:100,000; 1:50,000; 1:25,000; and
1:10,000.

Fifteen anaerobes, including B. Welchit, B. tetani, B. chauvoet,
B. putrificans, B. oedematis and B. botulinus were tested in
ordinary agar stabs. The tubes were inverted in alkaline
pyrogallol solution and incubated, the results being recorded
after one, two, three and four days respectively. An abundance
of both growth and reduction was noted. As in the other ex-
periments the intensity of reduction was a function of luxuriancy
of growth. In all instances reduction was obtained along the
line of growth only.

We find here a very striking corroboration of the fact long
reported by Cahen, Smith, Kitasato and Weyl that anaerobes
reduce as a result of the biogenic activity of the cell. These
investigators, however, worked with dyes and the relation of
the cell to the reducing process was not as strikingly brought out
as in the case of the selenium compounds. Here reduction is
localized and seems intimately related to the growth of the
organism, while the presence of the free chocolate-red or brick-
red selenium granules in the cell points strongly to the fact that
the reduction is an intracellular phenomenon. The anaerobic
bacteria evidently utilize oxygen for their metabolic processes
just as the anaerobes do, and it is only oxygen in the free
state that is inimical to the life of the organism.

No appreciable inhibition of growth was observed except in
some cases in concentrations of 1:10,000. Reduction in dilu-
tions of 1:100,000 was found to have taken place with most
strains within forty-eight hours. At the end of two days the
red selenium streak following the path of growth began to dis-
appear and at the end of three days no sign of free selenium
was visible except in the case of one strain of B. oedematis-
malignt and B. putrificans. The higher selenite concentrations
showed excellent reduction but there was less tendency for the
precipitated selenium to disappear. At the end of three months
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the brick-red selenium had completely disappeared in all the
culture tubes except the ones containing sodium selenite in the
proportion of 1:10,000. For practical purposes, concentrations
of 1:25,000 give the best results, as all the strains tried reduced
within twenty-four to forty-eight hours, while in 1:10,000 selenite
agar, one strain of B. Welchit, one strain of B. tetant, B. oedematis
and B. oedemalis-maligni failed to reduce even at the end of
four days.

REDUCTIONS WITH THE DIPHTHERIA GROUP

Gloger reported failure of B. diphtheriae and B. pseudodiph-
theriae to reduce. This was probably due to the high concen-
tration of selenium compound used. Joachimoglu and Hirose
report that the following concentrations will kill diphtheria;
1:1160 for sodium selenite; 1:420 for sodium tellurite; 1:666 for
selenate; 1:125 for tellurate. They employed a culture medium
containing 4 per cent sugar. Conradi, on the other hand, made
use of the reducing action of B. diphtheriae on tellurium salts for
the isolation of these organisms. It seemed likely, therefore,
that a more thorough study of the reducing powers of the dif-
ferent members of this group might reveal characteristics that
would be of value in differentiating them from one another.

Four strains of B. diphtheriae, seven strains of pseudodiph-
theriae and three strains of diphtheroid organisms from Hodg-
kin’s disease were used. These were grown on agar slants con-
taining 0.0001, 0.00004, 0.000001 gms. of sodium selenite or
selenium dioxid, in 1000 grams of agar. Observations were
made after five hours, twenty-four hours, four days and ten
days. The nature of the growth and the intensity of the re-
duction were recorded.

In general, reduction was obtained with all the strains, the
best reaction appearing in the 1:10,000 dilution of sodium
selenite and in the 1:25,000 of selenium dioxid. It is evident
that the concentration of the selenium reagent is the important
factor in determining the course of reaction. It is also interest-
ing to note in this connection that while reduction was obtained
in dilutions as high as 1:100,000 and in some cases even in
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1:200,000 the ¥ed color due to the deposition of selenium gradu-
ally faded awsy and disappeared completely after a few days.
In the highér concentrations the fading was not as marked
and the A_in‘{ensity of the color was not appreciably diminished
after s month.

Gosio, Maassen and also Rosenheim have proven the formation
of a volatile organic selenid or tellurid when microérganisms
are grown in cultures containing compounds of selenium. Maas-
sen showed that the alkyl selenid or tellurid produced by micro-
organisms was ethyl selenid or tellurid, while Hofmeister working
with tissues of higher animals found the alkyl to be methyl. The
fading, which was also observed with anaerobes, is probably due
to volatilization of the selenium in the form of an organic com-
pound.

Reduction is intimately associated with vigor of growth. Too
high a concentration inhibits growth and gives diminished
reduction. Too low a concentration, on the other hand, does
not inhibit growth and may give no evidence of reduction;
apparently it has no effect on the bacterial cell since the latter
does not avail itself of the oxygen in this compound, as indicated
by the absence of reduction. The diphtheria bacilli are more
~ sensitive to the toxic action of the selenium compounds than

are the diphtheroids. A marked inhibition is observed in the
growth of the former in a dilution of 1:10,000 of the selenium
dioxid, while the latter are affected but little by that concentra-
tion.

The abundance of oxygen likewise influences the intensity of
reduction. Thus but little reduction is obtained on the upper
part of the streak, while the reduction is more marked in the
water of condensation and still more evident in the stab. Ap-
parently these cells utilize the combined oxygen only when the
oxygen pressure of the medium falls below a certain point.

Reduction of selenite and selenium dioxid is an intracellular
phenomenon. The reduction always follows the line of growth
in the stab culture. On streak growths only the discrete colonies
(or the entire growth if the growth is confluent) are colored red
while the rest of the medium is not colored. Reduction is al-
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ways more intense in the center of the colony and fades away
toward the edge. A microscopic examination reveals the red
granules of elemental selenium deposited within the cell.

