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ILLUSTRATIONS

A series of color slides were prepared in connec
tion with the work in this thesis. These were stand
ard 2" X 2” Ectochrome 120. Magnification - 10 or 15X. 
When viewed with proper lighting in the background 
these slides present a most accurate representation of 
colonial morphology and color. These slides are avail
able for viewing in the department of Microbiology, 
Creighton University.
Description code: 5XR - S. faecalls R - red

7X - S. durans
8XW - S. liquefaclens W - white
10X - S. faeclum

^ = with
Example: 5XR - a red colony of S. faecalls

1. 5XW - 1.0 % TTC lactose. 1st transfer shows no 
reduction. The organisms have not used lactose.

2. 5XW - 1.0 % TTC $i lactose. 3rd transfer shows 
organisms beginning to adapt; faint reduction.

3. 7XR - 1.0 % TTC on blood agar. Colonies show 
Irregular edges. They must not be confused with 10XR.

4. 10XR - 0.1 % TTC double layer on gradient plate.
Shows reduction is proportional to O2 tension over 
the medium during incubation.

5. 10XR - 1.0 % TTC anaerobic - complete adaptation 
7. 5XR - 1.0 % TTC typical formazan deposition in the

colonies.
10. 5XR - 1.0 % TTC Organisms already reducing the salt 

were switched to lactose TTC after 4 transfers on 
glucose jZI TTC. Shows lack of ability to utilize 
lactose at the start.

11. 8XR - 1.0 % TTC anaerobic - on lactose
13. 5XR - 1.0 % TTC <f, glucose. These colonies are from 

a 5XW parent. Shows immediate use of glucose.
21. 10XR - 1.0 % TTC anaerobic - maximum reduction.

xi



A. Introduction

In 1941 Kuhn and Jerchel, while working on 
"invert soaps", first recorded use of tetrazolium salts 
in research. These investigators, after discovering 
that triazolium salts possessed notable disinfectant 
action, studied the tetrazolium salts for similar prop
erties . They reported distinct antibacterial action 
using varied concentrations of the compound.

As early as 1875, Friese prepared formazan, and in 
1894 von Pechmann and Runge isolated the pure salt 
(2,3,5-triphenyl-tetrazolium chloride). Since then the 
salt has undergone intensive chemical study and utili
zation, but only in the last twenty years has it found 
new application in biological and medical research.

The reduction of a tetrazolium salt and subsequent 
formation of the red colored formazan can be accom
plished by the natural metabolic mechanisms of various 
biological systems. Several species of bacteria bring 
about this reduction, among which are the various 
strains of enterococci.

The enterococci were particularly selected for 
this problem because they possess a number of charact
eristics that are favorable for laboratory work.
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These organisms belong to Lanoefield1s Group D strepto
cocci . They are relatively large, gram-positive diplo- 
cocci. They can occur singly or in short chains, de
pending on the existing conditions. They are compara
tively non-pathogenic and easily cultivated on routine 
laboratory media. They are differentiated from other 
streptococci on the basis of their adherence to "Sher
man ’s Criteria".

Serologic tests, tellurite sensitivity, sugar fer
mentation, gelatin liquefaction and hemolytic reactions 
are used to differentiate species and strains within 
the enterococci. Four species were studied; namely: 
Streptococcus faecalis, Streptococcus llquefaciens, 
Streptococcus faecium and Streptococcus durans. (Sub
sequently, in this thesis S. will signify Streptococcus) 
These organisms were isolated from the gastro-intest- 
inal tract of humans, mice, rats and from milk and 
frozen foods.

Temporary changes often occur in morphology or 
physiology usually due to environmental conditions when 
the organisms are cultivated. When grown under care
fully controlled conditions of media content, tempera
ture, pH, moisture, surface tension, etc., desirable 
as well as reproducible results should be obtained.
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These organisms withstand refrigeration from a —20 C. 
to 8 C. for long periods of time. The wide temperature 
range for growth allows many thermo-enzymatic manipu
lations in testing a specific oxidative reaction.

A compound is especially useful when it will ex
hibit a color change through the biochemical activity 
of an organism. Tetrazolium salts are some of the few 
compounds colored in the reduced state. The manner of 
action of 2,3,5-triphenyl-tetrazolium chloride and its 
relation to metabolic phenomena is herein discussed.



B. Review of the Literature

The compound, 2,3,5-triphenyl-tetrazolium chloride,
was first prepared by von Pechmann and Runge in the 
year 1894 (1). It occurs as a white crystalline powd
er that darkens on exposure to light. This color 
change has been investigated by Wegand. and Frank (2) 
and further by Jerchel, Hauser and Kuhn (3).

In 1941, Kuhn and Jerchel (4) found that the re
duction of the colorless salt to red compounds that 
dyed yeast, garden cress and bacteria was not due to 
the presence of glutathione, ascorbic acid or cysteine 
since these substances did not reduce the salt below a 
pH of 9*0, whereas reductions in yeast and bacteria 
occured at or near neutrality, pH 7.0.

Tetrazolium salts were utilized by Lakon (5) in 
his "topographic method" for testing the germination 
ability of seeds. Since then numerous individuals have 
devised extensive methods for testing viability and 
germinating capacity in seeds. Mattson, Jensen and 
Butcher (6) have tested reduction in fruits and vege
tables, bull spermatozoa and hen's eggs. Again the 
reduction was found to occur at pH below 7*0.

Jerchel and Mohle (7) have worked on the oxida
tion-reduction potential of tetrazolium salts.
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Lederberg (8), while trying to develop methods for 
finding dehydrogenase mutants, found TTC to be useful 
for detecting fermentative variants . Seligman, G-of- 
stein and Rutenburg (9) examined the distribution of 
radio-iodine labeled TTC in mice. Fred and Knight (10) 
reported the reduction of TTC by Pencllllum chrysogen. 
Kun and Abood (11) have used TTC in a colorimetric 
estimation of succinic dehydrogenase. Differentiation 
of bacterial species and variations within species 
were reported by Huddleson and Baltzer (12). Beillg, 
Kaushe, and Haardick (13) investigated formazan forma
tion at reducing loci in bacteria with varying condi
tion of pH and temperature. In 1953, Usdin, Shockman, 
and Toennies (14) used, concentrations of TTC very ef
fectively in the study of growth. The color intensity 
of the growth zones increased with increasing concentra
tions of TTC. The formazan produced was then used as 
an indication of growth. Weiner (15) has used TTC in 
his qualitative test for reducing compounds. Recently, 
Mattson and Jensen (16) reported its use in the quant
itative colorimetric determination of reducing sugars.

TTC is a useful compound, but it has certain lim
itations . Work has been directed toward preparation 
of compounds with more desirable properties.



C. The Nature of the Problem

The problem envelops a study of the factors con
cerned in the reduction of TTC by the enterococci. If 
freshly isolated strains of S. faecalis, S. llquefac- 
iens , S. faecium and S. durans are grown on nutrient 
agar, containing small amounts of TTC, they will pro
duce a characteristically colored colonial picture.
The reduction may also be obtained in broth cultures, 
which offers certain analytical possibilities. The 
color reaction in liquid media is obtained within a 
few minutes, depending upon the conditions. The color 
reaction on solid media is best observed after 48 hours 
incubation. Close examination of the colonies will 
reveal zones of color distinct for each strain. This 
color is due to the red formazan precipitated out in 
unique patterns.

The reaction is the result of an intricate and 
intriguing metabolic process. What phase of this 
process is responsible for the reaction and what fur
ther physiological phenomena might it reveal?

6



D . Chemical Review of Tétrazolium and Formazan

Tetrazollum Salts :
As their name implies, tetrazollum salts are quat- 

ernized tetrazoles and therefore contain a ring of one 
carbon and four nitrogen atoms, one of which is quater
nary . As a result, the compounds have salt like prop
erties . Almost all of the known tetrazollum salts have 
been prepared from the (2H) tetrazole, directly or in
directly from the oxidation of formazans.

The 2,3,5-triphenyl-tetrazolium chloride appears 
to have mqre favorable characteristics for biological 
research. It is readily soluble in water and melts 
with decomposition at about 245 6 C. The colorless salt 
has the following formula:ci;- Nz~=

I
- N --

N
N‘ c6H5

It is one of the comparatively few organic com
pounds colored in the reduced state. Sugars reduce it 
at pH 11.0, while enzymes reduce it in a range of 6.5 
to 8.4. Upon reduction, the red, water insoluble form
azan is derived. The reaction is as follows:

Cl™
C6H5 -—  N =  Nn 2 eI C-CzrHc ------
CgH5 —  N ---N* 5 2 H +

:N.C6H5-N 
H

C6H5-H —
c-c6h5

7
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Physical Properties: The leuco form of the salt 
Is stable to atmospheric oxygen. The free bases are 
powerfully alkaline. The salts, particularly chlorides, 
are soluble in water and give solutions of neutral pH. 
These chlorides are readily soluble in methanol and 
ethanol.

Reactions of Tetrazollum Salts : Reduction is the 
most characteristic reaction. Powerful reducing agents 
break the molecule down to small fragments, while the 
use of milder agents leads to formazans. Reduction by 
a strictly chemical means appears to take place at pH 
levels above 7.0. Reduetone gives a pale rose color 
with TTG at pH 5»15, but a dark red precipitate of 
formazan is produced at pH 10.7•

Jerebel and Mohle (17) found the redox potential 
for TTG to be - 0.08v, assuming a two electrons per 
molecule shift. A polarographlc study of TTG over a 
pH range of 2.0 - 12.0, showed two waves due to a four 
electrons per molecule and a two electrons per molecule 
reduction. TTG resists oxidation and it is remarkably 
stable to acids. Some of the salts are light sensitive. 
Formazan:

Formazans are those compounds which contain the 
characteristic chain of atoms: - N= N-C — NH - .
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They are generally solids of relatively low melting 
points. The trlaryl-formazans,

as a whole, melt in the range of 1550 to 215 ° C. They 
are characterized by intense colors ranging from orange 
through shades of red to deep purplish black. They are 
particularly soluble in chloroform, acetone and n-but
anol. Formazans behave as weak acids and alkalies and 
under certain conditions form halides.

