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The role of nitrate oxygen as a terminal acceptor of hydrogen 

stands as a unique form of bacterial respiration. As nitrate is re- 

duced to nitrite on to the gaseous state (N2, N2O) the substrate is 

oxidized to give the requisite energy for cell growth. The present 

study will deal with selected aspects of the energy levels gained when 

nitrate and molecular oxygen operate as the terminal electron accep- 

tors. 

Pseudomonas stutzeri, an active nitrate reducer, was used 

throughout the entire study. The culture was maintained on nitrate 

agar. A semi - synthetic medium was used for the experimental 

studies. An electrolytic respirometer assembly was used for oxygen 

uptake and nitrogen evolution was measured using a Beckman model 

GC -2 chromatograph. Analyses for nitrites, total nitrogen, carbon 



dioxide and phosphorus were determined by established chemical 

procedures. 

Several older aspects of the problem have been clarified and 

new information presented. As might have been expected, large 

cell masses did not show a measurable uptake of phosphorus pre- 

sumably because of existing cell reserves. On the other hand a 

growing cell system did fix significant amounts of phosphorus and 

when oxygen uptake was measured, applicable growth PIO ratios 

were obtained. The aerobic system showed a relative PIO ratio of 

0. 01 whereas the ratio for the anaerobic nitrate cell system was 

0. 0036. The observed difference in the two ratios of 2. 8 approached 

the assumed aerobic P/O ratio of 3: 1. However, when oxygen 

utilization and phosphorus fixation was calculated, on the basis of 

equivalent cell counts, then an entirely different picture emerged. 

In the latter case, the aerobic to anaerobic ratio became 1:1. 5 

rather than 3:1. If it is assumed that the aerobic system synthe- 

sizes 3 ATP molecules per atom of oxygen, then the anaerobic cells 

with nitrate as the final acceptor would produce 2 ATP molecules. 

The above results agree with present information on the electron 

transport system of cultures similar to Pseudomonas stutzeri. 
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PHOSPHORUS METABOLISM IN PSEUDOMONAS STUTZERI 

INTRODUCTION 

For many years the microbial or enzymatic reduction of nitrates 

to nitrogen gas and oxides of nitrogen has drawn considerable atten- 

tion. Numerous reports are in the literature relating to the over- 

all reduction sequence. However, this author was stimulated by a 

rather specific facet of the enzymatic denitrification problem, namely 

the oxygen and phosphorus uptake of a system utilizing molecular 

oxygen and nitrate oxygen as the terminal hydrogen acceptors. This 

type of study could possibly demonstrate the difference in overall 

efficiency of the two systems as well as add to our knowledge of 

oxidative phosphorylation. 

For a study of the above type, a culture such as Pseudomonas 

stutzeri would seem to lend itself well to a series of experiments 

due to the facts that, in this strain, nitrite is the only detectable 

intermediate in the reduction of nitrates to nitrogen gas and nitrate 

nitrogen is not assimilated. Therefore a series of intermediate 

products would not have to be determined in the nitrate reduction 

experiments. 

Finally, what kind of experimental organization should be 

utilized? It would seem one or a combination of three systems 

could be used; cell -free preparations, stationary whole cell 



suspensions and growing cell experiments. As will be evident after 

a study of the literature, cell -free preparations would not seem to 

be fruitful due to already published low P/O ratios. A stationary 

whole cell suspension system offered the possibility of obtaining 

true P/O ratios if ATPase, adenylic kinase and recycling activity 

could be controlled. It was felt that with the use of compounds such 

as sodium fluoride and chloramphenicol plus the use of different 

stages of cell growth, useable ratios might be obtained. Lastly, a 

growing cell experiment might provide valuable comparative ratios. 

Here, however, knotty problems are presented. Data interpretation 

and adequate control of experimental conditions are difficult to attain. 

It is the primary aim of this investigation to present comparative 

data on the uptake of phosphorus by stationary and growing cell sys- 

tems and to discuss the overall significance of the results. 

z 



HISTORICAL REVIEW 

Oxidative phosphorylation in bacteria has been widely studied 

by many workers, the majority of whom used cell -free preparations. 