Aside from the difference in sensitiveness to the toxic action
of the selenium dioxid, the diphtheria and pseudodiphtheria
bacilli also show very distinct differences in the character of their
growth on the streak. This characteristic difference most likely
results from the inhibitive action of the selenium dioxid. The
diphtheria bacilli grow in the form of small discrete colonies, of
brick-red color (due to a deposition of selenium), while the
pseudodiphtheria bacilli grow in larger colonies or in a continuous
streak along the line of inoculation.

EXPERIMENTS WITH THE COLON-TYPHOID GROUP

All the members of the colon-typhoid group were tested by
Kligler, Greenberg and the author, in a manner similar to that
employed in the study of the diphtheria organisms with the
exception that only one dilution (1:10,000) of sodium selenite
was used. The cultures were streaked on agar slants containing
the selenite and observations made after twenty-four hours,
forty-eight and ninety-six hours, respectively. Forty-five colon-
organisms, ten dysenteriae and twenty B. typht were tested.

In brief, the results were as follows: After twenty-four hours
all organisms gave distinct reduction except the B. dysenteriae,
paratypht A and the fowl cholera bacilli.2 The coli, para-coli
and enteritidis types and some B. typhs gave strongest reduc-
tion, the typhi and paratyphi B. followed closely. That B. col:
is a better reducer than B. typht has also been demonstrated
with nitrate (Dieudonné, Lunkevicz), and with ammonium
molybdate (Capaldi, Proskauer). After forty-eight hours B.
cholerae showed reduction, while the dysenteriae and paratyphi
A still failed to show any or but faint traces of reduction.
Practically the same result was obtained after ninety-six hours.
These results are significant in that they strengthen the view
that the colon para-colon enteridis group is closely associated,

2 With lower concentration of sodium selenite Gosio obtained reduction with
dysentery and paratyphoid organisms.
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that B. typhs and B. paratypht B are more intimately related,
while the paratyphi A and dysenteriae form a third division
of the family.

Handel and Theodorascu observed that most strains of B.
colt were more inhibited in their growth by sodium selenite than
were typhoid bacilli; Guth was able to confirm this and found
that the selectivity for the latter organism was increased by an
alkaline reaction. The optimum concentration of the selenium
salt he found to be 0.15 per cent. A comparison with mala-
chite green and Endo agar showed the superiority of selenium
agar as a culture medium for the selective growth of typhoid
bacilli. As a practical medium Guth used selenium-agar to
which was added 0.1 per cent crystal violet.

SELENIUM COMPOUNDS AS INDICATORS OF MICROBIAL LIFE

The use of dyes, such as methylene blue, as indicators of
biologic reducing processes is by no means ideal. Methylene
blue is very easily reduced by a great many compounds which
may happen to be in the culture medium. Hasse has shown that
among the amino acids, glycine is the most potent in bringing
about the reduction of methylene blue. The leuco form of the
dye, moreover, is very easily re-oxidized to methylene blue by
exposure to air or by shaking. This fact can be readily illus-
trated by the following experiment. Leuco-methylene blue can
be prepared by boiling with zinc dust an aqueous solution of the
dye made alkaline with sodium hydroxide. The colorless liquid
which results becomes blue on the addition of tap water or on
slight shaking.

Selenium compounds as indicators are of greater value. The
reduction is localized and for that reason cannot be ascribed to
bacterial metabolites. Furthermore, reduction of the selenium
compound is an irreversible reaction. The precipitated selenium
shows no tendency to reoxidize.

In order to serve as indicators of microbial life selenium dioxid
or sodium selenite should be reduced by all microérganisms.
Those, which at first evinced no such power, did not reduce owing
to the presence in the medium of too high a concentration of the
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selenium compound. It will be remembered that selenium dioxid
or sodium selenite in too great amounts can prevent growth
entirely. Without growth there is no reduction, for the intensity
of the latter process is directly proportional to that of the former.
The result of retardation in growth depends not only upon the
concentration of the selenium compound but also upon the
nature of the organism. Concentrations which have no effect
upon one individual or a whole type will prevent growth and
therefore reduction in another individual or another type. This
explanation holds for members of the anaerobe group, the tuber-
culosis group, the diphtheria group, the colon-typhoid group and
a few isolated individuals. In the cases of anaerobes, selenium
dioxid or sodium selenite proves very inimical to growth. When,
however, the medium contains very minute amounts of the
selenium compound growth and reduction invariably result.

Proteus mirabilis and B. phosphorescens, according to Gosio’s
first communication, gave uncertain reactions. It was found
that in repeating experiments with these two organisms, P.
mirabilis grown on a sugar-free medium containing five or six
drops of neutralized sodium selenite brought about good reduc-
tion within twenty-four hours. B. phosphorescens under similar
conditions did not cause reduction.

The experiment with B. phosphorescens was repeated with
smaller amounts of sodium selenite. Selenium dioxid was also
tried as indicator. To tubes containing sugar-free medium was
added 0.1 cc. of 0.2 per cent sodium selenite solution. Tubes
were also made up with 0.1 cc. of 0.1 per cent selenium dioxid
solution. At the end of three days reduction was noticeable
in the phosphorescens culture treated with sodium selenite but
not in the one containing the more toxic selenium dioxid.
Evidently this organism responds very sensitively to selenium
compounds, a fact which accounts for Gosio’s negative ﬁndmg
Growth was hardly noticeable.