Kun and Weitz (18) in their work on the structural 
interpretations of color changes in formazans, found 
that the stable red form possessed a trans-syn config
uration, thus :

and its mesomerlc form, a cis-syn configuration, thus :

These forms are intensely red with a maximum ab
sorption (A max.) of 495 millimicrons. Strong oxidiz
ing agents will readily oxidize formazan to tétrazol
ium. Such compounds as mercuric oxide, sodium dithio- 
nite and mixtures of zinc and dilute acids have proven 
successful in oxidizing formazans.

R - N
R - NH -

C - R

H ,C



A. Effect of TTC on the Growth and Colonial 
Characteristics of the Enterococci

Colonies of Group D strlptococci on plain nutrient 
agar are usually small, convex, entire and slightly 
granular. S. faecalis and S. liquefaciens are usually 
translucent and present a highly glistening surface.
S. faeclum and S. durans are usually opaque and more 
gray than white*. All colonies have a mucoid consis
tency and the dome shape flattens immediately with 
slight external pressure from a probe or cover glass. 
These bacteria have a tendency to remain in discrete 
colonies.

Organisms grown on a medium containing TTC in 
various concentrations develop colonies exhibiting 
shades from a delicate pastel pink to a brilliant crim
son. (Figure 1) Except for differences in the size of 
colored areas and the intensity of the color itself, 
the colonies display their normal architectural char
acteristics .

When a colony exhibits a red hue, whether it is 
grossly visible or only microscopically apparent, it

* white =  white as snow or linen
colorless =  transparent or clear, as a glass bead

10
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Figure 1. Survey of Reduction in 100 Colonies of
Each Strain

Key: Areas of formazan distribution; A is fibrous, B is 
velvet, C is red center with white border, D is white
Concentration of TTC =  1.0 percent or 10 mg/ml

A
B

S. faecalls c
D

0 25 50 75 100

A
BS . llquefaclens G
D

0 25 50 75 100
percent

A 
BS. faecium - ------- C
D

0 25 50 75 100 
percent

A
g

S . durans_  G
D

6 25 50 7 5 100
______ percent

percent
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is evidence of the formation of the red colored f orm
azan through the reduction of TTC. The minute preci
pitated strands of formazan may be evenly dispersed 
throughout the colony assuming a velvet textured ap
pearance or they may aggregate in fibrous like patches.
In either event, the intensity of the color is directly 
proportional to the quantity of formazan present.

If a colony is observed directly on the agar sur
face under 10X or 15X magnification with 100 watt supra- 
stage illumination, the light rays having an angle of 
incidence of 60 degrees, adequate comparison of color 
intensities and structural detail can be made.

The Group D streptococci may present colonies with 
varying shades of red or, at times, white colonies on 
TTC media. The concentration of TTC made available to 
the organism affects the amount of formazan deposited 
about the colony and likewise the intensity of the 
color of the colony. Activity of the organism affects 
reduction since two or more colonies, on the same plate 
and relatively close to each other, and under the same 
concentration of TTC, show variation in the amouht of 
formazan and. its distribution in the colony. Neither 
the reduction of TTC nor the presence of formazan appears 
to affect the gram-positivity of the organism.
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The solid medium used in this study is a special 
selective medium containing: phytone, to aid growth; 
lactose (or maltose or glucose), for energy; yeast 
extract, for vitamins (especially of the B complex); 
potassium monohydrogen phosphate and potassium di
hydrogen phosphate, for energy transfer mechanisms; 
ethyl violet, for inhibition of all gram positive cocci 
except the enterocofici; sodium azide, for inhibition 
of gram positive and gram negative cocci; and agar.

The mixture is sterilized by autoclaving and 
allowed to cool. A predetermined weight of TTC is as- 
eptically added before pouring into sterile petri dish
es. The plates are streaked so as to obtain well iso
lated colonies and incubated at 37 ° G. for 48 hours 
The forty-eight hour Incubation period was adapted as 
a standard for obtaining a representative color reaction 
from each specie. The concentration of TTC and the 
length of time of incubation can be altered for 
specific purposes but for a comparative observation, 
the concentration of TTG is usually 1.0 percent and 
the incubation time, 48 hours. A careful scrutinization 
of the colonies at this point usually reveals the 
following:

S. faecalis - every colony displays formazan
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evenly dispersed In red fibrous strands with a light 
pink interior.

S. liquefaciens - the same as S. faecalis
S. faecium - a velvet textured, red core with a 

white border. Some of the colonies are entirely white, 
others may be completely red with no border.

S. durans - a light red interior with fibrous 
strands. Some are as intensely red as S. faecalis.

The ability of the organisms to withstand higher 
concentrations of TTC varies considerably. (Table 1)
On solid medium, containing serially increased concen
trations of TTC, it was found that S. faecalis could 
withstand as much as 3.0 percent, S. liquefaciens 3.0 
percent, S. faecium 2.5 percent and S. durans 1.5 per
cent .
Table 1. TTC Tolerance Range for the Four Species

Organism Concentration of TTC in mg/ml
10 15 20 25 30 35 40 45

S. faecalis 4 - -h + 4 - 4 - — — —
S. liquefaciens 4 - 4 - 4 - 4 - 4 ~

— — —
S. faecium 4 - + 4 - 4 - — — — —

S . durans 4 - -1- — — — — — —
Any increase over the above limits presented a 

notable difference in the growth of each specie.
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The average number of colonies was found to be 23 per 
square centimeter on concentrations of TTC ranging from 
0.01 mg/ml to 10.0 mg/ml. This number was average for 
each specie up to its linit in a study of 120 cultures. 
The effect of increasing the concentration of TTC be
yond the maximum tolerance level for each specie is 
shown in table 2. The growth evaluations performed 
with TTC reduction in broth cultures provided greater 
accuracy for measurement of toxicity.
Table 2. Effect of Increasing TTC Concentration on the 
Growth of 3. faecalis, 3. liquefaciens, 3. faecium and 
3. durans
Or’ganism Number of Colonies per 2enr

* Unit increase 1 2 5 4
, , in TTC cone.

3. faecalis 16 5 - 9 0 1 VJ 0
3. liquefaciens 15 11 0 - 4 0
3. faecium 12 4 0 0
3. durans 0 0 0 0
Note : A one unit increase is a 1.0 percent increase 
beyond the tolerance of TTC for each organism.

Although the wire loop inoculations, made by 
streaking on TTC agar, presented an arithmetic mean 
of 23 colonies per square centimeter, it is not a true 
representation of the number of organisms present in 
the inoculum. The latter procedure, at best, probably
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indicate that in a carefully executed streaking pro
cedure, the number of organisms carried out to isola
tion on the agar is approximately 23 per square centi
meter. (Figure 2)

A decrease in this figure, in proportion to an in
creased concentration of TTG, is somewhat rough'but, 
nevertheless, quite consistant as an indicator of the 
toxicity of the latter. A more reliable quantitative 
determination that pictures the effects of the ever 
changing ratio of TTG to organism, will be described 
later.

Figure 2. Typical Plate Culture. Colony counts were 
made in the quadrant of greatest isolation.

■ ____________________________________
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The reduction of TTC in liquid media presents an 
essentially similar reaction but not such a similar 
color pattern among the species. Brain heart infusion 
(BHI) broth was employed in the study of the liquid 
phase reduction. Although the concentration of TTC in 
a solid medium may be equal to that in a liquid medium, 
the relative rate of diffusion of the salt into the 
organism may vary. The bacterium that is free floating 
in a suspension of nutrients, and in this case TTC, 
contacts considerably more of the salt than a bacterium 
held stationary in its agar bed.

Broth cultures of the enterococci incubated for 
six to eight hours, can reduce varied concentrations of 
TTC depending upon the number of organisms and the act
ivity of each. Experimental evidence shows that a 0.1 
ml Inoculum from an eight hour culture seldom possesses 
organisms that cannot withstand a concentration of at 
least 0.05 mg/ml of TTC. Apparently the ratio of salt 
to organism is non-inhibitory at this concentration 
since the growth rate at 0.05 mg/ml is not unlike the 
the rate in plain broth.

A single 0.1 ml inoculum was chosen as standard 
for a study of the reduction of TTC in liquid media. 
Determination of the approximate number of organisms
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in the standard inoculum was undertaken in the follow
ing manner: 5.0 ml portions of BHI broth, previously-
autoclaved, were aseptically added to 120 screw cap 
tubes. A straight end inoculating needle was used in 
seeding the broth so that a relatively small nLimber of 
organisms was introduced each time. The inoculation 
was made from a trypticase soy agar slant, on which 
freshly isolated organisms were maintained. Thirty 
tubes of each of the four species of organism were in
oculated. The freshly inoculated broth was incubated 
24 hours at 37° C., after which serial dilutions up to 
1:100,000 were made. Thirty plain nutrient agar pour 
plates were prepared and subsequent incubation at 37*0. 
revealed that:

S. faecalis averaged 272 colonies per plate
S. liquefaciens it 255 II 11 11
S. faecium tl 246 11 II II

S. durans It 164 It It II

faecalis , for example , showed 272 colonies times
100.000 dilution or 27,200,000 organisms per ml of BHI 
broth. The standard inoculum (0.1 ml) was assumed to 
contain one tenth of the above number or approximately
2.720.000 organisms. As a general rule, the 0.1 ml 
inoculum was withdrawn from a 5.0 ml broth culture.
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This BHI broth was always a carefully measured 5«0 ml 
volume. It was consistantly inoculated with a straight 
end needle and was always incubated exactly 24 hours. 
The other three organisms displayed somewhat less 
growth*. Concentrations of 0.01 percent, 0.1 percent, 
and 1.0 percent TTC proved too toxic for the number of 
organisms in the standard inoculum.

