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ABSTRACT 

A study of the effects of the chemical dimethyl sulfoxide in an 

aerobic, mixed culture, single component substrate system was undertaken 

in the Environmental Engineering. Laboratories at Rice University. This 

study represents a portion of a broader project aimed at elucidation of 

the basic processes involved in substrate utilization by a biological 

system and the evaluation and significance of the concomitant oxygen 

demand exerted by such a system. By observation of changes induced in 

a well defined system by a biologically active substance such as DMSO, 

it was hoped to discover something about the mechanism of action of DMSO. 

The chemical’s remarkable ability to increase permeability of living 

membranes is a quality that could help determine the influence of the 

bacterial membrane on the removal rate of organics from solution. 

The work showed that DMSO had effects on all systems studied. 

Because additional effects were observed in systems operating under 

nitrogen limited conditions, it was necessary to define the effects of 

nitrogen limitation in all systems under consideration. The discovery 

was made that limiting the nitrogen in these systems resulted in a 

stimulation of oxidation with a concomitant increase in the oxygen uptake 

up to a point of approximately fifty percent of the required nitrogen. 

Past this point the synthesis of new organisms was inhibited to the 

extent that oxygen uptake was described by a straight line at a much 

reduced rate from the control. Thus, by the time the point was reached 

where a plateau would normally have occured, secondary oxygen uptake 

by predators was well established, and the plateau phase of the oxygen 

uptake curve was obscured or eliminated. 



Introduction of DMSO into a system operating under conditions of 

nitrogen limitation was observed to have several effects. There was an 

increase in the oxygen uptake value measured at 50 hours in those nitrogen 

limited systems. There was also an increase in rate of oxygen uptake in 

severely limited systems (40$ or less of required nitrogen). 

In addition, DMSO was observed to have the following effects in 

both nitrogen limited and nitrogen sufficient systems. There was a lag 

time before onset of maximum oxygen uptake rate that increased as the 

concentration of DMSO increased. An inhibition of predator activity as 

exhibited by the delay of the onset of secondary oxygen uptake past the 

plateau was observed. 

At a given degree of nitrogen limitation, no effect of increasing 

DMSO concentration could be shown other than those effects observed in 

non-limited systems. 
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I. INTRODUCTION 

Dimethyl sulfoxide, CH-^SOCH^, is a colorless liquid that boils at 

189° C, and freezes at 18.9°C.. The chemical is completely miscible with 

water and possesses a garlic-like odor. In recent months considerable 

interest has been shown in the physiological effects of DMSO. This com¬ 

pound has been shown to possess startling properties with regard to human 

tissue, perhaps the most important being an ability to penetrate body 

tissues while at the same time facilitating transport of other materials 

such as medicines. 

At present little information is available in the literature con¬ 

cerning physiological effects of DMSO on bacterial systems. This study 

very probably represents one of the first efforts to study quantitatively 

the effects of DMSO on growth of a mixed bacterial culture. 

The Environmental Science and Engineering Laboratories at Rice 

University have for some time been conducting studies of mixed culture 

bacterial systems at the cellular level. Swilley^ studied transport of 

oxygen and substrate in a growth system, being necessarily concerned 

vrith the role of the individual bacterium. Kehrberger et al.^ studied 

the effect of temperature and mixing on substrate transfer and bacterial 

growth in the BOD bottle. Thus, in view of the properties of DMSO, this 

study vras undertaken to determine the physiological effects of D2-1S0 in 

a mixed culture, aerobic, one component substrate system with a special 
I 

interest in discovering something of the role of the bacterial membrane 

in the removal rate of organics from a fluid medium. 

Progression of this work made necessary the elucidation of the quan¬ 

titative relationship of the nitrogen content of the system to the 
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oxygen uptake plateau described by Busch.3 This investigation divides the 

work conveniently into two sections. The first part discusses' fully 

the implications of nitrogen limitation on the plateau. The second deals 

with the effects of DMSO on bacterial systems. 
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II. THEORETICAL CONSIDERATIONS 

In order to come to any meaningful conclusions about the effect of 

nitrogen limitation on bacterial systems, a definition of what the basic 

requirements of a given system are with respect to this nutrient was 

necessary. 

Such a definition has been made possible through the work of Lewis 

and Busch^. Busch has presented the concept of the oxygen uptake "plateau", 

which is defined as the point at which all organic substrate, glucose for 

instance, has been converted to cell material, carbon dioxide and water. 

This point can also be defined in the case of aerobic metabolism of glu¬ 

cose as the point of minimum slope of the oxygen uptake curve occurring 

after completion of log growth, provided there is no interference from 

predator uptake, and there are no limiting factors operating on the system 

other than the food supply. A typical oxygen uptake curve produced by 

the aerobic oxidation of glucose and illustrating the plateau is shown 

in Figure 1. In the case of glucose, the plateau value has been shown 

by Busch, and further shown in this work, to be extremely reproducible, 

and to have a value of 40$ ( + or - 1$ ) of the theoretical oxygen demand 

of the glucose metabolized. This fact made possible the derivation of a 

stoichiometric equation for the situation at the oxygen uptake plateau 

defined by the oxidation of a glucose substrate. This equation is: 

zb c6H12o6 + 59 02 + 17 NH3 —*- 17 0^02 + 59 C02 + 110 H20 (1) 

The molecule C^H^NOg is a widely used formulation for cell material. 