However, most of the published ratios have been quite low, but some 

fairly high ratios have also been noted. For example, Brodie et al. 

(2, p. 6554) obtained a ratio of 1. 35 with Mycobacterium phlei under 

aerobic conditions; Ota and Okunuki (24, p. 131 -135) with Escheri- 

chia coli under nitrate respiration conditions found a high ratio of 

1.1. Even though the later ratios might appear reasonable, most 

values observed in the literature were of the magnitude of 0.5 or 

lower. 

At this point it would be appropriate to discuss several of the 

PIO ratios reported in the literature and the methods used to obtain 

them. The previously mentioned work of Ota and Okunuki (24, 

p. 131 -135) with E. coli showed a ratio of O. 65 with glutamate and 

a ratio of 1. 1 with citrate. At first glance a ratio of 1. 1 would seem 

to be fairly high but it must be noted the ratio with glutamate was 

lower than the ratio with citrate. No explanation was given by the 

authors. One would expect the ratio with glutamate to be at least 

as high as the ratio obtained with citrate or ideally higher. Possibly 

the conversion of glutamate to ct -keto glutarate was the limiting 

reaction thereby causing a magnified effect of ATPase or adenylic 

3 
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kinase activity or the system was simply incomplete. Tissieres 

et al. (31, p. 336 -347) also presented ratios obtained with cell -free 

preparations of Azotobacter vinelandii. Their results indicated a 

PIO ratio of 0.82 with succinate and 0.88 with q -keto glutarate as 

respective hydrogen donors. These ratios would also seem to re- 

quire close examination. Classically you would expect a -keto gluta- 

rate to give approximately twice the P/O ratio given by succinate. 

It may be proposed here that the ratio obtained with succinate was 1 

instead of 0.82 then the ratio with 4 -keto glutarate should have been 

2. If this was true, the ratio with citrate would have been 1. 5. The 

ideal values would be 2 for succinate, 3 for citrate (or DPNH) and 4 

for 4 -keto glutarate putting these values in complete agreement with 

values obtained with mamalian mitochondrial preparations. 

Since the present study is concerned with nitrate reduction 

coupled with oxidative phosphorylation, the literature on nitrate re- 

duction coupled with oxidative phosphorylation has been reviewed. 

First it is helpful to examine certain aspects of the literature on 

E. coli even though the E. coli system was not felt to be ideal be- 

cause this system possesses the capacity of assimilating as well as 

dissimilating nitrate nitrogen. 

With cell -free extracts taken from E, coli Hersey and Ajil 

(11, p. 295 -304) showed that the aerobic oxidation of succinate was 

coupled with esterification of inorganic phosphorus. Then in 1956 



(28, p. 223 -233) phosphorus turnover in E. coli resting cells incu- 

bated anaerobically was shown to be greatly enhanced by the addition 

of nitrate and formate. Thus it was postulated that nitrate oxygen 

was probably utilized as the terminal hydrogen acceptor with the 

concomittant esterification of inorganic phosphorus. Later Iida and 

Taniguchi (12, p. 1041 -1055. 13, p. 1419 -1436) showed cytochrome 

b1 to be the physiological carrier in anaerobic electron transfer from 

formate to nitrate. Then in 1961 Taniguchi (29, p. 341 -375) eluci- 

dated the anaerobic nitrate scheme as follows: 

FAD Feg+ Nitrate 
DPNH_.. j or Menadione .__Cytochrome b1___>Reductase__>NO3 

FMN Fe3+ Mo 

It was also reported that the system was particulate (12, p. 1041- 

1055) and the nitrate reductase enzyme contained molybdenum (30, 

p. 263 -279). Thus, a semblence of an electron transport scheme 

has been demonstrated to be active with anaerobic nitrate respira- 

tion. The PIO ratios of Ota and Okunuki (24, p. 131 -135) left no 

doubt that the above scheme was intimately associated with oxidative 

phosphorylation in this organism. Again in 1964 Hemfling et al. 