ALKYLATION BY MICROORGANISMS

We have seen that certain bacteria produce volatile com-
pounds of characteristic odor from culture media containing

1
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sodium selenite and that in some instances the brick red selenium
formed by reduction is entirely removed by a biologic process of
volatilization. This disappearance, which we believe is the
result of alkylation, takes place very readily in cultures hav-
ing extremely low concentrations of sodium selenite.

The researches of several investigators have established the
fact that alkylation is not an unusual biologic process. His
found that pyridine is converted in the biologic organism to
methyl pyridyl ammonium hydroxid.

0= 9

VAN
CH; OH

Neuberg and Grosser observed the formation of diethyl methyl
sulfinium base from diethyl sulfid.

C.H C,H; <Ha
D8 —
C.Hy¢ C.Hy H

Pohl demonstrated the production from thiourea of diethyl

sulfid.
NH, s<ng‘
Ci —_—
NH, sH s
Gosio was the first to show that certain molds grown upon
media containing minute quantities of arsenic produce volatile
compounds characterized by a garlic-like odor. Biginelli proved
that the gas generated from arsenic cultures was completely
absorbed by mercuric chlorid solution with the formation of

colorless crystals of a double compound of diethyl arsine and
mercuric chlorid, represented by the formula

AB H(CgH()’ 2chlg

Penicillium brevicaule, which Gosio isolated from the air, pos-
sessed this property in the highest degree. Indeed, this mold
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may be regarded as a living reagent for arsenic. According to
Abel and Buttenberg, quantities as minute as 0.000001 gram
may be recognized with certainty. This test is so delicate that
it has been found of great value in toxicological analysis in the
preliminary examination for arsenic. It is considerably more
delicate than Bettendorf’s test and it may equal in sensitiveness
the Marsh and the Gutzeit tests. The great advantage of the
biological over the chemical method lies in the fact that less
time is required to get results since the tedious destruction of
organic matter is rendered unnecessary, and since, furthermore,
a number of tests may be made at the same time.

The “arsenic molds” do not produce odoriferous volatile com-
pounds from sulphur, phosphorus, boron, bismuth or antimony
compounds, but they possess the power of converting selenium
and tellurium compounds into volatile substances of character-
istic odor. The odor from tellurium compounds resembles that
arising from arsenic compounds, and is garlic-like, while the
odor from selenium compounds is mercaptan-like. Selenium
and tellurium may be differentiated from arsenic by the use of
molds which do not alkylate the latter. According to Maassen
0.1 gram of sodium selenite or tellurite in 50 grams of culture
medium inhibits or prevents the formation of the volatile com-
pound, and 0.001 gram of sodium selenite or tellurite does not
produce the odor. In order to get a positive test 50 grams of
‘the nutrient medium should contain no less than 0.005 gram
and not more than 0.1 gram of selenite or tellurite. The odor

rersists for months.

A number of workers—Japha, Rabuteau, Czapek and Weil,
Hofmeister, Woodruff and Gies, Maassen, Jones, Filippi and
Levine—have observed after the administration of selenium
compounds to animals the presence of a volatile compound of
characteristic odor emanating from the expired air. Gmelin,
Hausen, Heeren, Rabuteau, Czapek and Weil, Hofmeister,
Mead and Gies and others have observed a peculiar odor about
their clothing, about the animals and in the room when experi-
menting with tellurium compounds. The odor was attributed
by some (Rabuteau, Fillipi) to hydrogen selenid or tellurid while
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others (Wéhler and his pupils) believed it to be due to ethyl
selenid or tellurid. Hofmeister in an extensive research found
methyl tellurid in the expired air of experimental animals.
Reasoning by analogy, he concluded that the substance exhaled
by animals dosed with compounds of selenium, was methyl
selenid. Maassen corroborated the findings of Hofmeister in
so far as higher animals were concerned. He proved, however,
that while animals synthesized the methyl selenid or tellurid,
microorganisms produced the ethyl selenid or tellurid.

MICROORGANISMS AS REAGENTS FOR SELENIUM COMPOUNDS
1. Alkylation through molds

There are two type methods in toxicological procedures for
the detection of selenium. One type method depends upon
purely chemical means. The tissue under investigation is oxi-
dized, using as the oxidizing reagent any of the following: po-
tassium hydroxid and potassium nitrate (Kletzinsky), aqua
regia (Vohl), nitric acid (Quarelli, Levine), nitric and sulphuric
acids (Duhamel and Juillard), potassium chlorate and hydro-
chloric acid (Levine). After removal of excess of the oxidant
the resulting clear solution is boiled with hydrochloric acid to
reduce any selenate to selenite.

Na; SeO + 2HCl — Na, 8e0; + H,0 + Cls

The selenite is finally reduced to free selenium with sulphur
dioxid (Kletzinsky, Quarelli, Vohl, Levine) or hydrazine hydrate
(Duhamel and Juillard).

The other type method is biological. There are three dis-
tinct ways of detecting selenium biologically. One of these is
through the use of molds. The detection of arsenic employing
molds as biologic reagent has become a well established method
as a result of the researches of Gosio, Abel and Buttenberg and
others, and has now found its way into standard text books on
toxicology. This mold method also works for selenium. It is
necessary, however, to subject the tissues to oxidation before
using the microdrganic reagent. According to Rosenheim, free
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selenium or tellurium, unlike free arsenic, is not alkylated by
molds. Administration of selenium compounds to animals sets
up according to Levine two processes of detoxication: one, re-
moval of the poison by volatilization through a process of alkyla-
tion; the other, the reduction of the compound to inert, non-
toxic, free selenium which deposits in the tissues. Before ap-
plying a mold like Penicillium brevicaule, the tissue is oxidized
in order to convert any free selenium to the selenite form.

