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Abstract. A method for the estimation of respiratory potential in marine biological material 
is discussed. The method, which depends upon photometric assay for a dehydrogenase en-
zyme by the reduction of tetrazolium salt, showed that activity measurements are positively, 
linearly, related to oxygen consumption measurements. Respiratory potential may be 
measured immediately upon securing the material, or at a later time. 

INTRODUCTION 

Studies of rates of energy transfer and metabolic turn-over in marine pop-
ulations are dependent upon measurements of respiratory rates of samples of 
the populations or their components. The standard procedure for assessing 
such metabolic activity has been the measurement of oxygen consumption by 
the techniques of iodimetry (Winkler method), manometry, or by oxygen 
electrode. Among them, the techniques involve variables and inconsistencies 
that render intercomparison difficult. The most important variable is biolog-
ical: the crowding of organisms at high density in a bottle, sometimes for 
extended periods, is a very unnatural condition. Since oxygen consumption 
itself is a function of the chain of respiratory enzymatic reactions interposed 
between oxidation of a substrate and the assimilation of oxygen, the unusual 
conditions present during the usual measurement of oxygen consumption may 
be avoided by determining the activity of one of the interposed enzyme systems 
either in vitro or in vivo. 

1 Contribution No. 1209 from the Woods Hole Oceanographic Institution. This study was aided by 
grants from the National Science Foundation (NSFG13272 and G8339). 

• Present address: Department of Oceanography, Oregon State University, Corvallis, Oregon. 
3 Woods Hole Oceanographic Institution, Summer Student Fellow, 1960. 
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Some enzyme systems, e.g. the cytochromes, do not lend themselves to the 
"quick and dirty" methods that must by employed on shipboard, if not in the 
laboratory itself, because of their !ability. However, a variety of biochemical 
techniques for the determination of dehydrogenase activity have appeared in 
recent years, and these are admirably suited for use with plankton organisms. 
Initially, the rate of reduction of redox dyes such as methylene blue was used, 
although there was no satisfactory evidence that a single component of a 
coupled enzyme system was being determined. Tetrazolium salts have found 
favor in recent years for determining dehydrogenase activity in histochemical 
preparations because the reaction could proceed aerobically and the resulting 
colored products could be determined with great sensitivity, although the 
reaction is not necessarily specific for a particular substrate (Novikoff 1955, 
Cooperstein et al. 1950). 

Aleem (1955) attempted to determine the standing crop of phytoplankton 
by using a tetrazolium salt, assuming a constant respiration rate per unit weight 
of organic matter. 

The tetrazolium salts are organic compounds which form stable colored 
compounds (formazans) upon reduction. This may be accomplished with 
various organic compounds such as ascorbic acid, or substrates or DPNH in 
the presence of flavine-containing enzyme. In aerobic metabolism, energy is 
obtained from a stepwise transfer of electrons from complex organic compounds 
to oxygen, the process of oxidative phosphorylation. Dehydrogenases oxidize 
or remove hydrogen atoms in a number of these steps. The tetrazoliums have 
the convenient attribute of intercepting hydrogen atoms, thereby becoming 
themselves reduced instead of the associated cytochromes. The reduction 
products, formazans, occur as water-insoluble precipitates in tissues, usually 
close to the sites of actual dehydrogenase activity. For quantitative purposes, 
the colored formazan may be extracted in an organic solvent and the concen-
tration determined photometrically. 

The objective of the study reported here was to develop a quantitative 
procedure for measuring the dehydrogenase enzyme activity in living tissues 
of phyto- and zoo-plankton at sea, as an indicator of the respiratory potential 
of the populations. 