(10, p. 779) demonstrated nitrate reduction to be coupled with phos- 

phorylation in E. coli under anaerobic conditions, but their ratios 

were of the order of 0. 3. In summation, the work with E. coli has 

clearly demonstrated the coupling of nitrate respiration with oxidat- 

ive phosphorylation. 

5 
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The pseudomonads have been widely investigated in reference 

to oxidative phosphorylation and nitrate reduction. The three species 

which will be dealt with here are Pseudomonas aeruginosa, P. deni- 

trificans and P. stutzeri. 

In 1956, Verhoeven and Takeda (32, p. 159 -162) stated that the 

cytochrome c content of P. aeruginosa increased under anaerobic 

growth conditions with nitrate. In their definitive piece of work 

Fewson and Nicholas (7, p. 335 -349) found P. aeruginosa nitrate 

reductase to be DPNH dependent and contained FAD, cytochrome c 

and molybdenum as functional components in the particulate system. 

These investigators demonstrated the molybdenum, iron and copper 

content of anaerobically grown cells to be higher than that of aero- 

bically grown cells. The typical spectra of cytochrome c and cyto- 

chrome b peaks were demonstrated. However, it was not possible 

to determine if the b type cytochrome was operative. Electron spin 

resonance studies also hinted at the presence of a FAD semiquinone 

free radical. The presence of DPNH oxidase, cytochrome c reduc- 

tase and cytochrome oxidase was also found. Furthermore, the 

molybdenum in the nitrate reductase enzyme seemed to undergo a 

valency change of Mo5+ to Mo6 +. The amount of cytochrome c re- 

ductase activity along with the quantity of cytochrome c diminished 

with increasing aeration, Mammalian or bacterial cytochrome c was 

reduced enzymically by DPNH or reduced FAD and reoxidized by 
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Mo6+ or nitrate in the presence of the requisite enzyme. Cytochrome 

b appeared to be reduced by DPNH. Finally Fewson and Nicholas 

(7, p. 335 -349) postulated the following scheme of electron transfer: 

DPNH -- . FAD Cytochrome c- )MoS + -ONO3 
or 

Cytochrome Oxidase `02 

In further detailed work on the nitrite reductase from P. aerugi- 

nosa Walker and Nicholas (33, p. 350 -360) showed this enzyme to be 

somewhat different from the nitrate reductase enzyme. Their pro- 

posed electron transport scheme involving the nitrite reductase en- 

zyme is shown as follows: 

(l +, -N.2 +) 

Pyocyanin H2 --)FAD ). Cu- protein --)NO2 

Methylene blue H2 

It may be readily seen that there are striking differences between 

the nitrite and nitrate reductase scheme. Pyocyanin, a pigment 

produced by Ps. aeruginosa, was found to be an effective hydrogen 

donor. DPNH was found to operate after an initial lag period had 

subsided. The enzyme contained a cytochrome of the c -type and was 

reduced by FADH2, PyH2 or MbH2 but the cytochrome c in the en- 

zyme was unaffected by these electron donors. Molybdenum was 

not required. However, Walker and Nicholas (33, p. 350 -360) 

found a definite copper, iron and phosphorus requirement. The 

phosphorus requirement was to be expected. No phosphorus 
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requirement was stated in the nitrate reductase article and as far as 

could be found, the workers did not look for a phosphorus require- 

ment with that system. Walker and Nicholas (33, p. 350 -360) did 

not determine the exact relationship of iron to the system but it 

would be logical to assume the iron to be intimately involved in the 

electron transport scheme. Finally, the nitrate reductase system 

was particulate while this reader could not determine if the nitrite 

reductase preparation was particulate or soluble. It would seem 

reasonable to assume it was a soluble system. If this was the case, 

further work would be required because the system was likely not 

intact. 

In 1960 Yamanaka (34, p. 397 -398) found P. aeruginosa reduced 

cytochrome c -551 was oxidized under anaerobic conditions with a 

concomittant decrease in the amount of nitrate present, Strasdine 

et al. (27, p. 91 -97) demonstrated substrate - dependent phosphory- 

lation with P. aeruginosa cells and cell -free preparations. They 

found radioactive phosphorus to localize strongly in the nucleic acid 

fraction. However, these workers obtained a PIO ratio of only 

0. 01 which would cast doubt on the exact significance of the results. 