Note here that there are several combinations of coefficients that 
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could be used to balance the above formula, but the coefficients used 

here are the only ones that fit the data obtained by literally hundreds 

of determinations made on the biological oxygen demand of glucose at 

Rice University. Of course, in order to obtain such reproducibility, 

the system in which the oxidation is being carried out must be strictly 

defined, and the technique used in preparing the system rigidly controlled. 

Gunsalus and Shuster^ point out that in bacterial systems where 

there is any inhibition of the production of new cell material by some 

factor other than the energy source itself, the phemomenon of energy 

release without coupled growth arises. In other words, any factor that 

results in the blocking of bacterial synthesis while a substrate is still 

being utilized results in the production of energy over and above that 

required to support formation of new cell material. These authors 

further state that there are three mechanisms of energy dissimilation 

other than the formation of new protoplasm. They are: 1) accumulation 

of polymeric products either in storage form or as unusable waste; 

2) dissipation as heat by ATP-ase mechanisms; 3) activation of shunt mech¬ 

anisms, bypassing energy yielding reactions or requiring a greater ex¬ 

penditure of energy for priming. 

Exactly the situation discussed in the preceding paragraph exists 

when insufficient nitrogen is supplied to growing system of aerobic bac¬ 

teria. Figure 2 provides a comparison of two systems, one of which con¬ 

tains the full nitrogen supplement as computed by equation (1 \ and the 

other which contains only 53$ of the required nutrient nitrogen deter¬ 

mined on the same basis. The conclusion that can be drawn here is that 

a deficiency of nitrogen inhibits synthesis of now cell material and 

forces that amount of substrate that cannot be converted to protoplasm 
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into some oxidative pathway, such as the Kreb’s cycle,^for conversion 

to energy, carbon dioxide and water. The effect of this phenomenon on 

the oxygen uptake curve is that of distorting the plateau value because 

of the additional oxygen utilized in oxidation of that substrate which 

could no longer be used in synthesis due to the lack of essential ni¬ 

trogen, Hence, a situation of excess energy in the cell arises which 

must be dissipated by one of the mechanisms previously mentioned. 

With the knowledge that limitation of nitrogen stimulates oxidation 

in a biological system and increases the oxygen uptake value at the 

plateau, one can assume that the opposite effect will be observed as 

nitrogen is added to the system. Of course, once that point is reached 

where the system requires no more nitrogen for unrestricted synthesis, no 

further reduction of the oxygen uptake value at the plateau will be noted. 

Upon this principle the theoretical nitrogen requirement as calculated 

from equation (1) was verified with experimental data. 

However, in utilizing this principle, one must consider the contri¬ 

bution of nitrogen to the system by the seed. If such contribution is 

significant, this could lead to errors in conclusions based on the above 

scheme. According to the literature, domestic sewage contains approx¬ 

imately 20 mg/l ammonia nitrogen.^ Calculation shows that at this con¬ 

centration the seed volume used in these experiments would contribute 

0.16 mg nitrogen as N to a system in which the theoretical-nitrogen con¬ 

tent was calculated to be 3*3 mg as N (Section V). This is an insignif¬ 

icant amount so far as this work is concerned because the experimental 

verification places the theoretical nitrogen requirements in a range that 

includes such variation in nitrogen as would be contributed by a seed source 

containing 20 mg/l ammonia (between 12 and 13.2 mg NH4CI/6O mg glucose). 
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That is to say, the experimental results place the theoretical nitrogen 

requirement at near but not exactly the 12.9 mg value obtained from equa- 
i 

tion (1). 

The degree to which nitrogen is withheld from biological systems 

has several implications. When no nitrogen is available for new cell 

synthesis, the oxygen uptake is described by a straight line, the slope 

of which is determined by the size of the population being monitored. 

Such a system is said to be "respiring". This explains the shape of the 

curves shown in Figure 12. The oxygen uptake curve assumes the normal 

autocatalytic shape until the nitrogen supply is exhausted, and then 

becomes a straight line indicative of a respiring system. The two phases 

are most evident when nitrogen limitation is most severe because the 

growth of new cells is terminated sooner and the slope of the straight 

line portion of the growth curve is therefore the lowest. Increasing 

nitrogen content increases the size of the population established before 

nitrogen is exhausted, and the slope of the straight line indicating 
O 

the respiring nature of the culture is increased. Gaudy0 reports that 

synthesis does take place in respiring systems, but the material syn¬ 

thesized is chiefly non-viable carbohydrate matter which is subsequently 

oxidized or discharged as waste. 