METHODS 

Reagents. A variety of tetrazolium salts is commercially available and new 
ones ap~ear at fre9uent intervals .. Among those tested were TTC (Triphenyl 
tetrazohum chlonde), Tetrazohum blue, Neo-tetrazolium chloride Nitro 

. ' blue tetrazohum and INT (2p lodophenyl-5-phenyltetrazolium chloride).4 
Aqueous solutions of the salts were reduced with ascorbic acid, note being 
taken of the length of time required to produce a dense colored product. The 

4 All obtained from the Nutritional Biochemicals Corporation, Cleveland, Ohio. 
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Figure r. Absorption spectra of live formazans. Tetrazolium salts were reduced with ascorbic acid under 
aerobic conditions and the resulting formazan dissolved in TCE-acetone. INT (r), Neo-T (:z), 
Nitro-BT (3), Tetrazolium Blue (4), TTC (5). 

resulting formazans were extracted with a tetrachloroethylene-acetone mix-
ture, and absorption curves were plotted with a Carey recording spectrophoto-
meter (Fig. 1). INT and Neo-tetrazolium reduced immediately. Comparison 
of INT reduction under aerobic and anaerobic conditions showed no differ-
ence in amount of formazan formation. Nitro blue tetrazolium began reducing 
immediately but took about ten minutes to achieve maximum color. Blue 
tetrazolium and TTC showed no color after one hour; however, upon raising 
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the pH, a formazan was produced very slowly by Blue tetrazolium, but not 
by TTC; in approximately 48 hours TTC also became red~ced. Under anae-
robic conditions it seems likely that these latter tetrazohums would have 
reacted more quickly. INT was chosen for experimental purposes because 
it competed well with oxygen for liberated electrons, making anaerobiasis 
unnecessary, because it was reduced most rapidly of those tested, and be-
cause it gave the greatest sensitivity. INT formazan has a rather narrow 
peak of light absorption at 490 mµ and would be suitable for use with a 
spectrophotometer. 

An INT solution was prepared by dissolving I oo mg of the substance in 
50 ml of distilled water. A few drops of 3N sodium carbonate solution were 
added to bring the pH to approximately 7 .5, thereby increasing the solubility 
of the salt. After filtering, the resulting clear, yellow-brown solution was 
kept under refrigeration. New solutions were prepared weekly, but if kept 
at 5°C they were stable for several months. 

Sodium succinate was prepared weekly as a 0.4M stock solution in distilled 
water with a few drops of 3N sodium carbonate solution added, and refriger-
ated. Other substrates were prepared in a similar manner. 

Phosphate buffer of pH 7.7 (0.2M) was prepared from KH,PO4 and 
NaOH solutions. 

Biological Materials. Both intact and homogenized organisms were used. 
Intact organisms were wet-weighed and used immediately. Homogenates were 
prepared with a ground glass tissue grinder at concentrations of 25 mg of wet 
tissue per ml of homogenate, in distilled water. Grinding was performed with 
the apparatus immersed in ice. The homogenate was centrifuged for a few 
minutes to provide a supernatant fluid devoid of visible particles; usually one 
ml of this fluid was used in a reaction. 

Procedure. One ml of homogenate or approximately 25 mg of intact organ-
isms was added to a reaction mixture consisting of 2 ml phosphate buffer, 
1 ml 0.4M sodium sticcinate, and I ml of 0.2°/o INT solution in screw-
capped 15 ml test tubes; reaction mixture for one day was made up in these 
proportions in advance. No attempt was made to estimate the keeping prop-
erties of the reaction mixture beyond 24 hours. (N achlas et al. [ 1960 J found 
that their combination of reagents would keep for two weeks at 5°C. At 
-1 8°C the reaction mixture remained unchanged at the end of three months.) 
The tubes were placed at once in a covered constant-temperature bath for a 
carefully timed period. 

The formazan produced is insoluble in water but is soluble in organic 
solvents such as isoamyl alcohol, chloroform, acetone and tetrachloroethylene. 
A suitable solvent would be immiscible with water, would not form unbreak-
able or strong emulsions with water, especially in the presence of much dis-
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solved organic material, and should have a relatively low vapor pressure. A 
r: 1.5 mixture of tetrachloroethylene and acetone satisfied these requirements. 
Formazan formation may be stopped either by addition of HCI to lower 
the pH to 6 or simply by the addition of solvent. The usual procedure 
was to remove tubes from the incubator to an ice bath prior to addition 
of solvent. 

Eight mis. of solvent were added to each tube and permitted to stand for 
various lengths of time with shaking. After brief centrifugation, solvent was 
pipetted from the tube into small screw-capped vials through filter paper. 
There appears to be no limit to how long the extracted formazan may be 
kept. Evaporation of solvent must be prevented, therefore discs of poly-
ethylene sheeting were used as gaskets in both the reaction tubes and in 
the vials. Strong light will bleach formazan temporarily. Rather than work 
in subdued light, solutions of formazan were kept in a dark box or under 
black cloths. 

