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ABSTRACT

A modification of Mover's method has been found satisfactory for
the quantitative measurement of resazurin reduction in biological systems.
For convenience, the reducing systems were studied separately and the contribution of each system to total dye reduction was determined.

The rapid

reduction of resazurin in milk due to sun light was found to be a photoL

chemical reaction initiated by the excitation of the dye by light of a
wavelength of approximately 600

mu.

It was found that the main reducing system in normal raw milk
was ascorbic acid dependent, whereas in mastitic milk the main reducing
system was leucocytes.

Physical fractionation of mastitic milk, sonic

treatment, and the use of metabolic inhibitors strongly indicated that
there was an intimate relationship between the presence of leucocytes and
the reducing activities of mastitic milk.
Studies with cell-free extracts of leucocytes and bacteria
showed that the reducing systems were essentially the same, and involved
reduced pyridine nucleotides as electron donors.

The mechanisms of

resazurin reduction have been confirmed by studies involving the use of
metabolic inhibitors, respirometry, variation of the energy source and
kinetic studies.

Finally, the successful reconstruction of several

a r t i f i c i a l resazurin reducing systems further confirmed the validity of
this mechanism.
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INTRODUCTION

Previous studies on the nature of resazurin reduction in
milk have been restricted by the concept that the dye reduction was
due to the change of potential in milk (Nilsson, 1959). The absence
of an accurate method for quantitative measurement of dye reduction
and the lack of biochemical training of the workers were the main
reasons for the reports that the reducing system in leucocytes was
not enzymatic in nature.

Nilsson (1955) repeatedly washed leuco-

cytes with sterile water and reported that there was no reducing
system in leucocytes.

The problem remained unsolved until Moyer (1963)

introduced an accurate spectrophotometry method for quantitative
measurement of the dye in milk.
The present investigation was concerned mainly with the
mechanism of resazurin reduction by normal milk, mastitic milk,
leucocytes and bacteria. It was felt that elucidation of the mechanism
of resazurin reduction would facilitate improvements in this technique.

LITERATURE REVIEW

The present investigation was concerned mainly with the
mechanism of resazurin reduction by normal fluid milk, mastitic milk,
leucocytes and bacteria.

It is f e l t that elucidation of the mechanism

of resazurin reduction w i l l facilitate further improvements in the
application of this technique.
to compare the

In the present work no effort was made

resazurin reduction method with other milk quality tests,

such as plate count, catalase and potentiometric measurements. These
methods have been compared in a review by Johns (1959).
Resazurin was discovered by Weselsky and was f i r s t used by
Pesch and Simmert in 1929 for estimating the bacterial content of milk.
The resazurin test was introduced to this continent in the form of a
"one hour" method by Ramsdell in 1935.
attention.

It has since received increasing

Johns (1942) observed that not only was resazurin a powerful

tool for assessing the numbers of bacteria in milk, but also i t was
sensitive to non-bacterial factors such as mastitis and late lactation
which are associated with abnormal milk.
The effect of E, on the rate of resazurin reduction was studied
h
by Johns and Howson (1940), who carried out potentiometric studies with
resazurin and methylene blue and observed that the shapes of the timepotential curve obtained with either plain milk or milk + methylene blue
were similar. The slight difference in E* values for these dyes was
o
not sufficient to account for the marked shortening in reduction time.
Subsequently Johns (1941) carried out further studies on the behavior
of resazurin in normal milk and in mastitic milk.

He used continuous
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aeration to maintain a high

in one series of samples and no aeration

in a control series. The rate of resazurin reduction by these two
series was essentially the same, whereas the E^ in the non-aerated
samples had decreased by 0.2 volt.

He therefore concluded that resazurin

was sensitive to the action of substances in milk which f a i l to affect
the electrode potential. In addition washing leucocytes in saline
definitely cut down their reducing activity.

Unfortunately at his

time, i t was not known that leucocytes have a very high respiration
rate, and that repeated washing accelerates the oxidation of endogenous
material (Stjernholm and Noble 1962).
The reducing properties of normal and mastitic milk were
studied extensively by Nilsson in the years 1950 to 1959.

She found

that the leucocytes in the mastitic milk could not be directly responsible for the enhanced reducing capacity of mastitic milk of low
bacteria count.

She also found that a l l or part of the reducing system

of such milk was intimately associated with the fat, and the reducing
system could be destroyed by heating to 85°C for 30 minutes.

Later

the same author reported that those substrates which could be utilized
by xanthine oxidase could produce a f a l l in potential in milk.

However,

Campbell and Keur (1961) showed that xanthine oxidase did not play a
significant role in the resazurin reduction test. The addition to raw
milk of a variety of substrates for xanthine oxidase resulted in an
almost immediate reduction of resazurin, but none of these substrates
was present in the milk in such a quantity to cause a significant increase
in the rate of resazurin reduction.
Campbell and Phelps (1960) re-examined the resazurin reducing
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ability of leucocytes, and found that leucocytes, freshly isolated from
bovine blood, rapidly reduced resazurin in raw milk, but rapidly lost
activity on storage in milk at 37°C,

The removal of bacteria and leuco-

cytes from milk by centrifuging had l i t t l e influence on rate of resazurin
reduction, i f fat was reincorporated.

Disruption of freshly isolated

leucocytes by sonic oscillation destroyed most of their ability to
reduce resazurin.
Denson (1962) showed that leucocytes were capable of absorbing
ascorbic acid against a concentration gradient from plasma, or plasma
diluted in a solution containing saline, Disodium ethylenediamine
acetate, and dextran.

tetra-

Moyer and Campbell (1963) showed that some factor

in milk in addition to ascorbate acted to reduce resazurin. The level
of ascorbic acid in mastitic milk was studied by Reineke, Garrison and
Turner (1941). They reported that the ascorbic acid content of the
mastitic milk was reduced as much as 30 to 50 percent when compared with
normal milk.

Apparently i t is not ascorbic acid that caused rapid

resazurin reduction in mastitic milk.
The physical relation between leucocytes and fat in milk was
studied f i r s t by Babcock (1934) who showed that the leucocytes migrated
with the rising fat globules in the nonhomogenized milk.

Trout (1944)

demonstrated that over 957. of the leucocytes were carried into the cream
layer of non-homogenized milk.

Later he found that the addition of

increasing increments of washed leucocytes to freshly pasteurized, nonhomogenized milk resulted in a deeper cream layer. He concluded that
there was a mutual attraction between the fat globules and the leucocytes
of milk.

4
The light sensitivity of resazurin was f i r s t noted by Frayer
(1942), who reported that low-count milk to which resazurin was added
behaved like a sample of poor milk when exposed to sun-light. Weil
and Maher (1950) noted that when an aqueous solution of 1-nicotine was
exposed to visible light in the presence of methylene blue, rapid
bleaching of the dye took place.

These workers concluded that the

light-excited dye acted as a hydrogen acceptor and the 1-nicotine as
a hydrogen donor.
Studies oh the carbohydrate metabolism of leucocytes were
initiated by Bakker in 1927, who reported that leucocytes had a moderate
rate of respiration and high rate of aerobic glycolysis.

Wagner (1950),

studied the breakdown of glycogen in leucocytes and found that the
reaction was catalyzed by a phosphorylase.

The quantitative yield of

lactic acid was proportional to the phosphate ion concentration.

Beck

and Valentine (1953), showed that leucocytes had a predominantly aerobic
glycolytic metabolism, but the relative preponderance of aerobic glycolysis
over respiration depended s t r i c t l y on the availability of substrate. The
glycolysis to respiration ratio was much higher when glucose was present
than when i t was absent.
From the kinetic analysis of the glycolysis rate in normal and
leukemic leucocytes, Beck (1955), found that the levels of activity of
lactic acid dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase
were closely proportional to the glycolytic rate. He suggested that the
major NAD-NADH shuttle in leucocytes occurred between glyceraldehyde-3phosphate dehydrogenase and lactic acid dehydrogenase. Subsequently,
he found (1958), that hexokinase was the rate-limiting enzyme in leucocyte
homegenates. By using uniformly labelled glucose-C^ he could show

5
conclusively that the lactic acid produced in glycolysis was derived
from the added glucose.

Approximately 20 times more glucose was

verted to lactic acid that was oxidized to carbon dioxide.

con-

The rate of

lactic acid production was greatly enhanced when ADP was added to the
glycolytic system containing glucose.
arose via pyruvate.
glucose-C

14

The bulk of the lactic acid

Stjernholm and Noble (1962), used variously labelled

and galactose-C

galactose by leucocytes.

14

to study the metabolism of glucose and

These workers found that the labelled hexoses

were catabolized mainly by the Embden-Meyerhof pathway.
It has long been known that certain thermoduric micrococci
are less active in the reduction of dyes than are the majority of bacteria.
Pure cultures of thermoduric organisms had been tested with both methylene
blue and resazurin in the conventional reduction test as well as potentiometrically by Johns (1940), who observed only a gradual decline in
even when the direct microscopic count at the start showed 5 x 10^
teria per ml.

bac-

McKenzie (1944), found that true thermoduric type micrococci

had l i t t l e effect on methylene blue reduction.
Pure cultures of bacteria vary markedly in their ability to
reduce resazurin.