This work found that nitrogen limitation was intimately associated 

with the effects of DMSO in biological systems. Such systems operating 

in the presence of excess nitrogen showed the theoretical oxygen uptake 

plateau value as deterained by equation (1) with or without DMSO. When 

the nitrogen content was reduced to about the theoretical value and below, 

systems containing DMSO showed a significant increase in the oxygen uptake 

value measured at 50 hours. 
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To avoid confusion about the preceding statements and the presenta¬ 

tion that will follow, these points should be made. The plateau is that 

one point on the oxygen uptake curve defined by equation (1) and is 

described only when there are no limiting factors operating on the system. 

To limit nitrogen beyond the required amount for unrestricted synthesis 

destroys the quantitative significance of the plateau. Actually there 

is no plateau as such in a nitrogen limited system, but only a plateau 

•'phase" in the oxygen uptake curve. What has been done in these studies 

is to take the point in time where the plateau occurs, determined from 

the control, and measure the deflection of that plateau value caused by 

nitrogen limitation. 

In the case of the DKSO studies the effect of the chemical was mea¬ 

sured differently. Because difference in amount of oxygen uptake was 

observed only in nitrogen limited systems, or ones in which there was 

present exactly the theoretical amount of nitrogen, no true plateau value 

was described in all cases. However, the oxygen uptake curves for the 

different amounts of nitrogen limitation proved reproducible. This being 

so, the increase in oxygen uptake value due to addition of DKSO could 

be measured at a specific point in time (50 hours). These differences 

are not directly related to the plateau, but represent changes in the 

amount of oxygen uptake at a particular point in the plateau phase of 

the uptake curve. 
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III. EXPERIMENTAL TECHNIQUE 

In this investigation both manometric and bottle dilution techniques 

wore used in the definition of oxygen uptake curves. The principal tech¬ 

nique employed was the manometric with the dilution method used as a moans 

of checking the results. The choice of methods was an arbitrary one of 

convenience as the processes Involved in each method are basically the 

same, and any offccts observed in one should bo likewise observable in 

the other. 

The manometric procedure utilized was a variation upon that presented 

in HethoisSewage was collected at the Sella ire treatment 

plant and stored in some cases at 20° until ready for use, and in other 

cases the seed was refrigerated until used. Plateau values obtainod 

using refrigerated seed wore no different from those obtained using soed 

stored at 20° C. The only overall differences between the two methods 

were as follows! 1) an increaso in length of viability in the case of 

the refrigerated seed; that is, the same seed could be used for a week 

or more with no change in perfonnance, whereas in two to three days, 

non-refrigerated seed was no longer usable; 2)•refrigeration of the seed 

increased plateau length by apparently destroying most of the higher forms 

while not affecting the bacterial population to any appreciable extent; 

3) in some cases, a slight (one to two hour) lag beforo onset of oxygen 

uptake rate was noted when refrigerated seed was usod, probably because 

of adaptation time of the bacteria to the new environment. 

All seed was filtered through $2 Whatman filter paper in both dilu¬ 

tion and manometric methods to reduce predator concentration. Of the 

nutrient reagents prescribed in Standard Methods, the following amounts 
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were used per sample for the manometric technique. 

(1) FeClo .—2.0 ml 
(2) CaClg 0.5 ml 

(3) HgSOi, 2.0 ml 
(4) Phosphate Buffer—5*0 ml 

Ten milliliters of filtered sewage per 200 ml of the sample preparation 

was employed as the seed. Amounts of nutrient nitrogen used were calculated 

from the equation presented by Lewis^ as will be discussed fully in the 

next section. 

In all cases substrate, nutrients, and special reagents were 

made up to 200 ml from which 50 ml was pipetted into each 125 ml Warburg 

flask. One milliliter of 10^ XOH was added to the center well of each 

flask for removal of CO2 evolved in the reaction. At least two, and 

usually three replicate flasks were used in all experiments. 

In the case of the dilution technique, Standard Methods was followed 

with the exception of the nitrogen supplement suggested therein. For 

analysis of the samples the Alsterburg alkaline-iodide sodium azide 

modification of the Winkler method was employed. Five milliliters of 

settled, filtered sewage per liter of dilution was was used as the seed 

in the bottle studies. 

The range of substrate concentrations studied was small enough 

(125-300 mg/l) that the amounts of nutrients reported above were suffi¬ 

cient for all runs. 
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IV. CALCULATIONS 

A. Kanometric Determination of Oxygen Uptake Values 

A method for determination of oxygen uptake values from manometric 

deflections is given in Standard Methods^. 

mg/l B.O.D, = 1000 x 32 hk = 14-30 k h (2) 
V 22.4 V 

Where: 

V = sample volume, ml, 
h = change in pressure on manometer, cm. 
k = a flask constant, which is determined for each flask, 

sample volume, and temperature by: 

k = V„ 273 + Vf d 
JL m   (3) 

p0 

Where: 

Vg = gas volume in closed system, ml. 
Vf = liquid volume in flask, ml. 
d = 0.0325 ml gas 

ml liquid 
= ml 0£ per ml liquid, when total pressure (sum of 

partial pressure of gas plus aqueous temsion) is 
760 mm Hg and temperature is 20° C. 