Quarelli was the first to make actual application of the mold
method. He employed it in the analysis of tissues of a human
being who had died of cancer, and who had received while still
living, injections of colloidal selenium, a substance for which
in cancer some clinicians claimed therapeutic value. The tissues
were dried in a thermostat, powdered, suspended in water and
treated with nitric acid. The selenium was thus converted to
selenious acid. The excess of nitric acid was removed by evapor-
ation. The mixture was finally neutralized with 0.1 N sodium
hydroxid. Portions of the solution of tissue thus prepared were
inoculated with mold, while other portions were acidified with
hydrochloric acid and reduced to free, brick-red selenium by
means of sulfur dioxid. The chemical and the biological method
gave similar results. With both methods Quarelli obtained the
greatest quantity of selenium in blood and liver and relatively
smaller quantities in gall bladder, heart, aorta, stomach, pan-
creas and duodenum.

2. Reduction by bacterta

Scheuerlen, Klett, Gosio, Maassen and others have shown that
sodium selenite is reduced by bacteria to brick-red selenium.
This reduction we have also found to occur with selenious acid
and with selenic acid, but not with its salts, the selenates.
Potassium selenocyanid also yields free selenium, but this de-
composition is not a vital phenomenon since acids in general
and specifically acid metabolites in the culture medium bring
about this result.

With sodium selenite the precipitated selenium can be very
prettily observed in the medium along the path of growth.
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Glucose accelerates the reducing process. One part of sodium
selenite may be detected by reduction in 200,000 parts of culture
medium. B. coli is especially suitable as a biologic reducer.
The tissue containing selenium is digested with nitric acid. The
excess thereof is removed by evaporation. The residue is
boiled with hydrochloric acid to reduce any selenate to selenite.
The resulting solution is evaporated to a small volume, neutral-
ized and incorporated into glucose agar medium, which is finally
inoculated with B. coli. The efficacy ‘of the procedure was
proven as follows: to tissues in 5 gram portions—muscle, liver,
spleen and blood—were added 0.0005, 0.001 and 0.002 gram of
sodium selenite. These were treated in the manner described
and the final residues mixed with 10 grams of culture medium.
Inoculated with B. colz the media showed a streak of red selenium
following the line of growth in the stab culture.

Experiments ¢n vivo were also performed. One rabbit was
given subcutaneously 0.0005 gram, while another was given
0.001 gram of sodium selenite per kilo. Portions of the liver
of these animals were oxidized. Selenium was detected by the
formation of brick-red selenium through reduction with sulphur
dioxid of one-half of the oxidized tissue residue acidified with
hydrochloric acid. The other half was incorporated in culture
media, which were inoculated with B. coli. The brick-red line
following the path of growth indicated the presence of selenium.
Portions of the liver were put in 5 per cent formaldehyde, sec-
tioned and stained with eosin and hematoxylin. The liver cells
had degenerated to such an extent that they stained very poorly.
Chocolate red granules of selenium were found intracellularly
and extracellulary.

The histological method, which constitutes a third biological
method, was used by Jones to demonstrate the reduction of
selenium compounds in the animal organism. Levine has
elaborated this method as a toxicological procedure. Dogs and
rabbits given sublethal and lethal doses of selenium compounds
show reduction in some tissues, especially in the liver. He
recommends the histological examination of the liver and other
tissues as a routine procedure in the toxicological analysis of
tissue for selenium.
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THE NATURE OF BACTERIAL REDUCTION

Reduction is brought about by the bacterial cell. This fact
was proven by Spina and Rothberger. According to these in-
vestigators, heating cultures at 60° to 70°C. destroys the reduc-
ing power. Gosio found ng reduction in dead cultures. Smith
did not observe reduction in filtered culture although Hahn and
Cathcart, working with methylene blue, found filtrates to be
reducing in action. According to Cahen, Spina, Smith, Roth-
berger, Klett, Beijerinck and Maassen, reduction is due to the
direct activity of the bacterial cell. Roszahegyi, Baginsky,
Miiller, Wolff, and Wichern conclude, however, that reduction
results not directly from the bacterial protoplasm but from its
products of metabolism. The later findings, those of Kanaido,
indicate that reduction is a vital process and is inhibited by
rabbit’s normal serum and to a very marked degree by homol-
ogous immune sera.

The reducing power of bacteria has been ascribed by recent
investigators to an enzyme named reductase. Sterile bacterial
extracts are known to have reducing power. Avery and Neill
obtained reduction of methylene blue from sterile broth extracts
of unwashed pneumococci entirely free from living or intact
cells. There has been a great deal of discussion regarding the
nature of bacterial reductase. The question whether it is an
exo-enzyme or an endo-enzyme or whether such a thing as bac-
terial reductase exists, has been answered both affirmatively and
negatively. Experiments undertaken by Kligler and Levine
with the intention of determining these points, indicated that
reduction was closely associated with the life of the cell, and
that the more vigorous the growth the more marked was the
reduction. The filtrate of a broth culture of B. coli passed
through a Berkefeld failed to reduce selenium dioxid. In an-
swer to the objection that the Berkefeld withheld certain sub-
stances, such as a co-activator or the enzyme possessing reduc-
tion properties, we point to the lack of reduction in the agar
tube outside of the zone of growth. If there were such a sub-
stance as a soluble bacterial reductase or some metabolic by-
product of reducing nature, its gradual diffusion throughout the
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medium should cause diffuse reduction. Furthermore, a killed
broth culture of B. coli added to the solution of selenite failed
to show any reduction even after two weeks. Finally a large
mass growth of an actively reducing strain of B. coli was dried
in a desiccator triturated with sand, taken up with physiological
salt solution and centrifuged. The‘supernatant liquid (1) kept
under toluol to prevent growth, together with a solution of
sodium selenite to make up a concentration of 1:10,000, failed
to bring about any reduction. The residue (2) was extracted
with a mixture of glycerol and water. This extract (3) had no
reducing action on sodium selenite. The mass (4) remaining
after the glycerol extraction was also brought into contact with
sodium selenite but no reducing action was apparent. However,
a combination of supernatant liquid (1) and residue (2) showed
decided ability to reduce.