Reduction was observed in a culture having no more 
than 0.05 mg/ml of TTC at the start of incubation. The 
reaction is carried out in screw cap tubes to which 
4.65 ml of sterile broth is added. Exactly 0.25 ml of 
a 10.0 percent solution of TTC (purified by a Seitz 
filter) is aseptically pipetted into each tube. Next, 
a 0.1 ml inoculum is added to each tube. After shaking 
the tubes to insure proper mixing they are incubated 
for 24 hours at 37 °C. The formazan produced, being 
water insoluble, eventually settles to the bottom. 
Routinely enough the enterococci seem to settle. Ob
servation of a plain broth culture usually reveals the 
organisms clumped in a button or sometimes a spindle

* There can be as much as 10 to 15 percent error in 
plate counts even under the best of conditions. Con
sequently it must not be assumed that growth rates of 
the four species under study would consistantly be:
S. faecalis> S. llquefaciens ̂  S . faeclum> S . durans
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shaped mass on the bottom of the tube.
As in the case on solid medium the amount of f orm- 

azan produced is proportional to the number of organ
isms present and their activity, the concentration of 
TTC, pH temperature and other factors being constant. 
The percent of initial TTC that appears as formazan is 
expressed in table 3.

Photometric measurement of the quantity of form
azan present proved to be a feasible and an accurate 
means of determining the rate of growth and activity of 
the culture. This procedure is performed as follows : 
after a prescribed period of incubation a visible red 
precipitate of formazan should appear. Each tube 
should be swirled or agitated vigorously to resuspend 
both the organisms and the formazan. This mixture is 
transferred to 15 ml centrifuge tubes and spun for 20 
to 30 minutes. The supernatant is poured off and 5.0 
ml n-butyl alcohol or acetone are added. The tubes 
are agitated 3 minutes to resuspend the organisms and 
formazan. A longer period may be necessary for getting 
all of the formazan into solution. The organisms are 
filtered off with an ultra-fine Fritted glass filter 
(Pyrex Brand Fritted Discs-Ultra-Fine Porosity). The 
filtrate is measured against a standard concentration
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of formazan in the same solvent, n-butyl alcohol.
The concentration (mg/ml) of formazan, if plotted 

against dptical density (O.D.) on a semi-logarithmic 
graph, results in a straight line relationship. Table 
3 shows the reduction rate of the enterococci in a 24 
hour period. In this instance periodic measurements 
were performed on cultures grown for 2,4,8, 12 and 24 
hours. The TTC was added after two hours incubation 
to each culture; the concentration 1.0 mg/ml.

The rapid increase in the number of organisms upon 
incubation is responsible for a progressively more 
active reduction. The reduction was observed to occur 
at a slower rate in resting cells but eventually 97 per
cent of all available TTC was reduced. It should 
be noted (Table 3) that a high percent of the available 
TTC is reduced by S. faecalis and S. llquefaclens in 24 
hours. In cultures of resting cells incubated one hour 
and refrigerated at 6° C., the organisms took 14 times 
longer to accomplish reduction equal to that of a cul
ture incubated for 4 hours at 37° C. before addition of 
TTC. When the concentration of TTC is minimized at the 
start, the number of viable bacteria, as determined by 
plate count, produce a logarithmic phase that does not 
differ sharply from a typical curve on plain broth.
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Table 3. Quantitative Determination of Formazan over 
a 24 Hour Incubation Period

Gone. TTC = 1.0 mg/ml
Cone, formazan standard = 0.1 mg/ml
Optical Density of standard = 0.02

Organism Hours
Incuba
tion

Optical
Density

Gone. 
Formazan 
mg/ml

Percent
Reduced

S. faecalls 2 0.023 0.046 4.6— n----- 4 0.041 0.082 8.2h 6 0.109 0.218 21.8h 8 0.374 0.745 74.5It 24 0.456 0 .9 1 0 91.0
S. licjuefaciens 2

4
0.026
0.038

0.052
0.076

5.2
7.6II 6 0.104 0.208 20.8II 8 0.371 0.743 74.311 ! 24 0.461 0 .9 2 2 9 2 .2

S. faecltim 2 0.020 0.000 0.0— n---- 4. 0.028 0.056 5.6II 6 0.090 0.180 18.0H 8 0.179 0.358 35.8II 24 0.263 0 .5 2 2 5 2 .2
s. durans 2 0.024 0.048 4.8h 4 0.036 0.072 7.2II 6 0.041 0.080 8.0» 8 0.043 0.088 8.8ti 24 0.052 0.104 10.4

In BHI broth the logarithmic phase Is Initiated In
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approximately 75 minutes. The stationary and lag 
phases can be eliminated by inoculation from a culture 
which is in the logarithmic phase of growth. Hinshel- 
wood (19) suggests that the lag may be attributed to 
the time necessary for the accumulation of enzymes, 
diffusible coenzymes and essential intermediates in 
the synthesis of cell substance to concentrations at 
which synthesis may occur at a maximum rate. The lag 
phase is of particular interest in connection with the 
action of TTC on these organisms since the salt produc
es an effect which is seemingly that of an indefinitely 
prolonged lag phase. There is, of course, great de
pendence upon the concentration; in this study 0.05 mg 
of TTC per ml was adapted as standard.

In an attempt to study the effect of the size of 
populations on the degree of reduction, varied amounts 
of organisms were compared with a fairly constant con
trol. (Figure 3)

Doubling the inoculum does not always increase the 
reduction rate to the expected amount unless the organ
isms are in the logarithmic phase. (Table 4) In the 
case of older cultures, the incubation time has more 
influence on the overall yield of formazan.
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Figure 3. Effect of Size of Populations on Degree of 
Reduction. One set of tubes contained varied amounts 
of organism. The control set contained constant amounts 
(as nearly a standard inoculum as could be obtained).
The TTC concentration, time and temperature were con
stant; 24 hours at 37 ° C.

mg/ml
formazan 
after 

8 hours 
<§ 37 * C.

tubes
total volume/tube = 5 ml

= varied amounts of organism (loopful inoculum) 
= controlled M " " ( 0 . 1  nil " )

Table 4. Comparison of Activity With Change in Inocu
lum and Concentration of TTC.
Organism Inoculum Cone.

TTC
mg/ml

Hours
Incubation

Cone. 
formazan 
mg/ml

S. faecalis 0 . 1 1 . 6 6 4 1.3
M 0 . 1 1 . 6 6 8 1 . 6ii 0 . 1 2.85 8 2.7
I I 0 . 1 2.85 24 2 . 8
i i 0 . 2 1 . 6 6 4 1 . 6
i i 0 . 2 2.85 24 2 . 8

S. faecium 0 . 1 1 . 6 6 4 0.4— n 0 . 1 1 . 6 6 24 0.9
• i 0 . 2 2.85 24 1.4



B . Investigation of the Reduction Proper

After the observation of formazan In each specie or 
organism isolated and placed on TTG media, several 
qualitative check procedures were adopted to ascertain 
whether or not 2 ,3 ,5-triphenyl formazan was actually 
present. Was the velvet red core, characteristic of 
S. faecium, due to a formazan precipitate ? What of the 
almost spontaneous color reaction in broth cultures re
ceiving controlled amounts of TTG? To Identify the red 
substance in the various cultures precipitate samples 
were obtained from a characteristic growth on agar and. 
in broth. These were extracted, purified and irradiat
ed by visible light of wave lengths of 400 millimicrons 
through 600 millimicrons. The compound possessed a 
maximum absorption (X max.) of 493 millimicrons.

Tetrazolium was obtained oxidizing the purified 
precipitate with mercuric oxide. Oxidation by sodium 
dithionite and by zinc and dilute acids provided fur
ther evidence that formazan was present; more specifi
cally, 2 ,3,5-triphenyl formazan, the light stable cis- 
syn and trans-syn forms.

Reduction was found to be optimum at a pH range 
6 . 8 to 7.2. Deliberate alteration of pH affect the

25
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reductions far out of proportion to growth. The enter
ococci can grow at a pH of 5.3 or 9.6 but these extrem
es alter the redox potential of TTC and make reduction 
by a specific enzymatic mechanism highly Improbable. 
Figure 4 represents the effect of extremes In acidity 
and alkalinity In relation to reduction. The fact that 
the reduction Is rather specific In regard to pH re
quirements suggests that the compound TTC Is physiolog
ically associated with an organism's enzyme systems.

Figure 4. pH Range of Optimum Reduction In BHI Broth
The reduction Is expressed as the percent of the Initial 
TTC concentration appearing as formazan. pH determina
tions were done with a Beckman pH meter.

Percent
TTC

Reduced 
1 . 0  mg/ml 

cone.

PH

The reducing factor Is destroyed by heat since 
cell free extracts were unable to reduce TTC at 57® C.
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Cell free extracts were obtained by repeatedly heating 
and freezing the organisms. It Is Interesting to note 
that freezing does not Interfere with the reduction. 
More will be said about pH and alteration of redox pot
ential In the discussion In section C.

The enterococci will grow In the presence or ab
sence of oxygen. If the organisms are grown In air 
they will use little or no oxygen from It. The mech
anism of reduction that occurs In some strains Is con
sistently affected by oxygen. If stab Inoculations are 
made so that the organisms are grown under relatively 
anaerobic conditions, a greater amount of reduction 
occurs In each specie. To measure the reduction occur
ring under the above conditions , the plate cultures 
were Incubated 8 hours and then covered over with a 
1.0 percent or 0.1 percent TTG medium three millimeters 
thick. The plates were then Incubated another 40 hours 
and then examined under low magnification. The result
ing colonies were Intensely red with all dimensions of 
the colony Infiltrated with formazan. In S. faeclum 
the red core Is enlarged and surrounded by a thin pink 
border.