Measurements of optical density of the extracted formazan were made at 
490 mµ on a Beckman model B spectrophotometer against a reagent blank 
consisting of all reagents and homogenate except INT. 

Measurements of oxygen uptake were made in aspirator bottles of from 
r 30-500 ml capacity. The experimental animals were acclimated for r 5-30 
minutes in the dark, with water flowing through the bottle before the exper-
iment began. The Winkler method was used in oxygen determinations. 

RESULTS 

The optimal conditions for various parameters 111 the reaction were 111-

vestigated. 

pH. The pH of the reaction mixture was varied from 6.8-8.o (Fig. 2) . 
Using homogenates of the marine minnow Menidia menidia, an optimum of 
7. 7 was found, but it should be possible to achieve good results throughout a 
range of 7.5-7.9. 

Incubation Temperature. Homogenates of M. menidia were incubated with 
INT at temperatures of 25-50°C, with and without pre-incubation of the 
homogenate before addition of the reaction mixture (Figs. 3, 4). 

Homogenates kept at o-5°C showed no activity. When incubated at temp-
eratures of 25, 30, 35 and 40°C, increased rate of reaction was observed with 
increasing temperature, except that the rate at 40°C was initially the same as 
that at 35°C and declined after 20 minutes incubation (Fig. 3). Homogenates 
were incubated at temperatures of 25-50°C for 20 minutes without addition 
of reaction mixture, after which they were incubated for 30 minutes at 34 °C. 
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Figure 4. Effect of preincubation at various temperatures before addition of reaction mixture; reaction 
for 30 minutes at 35°C. 

The amount of reduction decreased about 18°/o from 25-40°C. At higher 
temperatures, activity was greatly reduced (Fig. 4). An incubation tempera-
ture of 35°C was chosen for subsequent experiments and pre-incubation was 
avoided inasmuch as no increase in activity resulted. This regime gave the 
maximum rate of activity, linear with time, and gave no evidence of enzyme 
deactivation. 

Reagent Concentration. It was desirable that the measured enzyme activity 
be independent of INT concentration. The concentration had to lie within 
the limits of decreasing the reaction rate by its scarcity or by inhibiting the 
reaction with an excess. The rate of reaction was measured with three stock 
concentrations of INT : 0.08, 0.04, 0.01 °/o at a temperature of 35°C and 
at a homogenate concentration of 0.025 g/ml (Fig. 5). An INT concentration 
of 0.04°/o gave a reduction rate which was essentially linear for the first 30 
minutes and gave the highest rate among the three concentrations. A con-
centration of 0.08°/o is still a very low one. Its obvious inhibiting action 
after 20 minutes may indicate that INT can so successfully compete for 
electrons that the intermediary metabolism dependent upon dehydrogenation 
is "starved". 
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Enzyme activity is proportional to substrate concentration up to some 
maximum and then becomes independent of further increase. It is particularly 
desirable to operate on a portion of the curve where the reduction rate is in-
dependent of substrate concentration. Four concentrations of sodium succinate 
were investigated· (Fig. 6 ). The reaction rate increased with higher succinate 
concentrations up to o.o8M. Doubling this concentration had no significant 
effect upon the reaction rates. 

A curve of initial velocity versus substrate concentration (Fig. 7) indicated 
that the maximum velocity was reached at a substrate concentration of 0.02M 
for a 20 minute incubation, other conditions being fixed. The standard succinate 
concentration was chosen to be o.o8M, for at this concentration the solution 
was substrate-saturated an<l no substrate inhibition was found below 1 .oM 
succinatc. 

Incubation Time. The initial velocity of the reaction may be obtained from 
a curve of activity or optical density versus time (Figs. 3, 5, 6, 9). The initial 
velocity is obtained by extrapolating the curve to t = o. For the standard reac-
tion conditions, all the curves indicate linearity between activity and time up 
to at least 30 minutes. One interval on the linear portion may be taken to 
represent the initial velocity. The 20-minute interval was used as it was in 
the linear range and yielded a convenient optical density. 