PQ = 1.001 cm (1 atmosphere of Brodie's solution) 
T = absolute temperature, °K. 

B. Bottle Dilution Determination of Oxygen Uptake Values. 

The equation used for calculation of the oxygen uptake values 

in samples analyzed by the dilution technique was presented by Busch 

and Sawyer^. 

mg/l BOD = [D0S - (D0b - D0ib) - D0isJ 1/p (4) 
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Where: 

DO = mg/l dissolved oxygen in zero hour diluted sample 

D0b = mg/l dissolved oxygen in zero hour blank 
DO^b - mg/l dissolved oxygen in incubated blank 
DO. = mg/l dissolved oxygen in incubated sample 

The equation in this form is applicable only to substrates representing 

a small fraction of the total volume of the individual BOD bottle. 

C. Computation of Nitrogen Requirements 

Lewis and Busch^ have presented a stoichiometric equation for the 

situation at the plateau in the metabolism of glucose under aerobic con¬ 

ditions. Taking C^H-^NOg as an approximation of the formulation of cell 

material, the equation is: 

• + 59 02 + 17 NH3 : >• 17 C^NOg + 59 C02 + 110 H20 (1) 

From this equation, nitrogen requirements for oxidation of glucose can 

be calculated to be 0.055 mg nitrogen as N per milligram of glucose, Thus, 

for a 300 mg/l solution, 16.5 mg/l nitrogen as N would be required. Nitro¬ 

gen is frequently added to biological systems as ammonium chloride, in 

which case the nitrogen requirement is: 

16.5 mg/l =63.5 mg/l as NH^cl 
$~N' in NH4CI 

In the majority of the Warburg determinations, the substrate concentra¬ 

tion was brought to 300 mg/l by diluting 50 ml of a 1.2 g/l stock solution 

to 200 ml. The glucose content of the dilution is 60 mg, and the nitrogen 

required is 3*3 mg as N or 12.9 mg as MH4CI. It was assumed that due to 

the physical limitations of the systems studied, 100$ of the nitrogen 

added was not available to the bacteria, but rather 95-99$. Hence, 13.2 

mg glucose was used to more closely approximate the amount of nitrogen 

required for unrestricted synthesis under actual conditions. 
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V. EXPERIMENTAL RESULTS 

Effects of Nitrogen Limitation on the Plateau—Warburg Studies 

The validity of equation (1) was demonstrated in the following 

manner. 13.2 rag NH4CI/60 rag glucose was taken as the amount of nitrogen 

required for unrestricted synthesis in all systems studied. This is the 

amount predicted by (1) with the modification discusses in Section IV. 

A series of runs was made varying the amount of nitrogen. In the case 

of-1?, 14, and 13.2 mg NH4CI, there is no deviation in oxygen uptake 

values, and the plateau described by equation (1) occurs, as shown in 

Figure 3. However, when the amount of NH4CI is reduced to 12, 10, and 

7 mg, there is an increase in the oxygen uptake value where the plateau 

normally occurs, typical of nitrogen limited systems. These results 

place the optimal amount of nitrogen for these systems at between 12 and 

13.2 mg NH4CI. This is in good agreement with the amount calculated 

from (1). 

Thus, having established the optimal amount of NH4CI at approximately 

13 mg, a series of determinations was made to quantitate the effects of 

various degrees of nitrogen limitation. To correlate effectively results 

obtained in different runs, deviations from the plateau value of the con¬ 

trol resulting from insufficient nitrogen were calculated as percent of 

that control value (Table II). 14 mg NH4CI was used in the control system 

to assure a slight nitrogen excess. 

Figure 4 shows some of the curves from Figure 3 for various degrees 

of nitrogen limitation. An increase in the oxygen uptake value at the 

plateau is seen as the content of nitrogen decreases. This indicates 

the stimulation of the oxidation phase of metabolism, and subsequent in¬ 

hibition of the synthesis of new cell material. Also of note is the fact 
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TABLE I. 

Typical Oxygen Uptake Data for Nitrogen Limited Systems 

(Manometric Kethod-Glucose 300 mg/l) 

Samole 

Time 
in Hours 

14.0 mg 
NH4CI 

12.0 mg 
NH4CI 

10.0 mg 
NH4CI 

7.0 mg 
NH4CI 

5.0 mg 
. NH4CI 

2.5 mg 
NH4CI 

14 10.6 10.9 10.8 10.4 10.4 10.0 

.16.25 30.1 31.4 30.5 31.2 27.8 23.3 

19 52.5 57.6 53.5 53.6 39.6 32.0 

20.5 84.2 84.5 79.4 64.7 49.9 36.6 

22.5 106.5 102.1 93.0 82.3 60.0 43.0 

30.75 120.0 122.8 131.9 131.8 96.1 62.1 

44 127.7 133.0 145.9 160.7 137.3 80.3 

55.5 159.7 159.7 183.4 199.4 180.6 101.1 



TABLE II 

Tabulation of the Percent Change in Control Plateau 
Value for Various Degrees of Nitrogen Limitation* 

(Measured at j6 hours) 

Experiment No. 