In liquid medium, sealed with wax, the lessened 
oxygen diffusion permitted 100 percent reduction of
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the available TTC. Colonial architecture is frequent
ly damaged when adding another layer of agar so an 
attempt to decrease oxygen tension in the atmosphere 
over the colonies was undertaken. This was done by 
soaking small, measured strips of filter paper with al
cohol and placing them on a small square of tin poll or 
aluminum foil carefully positioned on the agar surface. 
These paper strips were ignited and the plates immed
iately sealed. The greater the amount of oxygen re
moved. from the air the greater the reduction of TTC.
The red core of S. faeclum could be seen to increase 
in size with a proportionate decrease in oxygen tension 
over the colonies. The probable mechanism of oxygen 
interference will be mentioned in the section following.

Figure 5 is a schematic diagram showing the in
crease in the size of the velvet red core of S. faeclum 
when oxygen tension is decreased. A second method of 
decreasing oxygen tension established a more reliable 
gradient of oxygen diffusion across the surface of the 
initial layer of agar. This method is outlined in 
figure 6 .
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Figure 5» Effect of Decreased Oxygen Tension on S.
Faecium

The schematic representation below pictures the colon
ies viewed from the top and from the side. The red 
core of formazan increases in proportion to a decreased 
oxygen tension over the medium. Colonies of the same 
size and color were compared on each plate.

red formazan core

side view

colonies
top
view

atmospheric oxygen tension
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Figure 6 . Preparation of a Two-Layered Agar Plate 
The oxygen diffusion gradient is established by a pro
gressive ly thickened layer of TTC medium over the in
itial agar surface.

10 cc TTC medium in standard petri dish
The plate is streaked, wall to wall, with a very 

light inoculum. Lines of inoculation are kept parallel 
with straight edge over the plate. Plate is incubated 4 
hours at 37 0 C. A layer of TTC medium (1.0 percent) is 
slowly pipetted onto the original layer at a spot near 
the edge. This prevents dislodgement of colonies with 
a current of agar. The layer should be 3 mm. thick at 
the center of the plate. Measure with a straight pin 
marker

Tilt the plate so that the plane of the top layer’s 
surface intersects the plane of the bottom layer's sur
face near one edge of the plate. Incubate for 40 hours 
in tilted position.

Isolated colonies should appear in a line perpend
icular to the line of intersection of the planes. 
Position the plate so that the line of intersection is 
on the left; examine the colonies from left to right.
The amount of formazan should be quite heavy in colonies 
growing close to the right edge of the plate (thickest 
portion of the top layer).

Straight pin marker 3 mm. 6 mm.
» /

2nd layer p i n  mA-nlro-n C o l o n i e s
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Evidence compiled by a number of workers indicates 
that enzymatic activity is responsible for reduction 
of TTC in living cells. It was early noted, by this 
experimenter, that freshly isolated strains of S . faec- 
alis inherently reduced TTC in as many as twenty suc
ceeding transfers, if the constituents of the medium 
were the same. There are always a certain few colonies 
that are pure white in the cultures made immediately 
upon isolation of the organism. (Figure 7) In the 
specie S. faecium, as much as fifty percent of the total 
number of isolated colonies may be white on TTC medium. 
Transplants made in series and on the same medium (1.0 
percent TTC), show progressively more reduction.

Close examination of isolated colonies of S. faec- 
alis, streaked for the first time on TTC medium, in
variably reveals a pair of colonies that have grown on 
to one another. One of the pair will usually show ex
tensive formazan deposition, while the other is often 
pure white. To illustrate an example:

This is evidence of a lack of the reducing factor 
within the same specie. Fermentation reactions were 
here used, as a check against a mixture or contamination,
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etc. Transplants of Isolated white colonies produced 
both white and red offspring in the following cultures. 
The next transfer frequently reveals every organism 
reducing TTC. The period of adaptation varies in each 
specie. (Figure 7 )

In adaptations of this type, there undoubtedly ex
ists in all cultures a small but definite number of 
cells possessing the particular enzyme. Since the org
anisms used have usually been picked or cultured from 
a single-cell colony, a biochemical variation or muta
tion of definite, though low, frequency must be imagin
ed in order to account for the existence of cells con
taining the enzyme. Enzymes arising by just such a 
mutation become, according to the hypothesis of natural 
selection, of physiological value to the organism.
The cells possessing them are therefore at an advantage 
and tend to multiply at the expense of others. A bact
erial strain is thus formed in which the majority of 
the members possess the enzyme in question.

The carbohydrate source in the TTC medium is lac
tose and phytone. Maltose and glucose have been sub
stituted for lactose but a period of adaptation is need
ed for each change away from glucose. Removal of phy
tone or lactose from the medium results in failure
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Figure 7» Diagram of Series Transplants Showing 
Period of Adaptation to Lactose 

Note : Mixtures of red and white sometimes existed in 
the 3rd and 4th transfer. Only in rare cases did a 
mixture (red and white) or pure white colonies exist 
in the 6th transfer.

In a comparison of four species of enterococci, it 
seems that S. faecalls is the fastest to adapt. Red 
colonies are found in the 1st transfer and very few 
white colonies are found in the second transfer.
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of the reduction; thus the mechanism of reduction is 
essentially linked with carbohydrate metabolism. The 
fact that reduction did not occur in a few colonies 
suggested that a metabolic pathway or an essential 
metabolite was either by-passed under certain conditions 
prevailing at the time or an enzyme, important in in
itiating a cycle, was lacking. The breakdown of carbo
hydrate is a fundamental procedure for releasing energy 
in a form available to the cell. The source of sugar 
in laboratory media is usually an easily split disacch
aride (maltose or lactose) or a pure monosaccharide 
(glucose). The literature presents great controversy 
over the basic notions concerning the specific mechan
isms of carbohydrate breakdown. In the organisms under 
study, however, glycolysis as an energy source is gen
erally accepted.

Glycolysis is essentially the breakdown of glucose 
to lactic acid. Glucose is one of the most common 
gateways to glycolysis; invariably glucose will be phos- 
phorylated to glucose-6-phosphate in the glycolytic 
cycle. If pure glucose is available to an organism, by 
virtue of its medium, then glycolysis is initiated 
quite rapidly in comparison to a situation where glucose 
must first split off of a disaccharide or polysaccharide
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through the activity of an appropriate enzyme. The 
enterococci, as do all streptococci, employ the use of 
lactase, which is apparently an adaptive enzyme and 
which enables them to split lactose to derive one mole
cule of glucose and one of galactose. They can derive 
the same two molecules (monosaccharides) by splitting 
melibiose. The glucose is then incorporated in fermen
tation. The galactose is not fermented as such but is 
either isomerized to glucose or is used in synthesis 
of glycolipids. Breakdown of maltose provides two 
milecules of glucose and thus more energy per unit 
weight of fermentable carbohydrate.

By applying the principles of the foregoing dis
cussion to the question of whether or not a colony has 
reduced TTC, we can see there is, in all probability, 
an adaptive enzyme concerned. It is doubtful that a 
colony that has not reduced TTC, and consequently is 
white, is completely lacking in a glycolytic pathway. 
When adaptive enzymes are built up, in the presence of 
their substrate, the organism can then split off glu
cose and induct it into the glycolytic process. Thus 
when an organism lacks an adaptive enzyme like lactase 
at the start, it resorts to another means of energy, 
in this instance, probably the plant carbohydrates in

_________
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phytone. Variation in the concentration of carbohy
drate indicated that reduction occurs at a fairly con
stant rate. The growing population of a culture incu
bated 24 hours reduced strikingly similar portions of 
TTG whether the concentration of sugar was one half of 
the normal amount or twice the normal amount. (Table 5)

It was stated earlier that the time of adaptation 
varied for different species. If all four of the org
anisms under study were maintained on TTG medium with 
lactose, reduction eventually occured in all colonies. 
Transplants of red colonies put into phenol red lactose 
produced acid in one third the time that white trans
plants did. (Figure 8 )

Reduction on TTG medium, with glucose in place of 
lactose, occurs rapidly in freshly isolated organisms 
but at a rate equal to that of lactose in adapted org
anisms (2nd and 3rd transfer). If organisms are main
tained on glucose in TTG for two or three transfers and 
then placed on lactose the characteristic white colon
ies appear and there is a lag before lactose is split 
and incorporated into the glycolytic cycle. It must be 
noted here that this is not the mechanism of TTG reduc
tion since it was observed on plates exhibiting mix
tures (red and white colonies) seeded from the same
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Table 5 • Study of Reduction with Variation of Carbo
hydrate . 5 .0, ml portions of phenol red carbohydrate
broths were seeded with 0.1 ml inoculum. Color range 
for the indicator is pH 6 . 8 to 8.4. Concentration of 
TTC = 1.0 mg/ml

Organism Sugar G-lucose Maltose Lactose
Percent formazan cone. mg/ml

S. faecalis 0.5 1.34 1.51 1 . 2 0
ii 1 . 0 1.52 1.51 1.47
ti 2 . 0 1 . 6 0 1.57 1 . 5 8

S. faecium 0.5 0.91 0.74 0 . 8 0
n 1 . 0 1 . 2 2 0.93 1 . 1 0
it 2 . 0 1.26 1 . 0 0 0 . 9 6

S . durans 0.5 0 . 6 0 0 . 6 1 0.49
i i 1 . 0 0 . 8 0 0.73 0.63
i i 2 . 0 1 . 0 0 1.26 0.91

culture. In addition, there is no feasible electron 
shift.or hydrogen exchange that logically results in 
reduction of the salt by virtue of the above carbo- 
hydrase activity.

LaManna and Mallette (20) state that the presence 
of specific substrate is not always necessary for ad
aptive enzyme formation. For some enzymes, which 
would be labeled constitutive since they occur in de
tectable quantities in the absence of substrate, large
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increases are found upon addition of the substrate to 
the growth medium.