Enzyme Concentration. Presuming that substrate an<l indicator are present 
in unlimited quantities and that aerobic metabolism may be carried out, the 
reduction of indicator should proceed indefinitely and at a rate proportional 
to the concentration of enzyme. However, in in vitro experiments, substrate 
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Figure 8. Effect of homogenate concentration on formazan development using standard reaction mixture. 

and indicator are both ultimately limiting and the rate decreases. For a definite 
amount of formazan production to be proportional to the enzyme concentra-
tion, the formazan must be measured while the rate of production is constant 
and is limited only by enzyme concentration. 

By varying the concentration of M. menidia homogenate, a linear relation-
ship was obtained between formazan production and enzyme concentration 
up to 60 mg wet weight/ml homogenate (Fig. 8). Several concentrations of 
Menidia homogenate were incubated for various lengths of time. The effect 
of reagent depletion was most noticeable at the highest concentration of 
1 o mg/ml homogenate, occurring after about an hour. The concentration of 
2.5 mg/ml homogenate gave a slowly decreasing rate of reduction but no 
evidence of sudden depletion for at least three hours (Fig. 9). 

Substrate Dependence. It has been reported that cofactors are required for 
the in vitro use of substrates other than succinate (Kivy-Rosenberg et al., 
1959). We have demonstrated that homogenized organisms require exogenous 
substrate for reduction of significant amounts of indicator. Without substrate, 
only very slight activity was observed (Figs. 7 and 10). Sodium succinate was 
used in these experiments. In addition, the effects of alpha keto glutarate, 
malate, fumarate, glucose, and aspartic acid were determined. The use of 
substrates other than succinate gave an amount of reduction equivalent to that 
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achieved with no substrate at all (Fig. 10). The combination of one of the 
other substrates with succinate gave values lower than the value obtained with 
succinate alone (with the exception of glucose-succinate). We may have some 
confidence that the method is specific for succinic dehydrogenase, since only 
this substrate with no cofactors has been use<l . Other endogenous substrates 
and their associated cofactors appear to be in too low supply to support signif-
icant reduction. 

Reduction with intact organisms was less dependent upon an exogenous 
substrate source (succinate) than with homogenized organisms, but the addition 
of su·bstrate accelerated the reaction by 10°/o. 

Preparation of Biological Material. In order to adapt the technique to ship-
board use, two additional problems were investigated: the feasibility of preserva-
tion of material for later analysis, and the desirability of homogenizing the 
sample either before or after reduction. 

At 25°C, activity diminished by about 50°/o in 6 hours and was nil after 
20 hours. A renewal of activity after 24 hours was observed as a result of 
bacterial growth. A high rate of activity may be preserved for 3 hours at o°C, 
but this will diminish by' 50°/o in 48 hours. 

Freezing intact and homogenized organisms with dry ice at -6o°C to 
maintain high activity was unsuccessful. Intact specimens appeared to give 
consistently lower values than homogenates. 

Calibration. In the experiments described thus far, it has been shown that 
a good correlation exists between the quantity of biomass used and the resulting 
formazan production. However, we have demonstrated that the reaction is 
dependent upon a single substrate-specific enzyme, succinic dehydrogenase. 
The quantities of biomass used have been equated with corresponding quan-
tities of enzyme, but no direct estimate of the actual enzyme content was made. 
Except as has been done indirectly in these experiments, no such estimate is 
feasible. It is possible either to measure the actual proton-accepting ability of 
a given amount of tetrazolium or to determine the amount of formazan pro-
duced proportional to the availability of a given number of protons. The latter 
course has been followed. Aliquots of an ascorbic acid solution providing 
0.1 meq. H+/ml were added to the standard reaction mixture and incubated 
until color formation had ceased (Fig. 1 1 ). Ascorbic acid in excess of 3 meq. 
H+ did not exceed the proton-accepting capacity of the INT used in the mix-
ture. Lower concentrations produced a linear relationship between the forma-
zan produced and the proton supply. Thus, under the time, temperature, and 
pH regime used in these experiments, it is possible to express the enzyme ac-
tivity observed as meq H+transferred/g dry weight or organic weight/hour. 
When samples from natural populations are used, units of meq H+transferred/ 
m3 sea water/hour would be appropriate. 
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Activity in Biological Material. We can report only preliminary results from 
two marine organisms used in laboratory experiments. These were the atherinid 
minnow, M. menidia, and a decapod crustacean, Palaemonetes vulgaris (Say). 