Jones and David, as quoted by Hammer and Babel, ob-

served that Lactobacillus acidophilus and Bacillus subtilis reduced resazurin more quickly than did methylene blue, whereas Streptococcus lactis.
Streptococcus agalactiae. Streptococcus liquefaciens, Escherichia c o l i ,
Aerobacter aerogenes. Serrtia marcescens and Microccus roseus reduced
t

methylene blue more rapidly.
From studies with cell-free extracts of bacteria, i t seems that
nicotinamide-adenine dinucleotide and nicotinamide-adenine dinucleotide

i
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phosphate are the factors that cause the reduction of resazurin. Therefore i t would be desirable to measure the levels of these coenzymes in
cells.

Measurement of NADH and NADPH by absorption at 340 mu has been

a standard procedure for many years, but this method is not sensitive
enough to detect minute amounts of these coenzymes in bacteria. Since
a sensitive method for the separate determination of both oxidized and
reduced coenzymes

was devised by Glock and McLeon in 1955, i t is possible

to determine the level of these coenzymes in c e l l s .

The concentration

of oxidized and reduced pyridine nucleotides in cells of M. phlei had
been determined by Weber and Swartz (1960).

These workers reported

that both NAD and NADP were present predominantly in the oxidized form.
NADH was the predominant form of the reduced nucleotide, being present
in two to four times the concentration of NADPH. NAD was the major
oxidized nucleotide, being present in six to eight times the concentration
of NADP.
This brief historical summary records several mechanisms of
resazurin reduction in normal milk and in abnormal milk, but few of them
can give a satisfactory explanation.

The present investigation was con-

cerned with establishing a new mechanism that can explain resazurin reduction by both leucocytes and bacteria.
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MATERIALS AND METHODS

I.

Milk Samples

Samples of milk from the bulk tank of the University Farm
were used for most of the experiments described. If any significant
changes in the fresh milk were observed, a direct microscopic examination was employed to check the sample and plate counts were employed
occasionally to check the number of viable bacteria present.

It was

found that the quality of the milk from the university herd was good.
The average number of bacteria in the raw milk being less than 5000
per ml.
Individual samples of mastitic milk were obtained from the
cows that showed c l i n i c a l symptoms of mastitis.

A microscopic examina-

tion was employed to check the milk and i f any significant number of
bacteria were found in the mastitic milk the sample was discarded, since
the presence of blood and large numbers of bacteria would complicate
the problem of studying the reducing system. Methylene blue at a concentration of 0.6% in 95% ethanol was used as the stain.
II.

Isolation of leucocytes.
Leucocytes were isolated from mastitic milk. Mastitic milk

was stored at 4°C overnight, after which the cream portion was transferred
to a flask which had been pre-chilled in ice. An equal volume of prechilled Ringer's solution was added to the flask with gentle mixing.
The diluted cream was then centrifuged at 1500 x g for 20 minutes at
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4 C, After centrifugation, the fat was removed with a spatula. The
leucocytes, which formed a loose pellet at the bottom, were resuspended
in pre-chilled Ringer's solution, and centrifuged at 1000 x g for 10
minutes.

Leucocytes had to be washed gently and at a low temperature

because of their f r a g i l i t y and high rate of aerobic glycolysis.

In the

course of isolation, microscopic examination was employed at different
times to check the integrity of the leucocytes. The failure of the
leucocytes to reduce resazurin was always accompanied by the lysis of
the c e l l s .
III.

Isolation of thermoduric micrococci.
Thermoduric micrococci were isolated from commercially, past-

eurized milk. Plates were incubated at 37°C for 24 hours, colonies were
marked, and the plates reincubated at 37°C for another 24 hours.

Small

colonies which developed at 48 hours were transferred to broth and
incubated at 37°C for 24 hours.

Gram stain, catalase and survival after

60°C for 30 minutes in broth were used to characterize these organisms.
They were maintained on Plate Count agar slants and were subcultured
each month.
VI.

Analytical methods.
1. Resazurin reduction.
i.

Spectrophotometric assay.

The visual method employed to determine the rate of resa-

9

zurin reduction is satisfactory for estimating the quality of commercial
milk, but is not an adequate procedure for research purposes.

The change

of colors observed visually is due to the changes of the ratio of nonfluorescent blue resazurin to highly fluorescent pink resorufin.

The

problem becomes even more complicated i f high fat content milk samples
are used in experiments. Moyer and Campbell (1963) developed an accurate
spectrophotometric method, which enables one to detect the resazurin in
amounts as low as 2 muM.

The spectrophotometric method used in the

present experiments was a slight modification of Moyer's method. Commercial resazurin tablets, certified by the Biological Stain Commission
to contain approximately 11 mg dye (48 juM), were used.
were prepared in two concentrations.

Stock solutions

Solution A was prepared by dis-

solving 1 resazurin tablet in 200 ml d i s t i l l e d water, and solution B was
prepared by dissolving 1 resazurin tablet in 40 ml d i s t i l l e d water.
Therefore 1 ml of solution A or 0.2 ml of solution B would contain 240
resazurin.

muM

The absorption spectra of resazurin and resorufin in butanol

are shown in figure 1.
solution A (240 muM)

The curves were obtained by adding resazurin

to a large test tube containing 10 ml 0.05 M Tris

buffer (pH 7.4), then 10 ml n-butanol was added to the tube, mixed with
a Vortex mixer, and centrifuged at 500 rpm for 3 minutes.

The upper

butanol layer was transferred to a tube containing sodium bicarbonate,
mixed, then centrifuged.
with ascorbic acid.
sodium bicarbonate.

Resorufin was prepared by reducing resazurin

The blank used was butanol after saturation with

10

ii.

Free radical reaction.

A modified Weil and Maher method (1950) was used to study the
photodynamic action of resazurin on ascorbic acid.

The systems used in

these experiments consisted of 15 ml 0.02 M phosphate buffer (pH 6.9),
resazurin solution A (240 muM) and 800 ug ascorbic acid.
of samples were used in each experiment.

Two series

One series was kept in the

dark as a control, the other was subjected to light of different wavelength.

Test tubes with 1.2 cm light path were used in place of Thunberg

tubes. Light from a 150 w tungsten lamp was passed through the f i l t e r s
of different transmission ranges into the test tubes. The tubes were
held in a wooden box with a glass window at a distance of 2 cm from
the

glass f i l t e r .

The reduction of resazurin was followed in a Spectronic

20 spectrophotometer by measuring the decrease in absorption at 600 mu
at different time intervals.
To study the effect of ultraviolet light, the reaction
mixture was placed in a quartz cuvette, and exposed to the irradiation
of an ultraviolet lamp with a 260 mu f i l t e r from a distance of 5 cm for
1 hour.

The spectrum of ascorbic acid was obtained by dissolving 2 mg

ascorbic acid in 1 ml water and analyzing the solution with a Bauch &
Lomb 505 spectrophotometer.
2.

Routine analytical determinations.
Glucose concentration in raw or pasteurized milk was measured

by the Glucostat method of Worthington Biochemical Corp.

Lactic acid

11

concentrations in reaction mixtures were measured by the colorimetric
method developed by Barker and Summerson in 1941.

The ascorbic acid

content of milk was determined by the method of Sharp (1938). Ascorbic
acid oxidas was prepared from the concentrated cucumber juice according
to Sharp (1941).

This enzyme preparation was not purified further since

i t was found that the crude extract was sufficiently active for the
contemplated experiments.

Protein was determined by the Lowry method

(1951). Respirometry was carried out on washed c e l l suspensions suspended in 0.05 M Tris-HCl buffer (pH 7.4) at 30°C by means of a conventional Warburg apparatus.

In experiments involving metabolic in-

hibitors, a volume of water equal to the substrate volume was added
to the sidearm of the endogenous control cup so that inhibitor concentrations in the cups prior to substrate addition would be identical.
A l l substrates and inhibitors were prepared at concentrations of 25 uM/
ml and 100 uM/ml respectively.
The levels of the pyridine nucleotides in bacteria were
determined by a slight modification of the method of Villee (1962).
In this method, the continuous reduction of NAD in the presence of
+

an excess of alcohol dehydrogenase was coupled with diaphorase and
2,6-dicholrophenolindophenol.

Similarly the continuous reduction of

NADP in the presence of glucose-6-phosphate and glucose-6-phosphate
+

dehydrogenase was coupled with diaphorase and 2,6-dicholrophenolindophenol.

The reduction of the dye was followed in a Beckman DB spectro-

photometer by measuring the decrease in absorption at 600 mu. The
assay system was set up so that the rate of reduction of the dye was

l i m i t e d only by the amount of the pyridine nucleotides.