Adaptive enzymes do form in resting cells in the 
presence of substrate but in the absence of growth. 
After adaptive enzyme has been formed, the removal of 
substrate will generally result in loss of the enzyme. 
One transfer into a medium free of substrate is com
monly sufficient to eliminate the adaptive enzyme.

The organism's protein synthesis is responsible 
for production of an enzyme precursor. The mechanism
is ultimately under genetic control and specificity is1
imparted essentially by certain genes and partly by 
configuration of the substrate. Braun (21) was care
ful in noting that environmentally induced modifications 
of gene-controlled characteristics are maintained only 
as long as the specific modifying conditions persist; 
acquired characteristics are not inherited. In a few 
exceptional instances, e.g., cytoplasmic inheritance, 
certain environmental characteristics are maintained 
even after a change of environment. Yet even this ap
parently rare phenomenon is under gene control since 
the range of such potential transformation is determin
ed by specific genes.

The chief source of variation among the character



39

istics of related organisms are (1 ) genic differences 
due to mutation of individual genes , or due to a new 
assortment of genes in the case of sexual reproduction 
where parents of dissimilar genotype contribute differ
ent genes to the offspring, or (2) environmentally in
duced differences causing, as a rule, only temporary 
changes of the phenotype.

The biochemical agility of an organism, whose nat
urally occuring enzymatic synthesis enables it to ad
just to any one of several carbohydrate sources, is
readily seen in the enterococci.

|

The other source of carbohydrate in TTC medium is 
phytone. It enhances a number of characteristics of 
the organisms, including the reduction. Phytone is a 
papale digest of soya meal and retains the high vitamin 
thiamine and the high carbohydrate content of plant 
tissue. Media containing phytone produces larger and 
more numerous colonies. In media containing blood, 
hemolytic reactions are typical.

The part that phytone plays in reduction may be 
linked with its thiamine content. Under the influence 
of phytone and with a full complement of enzymes pre
paring a carbohydrate for its role in glycolysis, the 
assimilations of necessary carbon, OH groups, hydrogen
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Figure 8 . Fermentation Periods for Two Distinct 
Colonial Types of S. faecium 

Figures are average for 20 isolations involving 340 
fermentations. Colonies were picked, from plates ex
hibiting mixtures (red and white) and from plates pre
senting one type. The mixture is usually a primary 
streak on TTC. The solid color plates (all one color) 
are usually the type seen in the first transfer.
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and other reactive elements are Initiated quickly; 
growth Is abundant and so is reduction. Glycolysis 
is important for energy and energy is Important for 
synthesis. It is a basic factor in metabolism. Its 
reactions and their relation to reduction will be 
considered next.



C. Mechanism of TTC Reduction and Its Relation to
Energy Cycles

Enzymatic activity Is somewhat complex especially 
when considered in relation to other numerous compon
ents of the metabolic mill. Such activity is imper- 
ceptive to the layman who, quite frequently, renders 
more abhorrence than admiration to a bacterium but who, 
in the end, must attribute at least part of his own ex
istence to the efforts of "tiny bacterial cells."

Within the cells of micro-organisms the free en
ergy, available from oxidations, is trapped as chemical 
energy rather than released as an equivalent amount of 
heat. Although there are doubtless other routes to 
energy used by organisms the one considered here is the 
carbohydrate route.

Most of the naturally available polysaccharides 
are broken down to glucose and some other closely re
lated hexose before incorporation into the glycolytic 
process. In laboratory studies performed on carefully 
cultured and purified organisms, the carbohydrate was 
either glucose, maltose or lactose, added in controlled 
amounts to a medium selected for a specific reaction.

In the course of many biological oxidations the

42
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free energy so derived is Immediately used to synth
esize some other compound whose potential energy is in 
turn available for doing work. This is possible only 
if the oxidation is "braked" so that the potential free 
energy to be made available by its combustion is pro
duced not in one explosive burst but in many individual 
steps or packages, each of which releases an amount of 
energy that can be efficiently utilized for synthetic 
purposes. Further, whether the material consumed is 
carbohydrate, fat or protein, the free energy available
from each oxidative step is immediately employed, with

|

but few exceptions, to synthesize a single specific 
compound, adenosine triphosphate, whose potential energy 
is then available for the multitudinous endergonic pro
cesses of the cell.

The termi glycolysis is applied to the sum of the 
processes whereby glucose or glycogen is degraded to 
the level of lactic acid. Of all hexoses capable of 
performing in glycolysis, glucose has been proved to be 
preferentially utilized in the cycle. The ultimate 
fate of glucose, apparently common to most or all tis
sues and occurring in essentially all forms of life, 
is the breakdown of the hexose molecule, first to 3 - 
carbon acids, pyruvic and lactic acids , followed by
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further oxidation to yield the metabolic intermediates 
necessary for biosynthesis.

Pasteur recognized the fact that various types of 
cells in the absence of oxygen, generated and accum
ulated lactic acid at the expense of glucose. A bal
anced equation for the reaction can be written as:

° 6h 12°6  --------------------------------- *  2 ° 3h 6°3
glucose lactic acid

The stoichiometry encountered experimentally is 
accurately described by this equation and is in con
formity with experimental conditions. It will be noted 
that oxygen is not required since glucose and lactic 
acid are at the same net level of oxidation. When the 
term glycolysis means “breakdown of glucose“, it is 
conventional experimentally to measure glycolysis by 
the accumulation of lactic acid under anaerobic condi
tions .

The function of glycolysis is the delivery of use
ful chemical energy to the organism in the form of 
energy-rich phosphate compounds (for example adenosine 
triphosphate) at the expense of glucose and without 
necessary access to oxygen. Not only is oxygen not re
quired in the process but in many experimental situa
tions it has been shown to be detrimental to the gly-
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colytlc mechanism. While it is true that the energy- 
yield from glycolysis is small in relation to the total 
energy of oxidation of glucose, it is extremely import
ant in the survival of cells at reduced oxygen tensions.

The major pathway of glycolysis proceeds via the 
formation of fructose-6-phosphate. This compound may 
arise in the cell from a monosaccharide such as glucose, 
fructose or mannose or from a disaccharide such as lact
ose , maltose or mellibiose. Meyerhof, Embden and Parnas 
are names commonly associated with the sequence of reac
tions in the glycolytic cycle. The more Important steps 
are included in the diagram in figure 9 .

It is the function of enzymes to catalyze oxida
tions to lower activation energy necessary for reaction 
to proceed. There are a number of enzymes acting in the 
Meyerhof-Embden cycle but the enzymes important in red
uction of TTC appear to be the dehydrogenases together 
with the Coenzymes I and II. A complete dissertation 
on enzymes is beyond the scope of this thesis but a 
brief explanation of dehydrogenases will aid forthcom
ing mention of oxidation-reduction mechanisms.

Dehydrogenases are substances that act specifi
cally upon certain substrates to remove hydrogen and 
thereby bring about oxidation. Some of the dehydrogen-
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Figure £. Glycolysis 
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ases can transfer hydrogen directly to gaseous oxygen. 
These can be classified as aerobic dehydrogenases.
Other dehydrogenases can only transfer hydrogen to 
methylene blue or some other acceptor, such as flavo- 
protein. These dehydrogenases are anaerobic and can 
be separated into: (a) those which deliver electrons 
to cytochrome and (b) those which deliver hydrogen to 
diaphorase (these may require Coenzyme I or II).
Sumner has preferred to classify dehydrogenases as:

1. Dehydrogenases - requiring coenzyme I or II.
2. Dehydrogenases (oxidases) - which transfer 

electrons to cytochrome.
3. The yellow enzymes
Many dehydrogenases require activators or coen

zymes which are present in the intact cell. Biological 
oxidation involves hydrogen and electron transfer 
through a series of enzyme systems. The oxidative pro
cess is initiated by the action of dehydrogenases, 
specific to the metabolite, which catalyzes the removal 
of hydrogen and thus oxidizes the metabolite. The aer
obic dehydrogenases (and the oxidases) transfer hydro
gen directly to molecular oxygen. Other dehydrogenases 
(anaerobic) will not react directly with oxygen but re
quire intermediary systems. These Intermediary systems 
include DPN and TPN, the flavoprotelns and the cyto
chromes
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Coenzyme I, diphoaphopyridine-nucleotide (DPN), 
Is known to be a combination of niacinamide with two 
molecules of the pentose sugar, D-rlbose, two mole
cules of phosphoric acid and a molecule of the purine 
base, adenine. The formula of the oxidized compound 
is shown below.

C0NH2

\

H- C ----

H-C-OH
I oH-C-OH

H- C ---
0"
I

CHg --- P —  0

^ N  /

0

H- C -------
IH - C-OH*
l 0H - C-OH
I

H -C -------

P -- 0 —  CHo
II
0

*(Phosphate attached here in TPN)
Diphoaphopyridine nucleotide (DPN)

(oxidized fora)
For clarity, oxidized DPN shall be designated 

DPN ox, while the reduced form shall be designated 
DPN red. As with the aerobic dehydrogenases the initial
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step In the oxidation of the metabolite consists of 
hydrogen transfer to the coenzyme of the anaerobic de
hydrogenase. The coenzyme, in this case, DPN, accepts 
the hydrogen and electrons only to relinquish them in 
the reduction of another compound in the metabolic 
chain, For example:

CH-z CH,
I I 5

H-G-OH 4- DPN ox ---------► C = 0  + DPN red
I I
GOOH COOH

lactic acid pyruvic acid
The mechanism of the transfer of hydrogen from

a metabolite to DPN ox, using the reactive niacinamide 
Portion of the molecule, is shown in figure 1 0 .

Figure 10. Hydrogen and Electron Transfer to DPN

x Z
iPfl C°NH2 + H * * *

X n X V1R 1
R

DPN ox DPN red

DPN acts as coenzyme to ethyl alcohol dehydrogen
ase, malic acid dehydrogenase, lactic acid dehydrogen-
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ase, 3-phos phoglyceraldehyde dehydrogenase, oC-glycero- 
phosphate dehydrogenase and numerous others (2 2).