Respiration rates of invertebrate animals vary with environmental conditions 
such as temperature and oxygen tension, and with species, size and activity. 
Though not a planktonic organism, M. menidia was used initially because it 
was easily obtained and weighed, and its tissues showed high activity. Oxygen 
uptake by a single fish was measured for 30 minutes, after which its tissues were 
homogenized and the dehydrogenase activity measured (Fig. 12). There is a 
positive, linear relationship between oxygen consumption and enzyme activity. 
Regression lines haye been fitted to the experimental points by the method of 
least squares. The correlation coefficient (r) of 0.91 is significant at the 0.01 
level. Neither regression line passes through the origin, although Y as a func-
tion of X approaches it closely. These data indicate that a small amount of 
enzyme activity should be observed in the complete absence of gaseous respi-
ration. Rates of oxygen consumption above 0.4 ml/g/hr., as found in M . menidia, 
are normally associated with active and vigorous swimmers such as mackeral 
(Scomber) (Baldwin, 1924). The scatter of the points may be attributed to vary-
ing size and activity of the specimens, although specimens averaging 40 mm 
were used. 

Enzyme activity per unit weight of material as a function of specimen size 
was also measured (Fig. 13). Activity decreased 50°/o with a ten-fold increase 
in body weight. A highly significant correlation coefficient of - 0.99 has been 
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computed for this relationship. Since activity is plotted as a function of body 
size, the scatter in the data must be attributed to individual differences between 
specimens and to experimental errors. The data were replotted as enzyme ac-
tivity for a whole organism against body weight. Oxygen consumption was 
replaced with formazan production in the formula: 

cc 0 2 = k Wx, 

where k is a species constant, W is the wet weight of the organism, and x is 
ideally o.66 if oxygen consumption is exactly related to surface area, since sur-
face area changes as the 2 / 3 power of the weight. The formula: 

O.D. = 0.133 W 0 -7 

fits the replotted data very closely. An exponent of x = o. 7 is a commonly 
reported value for Menidia-sized organisms (Zeuthen, 1953). 

Several experiments were performed on freshly caught and starved fish. 
Starving for eight days decreased oxygen consumption by 40°/0 and enzyme 
activity by 20°/o in 0.4-0.5 g specimens. Undoubtedly some of the observed 
depression of oxygen consumption is due to acclimatization to experimental 
conditions; depressed enzyme activity is probably a better in.dication of the 
physiological condition of the specimens 

DISCUSSION AND CONCLUSIONS 

The method of measuring respiratory potential described here should be a 
useful one for both laboratory and field work. It has the advantage of being 
technically uncomplicated and dispenses with the need of maintaining in vivo 
conditions during the measurement. Thus the technique, through the extrac-
tion of formazan, may be carried out on board a vessel, and the absorbance of 
the solution may be measured later, ashore. Care must be taken to prevent 
evaporation of the solvent and bleaching of the formazan. 

The parameter being measured by our procedure has been called "respiratory 
potential" because the gross activity of an enzyme, which is unlimited by sub-
strate concentration, should be constant per unit weight of enzyme. In effect, 
the amount of enzyme or, the capacity of the system, is being determined. This 
capacity or potential should be maximal with respect to the actual respiratory 
activity of the organism, which may depend upon food eaten, motor activity, 
temperature, etc. A linear relationship between gaseous respiration ( oxygen con-
sumption) and enzymatic activity (tetrazolium reduction) was found in M. 
menidia, indicating that measurements of dehydrogenase activity may be sub-
stituted for in vivo measurements of gaseous respiration. Preliminary work at 
sea indicates that all of the animals tested thus far ( copepods, euphausids, ptero-
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pods, chaetognaths, amphipods) possess a succinic dehydrogenase. However, 
evidence is not yet at hand to determine whether the same linear relationship 
that was found for M . menidia holds for these invertebrates. 
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