Harden and Zilva believe that the reducing enzyme is not a
single principle but a system consisting of enzyme plus acceptor
or activator. They found that by washing with saline Bactllus
coli-communis loses its activator or acceptor and is no longer
able to reduce methylene blue. Addition of the boiled washings
restores, however, the lost function. Avery and Neill found
that washing pneumocacci in phosphate solution also renders
them incapable of reducing methylene blue. Upon the addition
of meat infusion or extract these washed bacterial cells recovered
their reducing power. To determine the nature of the activator
or acceptor, Harden and Zilva added a great variety of sub-
stances to their washed organisms. They obtained positive
results with a great number of the substances used. The follow-

ing list gives the results with the compounds and mixtures
tested:

Positive
Boiled washings. . ....................... ... Mannitol
Bouillon.........cooiiiiiiiiiiiiiii i Alanine
Horseserum.............coooiiiiviininnnnn.n. Asparagine
Liebig’'sextract . ..........cooviviniinennennnn.. Albumin
Arabinose. ... ....coviiiiiniiiiiiiiiiiiiia Globulin
D€ U T S Peptone (Witte)

........................................ Sodium acetate
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Levulose....oovviurerieenenreneneenoneanannnnns Sodium formate
Galactose. .. ..viviiiiiiiiiiiii i, Sodium succinate
MannoSE . . ovvv vt ittt i iiiiriteitateeaaaaaaaas Sodium lactate
MaltoBe. . oo iiveeniiiiii i iinreeaneaneanaens Sodium pyruvate
Inulin.......cooiiiiininnieninnnnnnnns s Sodium glycerate
Glycerol. .. ..ooviiiiiiiiiiiiiiiieiieeneaenes Isobutyric acid
Negative
Formaldehyd................................Potassium oxalate
Acetaldehyd. ...........coiiiiiiiiiiiiiiiia, Rochelle Salts
Propylaldehyd............cccoviiiiiiiinin... Sodium citrate
Isovaleraldehyd.....................coiiall Hydroxybutyric acid
Cinnamylaldehyd . ...................cooiill Linolinic acid
Salicylaldehyd..............ccooiiiiiiiiia Butyl alcohol
Lactose.............cccieieveeneneannn......Phloroglucinol
Raffinose.......cocviiiiiiiiiiiniinininnennnnnn. Creatin
Erythrol..... ...ttt iiiiiinene. Guanidin hydrochlorid
Duleitol. ... ...cvviiiiiiiiiiiiiiiiieneniaeana. Hypoxanthin
Sorbitol.......oiiiiiiiii i Xanthin
Oenanthol..........covvviiiiiiieniiiinnnnnans Adenin

Glycocol .. .........v.....

Bach maintains that simple aldehydes possess the power to
activate. According to him, amino acids may also function,
gince these are readily converted to aldehyd. Harden and
Zilva’s experiments, however, proved negative with aldehydes.
Bach claims that complex aldehydes like carbohydrates do not
activate. Harden and Zilva found a number of carbohydrates
capable of restoring reducing power.

Abelous and Aloy found that many substances besides alde-
hydes act as activators or co-ferments. Among others may be
mentioned benzylamin, dibenzylamin, substances with hetero-
cyclic groups, such as quinolin, the terpene hydrocarbons and
such inorganic compounds as manganese salts. Harden and
Norris found with washed yeast a number of substances capable
of playing the role of activator or acceptor. Such were ben-
zaldehyd, salicylaldehyd, anisicaldehyd, isovaleraldehyd, dihyd-
roxyacetone, succinic acid, glycollic acid, lactic acid, sodium
lactate, citric acid, glyceric acid, bouillon, boiled yeast extract,
normal horse serum and sterile milk. Negative results were
obtained with glycol, propylene glycol, 2-3 butylene glycol,
glycerol, pyrogallol, resorcinol, quinol, acetone, formaldehyd,
acetaldehyd, methylglyoxal, citral, glucose, levulose, pyruvie
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acid, formic acid, acetic acid, malic acid, tartaric acid, mandelic
acid, yeast nucleic acid, creatine, guanidin, p-phenylenediamin,
glycocol, alanine, aspargine, tyrosine, and Witte’s peptone.

The number of compounds that have the power to re-activate
the reducing enzyme present such a variety of chemical types
that it is difficult to determine a specific chemical nature for
the compounds functioning as activators. It is very likely that

“the réle of acceptor or activator may be played by any compound
that has the power to take up with ease the oxygen removed from
the substrate or zymolyte undergoing reduction.