With NAD or

NADH the r a t e of reduction o f the dye i s a l i n e a r function of the conc e n t r a t i o n o f the coenzymes over the range 0.5 to 3.0 muM per cuvette.
The o x i d i z e d coenzymes are r e l a t i v e l y stable i n d i l u t e a c i d , whereas
:

•

I

the reduced coenzymes are stable i n d i l u t e base (Glock McLean 1955).
Therefore i t was possible t o determine the l e v e l s of oxidized and r e duced coenzymes separately.

I t was found that reduced coenzymes were

not stable at n e u t r a l pH, even at 0°C. Two representative r e a c t i o n
mixtures f o r assaying the l e v e l s of coenzymes are as follows •
a.

Assay f o r NAD or NADH.

0.2 M T r i s buffer (pH 7.4)

1 ml

Ethanol (95%)

50 u l

A l c o h o l dehydrogenase

(1/30 d i l . with bovine serum)

75 Ml

2,6-dichlorophenolindophenol (0.35 mg/ml)

50 u l

Diaphorase (40 units/ml)

25 u l

Water

200 - 300 Ml

Acid or a l k a l i n e extract

2 - 100 M l

F i n a l volume
b.

1.50 ml
Assay f o r NADP or NADPH

0.2 M T r i s buffer (pH 7.4)

1 ml

Na glucose-6-phosphate (3.3 mg/ml)
Glucose-6-phosphate dehydrogenase

(40 Romberg

150 P i
units/ml)

25 Ml

2,6-dichlorophenolindophenol

50 Ml

Diaphorase (40 units/ml)

25 u l

13

100 - 225 u l

Water
Acid or alkaline extract

25 - 150 u l
1.50 ml

Final volume

The acid or alkaline extracts were prepared as follows:
of a 60 to 80 times growth concentration of cells was added

1 ml

to two 5 ml

cellulose nitrate tubes containing 1 ml 0.2 N NaOH and 1 ml 0.2 N HC1
respectively.

The suspensions were subject to a 10 Kc sonic oscillator,

in an atmosphere of hydrogen gas for 30 minutes.

The extracts were then

centrifuged at 5000 x g for 20 minutes, and the clear acid and alkaline
extracts were obtained.
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EXPERIMENTAL RESULTS

I,

Chemical and physical properties of resazurin.
1.

Spectra
Resazurin reduction takes place in two stages.

o
resazurin

»
resorufin

(blue)

dihydroresorufin

(pink)

(colorless)

Under physiologica conditions only the second stage, the reduction of
resorufin to dihydroresorufin, is reversible*

Twigg (1945) studied the

oxidation-reduction behavior of the reaction r e s o r u f i n ^ — - dihydroresorufin, and found that the oxidation-reduction curve resembled those
of nearly a l l other reversible dyestuffs in that two electrons per
molecule were transferred at pH values greater than 3.0. The calculated
value of pK for the system is 6.93 and of E is +0.380 volts,
o
o
Since the reduction of resazurin to resorufin is irreversible
in physiological systems, the estimated E ^ value of +0.050 volts at
1

pH 7.0 has no significance. The absorption spectra of resazurin and
resorufin in n-butanol are shown in figure-1.

The E
for resazurin
max

and resorufin in n-butanol, saturated with sodium bicarbonate, were 607 mu
and 574 respectively.

The absorption spectrum of resazurin in 0.05 M Tris

buffer (pH 7.4) i s shown in figure 2a, which was slightly different from
that in n-butanol. The E
for resazurin in Tris buffer (pH 7.4) was
max
590-595 mu. From figure 1 and figure 2a, i t is apparent that the

0.75
R E S A Z U R I N

400

450

500

VY&VELAIGTH

550

600

650

mU

F i g . 1. Spectra of resazurin and r e s o r u f i n i n n-butanol saturated with sodium
bicarbonate.
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measurement of resazurin reduction at 615 mu. i s not interferred with by
resorufin.

The molecular extinction coefficient of resazurin in n-

butanol and Tris buffer (pH 7.4) has been calculated to be 2.8 x 10^
and 2.5 x 10 respectively.
h

The lower extinction coefficient of resa-

zurin in Tris buffer is due to the slight shift of the absorption
spectrum to the shorter wavelength region.
2.

Light sensitivity.

It has long been known that resazurin is light sensitive.
Frayer (1942), reported that when exposed to bright sun-light, low
count milk to which resazurin had been added behaved generally like a
sample of poor milk. During the present investigation, i t was found
that rapid resazurin reduction in normal good quality milk by visible
light was a pure photochemical reaction.
in d i s t i l l e d water is shown in figure 2b.

The spectrum of ascorbic acid
The E
ascorbic acid in
max

water was found to be 265 mu, and there was no absorption from 310650 mu.
The time course of resazurin reduction as a function of the
wavelength of the irradiating light is shown in figure 3a.

Only 20 muM

added was reduced i f the reaction mixture was kept in the dark for one
hour. However, i f the reaction mixture was exposed to light of wavelength

595 mu, 145 muM resazurin was reduced in one hour.

The effect

of light wavelength on the rate of resazurin reduction is shown in
figure 3b.

It is seen that the most effective region that causes

resazurin reduction is from 590 mu to 600 mu.

On comparing figure 3b

©«— s 0 MIIM.
MIN.
150

100

90

400

500

WAVELENGTH
The time course of resazurin
reduction induced by light at
different wavelength.

600
mOJL

F i g . 3b. The effect of wavelength of light
On the rate of resazurin reduction
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with figure 2a, i t i s found that this active wavelength region corresponded
exactly to the known absorption maximum of resazurin in Tris buffer (pH 7,4)
ie, 595 mu..
To study the effect of ultraviolet light, the reaction mixture
was placed in a quartz cuvette and exposed to an ultraviolet lamp with a
260 mu f i l t e r for one hour.

There was no reduction of the dye.

According

to the Grotthus-Draper absorption law, only light that is absorbed can
produce chemical changes.

Since

there was no reaction at 260 mu, which

corresponds to the absorbance maximum of ascorbic acid (figure 2b), the
primary free radical must come from resazurin,

Because absorbic acid

has no absorbance in the visible light region, and since i t was not
excited by ultraviolet light i t could not be excited by sun-light or
ordinary light.
3.

Effect of ascorbic acid oxidase on light induced resazurin

reduction in milk.
From table one, i t can be seen that the ascorbic acid content
in raw milk was the factor that caused the light sensitivity of resazurin
in milk.

In normal milk 69% of the total added dye was reduced when

exposed to light of wavelength 595 mu, whereas in milk treated with
ascorbic acid oxidase only 29% of the dye was reduced.

It i s important

to note that only 17.5% of the total dye was reduced in non-treated milk
i f the reaction mixture was kept in the dark.

The above observations

suggest that a free radical reaction was involved in photochemical
reduction of resazurin.
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Table 1 Effect of ascorbic acid oxidase on the rate of
resazurin reduction by light.*

Sample

Condition

resazurin
reduced
muM

Milk

Dark

21

Milk

595 mu light

83

Milk

sunlight

Enzyme treated milk* *

Dark

Enzyme treated milk

595 mu light

35

Enzyme treated milk

Sunlight

49

110
7

* The reaction mixture contained 5 ml milk, 120 muM of resazurin and was
exposed to light for 30 minutes.
* * 50 ml normal raw milk + 1 ml ascorbic acid oxidase were allowed to stand
- at room temperature for 1 hour. (1 ml ascorbic acid oxidase oxidized
5 mg ascorbic acid in 30 min. at room temperature)
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II.

Reducing system in leucocytes and i t s role in the reduction of

resazurin in mastitic milk.
1.

Physical fractionation of mastitic milk.

Johns (1941) added the centrifuged sediment from mastitic milk
to milk with a low leucocyte count and found that this sediment hastened
the resazurin color change. Therefore i t seemed advisable to fractionate
mastitic milk and study the:dye reducing ability of the fractions (table 2).
Fresh mastitic milk was collected at 6 p.m.
long necked milk bottle at 4°C overnight.
removed

and was allowed to cream in a
Next morning the cream was

to a pre-chilled flask, and the lower portion of skim milk was

transferred to another pre-chilled flask with care so that no cream was
redispersed into the skim milk.

Then part of the cream was centrifuged

at 3000 x g for 20 minutes at 4°C, and the fat resuspended in the same
volume of Ringer's solution as the original cream. The supernatant from
the cream was poured into a pre-chilled flask.

One ml of dye (240

muM)

was added to 10 ml of each of these fractions and the reactions allowed
to proceed for half an hour.

The number of leucocytes in each fraction

was counted microscopically.
From table two i t is apparent that the rate of resazurin
reduction is proportional to the number of leucocytes present in the
fraction.