N%C1 I II III IV V VI VII 

2.5 5? 

5.0 93 94 92 

7.0 117 119 120 

9.0 112 117 117 

10.0 109 110 112 

11.0 107 106 111 

12.0 102 104 

14.0 100 100 100 

16.0 100 

♦Glucose concentration = 300 mg/l. 
Table values represent the percentage of a control containing 14.0 
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that the rate of oxygen uptake decreases as the amount of nitrogen de¬ 

creases. This suggests that the population of bacteria established be- 

.- fore nitrogen is exhausted is larger for the larger nitrogen supplements. 

Section VII contains a complete discussion of this point. 

In the case of 5 mg NH/jCl (38$ optimum) the rate of oxygen uptake 

is markedly retarded, and a plateau- phase in the curve is no longer in 

evidence. This phenomenon is attributable to the fact that secondary 

uptake by predators is well established by the time the inhibited system 

reaches the point where a plateau would normally occur. Consequently, a 

plateau is not seen. 

Figure 6 provides a summary plot of the effect of nitrogen limita- 

•tion on the plateau as obtained from the Warburg data. The percent 

change in oxygen uptake from the plateau value of the control exhibited 

by the systems containing various amounts of nitrogen is shown. Fortu¬ 

nately, there were no significant differences in log times for any of 

the sequential runs,and the plateau occurred consistently at about 

36 hours. The calculations were made at this point. 

B. Effect of Nitrogen Limitation on the Plateau - Bottle Dilution Studies 

In order to strengthen both the contention that limiting nitrogen 

supply in a biological system results in changes in oxygen uptake by 

that system, and that such systems monitored in the BOD bottle and the 

Warburg apparatus yield analogous results, a series of bottle studies 

was undertaken. In Figure 5 the sequential increase in oxygen uptake 

value vdth decreasing nitrogen concentration is seen to occur in the 

BOD bottle system as well as the Warburg system. It proved.very difficult 

to obtain quantitative results with the bottle technique because of 
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the extreme sensitivity of the system to minute changes in nitrogen con¬ 

tent. In addition, the kinetics were such that.it was virtually impossible 

for the 50$ nitrogen curve to reach plateau before secondary uptake began 

in the control. 

Effects of DHSO on Mixed Culture Bacterial Metabolism of Glucose 

Preliminary work established the level of DMSO content which had 

significant effects on the systems under study. DMSO concentrations used 

varied from 0.2$ to 8.0$ by volume. From these experiments the conclu¬ 

sion was reached that 1 ml DMS0/50 ml sample volume, or 2$ by volume 

was the lowest significant concentration of DMSO. Using lower concen¬ 

trations resulted in negligible differences from a DMSO-free control. 

Initially, two main effects of DMSO were noted. First appeared 

a relationship between concentration of DMSO and "lag" time, or time 

delay before onset of maximum oxygen uptake rate. Figure 7 shows a 

summary plot of data accumulated over the whole span of experimental 

work illustrating the relationship between DMSO concentration and lag 

time as defined above. The relationships were found to be very consistent 

from experiment to experiment. 

The second effect observed was in relation to the "length" of the 

plateau phase of the oxygen uptake curve in DMSO containing systems. 

The observation was made that the secondary oxygen uptake phase occurring 

after the plateau manifested itself much more quickly in the case of 

non-DMSO containing systems. Subsequent work showed that the presence 

of DMSO definitely increased the durability of the plateau phase of the 

oxygen uptake curve. Typical curves are shown in Figure 8 demonstrating 

the lengthening effect of DMSO on the plateau with respect to a DMSO 

free control. 
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In order to determine the cause of this phenomenon, microscopic 

examinations of the cultures wore made after occurrence of the plateau. 

In tho case of 1X1 SO containing systems, no protozoans could bo found 

even after secondary oxygen uptake was well established in a control 

system containing no DH50. However, as illustrated in Figure 0, there 

is an eventual manifestation of secondary oxygen uptake in systems con¬ 

taining DM30, although occurring at a considerably later time than the 

con trol. 

A third, significant phenomenon involving DMSO was noted during tho 

course of the work. As discussed at length before, the theoretical 

nitrogen i*oquiroments of a system liko those under consideration can 

be conveniently calculated from equation (1). In Figure 9 are seen two 

curves containing oxcess nitrogen as determined by this equation. The 

system described by curve I contains no DMSO. That described by curve 

II contains 40 ml DMSO/l, Tho only observable difference in these two 

curvos is the lag effect of DMSO noted previously. In Figure 10 are shown 

results from the same system as Figure 9 depicts with tho single excep¬ 

tion that there is present only 53$ of the required nitrogen. As is 

obvious from the graph, there is a significant increase in the oxygen uptake 

value in tho plateau phase in the system containing DMSO. 