There seem to be some discrepancies in the results of the in-
vestigators cited. Harden and Norris found that acetaldehyd
activates washed muscle but not washed yeast. Harden and
Zilva found that benzaldehyd, anisealdehyd and salicylaldehyd
activate washed yeast, although Harden and Norris report that
these same compounds show a negative behavior towards washed
Bacillus coli. Glycerol, glucose, levulose, alanine, asparagine
and peptone were negative with yeast but positive with Bactllus
coli. The experiments of Harden and his collaboratars were
performed qualitatively, without regard to concentration of added
substance or of hydrogen ions. It may be possible that by
regulating these factors, the results of Bach and of Harden and
his associates would attain some semblance of agreement. The
point in reference to concentration may be illustrated from the
very experiments of Harden and Zilva. They found that the
addition of increasing quantities of broth or of glycerol in-
creased the rate of reduction until a certain optimum, after
which any further increase in the quantity of broth or glycerol
diminished the rate of reduction.

Bach attributes the reducing action of plant or animal or-
ganism to a system in which enzyme, substrate, acceptor and
water in a state of dissociation each plays a specific role. The
dissociating process furnishes the hydrogen to reduce the methyl-
ene blue or nitrate as well as the oxygen to oxidize the acceptor
(aldehyd). In other words, biologic reduction is a complex
phenomenon, a hydrolytic-oxidative-reduction process, of which
the Cannizzaro reaction is an example.
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Bach’s explanation becomes more plausible if we consider an
analogous case—the oxidation of hyposulfites, which he him-
self investigated. In water alone hyposulfites do not undergo
oxidation, at least at any measurable rate. But in the presence
of a catalyst (finely divided palladium) this does take place.
The water is decomposed and its HO used for oxidation of the
hyposulfite. The hydrogen is taken up temporarily by the
palladium and then set free. An easily reducible substance, if
present, will be reduced by the nascent hydrogen.

H H H OH
N4 OHH
P + — P + H,0 + H,
OHH
O OH O OH

When aldehydes are taken instead of hyposulfite, it is observed
that the metals of the platinum group do not to any appreciable
extent accelerate the decomposition of water and hence the
oxidation of the aldehyd. It is only after the addition of an
easily reducible substance, such as methylene blue, indigo or
nitrate, which acts as an acceptor for nascent hydrogen, that
acceleration occurs. Thus, formaldehyd in the presence of a
catalytic agent and acceptor like methylene blue is of some
theoretical interest. Since this dye contains no oxygen it fol-
lows that the atom of this element necessary to convert formal-
dehyd into formic acid must come from water, the only source
of oxygen in the reaction system.

The reducing enzyme bears an interesting analogy to the oxidiz-
ing enzyme. If we regard the oxidizing system as

peroxidase -+ peroxide
we may look upon the reducing system as
Schardinger enzyme + aldehyd

An oxidase produces its oxidation by the aid of gaseous oxygen,
while a reductase acts through the intermediation of the com-
bined oxygen in water.

Bach’s explanation of the part taken by water in the reducing
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phenomenon lies in the consideration of water as an unsaturated
compound in which oxygen is tetravalent.

H_OI_H
Since ions are believed to be associated with water molecules to
form unstable complexes, and since hydrogen and hydrogen ions
are present in water, it is probable that two compounds are
formed, one, water in combination with hydrogen ions, the other,
water in combination with hydroxyl ions.

+ -
| i
H—(l)—H H-——(I)—-H
H HO
+ -

The first may be named hydrogen suboxide or oxygen perhydride.
It bears analogy to the metallic salts of the type M,O, an example
of which is Ag/0. The second is the hydrate of hydrogen
peroxide (H,O (OH').).

The acceleration of the oxidation of aldehydes in the presence
of platinum, Engler and Wéhler explain on the ground that
the colloidal metal unites with oxygen to form a peroxide, PtO,,
which reacts with water to form the hydrate, HO — Pt — O -0,
which acts as a powerful oxidizing agent. This compound is
also supposed to be produced by the interaction of platinum
and the H,O (OH'), present in water. Since the latter is present
in a small amount, it is quickly used up, the equilibrium is
disturbed, and more is therefore formed, with the result that the
catalytic process continues. It is not unlikely that the platinum
metals would form strongly reducing hydrides by interaction
with oxygen perhydride (H,O0) if its presence in water is ad-
mitted.

Bach believes that the reducing enzyme or reductase activates
oxygen perhydride just as peroxidase causes the activation of
peroxide oxygen. For this reason he calls the reducing enzyme,



REDUCING PROPERTIES OF MICROORGANISMS 249

perhydridase. Bach’s view, although it explains the occurrence
of active hydrogen, is built on a weak foundation for it sup-
poses the existence of compounds of doubtful nature.

Differing somewhat from Bach’s conception of biologic reduc-
tion is that formulated by Wieland. This investigator sought
the essential cause of certain typical biologic oxidations in the
activation of oxygen, not in the activation of hydrogen. Accord-
ing to his conclusions oxidases, reductases and mutases have no
separate existence.

His views may be illustrated from his conclusions derived
from a quantitative study of the action of Schardinger’s enzyme
on salicylaldehyd. The aldehyd is assumed to act in the form
of its hydrate and the enzyme activates two of its hydrogen
atoms which are thus rendered available for an acceptor. This
acceptor may be (1) molecular oxygen, (2) an easily reducible
substance like methylene blue, or (3) a molecule of the aldehyd
in the unhydrated form. If molecular oxygen is the acceptor,
the result is the oxidation of the aldehyd. If an easily reducible
substance is the acceptor, its reduction is associated with in-
direct oxidation of the aldehyd. If unhydrated salicylaldehyd
is the acceptor, the Cannizzaro reaction, the mutase effect, is
observed.