Microscopic examinations showed that centrifugation of cream

at 3000 x g for 20 minutes removed approximately 50% of leucocytes from
the fat. It was also found that leucocytes tended to associate with
membrane-like material in the fat, presumably nucleoprotein, because this

Table 2 Fractionation of mastitic milk

Fractions

resazurin
reduced

leucocyte
count/ml

muM

x 10

Whole mastitic milk

131

34

Cream

234

150

Skim milk

31

Supernatant from cream

55

21

Centrifuged sediment from cream

207

84

Fat from cream

158

73

*

5

1.6

The reaction mixture contained 10 ml of a fraction, 240 muM of
resazurin and was incubated at 37 C for 30 minutes. Then 10 ml of
n-butanol was added to each tube to extract the dye.
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net-like material to which the leucocytes anchored could be stained deep
blue by methylene blue.
2.

Influence of ascorbic acid oxidase on the rate or resazurin

reduction by leucocytes.
Denson (1962) showed that leucocytes were capable of absorbing
ascorbic acid from plasma against a concentration gradient.

Moyer (thesis,

1962) suggested that the ascorbate associated with leucocytes was the
reducing agent causing resazurin reduction.

It was therefore considered

necessary to find out whether the ability of leucocytes to reduce resazurin
was

due to the ascorbate adsorbed on the surface of leucocytes.

If the

above theory is true, then treatment of leucocytes with ascorbic oxidase
would result in the destruction of the ability of the leucocytes to reduce
resazurin.

Results of a typical experiment are shown in table 3.

It is

apparent that the ascorbic acid in leucocytes is not the factor that causes
the reduction of resazurin. For incubation of leucocytes with ascorbic acid
or with ascorbic acid oxidase did not influence the rate of the dye rer
duction by leucocytes.
Table 4 shows that addition of ascorbic acid oxidase to mastitic
milk did not have a pronounced effect on the rate of resazurin reduction.
Therefore ascorbic acid apparently could not account for the rapid resazurin
reduction in mastitic milk.
3.

The effect of sonic treatment on the reducing system in

leucocytes and in mastitic milk.
If the factor that causes resazurin reduction by leucocytes or by

Table 3

Influence of ascorbic acid oxidase on the rate
of resazurin reduction by leucocytes*

resazurin
reduced

muM
Leucocytes

192

Leucocytes + ascorbic acid oxidase

176

Leucocytes + 1 mg of ascorbic acid

191

Ascorbic acid oxidase

*

5

Leucocytes with ascorbic acid oxidase added or not, were incubated
at 37 C for 120 minutes, centrifuged, resuspended in Ringer's
solution, 240 muM of resazurin added, then incubation continued
one hour longer.
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Table 4

Influence of ascorbic acid oxidase on the
rate of resazurin reduction by mastitic milk.

resazurin
reduced
muM
Mastitic milk

134

Mastitic milk + ascorbic acid oxidase

117

*

Mastitic milk with ascorbic acid oxidase added or not, were incubated
o
at 37 C for 120 minutes, 240 muM of resazurin added, then incubation
continued one hour longer.
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mastitic milk is chemical in nature, i t would be expected that treatment of
leucocytes or mastitic milk with short time sonication should not destroy
its power. However, i t was found that a three minute sonic treatment
destroyed most of the reducing power both in leucocytes and mastitic
milk.

One ml of sonicated mastitic cream reduced 30 muM resazurin in one

hour whereas one ml non-sonicated cream reduced 110 muM resazurin of the
7
total 240 muM added.

Similarly 1.2 x 10

leucocytes reduced 80 muM

resazurin in one hour whereas after sonication only 7 muM resazurin were
reduced.
Microscopic examination showed that leucocytes in Ringer's
solution or in mastitic milk were essentially 100% disintegrated after
3 minutes sonication in a 10-KC sonic oscillator.

It indicates that the

reducing system in mastitic milk and in leucocytes behaves more like an
enzyme than a chemical or environmental factor.
4.

Influence of iodoacetamide on the rate of resazurin reduction

of leucocytes and of mastitic milk.
It was found that iodoacetamide, an inhibitor for glyceraldehyde3-phosphate dehydrogenase, inhibited resazurin reduction both in leucocytes
and in mastitic milk (table 5).

It is apparent:;that 79% of the total re-

ducing system in leucocytes was inhibited by iodoacetamide whereas 67% of
total reducing system in mastitic milk was inhibited.

Presumably this was

due to the inhibition of the leucocytes of mastitic milk by iodoacetamide.
This inhibition is a good evidence that the reducing system in leucocytes
is enzymatic.

Studies on the respiration of leucocytes confirmed this

Table 5

Influence of iodoacetamide on the rate of
resazurin reduction by leucocytes and by
mastitic milk. *

resazurin
reduced
muM
Leucocytes

116

Leucocytes + 10 uM of acetoacetamide

24

Mastitic milk

50

Mastitic milk + 5 JJM of iodoacetamide

17

Iodoacetamide

0

*

Conditions were as in table 2, except that preincubation time was one
hour and 120 muM of resazurin was used.

inhibition.

The presence of 20 muM

of iodoacetamide in 3 ml of Warburg

vessel reaction mixture caused a 73% inhibition of oxygen uptake.
5.

Production of lactic acid from leucocytes.

Bakker (1927) reported that leucocytes had a high rate of aerobic
glycolysis and Wagner (1950) found that lactic acid was the end product of
aerobic glycolysis.

Figure 4 shows the time course of lactic acid pro-

duction from leucocytes.

It is apparent that 85% of the total lactic

acid was produced in the f i r s t two hours.

Presumably this decrease in

rate is due to the exhaustion of endogenous glycogen in the leucocytes.
6.

Influence of iodoacetamide on the production of lactic acid

in leucocytes.
Iodoacetamide inhibition of lactic acid accumulation
cytes is clearly shown in table 6.

There was 51% inhibition of endogenous

production of lactic acid whereas in the presence of 5
inhibition was observed.

in leuco-

uM glucose, 77%

It is interesting to note that the percentage

inhibition of lactic acid production corresponded well with that of
oxygen uptake.

Presumably the inhibition of lactic acid production in

leucocytes by iodoacetamide is due to the inhibition of glycogen breakdown.
7.

The effect on incubation time on the rate of resazurin

reduction by leucocytes.
Incubation of leucocytes at 30°C for four hours resulted in the
loss of much of their ability to reduce resazurin (figure 5).

It is ap-

parent that incubation for the f i r s t two hours caused the greatest loss
of activity.

Incubation of leucocytes for 60 minutes resulted in the loss

of 36% of total reducing power, 43% loss for 120 minutes incubation, and
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Table 6

Influence of iodoacetamide on the production
of lactic acid by leucocytes,*

Content

lactic acid
produced
uM

Leucocytes

3,5

Leucocytes + 5 uM iodoacetamide

1,72

Leucocytes + 5 uM glucose

9,15

Leucocytes + 5 uM glucose + 5 uM
iodoacetamide

2,15

*

inhibition
%

51

77

The reaction mixture (in Ringer's solution containing M/50 Tris buffer
pH 7,4) were incubated at 30 C for 260 minutes and the reaction was
stopped by 107, PCA,
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820

.

240

MINUTES
F i g . 5.

The e f f e c t o f i n c u b a t i o n t i m e oh'the r a t e of
r e s a z u r i n r e d u c t i o n by l e u c o c y t e s .

58% loss for 240 minutes incubation.

These results support the earlier

reports that leucocytes have a high rate of aerobic glycolysis for i t is
undoubtedly the loss of energy reserves that causes the decreased activity.
It is interesting to note that this incubation curve corresponds inversely
to the time course of lactic acid production curve (figure 4).
8.

Studies with cell-free extracts of leucocytes (CFX).

From the studies of leucocytes, i t was concluded that the reducing system in leucocytes is more enzymatic than chemical.

Therefore

i t was felt that studies with cell-free extracts of leucocytes might
reveal the nature of the reducing system. Cell-free extracts of leucocytes were prepared by disintegrating the cells in a French press at a
pressure of 2500 pounds p.s.i.
The oxidation of NADH and NADPH by a CFX of leucocytes in the
presence and absence of resazurin is shown in figure 6. It appears that
resazurin reacts with NADH in the presence of CFX.

The activity of the

CFX was calculated as uM NADH or NADPH oxidized/hour/ml of CFX at 340 mu
or as uM resazurin reduced/hour/ml of CFX at 615 mu. It was found that
in the absence of resazurin, the activity of CFX was 0.244 (340 mu),
while in the presence of resazurin an activity of 9.44 was obtained.
These results show that NADH serves as a hydrogen donor, and resazurin
serves as the electron acceptor.
Logically i f resazurin served as an electron acceptor in the
above reaction, i t should be reduced as a result of the oxidation of NADH.
Therefore i t was possible to follow the reduction of resazurin at 615 mu.
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Fig. 7.

The time course of resazurin reduction by pyridine
nucleotides in the presence of a cell-free extract
of leucocytes.
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Figure 7 shows that the above assumption was correct. No reaction could
be detected in the absence of NADH, whereas in the presence of 0.12 uM NADH,
an activity (615 my) of 1.42 was obtained.

Therefore i t i s logical to

assume that resazurin reduction in leucocytes is an enzyme catalyzed
reaction and that NADH is the hydrogen donor.
III.