A series of experiments showed this effect to be reproducible. 

This same series of experiments demonstrated that this phenomenon appeared 

when tho nitrogen content of DMSO containing systems was reduced to 13.2 

mg NHjjCl/60 mg glucose (optimal amount) and below. In no case could 

a difference in oxygen uptake value in the plateau phase bo shown in 

a system containing DMSO and at least 14 mg NH^Cl/60 mg glucose, though 
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many attempts were made to do so. Figure 11 shows typical results obtained 

from DMSOcontaining systems operating under different degrees-of nitrogen 

limitation. In this figure are brackets indicating the magnitude of 

the effect on the plateau phase of the curves of a constant (kfv by volume) 

amount of DMSO and various amounts of nutrient nitrogen. As shown, the 

increase in oxygen uptake value due to the presence of EMSO appears to 

be independent of nitrogen content as long as that content is the optimal 

or below. All experiments indicated this effect to be a very nearly 

constant 5$ increase as measured at 50 hours. An experiment was conducted 

in which the nitrogen content was held at a constant degree of limitation 

and E-ISO content varied as indicated. The results indicate the eleva¬ 

tion of the C>2 uptake value due to addition of IMSO to nitrogen limited 

systems does not depend on the amount of DMSO present, so long as that . 

amount was more than the 2$ concentration determined to be the lowest 

significant level. 

In the case of severely nitrogen limited systems, another effect 

of DMSO was noted. Curve I in Figure 12 shows the typical curve for 

a system containing of the optimum nitrogen requirement. The oxygen 

uptake begins to describe the logarithmic function expected from a system 

with no nutrient limitation. But when the nitrogen supply becomes ex¬ 

hausted, there is an abrupt shift to an arithmetic function in the oxygen 

uptake curve indicating a shift from a growth system to a respiring system 

(see section VII). Curve II in Figure 12 describes the oxygen uptake 

curve of a system different from I only in that EMSO has been added in 

the amount of 40 ml/l. When the curves fall into the arithmetic phase, 

there is a marked increase in the rate of oxygen uptake in the case of 
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TABLE III. 

Typical Oxygen Uptake Data for Nitrogen 
Limited Systems Containing DMSO 

(Kanometric Method- Glucose 300 mg/l) 

Sample 

Time 
in Hours 13*2 mg 

' NH4C1 
13.2 mg. 
+ DMSO* 

11.0 mg 
NH4CI 

11.0 mg 
+ DMSO* 

9.0 mg 
NH4CI 

9.0 mg 

+ DMSO* 

•18 11.8 2.5 10.3 2.9 10.2 3-3 

20.5 25.2 4.9 21.3 6.0 22.2 7.5 

22.5 47.0 9.6 39.9 10.5 41.3 14.0 

24.5 74.0 14.9 68.8 16.4 64.0 22.3 

28.5 105.6 45.6 100.9 48.1 94.1 62.8 

30.5 106.8 76.0 111.0 74.0 106.1 80.0 

34.5 114.2 113.7 125.7 108.8 123.8 115.8 

44.0 121.3 128.4 135.0 133.8 149.4 138.3 

59.5 127.2 136.2 143.8 147.1 . 151.9 157.0 

*DMS0 concentration = 40 ml/l 
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- TABLE IV. 

Percent Change in Control Plateau Value due to the 
Addition of DMSO to Nitrogen Limited Systems* 

■ (Manometric Method-300 mg/l Glucose) • 

Sample 

Experiment No. 13.2 mg 
NH4CI 

11.0 mg 
NH4CI 

9*0 mg 
NH4CI 

I 104.2 104.6 107.1 

II 105.5 103.7 103.2 

III 104.6 105.4 105.9 

IV 102.3 106.0 106.9 

Avg. 104.2 ' 105.7 105.8 

+DMS0 concentration = 40 ml/l. 
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the DMSO containing system. Also, as noted previously, there is an in¬ 

hibition of protozoan predators in the DMSO containing system, allowing a 

plateau phase in the oxygen uptake curve due to bacterial exhaustion of 

the substrate to manifest itself. At this low concentration of nitrogen 

a plateau was never obtained unless DMSO was present in the system. 

The question of the possible bio-degradability of DMSO arose because 

the compound, in fact, contains two carbon atoms per molecule. To re¬ 

solve this question an experiment was conducted in which all nutrients 

in the correct amounts were added to a series of eighteen Warburg flasks. 

All were seeded in the usual manner. To nine flasks was added 2 ml DMSO, 

and to nine, 2 ml distilled water. The total volume in each flask was 

•50 ml. The flasks were then incubated for 120 hours. Figure 13 shows 

the results of this experiment. The manometer readings for both systems 

were essentially the same throughout the run, indicating that DMSO is not 

bio-degradable, at least not within the time scale of all the determina¬ 

tions reported in this work. 