Yamanaka et al. (35, p. 253 -258) reported that a particulate 

fraction of P. aeruginosa would anaerobically, in the presence of 

nitrate, esterify phosphorus if some of the supernate was added to 

the particulate fraction. The PIO ratio obtained was 0. 3 with 



lactate as the hydrogen donor and in the absence of ADP, phosphory- 

lation and nitrate reduction decreased. They theorized that one mole 

of ATP would be formed from one mole of nitrate because E'0 = 

+0. 421 volts in the reduction of NOS to NO2. Yamanaka's group 

also reported, with lactate as substrate, the following data: 

Mumoles of NO3 reduced Mumoles of P. esterified 

without DPN+ 5040 204 

with DPN+ 5160 426 

If the appropriate values were subtracted then 120 Mumoles of NO3 

was reduced and 222 Mumoles of P was esterified to give a PIO 

ratio of 1. 9. However, it is felt that this type of data would be sub- 

ject to error. It would seem that Yamanaka's (35, p. 253 -258) re- 

sults would substantially support only the conclusion that oxidative 

phosphorylation was linked here with nitrate reduction. 

In 1956 Chung and Najjar (4, p. 617 -625) demonstrated fractions 

of P. stutzeri to be capable of reducing nitrite to nitric oxide and 

nitrogen gas. These investigators found stimulation of activity if 

DPN or TPN was added in catalytic amounts. With the necessary 

hydrogen donor FAD and FMN were also found to serve this purpose. 

The only metal ions which produced stimulation were copper and iron 

with denitrification being inhibited by metal binding agents. This 

observation would agree with that of Walker and Nicholas on the 

previously described nitrite reductase system. 

9 



Ohnishi and Mori (22, p. 406 -411) used whole cell suspensions 

of P. denitrificans to show what seemed to be the coupling of phos- 

phorylation with the denitrification reaction. Iwaski (15, p. 174- 

184) determined the cytochromes to be active under denitrification 

conditions with P. denitrificans. He demonstrated the presence of 

two cytochromes which he called cytochrome ci 52 and cryptocyto- 

chrome c. Neither of the cytochromes would link with cytochrome 

oxidase; however, he showed cytochrome c552 to be active in elec- 

tron transport while cryptocytochrome c seemed to be linked with 

the nitrite reduction process. Thus he postulated the following 

scheme: 

H- donor_. Cytochrome cl 52 
HNO2 

N2 

10 

Ohnishi's work with cell -free preparations of P. denitrificans also 

showed phosphorylation to be coupled with nitrate reduction (21, 

p. 71 -79. 22, p. 406 -411. 23, p. 482 -483). Her work hinted at 

the participation of both cytochrome b and cytochrome c in aerobic 

and nitrate respiration in a particulate system. She also noted a 

depression of oxygen consumption upon the addition of nitrate to her 

cell -free system. Nitrate depression of oxygen consumption has also 

been reported by Gilmour et al. (9, p. 55 -58) with a whole cell sus- 

pension of P. stutzeri. 



Finally in 1964 Yamanaka's group (36, p. 750) proposed the 

following scheme for P. aeruginosa and E. coli: 

NADH+ H 

NAD+ 1/2 2 H2O Pi 

They indicated that the above scheme would apply to both aerobic 

and nitrate respiration. In addition these workers found the combi- 

nation of particulate (P8 -140) and supernatant (S140) was necessary 

for phosphorylation. This group also separated a fraction F which 

contained neither flavin nor cytochrome but which was highly active 

in oxidative phosphorylation. Yamanaka's (36, p. 750) group ob- 

tained an aerobic ratio of 0. 3 for P. aeruginosa and 0. 65 for E. 

coli. They concluded that phosphorylation coupled to nitrate respir- 

ation was the same as that in classical oxidative phosphorylation. 

It should be stated, however, that difficulties encountered by most 

investigators with ATPases and adenylic kinases plus incomplete 

enzyme systems severely limits the value of the described PIO data. 