Resazurin reducing system in normal raw milk.
1. Ascorbic acid.
It was found that the level of ascorbic acid in bulk tank

milk

was within the range of from 18 to 24 mg per l i t e r of milk.
The effect of the addition of ascorbic acid to raw milk
on the rate of resazurin reduction shown in figure 8. The reaction
mixture in this experiment contained 4.8 ml raw milk, 240 muM resazurin and
varying amounts of ascorbic acid. Plate

counts showed that there were

approximately 9000 bacteria per ml of milk, and the ascorbic acid level
in the original raw was found to be 17.6 mg per liter of milk.
It i s possible to calculate the percentage of resazurin reduced
due to the ascorbic acid originally present in the raw milk.

From figure 8,

the net muM resazurin reduced due to the addition of 100 ug ascorbic acid =
97-43 = 54 muM resazurin.

Since i t was known that this raw milk had 17.6

mg ascorbic acid per l i t e r , 4.8 ml milk would contain 84 ug ascorbic acid.
This amount of ascorbic acid should reduce 45 muM resazurin under the same
conditions.

From the milk control, i t was found 4.8 ml raw milk reduced

43 muM resazurin.

Therefore the percentage of resazurin reduction due to

the ascorbic acid in the 4.8 ml raw milk = 45/43 = 104%. Hence i t seems
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Fig. 8. The effect of addition of ascorbic acid to raw milk
on the rate of resazurin reduction.

that in good quality milk ascorbic acid may account for 100% of resazurin
reduction.
2.

Leucocytes.

The number of leucocytes present in bulk tank milk was found to
be approximately 3.0 x 10"* per ml of milk.
the rate of resazurin reduction.

This number should not affect

The addition of washed leucocytes to

raw milk obviously resulted in the enhancement of resazurin reduction by
the raw milk (figure 9).

The reaction mixture used in this experiment

contained 4 ml raw milk, 240 muM resazurin and varying numbers of washed
leucocytes isolated from fresh mastitic milk.

A tube containing 4 ml

mastitic milk was run at the same time and this mastitic milk had a leucocyte count of 1.4 x 10^ per ml milk.

Now i t i s possible to calculate the

percentage of resazurin reduction in mastitic milk due to leucocytes.
Since one ml of mastitic milk contained 1.5 x 10^ leucocytes,
4 ml mastitic milk should contain 6 x 10^ leucocytes. From figure 9, i t
is found that 6 x 10^ leucocytes reduced 143 muM of resazurin, and this
mastitic milk reduced 132 muM of resazurin. Because 4 ml of good raw milk
reduced 34 muM of resazurin, therefore the net muM of resazurin reduced by
7
6 x 10 added

leucocytes is equal to 143-34 = 109 muM.

It i s assumed that

mastitic milk has ascorbic acid equivalent in amount to that of good quality
milk.

Therefore the net muM resazurin reduced in mastitic milk due to the

leucocytes should be equal to 132-34 = 98 muM resazurin. Hence the resazurin
reduced in the mastitic milk due to the leucocytes = 98/109 = 90%.
3. Bacteria.
The number of bacteria in raw milk varied from 2000 to 11000
per ml milk.

This number should not influence the rate of resazurin
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Fig. 9. The effect of adding washed leucocytes to raw milk on
the rate of resazurin reduction.
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reduction.

The addition of bacteria to raw milk resulted in the enhance-

ment of resazurin reduction by the raw milk (figure 10). In this experiment, 20 hour washed cells of Streptococcus lactis grown on yeast
broth were used.

tryptone

The reaction mixture contained 4 ml raw milk, 240 muM

resazurin and varying numbers of c e l l s .

It is seen that the rate of

resazurin reduction was linear to the number of bacteria up to the point
where resazurin became limiting.
Streptococcus lactis was found to be the most active resazurin
reducer among the organisms used in the present investigation. If this
organism was used as an arbitrary standard for calculating the quantitative
relationship between the number of bacteria and the rate of resazurin
reduction, then i t is possible to calculate the sensitivity of this dye
reduction method in detecting the number of bacteria in milk.

From figure

10, i t is seen that 2.5 x 10 cells of jS. lactis reduced 88-39 = 49 muM
7

resazurin in milk in 3 hours, and the total resazurin reduced that could
be observed was 88 muM.

Eighty-eight muM of reduced resazurin gave a

color equivalent to Munsell PBP 7/5.5 color standard, and this i s the
minimum color change that most people can observe.

Therefore, the mini-

mum number of bacteria that can be detected by resazurin is 2.5 x 10^ per
ml raw milk.

For the conventional test is carried out on a 10 ml sample

7
6
of milk, 2.5 x 10 S. lactis becomes 2.5 x 10 per ml.
4,

Glucose.

The level of glucose in raw milk was found to be 130 mg per l i t e r
of milk by the glucostat method (table 7 ) .

Apparently, the level of

glucose in the bulk tank milk was quite constant, and this level is
adequate for bacteria to use as the energy source for resazurin reduction.
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Fig. 10. The effect of addition of washed cells of Streptococcus
lactis to raw milk on the rate of resazurin reduction.

Table 7. Level of glucose in milk*

Sample No.

glucose
mg/liter

1.

122

2.

117

3.

149

4.

131

* Sample was obtained from bulk tank milk on different days.
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(figure 11). It was also found that the addition of glucose to milk did
not increase in the rate of resazurin reduction by thermoduric Micrococcus No. H.

Presumably, the original glucose concentration in raw milk

was more than they needed.

It was known that one ml of raw milk contained

130 ug glucose, 4 ml milk would contain 2.9 uM glucose, and this amount
was adequate for bacteria to use as the energy source for resazurin reduction (figure 11).
IV.

Resazurin reducing system of bacteria.
1. Influence of carbohydrate sources on the rate of resazurin

reduction.
i.

Level of glucose affects on the rate of resazurin reduction

by thermoduric Micrococcus No. H.
In this experiment, the reaction mixture contained 0.5 ml of
0.50 O.D. (650 mu) washed cells, 240 muM of resazurin, and varying amounts
of glucose. It was found that the rate of resazurin reduced was proportional to the amount of glucose added until the point where resazurin
became limiting, (figure 11) It is important to note that there was only
55 muM of resazurin reduced in the absence of glucose. However in the
presence of 1 uM of glucose, 170 muM of resazurin was reduced.

Therefore

the energy source i s necessary for rapid resazurin reduction by this
bacterium.
ii.

Glucose, galactose and lactose as energy sources.

In this experiment, the reaction mixture contained 0.5 ml of
0.50 O.D. (650 mu) cells of thermoduric Micrococcus No. H. or S. lactis.
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Influence of glucose level on the rate of resazurin
reduction by thermoduric Micrococcus No. H.
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240 muM of resazurin, with or without 5 uM substrate (table 8). Apparently
lactose did not serve as substrate within 3 hour's incubation.
2.

Influence of various amounts of milk on the rate of resazurin

reduction.
Since i t was found that S[. lactis reduced resazurin much faster
than did thermoduric Micrococcus No. H in milk, i t would seem advisable
to use limited amounts of milk as substrate to test the reducing power
of these organisms.

The reaction mixture contained 0.50 ml of 0.50 O.D.

(650 mu) c e l l s i 240 muM resazurin, 0.05 M Tris buffer (pH 7.4) and varying
amounts of good quality raw milk (figure 12). It is obvious that 0.2 ml
of milk was enough for S^. lactis to use as substrate to reduce 145 muM
of resazurin, whereas thermoduric Micrococcus No. H only reduced 8 muM.
It appears that substrates other than glucose are present in milk which
can be utilized by _S. lactis but not by thermoduric Micrococcus No. H.
3. Comparison of the reducing ability of bacteria.
Since resazurin itself becomes rate limiting in the final stage
of reduction, i t would be advisable to compare the reducing power of
bacteria at the i n i t i a l rate of the dye reduction.

The time course of

resazurin reduction in milk by washed bacteria is shown in figure 13.
At ten minutes, S. lactis reduced 42 muM of resazurin, whereas P. aeruginosa
reduced 8 muM, and thermoduric Micrococcus No. H only 4 muM.
4.

Oxygen uptake measurement.

Twenty hour washed cells of thermoduric Micrococcus No. H and
Streptococcus lactis grown on Y.T.B. were used in this experiemtn.
oxygen consumption curve i s shown in figure 14. The Qo

The

for thermoduric
;

Table 8.

Rate of resazurin reduction with
different substrates*

muM resazurin reduced
: Microto. H

Streptococcus
lactis

12

26

Lactose

14

36

Galactose

82

145 J

119

237

Glucose

*

The reaction mixture contained 0.5 ml of 0.50 O.D. (650 mu) washed
cells, 240 muM of resazurin, 0.05 M Tris buffer (pH 7.4) with or
without 5 uM substrate, 37 C for 180 minutes.
_.
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Influence of varying amounts of milk on the rate of
resazurin reduction by bacteria.
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F i g . 13.