A more specific example of a dehydrogenation oc
curring in the metabolic breakdown of glucose is the 
conversion of glyceraldehyde-3 -phosphate to 1 ,3-diphos- 
phoglyceric acid. One step, prior to this, in the gly
colytic process, phosphotriose isomerase has made avail 
able two molecules of glyceraldehyde-3-phosphate. This 
is on the assumption that it is not converted to oc-
glycerophosphate and then to glycerol via an energy 
storage mechanism. Removal of hydrogen from glycer- 
aldehyde-3-phosphate is thought to proceed in the fol
lowing manner (2 3):

H-Ç =0 
H-C-OH

OH
®  = 0

h2c-o -
u
S-E

H-C-OHlH-C-OH
H2C-0-

11 -2HS-EiC =0  
H-C-OH 
HgC-O-

SHl
E(Enzyme) +

2 DPN

( HO )=P =0 ----

glyceraldehyde 
3 -phosphate

OH

‘Phosphorylysis

to keto pyruvic acid

0IIC-Owp
H-C-OH
H2C-0-P

SHt
E(Enzyme)

According to Lardy (24), phosphoglyeeraldehyde
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dehydrogenase Is a sulfhdryl enzyme in which the sul
fur must be maintained in the reduced state by the 
addition of cysteine or reduced glutathione for maxi
mal activity.

When a molecule of DPN acts with a dehydrogenase 
only one of the two hydrogen atoms in the molecule of 
the substrate is bound to the niacinamide portion of the 
pyridine nucleotide. The second hydrogen atom loses 
its electron, enters the medium as H+ and. equilibrates 
with H20. It is therefore not present in the DPN red. 
From the proceeding reaction two H + and two electrons 
are available for combination with an oxidant of suits- 
able potential. The direction of electron flow is in 
accord with that predicted from the E c' values of the 
systems involved. If a metabolite is incubated anaer
obically with the dehydrogenase-coenzyme system intact, 
the extent to which oxidation may proceed is limited 
by the concentration of the electron acceptors all of 
which are present in small amounts. The addition of a 
sufficient quantity of any substance of potential great
er than that of the pyridine nucleotides will then per
mit oxidation of the metabolite, while the added sub
stance is stolchiometrlcally reduced.

Methlene blue has been used often in such studies.
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The E e' for its reduction is above that of DPN, flavo- 
proteins and cytochrome. The Ee' for methylene blue 
is very close to that of TTG at ph 7*0. (Table 6 )
The reduction rates of equal amounts of methylene blue 
and TTC added to actively glycolyzing systems are 
strikingly similar.

In the course of metabolism the oxidized form of 
coenzyme is regenerated so that it may be used repeated
ly. In all known cases the electrons of reduced pyri
dine nucleotides are transferred to another carrier not 
to molecular oxygen.

After consideration of the mechanics of normal 
DPN activity, it is obvious that the factors necessary 
for the reduction of TTC are present. Reduction of 
both TTC and methylene blue can proceed against a nor
mal transfer by DPN.

2 MH + 2 DPN Ox -----•- 2 DPN red + 2 H*+2 e
TTC formazan

2 H*+ 2 e
Normally, DPN ox is formed upon passage of two 

hydrogen atoms to pyruvic acid which, in turn, converts 
it to lactic acid. A widely distributed enzyme, lactic 
dehydrogenase, catalyzes this reduction of pyruvic 
acid by reduced DPN. Whereas pyruvic acid has many
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possible metabolic fates, the only important fate of 
lactic acid in biological systems seems to be re-oxida
tion to pyruvic acid. It is lactate rather than pyru
vate that usually accumulates as an end product of gly
colysis and this is particularly true under anaerobic 
conditions. When the oxygen supply is limited the sev
eral components of the system of oxidation-reduction 
enzymes tend to accumulate in their reduced forms. As 
a consequence, with the relative deficit of electron 
acceptors, the coenzymes such as DPN also become large
ly reduced and the fraction, (DPN red)/(DPN ox), in
creases. This has the effect of displacing the equi
librium of the above reaction to the right increasing 
the conversion of pyruvate to lactate. Under strict 
anaerobiosis, lactate, with no other possible fate open 
to it, may be formed in excellent yields from glucose 
in an actively glycolyzing system. There is a question 
of whether or not a relative deficit of electron accep
tors actually occurs in the presence of TTG. A de
crease in the lactate yield in proportion to the con
centration of TTC would serve to further incriminate 
dehydrogenase-DPN activity as the site of reduction.

There are four specific loci in the Meyerhof-Embden 
pathway where biologically catalyzed dehydrogenations
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Table 6 . Normal Potentials of Some Oxidation-Reduction 
Reactions. (From White, Handler and Smith - 1954)

System E 0' volts PH
Glutathione 0.04 7.0
Methylene blue 0.011 7.0
Suecinate/fumarate 0.000 7.0
Mala te/oxaloa ce tate -0 . 1 0 2 7.0
E than ol/acetaldehyde -0.163 7.0
3-Phosphoglyceraldehyde/l,3- 

diphosphoglyceric acid -0.28 7.0
DPN red/DPN ox -0 . 3 2 7.0
Py ruva te /a ce ta te -0.630 7.0

would, most likely, execute a reduction of TTC. In the 
normal sequence of events the reaction between dlhydro- 
xyacetone phosphate and glyceraldehyde-3 -phosphate pro
ceeds to the right forming two molecules of 1 ,3 -diphos- 
phoglyceric acid. Under the conditions existing during 
growth of the organisms studied the utilization of 
glycerol through dehydrogenation of oC-glycerophosphate 
is doubtful. S. faecalls cannot grow anaerobically on 
glycerol medium. When grown in the presence of oxygen, 
the organisms consume large amounts of oxygen forming 
hydrogen peroxide which is toxic if not removed.

Niven (25) has recently reported that he has grown
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S . faecalls successfully under anaerobic conditions.
This automatically Institutes an oxidase type hydrogen 
transfer to oxygen. The fact that 3. faecalls can ut
ilize a cytochrome linked pathway is without conclusive 
support. Far less reduction of TTC occurs in organisms 
definitely known to possess a cytochrome pathway to 
oxygen (26). The oxidation of reduced DPN by acetalde
hyde is interrupted if the acetaldehyde is removed from 
the reaction mixture by sodium bisulfite. Reduced DPN 
arising from the glyceraldehyde-3 -phosphate reaction, 
no longer able to reduce acetaldehyde will reduce dihyd
ro xyace tone phosphate to oC-glycerophosphate, and in the 
presence of abundant phosphatase this product will in 
turn be hydrolyzed to glycerol and inorganic phosphate. 
The addition of sodium bisulfite did not effect the 
reduction. It is doubtful that the glycerol shuttle 
mechanism plays a part except indirectly by displacing 
an equilibrium in the glycolytic cycle.

A more prospective area for reduction is the site 
of action of phosphoglyceraldehyde dehydrogenase and 
DPN. Small amounts of iodoacetic acid inhibit the reac
tion of this enzyme. No reduction was observed in cul
tures placed in a medium containing 1 . 0  percent glucose 
and 0.001 percent iodoacetic acid. Reduction was ab-
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sent or minmal In solutions of cell free extracts and 

iodoacetic acid. High concentrations of ethyl alcohol 

also inhibited reduction.

The pH of the solution remains above 6.0 if small 

amounts of specific acid inhibitors are used. The use 

of larger amounts of these inhibitors produces pH values 

far below the minimum value for normal reduction to 

occur.

Sodium pyrophosphate and sodium fluoride had no 

effect on reduction if present in a concentration of

0.01 percent. A  concentration of 1.0 percent and 0.1
1

percent inhibited reduction completely. The addition 

of fluoride to an actively glycolyzlng system leads to 

the accumulation of phosphoglyceric acids and failure 

of the enolase system presumably a result of the b i n d 

ing of M g + + as magnesium fluorophosphate.

The various pathways of pyruvic acid metabolism 

are shown in figure 11. Small amounts of a c e t a l d e h y d e , 

ethanol, acetic acid and formic acid have been de t e c t 

ed in streptococci but the chief fermentation product 

in a straight forward glycolysis is lactic acid. It 

is possible that acetyl phosphate and formic acid are 

formed b y  phosphoroclastlc cleavage of p y r u v a t e . The 

reaction in E . coll is thought to be as follows :
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Table 7* Effect of Specific Inhibitors on Enzymatic 
Activity and Reduction of TTC. Reactions were perform
ed with cell free extracts of cultures previously in
cubated for 8 hours.

Inhibitor - cone.
U ) mg/ml

Reduction of 
TTC —  or - 
c o n e . 1 mg/ml

Control 
TTC with 
no (I)

Formazan 
c o n e . 

mg/ml
Iodoacetic

Acid 1.0 — -h 0.850 . 1 — + 0.830 .0 1 -h -f- 0.620 .0 0 1 -h + 0.74
Ethyl

Alcohol
900.0 — -h 0.488 0 0 .0 — 0 .6 8
700.0 + 0.576 0 0 .0 -1- 0.51

Sodium
Fluoride

1 .0 — -h 0 .7 00 . 1
Sodium Pyro-

~b 0.41

phosphate
1 .0 — -h 0 .6 60 . 1 + -h 0 .8 0

Note that the quantity of formazan recovered var 

led widely in each c a s e . No attempt was made to d e 

termine the reducing strength per uhlt of cell free 

extract. The figures merely indicate the fraction of 

the initial TTC concentration (1.0 mg/ml) that was 

reduced
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pyruvic acid-t-H-jPO^ ---->  acetyl phosphate + f o r m l c  acid

The oxidative decarboxylation of pyruvic acid to 

"activated" acetic acid is not to be overlooked. Carbon 

dioxide is not liberated but is utilized by various 

metabolic mechanisms in the enterococci. A  beta-decarb

oxylase specific for oxaloacetic acid was originally 

noted in heterotrophlc bacteria and was obtained in r e 

latively pure form from Micrococcus l ysodelktlcus. The 

"malic enzyme" which is a TPN-specific dehydrogenase, 

catalyzes the oxidation of malic acid to pyruvic acid 

and 00 2» It is possible that the enterococci possess 

a beta-decarboxylase analogous to the "malic enzyme" 

and which, under appropriate conditions, can be revers

ed and thereby accomplish a metabolic disposal of 00 2« 

The enterococci ordinarily do not require exogenous 

CC>2 for existence. The fact that these organisms do 

not liberate CC>2 gas does not adequately refute their 

possession or utilization of a citric acid cycle.