Although bacteria are not known to possess discrete mitochon- 

dria yet such centers of enzyme activity are probably present. 

Therefore, it would seem appropriate to briefly review several of 

the salient advances relating to phosphorus uptake using mitochon- 

drial preparations. 

F ADP 

F ATP 

ll 

`r 



Green et al. in 1963 (8, p. 1460 -1468) formulated the following 

scheme for oxidative phosphorylation: 

Succinate-> 
Succinic-Q 
Reductase 

IDPNH-Q 
DPNH Reductase 

ATP 

QH2-Cyt. c 
Reductase 

ATP 

Cyt, Cyt. 
duced 

c 
Oxidase 

A P 

-702 
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This system has been well documented throughout the literature; 

also it is particulate which seems to be the case in an intact bacter- 

ial system. It will be noted 3 ATP's are gained from each electron 

pair from DPNH and 2 formed for each pair from succinate. This 

was documented by Smith and Hansen (26, p. 33 -37) who prepared 

submitochondrial particles with a P/O ratio of 2 for succinate and 3 

for DPNH. 

Finally the only work which could be located on phosphorus and 

oxygen uptake correlated with a growing cell system was that of 

Iwainsky and Muller in 1960 (14, p. 12 -20). This work demonstrated 

phosphorus was taken into whole cells of multiplying M. phlei as 

oxygen was taken up. They also found phosphorus was incorporated 

primarily into the nucleic acid fraction previous to division. 

Q--0 >--) 
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MATERIALS AND METHODS 

Culture and Growth Media 

The culture Pseudomonas stutzeri isolated in this laboratory 

(25, p. 58 -60) was used throughout the study. This stock culture 

was maintained on the following medium: 

KNO3 - -- 5 g 

Trypticase 10 g 

Yeast Extract 1 g 

Agar Agar 15 g 

Distilled Water 1000 ml 

The above medium was sterilized at 15 p. s. i. for 15 minutes at 

121° C. The final reaction was pH 7. 2. 

A second medium was used for growth of the organism during 

phosphorus fixature and oxygen utilization. Potassium nitrate was 

added when desired and the phosphorus concentration adjusted to 

any required level. The composition of the test medium is shown 

below: 

Trizma Base 6. 05 g 

NH4C1 1. 5 g 

KH2PO4 0. 001-0. 004 g 

MgSO4 0. 01 g 

FeSO4 0. 001 g 
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Mo03 0. 001 g 

Yeast Extract 0. 5 g 

Distilled Water 1000 ml 

The pH was adjusted with concentrated HC1 to give a final reaction 

of 7. 4 -7. 5. This medium was then autoclaved at 15 p. s. i. for 15 

minutes at 121° C. The sterile carbon source was added aseptically 

to the sterile medium to give a final concentration of 0. 5 %. 

Chemical Determinations 

Carbon dioxide was determined by titration with a Beckman 

automatic titrimeter. Nitrates were determined by the method of 

Eastoe and Pollard (6, p. 266 -269). The analysis for nitrites was 

carried out according to Standard Methods (1, p. 246 -247). Nitro- 

gen gas evolution was measured with a Beckman GC -2 gas chromato- 

graph and phosphorus was determined by a modified Fiske - Subbarow 

method (17, p. 18 -20). All glassware to be used in the experiments 

and analytical work was rinsed in tap water, boiled for 30 minutes 

in Haemo -sol solution, rinsed several times in warm tapwater and 

finally rinsed three times in distilled water. Micro Kjeldahl analy- 

ses were used to determine total nitrogen on the aerobic and an- 

aerobic cell mass (20. 3, p. 987 -991). 
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Cell Lysis Studies 

First an effective method of cell lysis had to be developed to 

determine total phosphorus fixed in the cells. Modifications of the 

lytic procedures outlined according to Marmur (18, p. 208 -218) 

were used. 