The time course of resazurin reduction in milk by added
bacteria.
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Fig. 14.

Oxygen uptake by Streptococcus lactis and thermoduric
Micrococcus No. H with 5 uM of glucose.
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Micrococcus No. H was calculated as 19.5 and the u atom oxygen consumed/>iM
glucose was two.

From the figure i t seems this organism could not oxidize

a l l of the added 5 uM of glucose in 150 minutes and this is an indication
of i t s very low rate of metabolism.

It is interesting to note that most

of the 5 uM of added glucose was utilized in the f i r s t 30 minutes by
S. l a c t i s. suggesting that this organism has very high metabolic activity
in the presence of glucose (figure 14).

The Q6^ for S. lactis was found

to be 12 and the u atom oxygen consumption/^iM glucose was 2.65.

Due to

the fact that this organism utilized a l l the added glucose in a very
short period of time, there must be a very efficient system to re-generate
oxidized pyridine nucleotides in the cells that is no doubt correlated
with the production of lactic acid from pyruvate.
5.

Studies with cell-free extracts of bacteria.

In the previous studies of cell-free extract of leucocytes, i t was
found that NADH served as the source of hydrogen for resazurin reduction.
In order to determine whether or not this was the general situation,
similar experiments were carried out with cell-free extracts of bacteria.
i.

Pseudomonas aeruginosa ATCC 9027.

Twenty hour cells of P. aeruginosa grown on a glucose inorganic
salts medium were used to prepare the CFX.
A typical reaction mixture was as follows:
0.05 M Tris buffer (pH 7.4)
Resazurin solution B

50 pi (60

muM)

50

2 - 40 ul

CFX
NADH or NADPH (10 uM/ml)

0.12 uM

Final volume

1.00 ml

The reaction was followed either at 340 mu measuring the
rate of oxidation of reduced pyridine nucleotides, or at 615 mu measuring the rate of the resazurin reduction.

Specific activity of the c e l l -

free extracts was expressed as uM NADH or NADPH oxidized/hour/mg of
protein (at 340 mu) or as juM resazurin
(at 615 mu).

reduced/hour/mg of protein

In figure 15, a specific activity (340 mu) of 0.65 (NADH)

was obtained in the absence of resazurin, in the presence of 60 muM of
resazurin the specific activity of CFX increased to 9.4. If NADPH was
used, a specific activity of the CFX of 0.32 (340 mu) was obtained in
the absence of resazurin and 3.2 was obtained in the presence of 60 muM
of resazurin.

Therefore i t would be logical to predict that NADH re-

duced resazurin 3 times faster than NADPH did. From figure 16, i t was
found that the specific activity (615 mu) of the CFX was 3.51 in the
presence of 0.12 uM of NADH. If NADPH was used, a specific activity
of 0.96 was obtained, (at 340 mu NADH/NADPH = 9.4/3.2 = 2.94; at 615
mu NADH/NADPH = 3.51/0.96 = 3.65). i . e . the ratio of NADH or NADPH
oxidation at 340 mu was approximately equal to the rate of resazurin
reduction at 615 mu by those coenzymes. Therefore i t i s possible to
assume that the hydrogens removed from NADH or NADPH measured at 340 mu
are used to reduce resazurin as measured at 615 mu.
ii.

Thermoduric Micrococcus No. H

The experimental conditions were exactly the same as the above
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Fig.

15.

The time course o f the o x i d a t i o n of reduced p y r i d i n e
n u c l e o t i d e s by a c e l l - f r e e e x t r a c t o f P. a e r u g i n o s a . .

CONTROL

2
M I

Fig. 16.

3

4

NU T E S

The time course of resazurin reduction by pyridine
nucleotides in the presence of a cell-free extract
of P. aeruginosa.
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experiment. The results are shown in figure 17 and 18.

It was found

that in the presence of 60 muM of resazurin, the specific activity
(340 mu) of CFX was 29.3 (NADH) and only 2.78 i f NADPH was used, i.e.,
NADH was oxidized 10 times faster than NADPH was by the CFX,

provided

60 muM of resazurin was present in the reaction mixture.

It seems that

resazurin acted as an electron acceptor in the reaction.

If this was

true, i t would be expected that the rate of resazurin reduction by NADH
would be 10 times faster than that by NADPH. From figure 18, i t was
calculated that the specific activity of the CFX was 22.9 when NADH was
used, whereas a specific activity of only 2.09 was obtained i f NADPH
was used. The rate of resazurin reduction in the presence of either of
the reduced pyridine nucleotides is sufficiently rapid to account for
the magnitude of the oxidation of the nucleotides.

It would appear •

therefore that with the extracts involved resazurin is the major hydrogen
acceptor.
iii.

Streptococcus lactis

The results are shown in figure 19 and 20.

It is found the

activity of NADH oxidase was extremely high in this organism and the
specific activity was found to be 87.5 nM NADH oxidized/hour/mg of protein.

The specific activity (615 mu) of CFX was 6.67 jM of resazurin

reduced/hour/mg of protein the presence of 0.12 uM NADH. No resazurin
reduction could be detected i f NADPH was used.

In the presence of such

a high concentration of the NADH oxidase one can not expect to obtain a
quantitative correlation between NADH oxidation and resazurin reduction.
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The time course of the o x i d a t i o n of reduced pyridine
nucleotides by a c e l l - f r e e extract of thermoduric
Micrococcus No. H.
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18.

The t i m e c o u r s e o f r e s a z u r i n r e d u c t i o n by p y r i d i n e
n u c l e o t i d e s i n the presence o f a c e l l - f r e e e x t r a c t
of thermoduric Micrococcus No. H .
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Fig. 19. The time course of the oxidation of reduced pyridine
nucleotides by a cell-free extract of Streptococcus
lactis.
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Fig. 20," The time course of resazurin reduction by pyridine
nucleotides in the presence of a cell-free extract
of Streptococcus l a c t i s .
,
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6.

Determination of level of pyridine nucleotides in bacteria.
Since NADH caused the rapid reduction of resazurin in the

presence of cell-free extracts of bacteria, i t would be advisable to
determine the levels of pyridine nucleotides in bacteria. These levels
were calculated as the uM pyridine nucleotide/per gram dry weight of
cells.
i.

Pseudomonas aeruginosa ATCC 9027

Twenty hour cells grown on glucose inorganic salts medium were
used, and the results are shown in table 9 . It was found that after 12
minutes incubation of the cells with glucose, there was a 56% increase
in the level of NADH in the cells, but the level of NADPH increased by
only 107c. The rapid increase of the level of NADH in the cells after
incubation with glucose is a good indication of the need of an energy
source for resazurin reduction by bacteria, (table 8 ) .
ii.

Streptococcus

lactis

Twenty hour cells grown on Y.T.B. were used in this experiment,
and the results are present in table 9 . There was a 22% increase in the
level of NADH after incubating the cells with glucose for 12 minutes.
It is interesting to note that the ratio of NAD/NADP was 14 in

lactis,

whereas in P. aeruginosa the ratio was only 2 , and the ratio of NADH/
total reduced pyridine nucleotides in S. lactis was 0 . 8 6 , a ratio : of
0 . 5 0 was obtained in P. aeruginosa.

The significance of the above

results might be an indication that the main electron acceptor in S.
lactis is NAD, whereas in P. aeruginosa both NAD and NADP are used to

59

Table 9. Levels of pyridine nucleotides in bacteria

P. aeruginosa

s. lactis

Thermoduric
Micrococci No. H

Glucose

Endogenous

Glucose

Endogenous

Glucose

Endogenous

NAD

1.32

1.18

1.87

2.91

2.88

2.88

NADH

2.09

1.34

1.80

1.48

0.363

0.332

NADP

0.64

0.64

0.132

0.176

0.577

0.231

NADPH

2.09

1.90

0.281

0.246

0.223

0.128

NAD/NADP

2.06

1.81

NADH/NADPH

1.00

NAD/NADH

14.0

16.5

0.705

6.4

6.0

1.63

2.60

0.632

0.882

1.04

1.97

8.0

8.7

NADP/NADPH

0.307

0.377

0.47

0.71

2.6

1.8

Total reduced coenz.

4.18

3.24

2.08

1.63

0.586

0.460

Total oxidized coenz.

1.96

1.82

2.00

3.09

3.46

3.11

Total
coenzymes

6.14

5.06

4.08

4.72

4.03

4.57

Total oxidized coen/
total reduced coenz.

0.468

0.562

0.96

1.90

5.9

6.8

5.0

12.5

Levels of pyridine nucleotides were expressed as uM/gram of cells by dry
weight.
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the same extent.

The relative higher ratio of NADH/total reduced pyridine

nucleotides might account for the unique reducing power of £!. l a c t i s .
iii.

Thermoduric Micrococcus No. H.

It i s evident that the level of NADH increased only 9% after
incubating the cells with glucose for 12 minutes. (Table 9).