OH
R CH<O + R CHO — R COOH + R CH,0H
H

Whether any one of these results is obtained or a mixture of
all three, depends upon the concentration and speed of reaction
of the various acceptors. The most important hydrogen ac-
ceptor is oxygen but other acceptors may be equally important
for other aspects of cell activity. Thunberg, from a series of
experiments, has been led to adopt Wieland’s conception.
According to the latter methylene blue acts as a hydrogen
acceptor. The hydrogen comes from a substance in the
tissue, which acts as a hydrogen donator and the enzyme
itself plays the role of a hydrogen transportase.

Some investigators hold that reduction through the inter-
vention of enzymes is not the only mechanism for biologic re-
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duction. Heffter is of the belief that a great part of the phenom-
enon relating to the oxidizing and reducing properties of proto-
plasm is inherent in the sulfhydryl group. Mathews and Walker
have demonstrated the ease with which cystein, CH,(SH)
CH(NH,) COOH undergoes oxidation. Arnold has shown that
tissues give the sodium nitroprussid reaction indicating the
presence of the sulthydryl grouping (SH). He has also shown
that a number of proteins give this reaction and that in the
absence of protein, a positive response is elicited from cystein.

Very recently, F. G. Hopkins has isolated from yeast, muscle
and liver a compound giving the nitroprussid reaction. It is
a dipeptide of glutamic acid and cystein. It has reducing
properties similar to those ascribed by de Rey-Pailhade to his
philothin of yeast. Hopkins by way of analogy calls his dipep-
tide glutathione. The sulfhydryl group (SH) of its cystein
fraction readily gives up its labile hydrogen. It, therefore, acts
as an oxygen acceptor or hydrogen donator. The dipeptide,
when in the oxidized or disulfid form (S-S) may act as a hydrogen
acceptor.

2RSH+ 0, —> R—S—8—R 4+ H;0,
2RSH + H,0; — R—S—S8—R + 2H;0

R—S—S—R + H; — 2RSH

It is in this play of oxidizing and reducing effects of cystein
and cystine that may be found, at least in part, the explanation
for the affinity of the cells for oxygen and the possibility of the
formation of peroxid. Avery and Neill in their work on the
pneumococcus suggest that peroxid formation and methylene
blue reduction are functions of the same or closely related
systems, though the particular action induced depends upon
whether molecular oxygen or methylene blue serves as a hydrogen
acceptor or oxygen donator.

Nascent hydrogen itself may account for some biologic re-
ductions. Hoppe-Seyler has demonstrated by bacterial inter-
vention the formation of carbon dioxid and the very potent
reducing agent, hydrogen, from formic acid, glycolic acid, lactic
and glyceric acids. He found that those compounds which did
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not evolve free hydrogen, like malic acid, tartaric acid and
asparagin, were reduced in part to succinic acid. A number of
workers have proven the reduction by anaerobes of amino acids
with the formation of saturated fatty acid and ammonia.
This calls into interaction two atoms of hydrogen.

R CHNH, COOH + H, — R CH, COOH + NH,

Very recently, Neuberg and Neuberg and Rewald have shown
that among the products of bacterial decomposition of a-ketonic
acids may be found formic acid, carbon dioxid and hydrogen.
Carbohydrates may also yield hydrogen since they have the
power to produce as a result of biologic fragmentatlon, the very
acids that evolve this reducing gas.

Certain tissue compounds also possess reducing power. Hasse
has shown that amino acids, particularly glycine, have the
power to reduce methylene blue. Of special interest are the
investigations of Frinkel and his associates in relation to the
strong reducing action of tissue phosphatids. Compounds asso-
ciated with intermediate metabolism—formic acid, lactic acid,
aldehydes and others—are known for their strong reducing
action. Formaldehyd, in minute quantities, is found in plant
tissue and acetaldehyd has been proven by Neuberg and Nord
to be an intermediate product in the bacterial fermentation of
glucose, mannitol or glycerol.

Several investigators have shown that in the presence of
carbohydrates bacteria show greater reducing capacity. This
accelerated effect may be due to the carbohydrate itself or to
its fragmentation products. The reducing action at 37.5°C. of
carbohydrates with a free carbonyl group in the absence of tissue
has been demonstrated by Levine by the use of sodium selenite
in alkaline medium and even by the use of the ordinary Fehling
and Fehling-Benedict reagents. Liver pulp, boiled and unboiled,
also reduced sodium selenite. Compounds closely associated
with carbohydrates as products of their decomposition—alde-
hydes, ketones, formic and lactic acids—reduced sodium sele-
nite in the presence or absence of tissue but in a slightly acid
medium.
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Indeed, it may be stated that most of the organic compounds
apt to be present in biologic material show greater or less reduc-
ing tendencies, although these are not manifested with the
ordinary reagents nor at biologic temperatures. Levine with
the use of sodium orthovanadate and Levine and Jahr with the
use of ammonium molybdate have shown that almost all types
of organic compounds of Dbiologic significance—unsaturated
fatty acids, glycerol, lipins, amino acids, proteins, carbohydrates,
aldehydes, ketones, phenols, uric acid and creatinin—are capable
of reducing. Plant and animal tissues heated or unheated, kept
at 37.5°C. easily reduce ammonium molybdate. The reduction
of potassium permanganate is not necessarily enzymatic in
character. Levine has shown that boiled or unboiled diffusate
from yeast suspension, bacterial cultures or liver, as well as the
filtrate obtained by alcoholic precipitation, bring about at
ordinary temperature the instantaneous reduction of permanga-
nate. Yet in spite of all that may be said in favor of the reducing
action of the various chemical components of tissue, we must
not overlook the presence or underestimate the importance of
enzymes responsible for reduction.