Another set of studies was carried out to determine whether or not 

the concentration of•substrate was of significance in DMSO containing 

systems. Curve I in Figure 14 is a plot of lag time against concentra¬ 

tion of substrate for a Wfi by volume DMSO concentration. Curve II is a 

similar plot for a DMSO free system. As shown, varying the concentration 

of substrate in a DMSO containing system results in no observable differ¬ 

ences from a DMSO free system. Plateau values obtained for the respec¬ 

tive concentrations of substrate were the same in both systems. An ex¬ 

cess of nitrogen was present. 

Throught this work, both regular blanks and blanks containing LMSO 

were run in order to try to observe any physical differences in the 
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TABLE V. 

Tabulation of Data Obtained from Bio-degradability Studies on DMSO* 

(Warburg Readings-Uncorrected for Barometric Changes) 

Sample 

Time 
in Hours • + Di-ISO - DMSO 

10 14.8 cm 15.2 cm 

15 15.2 15.1 

33 12.2 12.2 

33 15.1 15.1 

40 17.2 17.1 

63 .. 23.3 23.6 

81 20.3 20.4 

86 19.0 19.1 

112 8.9 9.2 

*A11 readings given are the average of nine samples. 
DMSO concentration = 40 ml/l. 
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two systems (DMSO containing as opposed to non-DMSO containing). For 

instance, if DMSO imparted a significant partial pressure to the system, 

the apparent oxygen uptake values would be in error. However, in no 

case could any significant difference be observed in blanks for the 

two systems, indicating no physical differences in the systems. 



VI.. DISCUSSION OF RESULTS 
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This study on the effects of nitrogen limitation in biological sys¬ 

tems has many implications in the field of sanitary engineering. Since 

Busch first published his work concerning the oxygen uptake plateau and 

its significance, many workers have investigated this concept. In the 

opinion of a large number of these workers, the oxygen uptake plateau 

could not be obtained in glucose systems. If obtained, the plateau was 

reported to be a variable value, and hence could not be used to develop 

a stoichiometric relation between substrate, oxygen consumed, and cells 

produced as Busch has done. The results of this study make it obvious 

that unless a very stringent technique is utilized in preparing glucose 

systems, the value of the plateau will likely be distorted considerably, 

or the plateau phase of the oxygen uptake curve eliminated completely. 

The points of technique that should be stressed are: (1) predator pop¬ 

ulation in sewage seed must be reduced by some means such as filtration 

of the seed through ffZ Whatman paper or refrigeration, and (2) nitrogen 

must be added to the system in excess. If this is not done, small var¬ 

iations in the nitrogen content can be considerable distortion of the 

plateau value. 

As stated before, a number of workers report that the value of the 

oxygen uptake plateau is not reproducible from run to run. For the 

aerobic metabolism of glucose by mixed culture bacteria, the plateau 

value has been reported to be 40$ of the T^OD^ reproducible to + 1$. 

Busch** has also noted that the nitrogen supplement suggested by Standard 

Methods of 1 : 20-N : BOD^ ratio is insufficient for glucose systems. 

The results of this study demonstrate that Using such a nitrogen supplement 
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will result in a 15;% elevation of the plateau value of a nitrogen suf¬ 

ficient control. Hence, using the nitrogen supplement suggested by 

Standard Methods, one will likely not obtain the plateau value reported 

by Busch. Since an excess of nitrogen is not present, such a system will 

respond.to any variations in the amount of nutrient nitrogen added. This 

could well be a source of plateau variation reported by Gaudy^ and other 

workers. 

As indicated before, the effects of DMSO in the systems studied are 

in some cases intimately associated with nitrogen limitation. As noted 

in Section VI, controls for several degrees of nitrogen limitation were 

established. Addition of DMSO to such systems resulted in a 5$ increase 

in oxygen uptake value over the respective controls, as measured at 50 

hours. This phenomenon occurred only when nitrogen content was the op¬ 

timum or below. A search of the literature indicated that the reasons 

for this phenomenon coule be manifold. DMSO, for instance, affects 

acidity and basisity of some compounds, a property that could have many 

implications in biological systems.^ The chemical also forms complex¬ 

es with molybedenum and other metals which have essential biological 

functions.^ 

However, strongest evidence so far found indicates that a physical 

phenomenon is responsible. When all nutrient reagents are mixed together, 

the presence of phosophate buffer and CaCl2 cause formation of a fine, 

white precipitate that disperses throughout the medium evenly when all 

other components of the dilution are added. However, if DMSO is added 

before the pool of reagents in the flask is diluted, the precipitate be¬ 

comes chunk-like, and is impossible to disperse, If the reagent pool is 

diluted to 100 ml before addition of DMSO, this effect is not observed, 
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and the precipitate will disperse, although seemingly not as well as 

. when DMSO is absent. In the case of non-DMSO containing dilutions the 

precipitate is almost imperceptible when dispersed, whereas DMSO containing 

dilutions remain somewhat cloudy. Thus, the phenomenon of a 5$ increase 

in plateau value for DMSO containing systems may be due purely to a 

physical limitation of nitrogen due to coagulation of the nutrient 

reagents into a less dispersible state. Since the nitrogen is still 

present in the soluble form, the assumption here is that a certain amount 

of the ammonia ions are trapped in the floe formed when DMSO is added. 