The ratio

of total reduced pyridine nucleotides/total oxidized pyridine nucleotides
was 5.9, whereas, in P. aeruginosa and £. lactis they were 0.47 and 0.96
respectively.

The relatively lower ratio of reduced pyridine nucleotides/

oxidized pyridine nucleotides might be an indication that this organism
has very low metabolic activity.
7. Kinetic study of resazurin reduction.
From the previous studies with cell-free extracts, i t was learned
that the rate of resazurin reduction was limited by the amount of NADH added.
It would be helpful to do kinetic analysis of resazurin reduction by using
different concentrations of NADH in the reaction mixture. A representative
reaction mixture used in this experiment was as follows.
0.05 M Tris buffer (pH 7.4)
Resazurin solution B

0.8 ml
25

u l (30 muM)

CFX

10-20 u l

Distilled water

55-160 u l

NADH (2uM/ml)
Final volume

5-100 u l
1.00 ml

The reaction was initiated by adding NADH to the cuvette, and
was followed by measuring the resazurin reduction at 615 mu. The velocity
was expressed as uM resazurin reduced/minute/mg of protein, and the substrate
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concentration was expressed as mM NADH/liter.

The data were plotted by

using 1/v against 1/s shown in figure 21.
The calculated Km values were 1.42 x 10 ^ and 5.0 x 10 ^ for
S. lactis and thermoduric Micrococcus No. H respectively.

It appears

that the Km of S. lactis for NADH was 3.5 times smaller than that of
thermoduric Micrococcus No. H. i.e., the enzyme in the CFX of S_. lactis
could attain the half maximum velocity at one-third the level of NADH
than would the thermoduric Micrococcus No. H.
8. Level of NADH oxidase and i t s relation to the rate of
resazurin reduction.
In the previous studies with cell-free extracts, i t was found
that the level of NADH oxidase in S_. lactis was extremely high. Subsequently, i t was noted that the organisms having stronger resazurin
reducing power also had higher level of NADH oxidase. There seems to be
a relation between the level of NADH oxidase and the reducing capability
of bacteria.

The specific activity of NADH oxidase was expressed as uM

of NADH oxidized/hour/mg of protein, and the results are shown in table 10.
The f i r s t three organisms were among the strong resazurin reducers (Jones and Davis, as quoted by Hammer and Babel), and they also
had higher level of NADH oxidase. One thing seems interesting is that
both Streptococcus lactis and Streptococcus faecalis are homofermentative
lactic acid bacteria, but their reducing powers are quite different. The
former has very strong reducing power and a high level of NADH oxidase,
whereas the latter has poor reducing ability and low NADH oxidase activity.
The function of NADH oxidase in bacteria has not been studied, and there

62

Fig. 21.

Kinetic studies of resazurin reduction by cell-free
extract of Streptococcus lactis and thermoduric
Micrococcus No. H.

Table 10 Level of NADH oxidase and i t s relation to
the rate of resazurin reduction

Organism

Specific activity*
of NADH oxidase

Resazurin
reducing
power

Streptococcus lactis

52.4

IIII I

Escherichia c o l i
YE 2244

19.0

Aerobacter aerogenes

6.20

Pseudomonas aeruginosa

0.97

++

Thermoduric Micrococcus
No. H

0.79

+

Streptococcus faecalis

0.37

+

The reaction mixture contained M/20 Tris buffer (pH 7.4) NADH 0.1 uM,
cell-free extract 2-20 u l , final volume 1 ml. The reaction was followed
by measuring the decrease in optical absorption at 340 mu.
*The specific activity of NADH oxidase was expressed as uM NADH oxidized/
hour/mg of protein.
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is no obvious reason for this correlation.
V.

The construction of an a r t i f i c i a l resazurin reducing system.
1. Lactic acid dehydrogenase and alcohol dehydrogenase.
Since i t is known that resazurin reduction is NADH or NADPH

dependant, i t would be desirable to construct an a r t i f i c i a l resazurin
reducing system to verify this mechanism of resazurin reduction.

A

representative reaction mixture used in these experiments was as follows.
0.05 M Tris buffer (pH 7.4)

1.0 ml

1 NAD (10 uM/ml)

50

u l (0.5 uM)

2 Sodium lactate (500 ;iM/ml)

50

u l (25 uM)

3 Lactic acid dehydrogenase (0.2 mg/ml)

10 u l

Resazurin solution B

40

Distilled water

75 u l

4 Diaphorase (40 units/ml)

25

Final volume

u l (48 muM)

u l (1 unit)

1.25 ml

For convenience, the above reaction mixture was called the
complete system.

The reaction was followed by measuring the decrease in

absorption at 615 mu. The following two equations were used to show the
sequence of electron transfer in the system.
CooNa.
COOM*.

H—C—OH

I

cH

3

+ NAD

Lactic acid dehydrogenase
"
'
'
T

<

,

c-0

|
CH

J

+ NADH + H
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HOy^s^O-Y^v^

1 ^ ^ ^
„

.

0

+ NADH + H

diaphorase

^ v ^ ^ y ^ y

—

*"

0
+

kA^\jJ

+ NAD + ^ 0

.0 .

Resazurin

resorufin

The time course of the above reactions is shown in figure 22.

It was

found that in the absence of any one of the four components of the complete
system, no reaction could be detected.

Apparently, the hydrogen on the

NADH that reduced resazurin must come from the substrate, sodium lactate.
For further proof of this mechanism, another system involving
ethanol and alcohol dehydrogenase was set up.

The main components of the

whole system were essentially the same as the previous experiment except
that components No. 2 and No. 3 were replaced by 25 u l 957. ethanol and
50 ul alcohol dehydrogenase (0.33 mg/ml).
CHCHOH + NAT/ alcohol dehydrogenase ^
3 2
;
o

+ NADH + H

Resazurin

+

d

i

a

p

h

°

r

a

S

C

R Q

m

+

^

e

>'

+

R

+

3
+ AD*+ HO
2
N

Resorufin

This time the hydrogen that reduced resazurin came from the
substrate alcohol (figure 22). Apparently i t does not matter where the
NADH comes from, the important point is that NADH must be available so
that diaphorase can catalyze the transfer of hydrogen from NADH to
resazurin.
2. Glucose-6-phosphate dehydrogenase and glutamate dehydrogenase.
In the previous studies of cell-free extracts, i t was found
that sometimes NADPH served as a hydrogen donor to supply electrons for
resazurin reduction, although the rate of reduction was slower. Therefore

\
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V^holo eyefetn

minus L D H

M INUTES
Fig. 22.

A r t i f i c i a l resazurin reducing system (lactic acid
dehydrogenase and alcohol dehydrogenase).
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i t was advisable to check i f NADPH could be utilized as an electron donor
in the a r t i f i c i a l resazurin reducing system. A representative reaction
mixture was as follows.
0.05 M Tris buffer (pH 7.4)

0.80 ml

(1) NADP (10 uM/ml)

50

ul

(2) Glucose-6-phosphate (Na salt 3.3 mg/ml)

50 )il

(3) Glucose-6-phosphate dehydrogenase
. . (40 Romberg units/ml)

10

ul

Resazurin solution B

25

u l (30 muM)

Distilled water

40

(4) Diaphorase (40 units/ml)

ul

25

Final volume

p i (1 unit)

1.00 ml

For the study of glutamate dehydrogenase involved in this system, component
No. 2 and No. 3 were replaced by 1.25 uM glutamate,, and 5 p i glutamate
dehydrogenase (1 mg/ml).
G-6-P dehydrogenase
Glucose-6-P + NADP* *

6-P-gluconate

+ NADPH + H

diaphorase
NADPH + H + Resazurin

Glutamate + NADP

> Resorufin + NADP + H 0
2

Glutamate dehydrogenase
'^

+

NADPH + H + Resazurin

d-Keto

Glutarate + NADPH + H +
+

diaphorase
>

Resorufin + NADP + H 0
+

2

Obviously, NADPH can be utilized as a good electron donor for resazurin
reduction (figure 23).

It is conceivable that in the biological system,
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Alcohol

dehydrogenase

©^"^

Glutamate

dehydrogenase

I

2

3

MINUTES
Fig. 23. A r t i f i c i a l resazurin reducing system (glucose-6phosphate dehydrogenase and glutamate,dehydrogenase).
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any reaction that generates NADH or NADPH and another system that catalyzes
the transfer of hydrogens from NADH or NADPH to more oxidized electron acceptor, say FAD, may bring about resazurin reduction.

Therefore the rate

of resazurin reduction in biological system seems to be determined by the
availability of NADH or NADPH, and the activity of the enzyme catalyzing
the transfer of electrons from reduced pyridine nucleotides to more oxidized
electron acceptor.

If an organism mainly uses NAD as coenzyme for oxidizing

substrate, i t would be expected to find that the cell-free extract of this
organism prefers to use NADH to reduce resazurin, hence the resazurin
reduction would give the false appearance that i t was NADH dependent.
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GENERAL DISCUSSION

Milk constitutes a complicated biological system including many
redox systems of different concentrations and compositions, and in addition
to the natural redox systems of the milk, abnormal milk contains the redox
systems of the microorganisms and leucocytes.