The author gratefully acknowledges his indebtedness to Pro-
fessor William J. Gies for his valuable suggestions and helpful
criticisms and to Dr. I. J. Kligler and Mr. William Rothberg
for their valuable codperation.

SUMMARY

Living bacteria bring about the reduction of selenious acid
(Chabrié and Lapicque, Levine), selenic acid (Levine) and
sodium selenite (Scheuerlen, Klett, Gosio, Levine). Sodium
selenate is not reduced (Klett, Levine); nor is potassium seleno-
cyanid (Levine). Due to decomposition induced by acids, meta-
bolically produced, selenium may, however, be deposited from
potassium selenocyanid, as in the case of B. colz cultures (Levine).
Heated cultures do not reduce (Klett, Gosio, Levine). The
media employed should not contain chemical reducing sub-
stances, such as glucose or lactose (Gosio, Gloger, Levine).

Reduction is a vital process (Cahen, Spina, Smith, Roth-
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berger, Klett, Maassen, Gosio, Levine); it is an intracellular
process (Kligler, Levine, Harden, Zilva, Kanaido). The reduec-
tase elaborated by the bacterial cell is an endo-enzyme reducing
energetically in the presence of an activating substance or co-
enzyme, which is capable of being dissolved out from the cell
or of being removed by Berkefeld filtration (Kligler and Levine,
Harden and Zilva).

Selenious acid, sodium selenite and selenic acid retard growth.
The extent of retardation depends upon the concentration and
chemical nature of the selenium compound and upon the in-
dividuality of the organism. Streptococcus pyogenes is more
sensitive than B. cali. The anaerobes of symptomatic anthrax,
oedema and tetanus are extremely sensitive and growth does
not take place except in minute concentrations of the above
selenium compounds (Levine).

Sodium selenate and potassium selenocyanid in the quantities
used show but slight retarding effect on growth (Levine).

Reduction is directly proportional to the intensity of growth
(Klett, Gosio, Levine). When there is no growth there is no
reduction (Klett, Gosio, Levine), but when the concentration of
selenium compound is very small (1:200,000) there may be
growth without visible evidence of reduction (Levine). This
lack of visible selenium may be due to its removal by volatiliza-
tion. With higher concentration of selenium compounds in the
culture medium the activity of reduction outbalances that of
alkylation (Levine).

Selenium dioxid or sodium selenite cannot be used as a dif-
ferential test between aerobes and anaerobes, since both types
reduce (Levine).

There is no specific relation between reduction and formation
of hydrogen sulfid, as Gloger maintained, since organisms such
as B. acidilactici, B. pseudodiphtheriae or B. tuberculosis, that
produce no hydrogen sulfid or only faint traces, are capable of
reducing selenium dioxid or sodium selenite (Levine).

The diphtheria organisms have been tested with different
concentrations of selenium dioxid and have been found to be
efficient reducers. In the very high concentrations some or-
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ganisms failed to grow and therefore gave no evidence of reduc-
tion (Levine).

The reducing action on sodium selenite in very high concen-
tration (1:10,000) by the various organisms in the colon typhoid
group may be of practical value in differentiating one type from
another. B. paratypht B reduces while B. paratyphi A does
not (Levine). This difference in action harmonizes with the
findings of Burnet and Weissenbach, Jordan and Victorson and
also Kligler. These investigators distinguished these two types
of organisms by the use of lead acetate media, which made
apparent the difference in the reducing action as manifested by
the production of hydrogen sulfid.

Microérganisms can be used as living reagents in the toxicolog-
ical analysis for selenium. With the aid of certain alkylating
molds, selenium can be detected by means of the characteristic
and persistent odor of ethyl selenid (Quarelli). With the aid
of bacteria that possess intense reducing activity, selenium com-
pounds, in the form of selenite ion, can be identified by the brick-
red line or streak following the path of growth in a stab culture
(Levine).

Selenium compounds serve as better indicators for reducing
enzymes than organic dyes. Since the reduction is localized in
the bacterial zone of growth, it cannot be ascribed to meta-
bolic products. Unlike the reduction of dyes, the decomposi-
tion of selenium compounds to free selenium is an irreversible
reaction and the precipitated element shows no tendency to
re-oxidize (Levine).

For practical purposes selenium dioxid or sodium selenite in
a concentration of 1:50,000 or 1:25,000 can be used to demon-
strate bacterial reduction in a solid sugar-free culture medium
(Levine).

Selenium agar (0.15 per cent Na,SeO;) as a culture medium
for the selective growth of typhoid bacilli is superior to mala-
chite green or Endo agar according to Guth.
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PLATE 1

ILLUSTRATIONS OF BroLoGicAL REpucTIiONs oF SELENTUM COMPOUNDS

Fia. 1. B. coli grown on a sodium selenite culture medium. The colonies
appear as red spots.

F1a. 2. Another culture of B. coli grown on a slant.

Fia. 3. Section of the liver of a dog that had been subcutaneously treated
with 2 mgm. selenium dioxid per kilo of body weight. The chocolate red granules
represent deposited selenium. The cells, especially the nuclei, have suffered
degeneration to the extent that they no longer stain readily.

Fi1a. 4. Stab culture of Streptococcus pyogenes.
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