This assumption seems likely for several reasons. Indications are that 

the degree of coagulation is independent of the amount of DMSO added so 

.long as that amount is above the 2$ concentration established as signifi- 

cant. Therefore, increasing the amount of DMSO should have no increasing 

effect on the plateau value. This was found to be the case. In addi¬ 

tion, an increase of only C.8 mg N%C1 from 13.2 to 1^ mg/60 mg glucose 

eliminates the effect completely. Therefore, it follows that if this 

effect is due to nitrogen limitation, the effect would be small. This 

point can be better trade by two simple calculations. 13.2 mg NH^Cl 

has been established as the amount of NH^Cl required for the systems 

studied. The 5$ increase in the plateau phase observed for all nitrogen 

concentrations studied indicated in every case an apparent decrease in 

the availability of nutrient nitrogen of about 1.5 rag according to 

Figure 6. For instance, if 13.2 mg NH^ci is added to one of these systems 

along with DMSO in at least 2$ concentration, such a system responds as 

if only 11.7 rag NH^Cl were present with regard to 0£ uptake. Then if 

an excess of 0.8 mg is added, (increasing NH^Cl from 13.2 mg to lh-.O 

mg) increase in the apparent nitrogen in the system if from 11.7 rag to 
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12.5 mg. The system response is not sensitive enough to differentiate 

12.5 mg from 14.0 mg NH^Cl which serves as the control. A study of the 

data reveals that 12 mg NHNCI results in an increase in plateau value of 

only 3;o over a control containing 14 mg NH^Cl. Hence, 12.5 mg and 14.0 

mg give the same experimental result causing the effect of DMSO addition 

to disappear. This example given here is exactly analogous to all the 

nitrogen concentrations studied. 

With regard to the ’’lag tirae,, effect of I&ISO, this phenomenon is 

most likely attributable to the so called "acclimation period" usually 

observed when the substrate is changed or the environment otherwise 

altered. There is much controversy concerning just what processes are 

entailed in the term "acclimation." The evidence of this study is that 

addition of DMSO does not cause a lag by actual reduction of the viable 

population through toxic effects or species selection, but results in • 

a time delay while the existing population becomes acclimated to the 

new environment. 

The reason for the increase in rate of oxygen uptake in severely 

nitrogen limited systems containing DMSO over those containing none 

remains a mystery. This particular phenomenon was the only one noted 

that could possibly be involved with the transport properties of DMSO 

discusses previously. Unfortunately, this effect was noted late in the 

experimental work. Hence, follow-up experiments other than those to 

establish that the effect was real and reproducible, were not carried 

out. 

As stated in the introduction, one of the purposes of experimenting 

with DMSO was to observe any effects of the chemical’s unusual transport 

properties on bacterial systems. With the possible exception of that 



mentioned in the preceding paragraph, overt evidences of increased 

transport properties of the cellular membrane with respect to oxygen 

substrate were not forthcoming. 
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VII. CONCLUSIONS 

The following conclusions have been drawn as a result of"this 

.study: 

(1) The plateau oxygen uptake value observed as a consequence 

of the aerobic metabolism of glucose by a mixed bacterial 

culture can be considerably altered by limitation of nutrient 

nitrogen. 

(2) The degree of alteration of the plateau value is quantitatively 

related to the amount of nitrogen made available to the system. 

(3) Completo abolition of an oxygen uptake plateau in an aerobic, 

glucose substrate system can be accomplished by limitation 

of nutrient nitrogen to 40^ of the theoretical value and below. 

(4) Addition of DMSO to the systems studied increases the "lag" 

time before onset of maximum oxygen uptake rate. The increase 

in "lag" is quantitatively related to the amount of DMSO 

present. 

(5) DMSO has no effect on the oxygen uptake plateau value in systems 

where there is excess nutrient nitrogen. 

(6) DMSO has the effect of increasing the oxygen uptake value in 

the plateau phase in all systems studied where the nutrient 

nitrogen content was the theoretical content and below. 

(7) The increase in oxygen uptake value due to addition of DMSO 

was essentially constant regardless of the amount of DMSO 

present above 2$ by volume or the degree of nitrogen limita¬ 

tion. 



DMSO has the effoct of increasing the rate of oxygen uptake 

in'irospiring systems',' i. o., systems with no nutrient nitrogen 

source 

Addition of DMSO to the systoms studied increased the longth 

(durability) of the platoau phaso of tho oxygen uptake curve. 

This effect was duo primarily to tho inhibition of protozoan 

predators. 

The effect of nitrogen limitation on tho plateau can be shown 

to bo the same whethor the oxygen uptake values are obtained 

in the Warburg respirometer or tho BOD bottle. 
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