The mechanism for complete oxidation of carbohyd

rates in bacteria is not so firmly established as in 

higher animals. The cyclic process for terminal o x 

idation in higher animals is known as the Krebs tri

carboxylic acid c y c l e . Krebs and his colleagues b e 

lieved that a cycle of reactions takes place according
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Figure 1 1 . Alternative Pathways In the Metabolism 
of Pyruvic Acid
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to the diagram shown in figure 12. Krebs has further

more presented evidence which harmonizes his theory 

with the C^-dicarboxylic scheme of Szent-G-yorgyi.

Many of Krebs experimental results have been confirmed 

by other workers who also believe that the citric acid 

cycle is the main pathway for complete carbohydrate 

oxidation. His results and conclusions have been the 

subject of much criticism however and some investiga

tors, like Elliott (27), even question the existence 

and importance of a cycle containing citric acid.

S t a r e , Lipton and Goldinger (28) have shown that the 

conditions required for the existence of the citric acid 

cycle are not completely fulfilled in experimentation 

wi t h  chopped avian muscle. Their experimental obser

vations appear to favor a cycle involving a conversion 

of pyruvic acid to oc-ketoglutaric acid without citric 

acid as an intermediary, followed by the Szent-Gyorgyi 

series of conversions of the dicarboxylic acids to o x 

aloacetic acid.

More recently Wood, W o r k m a n , Hemingway and Nier 

(2 9 ) have presented evidence which definitely preclud

es citric acid as an intermediate in the dissimilation 

of pyruvic acid. Using labeled carbon (C1-̂ ) they have 

shown that COg in the medium is fixed or participates
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Figure 1 2 . The Krebs Tricarboxylic Acid Cycle
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in the synthesis of oC-ketoglutaric acid from pyruvic 

acid. The oC-ketoglutaric acid contains fixed carbon 

in only one carboxyl g r o u p . They believe t h a t , if the 

oC-ketoglutaric acid arose from the symmetrical citric 

acid m o l e c u l e , it should contain equal amounts of fixed 

carbon in its two carboxyl g r o u p s . It is proposed that 

the C^-dlcarboxylic acids are formed by two m e c h a n i s m s , 

one reductive through the carbon fixation r e a c t i o n , the 

other oxidative by a tentative and modified Krebs cycle 

which does not involve citric acid.

Aerobic bacteria can oxidize glucose completely 

to C02 and H2O with molecular oxygen as the ultimate 

hydrogen acceptor, Glucose is glycolyzed to pyruvic 

acid which is then oxidized to C02 and H20 not by a 
single enzyme, but by the concerted action of a series 

of oxidizing and decarboxylating enzymes operating as a 

cyclic process (Krebs c y c l e ) . Pyruvic acid enters the 

cycle by being converted into acetyl coenzyme A  which 

in turn condenses with oxaloacetic acid to form citric 

acid. The 6 -carbon citric acid molecule is then de- 

carboxylated and oxidized in a series of reactions to 

regenerate the 4-carbon oxaloacetic acid m o l e c u l e . One 

can see that the tri- and dicarboxyllc acids of the 

cycle are not used up; rather they act catalytically.
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The pyruvic acid molecule is completely oxidized to 

CO2 and HgO. Note that H2O is both formed and used 

u p  in the Krebs cycle.

Anything capable of generating acetyl coenzyme A 

can be oxidized via the Krebs c y c l e ; pyruvic acid, 

acetic acid, fatty acids, e t c . It is interesting to 

note that cC-ketoglutaric acid and oxaloacetic acid are 

in equilibrium with the key amino acids like glutamic 

acid and aspartic acid. The Krebs cycle is not only a 

mechanism of terminal respiration, but also a crossroad 

for c a r b o hydrate, fat and protein metabolism. Although 

the enzymes necessary for operation of the Krebs cycle 

are present in most aerobic b a c t e r i a , it has proved d i 

fficult to show, beyond all d o u b t , that the main pathway 

of terminal oxidation in bacteria is via this c y c l e .

It now appears that the Krebs cycle is the main oxida

tive pathway in several bacteria, that it is absent in 

others and that a modified form is utilized in still 

other bacteria (30).

The question of whether or not the enterococci 

utilize this p a t h w a y , either partially or entirely, is 

yet to be settled. The facultative anaerobes seem to 
possess a number of alternative pathways in the m e t a 

bolism of pyruvic acid. In this respect they may not
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rely as heavily upon an oxidative decarboxylation m e c h 

anism as do the strict a e r o b e s .

There are a number of e n z y m e s , especially malic 

dehydrogenase and succinic d e h y d r o g e n a s e , in the Krebs 

cycle that are DPN and TPN linked and are, no d o u b t , 

capable of reducing TTC. Oxygen seems to interfere 

more w i t h  reduction of TTCT in S. faecium than in others 

in the Group D streptococci.

It was noted earlier, in this thesis, that growth 

is aided very notably by addition of phytone to the 

m e d i u m . This strongly suggests the existence of d e 

carboxylation mechanisms in these o r g a n i s m s . Phytone 

provides a rich supplement of vitamin (thiamine).

The pyrophosphoric ester is called c o c a r b o x y l a s e , t h i a 

mine pyrophosphate (TTP) or diphospho-thiamine (DPT). 

All the decarboxylation reactions that have been d i s 

cussed, whether oxidative or otherwise, are dependent 

upon thiamine pyrophosphate and probably cC-lipoic acid 

as c o f a c t o r s . No final picture of the mode of their 

participation can be given, but it appears that the 

quaternary nitrogen of the thiazole ring of thiamine is 

essential for its activity. A n  important consequence 

of this dependence is that fact; on a thiamine d e 

ficient medium, certain of the major fates of pyruvic
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acid are hindered in the organism and growth is poor. 

Small amounts of thiamine are probably available in the 

yeast extract which is also a constituent of the medium 

but wh e n  this supply is exhausted, growth and also r e 

duction of TTC is seriously r e t a r d e d . A comparison of 

the effects obtained on a medium w i t h  phytone is made 

against a medium without it in table 8 .

Table 8 . A  Comparison of Reduction Obtained on a Medium 
Containing Phytone and a Medium Lacking It.

Medium Reduction - on the basis of grossly 
visible formazan

Phytone •+- aerobic anaerobic

S . faecalis +  +  +  + +  +■ +  +
S. liquefaclens +  +  +  +• +  +  +  +

S. faecium +  + +  +  +
S. durans +  -M- -r +

Phytone —

S. faecalis +  +-
S. liquefaclens +  + *+*

S. faecium — +■

S . durans ——

It was stated earlier in this thesis that methylene 

blue is reduced at practically the same rate and pr o b 
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ably In the same manner as TTC. Consideration of any 

one of the Intracellular oxidation-reduction mechanisms 

invariably leads to the q u e s t i o n ; "what other reactions 

in these organisms could be responsible"? The presence 

or absence of flavoprote ins and cytochrome components 

is important in considering various means of reduction.

Gale, U m b r e i t , Porter and Workman, each in his own 

d i s s e r t a t i o n , mention the absence of cytochromes in S. 

faecalls presumably because of the lack of absorption 

bands in the visible spectrum and also because of the 

natural lack of catalase in the organism.

Since certain species possess no cytochrome co m 

ponents they consequently cannot carry out oxidation 

mechanisms of the cytochrome type. It is possible that 

some other carrier might take the place of cytochrome 

but only one of these organisms is known to produce 

a pigment which can be reversibly oxidized and reduced. 

The one exception thus far, is the cytochrome in Pseudo

monas a e r u g i n o s a . This elaborates a blue pigment, 

p y o c y a n l n e , which is capable of acting as a H +  carrier 

with certain dehydrogenase systems when tested in-vitro. 

The organism has, h o w e v e r , a full complement of cyto

chrome c o m ponents.

Organisms devoid of cytochrome are either strict
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anaerobes such as clostridia or microaerophilic such 

as the streptococci or lactobaccilli. This suggests 

that the absence of cytochrome components leads to the 

inability of these cells to utilize oxygen. Isolated 

dehydrogenase systems can be made to react in-vitro by 

replacing cytochrome with certain "redox indicators" 

such as methylene blue or cresyl blue. The d e h y d r o 

genases catalyze the transference of hydrogen from s u b 

strate to the dye and the reduced dye is auto-oxidiz- 

able.

When cytochrome is replaced in this way the final 

product of the oxidation is hydrogen peroxide and not 

water, so that the complete reaction is :

A H2 -+- 02 ---- --- -----A  4- H202
This resembles some of the oxidase mechanisms 

discussed previously. The distribution of catalase 

is not universal amongst the bacterial species and 

those devoid of catalase. It has been suggested that 

organisms such as clostridia, the streptococci, etc., 

owe their sensitivity to the presence of oxygen to the 

fact that, being devoid of catalase, they become p o i 

soned by hydrogen peroxide under aerobic conditions.

The amounts of hydrogen peroxide wh i c h  would be formed
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and might be toxic are so small as to be beyond the 

present day methods of detection and this point has 

yet to be satisfactorily investigated. It is suggested 

however, that the pneumococci can be protected in the 

presence of air by  pyruvic acid, and it is known that 

pyruvic acid and hydrogen peroxide react together ch e m 

ically in such a manner as to destroy the hydrogen p e r 

oxide. This may well be the mechanism utilized by the 

s t r e p tococci.