Thus the problem of resa-

zurin reduction becomes exceedingly complicated.

The only way to solve

this problem seems to be to study each of these reducing systems separately,
and calculate the contribution of each fraction to the total dye reduction.
The rapid resazurin reduction in good quality raw milk when exposed to visible light was found to be a pure photochemical reaction. It
was not associated with bacteria and leucocytes, because the number of
bacteria and leucocytes present in normal milk were insufficient to account
for the activity.

According to the principle of photochemical activation

(Moore), only the light that i s absorbed can produce chemical changes.
The most of effective region of light wavelength that caused resazurin
reduction was found to be 590 mu to 600 mu, which corresponded exactly to
the absorption maximum of resazurin in Tris buffer (figure 3a, 3b). Therefore this photochemical reaction would seem to be initiated by the excition
of the dye by light with the resultant generation of a form of primary
free radicals. Resazurin i s far more stable to light in ascorbic acid
oxidase treated milk, suggesting that the ascorbic acid in milk is the
factor that causes resazurin to be sensitive to light.
Physical fractionation of mastitic milk revealed that the fractions
which reduced resazurin rapidly had high leucocyte counts and that the rate
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of dye reduction by a fraction was proportional to the number of leucocytes
present in that fraction (table 2).

The skim from mastitic milk, which had

the lowest leucocyte, count of any fraction, had essentially no ability to
reduce resazurin. Microscopic examination showed that centrifugation of
the cream from mastitic milk at 3000 x g for ,20 minutes removed only 50%
of the leucocytes (table 2), suggesting that leucocytes tended to associate
with fat globules.
Further studies of the reducing system of leucocytes showed that
i t was enzymatic in nature rather than chemical, and the leucocytes were
the main reducing system in mastitic milk,

Denson (1962) showed that leuco-

cytes were capable of absorbing ascorbic acid against a concentration gradient from plasma. He calculated that the level of ascorbic acid in leuco8
cytes was 24.2 ug/10

cells, but experimental results here showed that 100 ug

ascorbic acid "reduced only 43 muM resazurin. Apparently the level of ascorbic acid in leucocytes does not account for their reducing power. Moyer
(1962) suggested that the ascorbate absorbed on the surface of leucocytes was
the reducing system in leucocytes.

However, i t was found that treatment of

leucocytes and mastitic milk with ascorbic acid oxidase had essentially no
effect on the rate of resazurin reduction, thereby suggesting that free
ascorbic acid was not the factor causing dye reduction in leucocytes and
mastitic milk.

Three minutes sonic treatment destroyed most of the reducing

power both in leucocytes and in mastitic milk and iodoacetamide inhibited
the rate of resazurin reduction both in leucocytes and mastitic milk.
Subsequently, i t was found that iodoacetamide inhibited oxygen uptake in
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leucocytes and the production of lactic acid from leucocytes was also inhibited by iodoacetamide. The above results suggested strongly that the
reducing systems in leucocytes and mastitic milk were enzymatic in nature.
Finally, studies of cell-free extracts of leucocytes confirmed the above
assumption that the reducing system was enzymatic in nature.

It was

found that a cell-free extract of leucocytes, in the presence of NADH,
could reduce resazurin and result in the oxidation of NADH. The reactions
could be followed either at 340 mu, measuring the oxidation of reduced
pyridine nucleotides, or at 615 mu measuring the reduction of resazurin.
Therefore the reducing system in leucocytes is an enzyme catalyzed reaction
in which pyridine nucleotides are involved.
From oxygen uptake and lactic acid production values '(figure 4),
i t is obvious that leucocytes have a high rate of glycolysis and lactic
acid is the main end product.

From figure 5, i t can be seen that most of
o

the reducing power of leucocytes was lost after incubation at 30 C for two
hours.

Therefore special care had to be taken in handling these c e l l s .

Stjernholm and Noble (1962) reported that washing leucocytes at 0°C resulted in a smaller loss of cellular glycogen.

Unfortunately, earlier

workers, such as Johns (1941) and Nilsson (1955), neglected this point,
and as a result their conclusion that repeated washing of leucocytes
almost abolished the reducing power of leucocytes was probably

errorneous.

It is essential that washing of leucocytes be carried out at
low temperature and with care, since the membrane of leucocytes is very
weak and vigorous washing would result in the lysis of the cells.

This
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problem was neglected by some workers. Nillson (1955) washed leucocytes
in d i s t i l l e d water and reported that the leucocytes themselves were found
to have no reducing capacity. Earlier workers were probably mislead by
considering the importance of Eh on dye reduction. It is important to
understand that in a oxidation-reduction reaction, there is always a change
in Eh, but the opposite may not be true, since a slight change in Eh does
not mean that a reaction w i l l occur.

From calculations, i t was found that

90% of resazurin reduced in the mastitic milk was due to the leucocytes
present (figure 9).
The main reducing system in good quality raw milk is ascorbic
acid, because calculations showed that in good quality milk ascorbic acid
may account for 1007 of resazurin reduction. The number of bacteria in
o

raw milk was found to be 2,000-11,000/ml and the number of leucocytes was
3 x

10"Vml milk. From figure 9 and 10, i t can be seen that i t required

2 x 10

6

leucocytes/ml milk or 2.5 x 10

6

S_. lactis to give color equivalent

to Munsell PBP 7/5.5 color standard, which is the minimum color change
detectable by most people.

Apparently the number of bacteria and leuco-

cytes present in normal good quality milk does not contribute measurably
to the resazurin reduction.
The reducing system in bacteria is enzymatic in nature, and
is mainly associated with the electron transport chain. Due to the fact
that different bacteria have different metabolic pathways and these pathways are affected by environmental conditions, the reducing system in
bacteria is very complicated.

The reducing system is energy dependent
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as is shown clearly in table 8. When the substrate concentration was low,
the rate of dye reduction was proportional to the substrate concentration
(figure 11). It i s seen that energy was absolutely necessary for resazurin
reduction.

In the absence of an energy source, bacterial suspensions could

not reduce resazurin and even the known strong resazurin reducer, S_. lactis,
could not reduce the dye without an exogenous energy source (table 8).
By using limiting amounts of milk as substrate, i t was found
that S_. lactis had the ability to use substrates other than glucose as the
energy sources for dye reduction. -Oxygen uptake studies also showed that
this organism had a very high metabolic rate and a l l of the added 5 uM of
glucose was oxidized in the f i r s t 30 minutes (figure 14). In contrast,
thermoduric Micrococcus No. H had a low metabolic rate (figure 14), and its
reducing power was extremely poor (figure 13). Kinetic studies revealed
that the Km of the cell-free extracts of S^. lactis for NADH oxidation was
less than one-third of that of the thermoduric Micrococcus No. H. From
the study of the level of pyridine nucleotides, i t was found that there
was an increase of only 10% in the level of NADH in the thermoduric
Micrococcus No. H after 12 minutes incubation of the cells with glucose,
whereas there was 22% increase in the level of NADH in ;cells of

lactis

(table 9).
From the studies of cell-free extracts of bacteria, i t was found
that reduced pyridine nucleotides were the electron donors involved in the
resazurin reduction (figure 17-21), and these electrons from reduced coenzymes were quantitatively used to reduce resazurin.

Data calculated
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from the oxidation of reduced coenzymes at 340 mu or the reduction or
resazurin at 615 nju agreed very well, thereby supporting the validity of
this reduction mechanism.
Finally, the successful construction of several a r t i f i c a l resazurin reducing systems confirmed the theory that the rate of resazurin
reduction in biological systems is determined by the availability of reduced pyridine nucleotides and the activity of the enzymes that catalyze
the transfer of electron from reduced pyridine nucleotides to more oxidized
electron acceptor.

Either NADH or NADPH are able to serve as the hydrogen

donor during resazurin reduction.
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SUMMARY

1. The light sensitivity of resazurin in good quality raw milk
was found to be purely a photochemical reaction and was not associated with
bacteria or leucocytes.
2. The main reducing system in normal raw milk as determined
by the usual resazurin test was found to be ascorbic acid.
3. In contrast ninety percent of the reducing power of mastitic
milk was calculated to be due to leucocytes.
4.

The reducing systems in leucocytes were found to be enzymactic,

involving pyridine nucleotides as electron donors.
5. In general, the reducing power of an organism is determined
by the availability of substrate, i t s metabolic rate and the nature of its
enzyme system.
6.

The rate of resazurin reduction is determined by the avail-

ability of reduced pyridine nucleotides and the activity of the enzyme
that catalyzes the transfer of electrons from reduced pyridine nucleotides
to more oxidized electron acceptors.
7. Either NADH or NADPH w i l l serve as the hydrogen donor, the
determining factor being the substrates available and therefore which
pyridine nucleotide serves as the hydrogen acceptor during substrate
oxidation.
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