III. DISCUSSION

The ability of several pyridine nucleotide dehydro

genase systems to reduce TTC has been tested by Jensen, 

Sacks and Baldauski (31). The enzyme systems were 

tested under both aerobic and anaerobic conditions.

When the enzyme system reduced the salt the omission 

of enzyme, coenzyme or substrate resulted in no color 

formation.

Many more investigations of the reduction of TTC 

by enzymes of animal tissues have been reported than 

have studies of micro-or g a n i s m s . A considerable amount 

of study in this respect lies ahead. The ability of 

the enterococci to reproduce and flourish within a 

wide temperature r a n g e , their buffering capacity, high 

physical stamina, adaptive power, e t c . , ultimately a f 

fect the mode of action of a metabolic p r o c e s s . The 

Group D streptococci are unique in certain respects 

and were never intended to be representative of the 

micro-biological world. A  study of the characteristic 

reduction of TTC occuring in these organisms has promp

ted this experimenter to establish at least two th e o 

retical norms for the in-vivo reaction. They are:

1. The medium is important. It should contain

69
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nutrients which, when selected by  the o r g a n i s m , 

enable it to initiate a metabolic reaction in

timately associated with dehydrogenase activity.

2. The buffering capacity is no less significant than 

the rate of electron transfer. If extremes in pH 

are not compatible with a specific dehydrogenase 

system the resulting redox potential will be above 

that of TTC and reduction will not occur.

It IS noted, particularly on a solid medium, 

that 24 hours is an optimum incubation period for o b 

taining organisms yet in the logarithmic phase of growth. 

A 24 hour Incubation period is needed before a p p e a r 

ance of grossly visible formazan in the colonies. F u r 

ther Incubation up to 48 hours produces the characteris

tic colored colony. The pH of the medium at the start 

of growth is slightly alkaline (pH 7.5). The pH at the 

reactive site within the cell is another question but 

the reason for the delay is not reflected entirely in 

the time needed for a shift in pH. The relative rate 

of diffusion of TTC into the cell is not to be o v e r 

looked. Actively glycolyzing systems in a 24 hour 

broth culture of S. faecalls can produce a visible r e 

action within six m i n u t e s . The rate of reduction is 

slowed in poportion to a temperature decline. Little
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if any detectable reduction occurs at or below - 2 0 °  C. 

The enzymes are destroyed by heating over 78 ® C.

Incubation of cultures beyond 48 hours falls to 

show any appreciable increase in reduction. This is 

not because of a resultant pH Incompatibility since 

this rarely exceeds 7.2. It appears to be a function 

of the decrease in the diffusion of TTC into the cell. 

Further evidence to substantiate this fact was obtain

ed when regular increments of TTC were added to broth 

suspensions of resting cells. Excellent yields of 

formazan were obtained after each successive 24 hour 

period of incubation.

Organisms in the lag phase are highly susceptible 

to the ultimately toxic build up  of 3 -carbon intermed

iates when an excess of electron acceptors is present. 

When the ratio of TTC to bacterium is 1.85 X  10"^ micro- 

grams per o r g a n i s m , the concentration of diffusible TTC 

is seemingly non-rtoxic.

A  bacterial colony on the surface of a solid medium 

is regarded as a grouping of cells arranged as a result 

of physical restrictions imposed by the surface of the 

medium. It is limited in size b y  the physical nature 

of, and changes occuring at, this surface (32). In a 

biological sense the bacterial colony is a macromorph-
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ological collection of cells rarely found in nature 

(33). This is particularly true h e r e .

The precipitate of formazan in a colony assumes 

a characteristic pattern the extent of wh i c h  is de p e n d 

ent upon the ability of oxygen to interfere wi t h  reduc

tion at the periphery. This especially true of S. 

f a e c l u m . The pastel shades that blend into the deeper 

and more richly endowed core Indicate a rather universal 

rate of reduction in the colony. The formazan that p r e 

cipitates in the irregular fibrous fashion indicates a 

somewhat retarded solubility when compared to the even 

textured deposits found in colonies of S. faeclum and 

certain colonies of S. d u r a n s . The more evenly di s p e r s 

ed particles of formazan probably are the result of a 

higher concentration of ethyl alcohol, acetaldehyde and 

other metabolic degradation products accumulating in the 

immediate vicinity of the cell. The formazan being more 

soluble in these organic solvents, is free to obey the 

laws of fluid dynamics and van der Waal's f o r c e s . The 

availability of pure glucose affects the potential TTC 

solvents derived from it metabolically since they appear 

to be in a lower concentration than the products of 

other carbohydrates. When pure glucose is added to 

the solid medium formazan appears in highly irregular
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splotches In the colony. In this instance the water 

concentration is either higher or the metabolic end 

products (potential formazan so l v e n t s ) are not a c c u m u 

lating in quantities sufficient for dissolving the part

icles and allowing colony-wide distribution.

Lengthy dissertations have been written concerning 

c o l o r s , s h a d e s , patterns and various other colonial 

characteristics evoked by chemical r e a c t i o n s , but these 

too often mirror the author's imagination and rarely 

serve as reliable supplements to the growing analytical 

mosaic of color differentiation. N e v e r t h e l e s s , the 

various hues obtained by the reduction of TTC in the 

enterococci serve as reliable differentiating f a c t o r s . 

Under rigidly controlled conditions the intensity of the 

color, the size of the colony and the shape of the 

formazan pattern can function as dependable qualitative 

n o r m s .

The possibilities of quantitative formazan m e a s 

urements employing liquid phase reduction and colori

metry are extremely hopeful. Before an accurate co r 

relation can be made between formazan yield and growth 

a turbidimetrie analysis of all species over a wide 

range of environmental conditions should be made.

Colony counts were relied upon for the w o r k  in this
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thesis. It seems a contradiction to employ analytical 

tactics such as colony counts wi t h  a high margin of in

determinate errors along with colorimetry which, if 

properly performed, accords high accuracy.

It is the intention of this experimenter to invest

igate the possibility of performing accurate turbidi- 

metric measurements of cultures of enterococci and s u b 

sequently measuring reduction directly upon addition of 
TTC.

Optimum pH values for the reduction were d etermin

ed. Extremes in pH obviously alter the redox potential 

of the significant systems involved.

The role of interference played by oxygen is in

direct since o x i d a s e s , transferring electrons to a t m o s 

pheric oxygen, are absent. When oxygen interferes it 

is more than likely through the hydrogen peroxide m o 

mentarily formed and then dissociated by pyruvic acid.

The link with carbohydrates was established by 

producing a negative reduction with the removal of f e r 

mentable hexoses from the medium . Specific blocking 

agents seem to indicate dehydrogenases are responsible 

for the reduction since the inhibition of dehydrogenase- 

DPN activity results in no reduction.

The role of phytone as a vitamin B, supplement
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appears to incriminate decarboxylation mechanisms as 

accessories to reduction of T T C .

Obviously, much more physiological data are d e s 

irable for the adequate contemplation of the metabolic 

nature of a s p e c i e . Further developments in the study 

of enterococci will be awaited with interest. Few in
vestigators and even fewer taxonomists recognize the 

existence of all four of the species studied. Although 

they rate comparatively little space in B e r g e y 1s manual, 

their existence is certain to be universally pondered.

Paraphrasing a biblical Jargon for a physiological 

v i e w p o i n t , one might say: "by their fruits you will 

know them."



IV. CONCLUSION

The reduction of TTC in the enterococci occurs 

as the result of the operation of several dehydrogen

ase enzyme s y s t e m s . The general redox potential level 

of these systems normally remains below that of the 

salt.

The concentration of T T C , the number of o r g a n i s m s , 

method of Incubation, pH, temperature and the constit

uents of the medium are critical, if an optimum reduc

tion is to be observed in the four species studied.

**#*##**
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V. SUMMARY

The reduction of TTC and subsequent formation of 

the red, water insoluble formazan occurs as a result 

of the natural metabolic activity of the enterococci. 

If the initial concentration of TTC is standard, the 

quantity reduced is characteristic for each specie.

The rate of reduction of TTC is proportional to the 

number of organisms present and the activity of each.

The amount of formazan produced is a function of

the initial concentration of TTC. Over a prescribed1
period of incubation, the percentage yield of formazan 

is proportional to the growth rate and specific for a 

given specie. S. faecalls and S . llquefaclens reduce 

90 percent or more of the available TTC.

In the growth os S . f a e c l u m , oxygen is a success

ful competitor for hydrogen ions and e l e c t r o n s ; it 

therefore Interferes with the reduction. The typical 

red core of S. faeclum is proportional in size to the 

degree of oxygen tension in the atmosphere over the 
medium.

The pH of the reaction is critical. The reduction 

occurs at an optimal rate in a pH range 6.8 - 7.2, 

presumably because the resulting redox potential of
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the enzymes Involved Is below that of TTC. The reduc

tion Is the result of dehydrogenase and DPN activity 

occurlng In carbohydrate metabolism.

Since thiamine aids reduction considerably, their 

Is reason to believe that terminal tricarboxylic aeid 

mechanisms are also Involved. Certain strains of the 

enterococci which are temporarily Incapable of u t i l 

izing certain disaccharides exist in the g a s t r o i n t e s t 

inal tracts of h u m a n s , rats and mice and also in s a m 

ples of milk. When these strains are grown in the p r e 

sence of a substrate (disaccharide) they eventually 

utilize the glucose from it. Thus, adaptive enzymes 

are intimately concerned In the organism's Initial 

preparation of the disaccharides in the medium for 

glycolysis; no reduction occured unless a glycolytic 

pathway was utilized.

The measurement of formazan produced In a liquid 

phase reduction was accomplished through colorimetry 

and proved an accurate means of determining growth and 

activity of these organisms.
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