Two hundred -fifty milliliter Erlenmeyer flasks which contained 

100 milliliters of the previously described growth medium plus about 

0. 7 grams of KNO3 and approximately 4 milligrams of KH2PO4 

were inoculated with one milliliter of cells from a 20 hour culture 

and placed on the New Brunswick rotary water bath shaker at 300 C. 

and incubated for 20 hours. Then the cells were aseptically trans- 

ferred to sterile 50 milliliter polypropylene centrifuge tubes and 

centrifuged at 9200 g's for ten minutes on the Servall SS -1 centri- 

fuge. The cells were resuspended in 1 /10 the original medium vol- 

ume in sterile isotonic NaCl and spun free from the wash. Sterile 

growth medium was used to resuspend the pellet in 1 /10 the original 

medium volume. This suspension was used for the following repre- 

sentative experiments. 

Five milliliters of the cell suspension was used in each test. 

The effectiveness of a lysis agent was determined by clearing of 

the tube and gram stain. The contents of a tube which demonstrated 

promise were centrifuged at 9200 g's for six minutes in the Servall 
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and then the sediment was gram stained. Samples, which showed 

representative concentrations of sodium lauryl sulfate, lysozyme, 

perchloric acid, incubation times and temperatures which were used, 

are given in Table 1. 

From the results of the lysis experiments it was deemed neces- 

sary to determine if perchloric acid treatment would free esterified 

phosphorus. A solution of Streptococcus DNA was obtained (16) and 

evaporated to a heavy viscous solution under vacuum. Three and 

one -half milliliters of the DNA solution was pipetted into each of 

two tubes along with 80 milligrams of ADP and 110 milligrams of 

AMP. Then ten milliliters of 0. 89% saline was added to one tube 

and ten milliliters of 1. 8% perchloric acid was added to the other. 

The mixture was allowed to stand at room temperature for one hour 

after which five milliliters of each mixture was analyzed for 

phosphorus. 

Initial Cell Growth Studies 

It was decided phosphorus fixation would have to be demon- 

strated aerobically and in amounts detectable by the Fiske - Subbarow 

determination before the work could be carried further with cell 

mass experiments. 

The cells were shaken on the water bath rotary shaker at 

30° C. for 20 to 22 hours with 100 milliliters of medium per 250 



Table 1. Design of the cell lysis experiments. 

Tube 
Number 

Reaction 
Time 

Minutes 

Temperature 
of 

Incubation °C. 

Mgs Sodium 
Lauryl Sulfate 

/Tube 
Mgs Lysozyme 

/Tube 

Ml 1. 8N 
Perchloric 

Acid 
1 30 60 125 0. 0 0. 0 
2 30 60 625 0. 0 0. 0 
3 30 60 1250 0. 0 0. 0 
4 30 60 0 0. 0 0. 0 
5 300 37 0 1. 0 0. 0 
6 300 37 0 5. 5 0.0 
7 300 37 0 8.5 0. 0 
8 300 37 0 0. 0 0. 0 
9 180 37 125 1. 0 0. 0 

10 180 37 625 5. 5 0. 0 
11 180 37 1250 8. 5 0. 0 
12 30 cracked ice 0 0. 0 2. 5 
13 30 cracked ice 0 0. 0 0. 0 

J 



18 

milliliter Erlenmeyer flask. Each flask contained O. 5% sodium 

acetate and a 1% inoculum. After the growth period the cells were 

centrifuged for 10 minutes at 8000 g's using a Servall SS type cen- 

trifuge. The cells were washed once in sterile isotonic NaCl and 

resuspended in 1 /10 the original medium volume in fresh sterile 

medium of the same composition except that no carbon source or 

phosphorus was added. The cells were then incubated for three 

hours at 35° C. After the starvation period 25 milliliters of the 

cell suspension was placed in each of the required number of sterile 

cotton - stoppered 125 milliliter Erlenmeyer flasks along with, if 

used, 2. 5 milligrams phosphorus, 125 milligrams sodium acetate, 

125 milligrams glucose and chloramphenicol or sodium flouride. 

The mixtures were placed on the 30° C. water bath shaker for the 

time indicated with zero time being the time at which the additives 

were added. At the time of cell sacrifice, ten milliliters of the 

cell- additive suspension was pipetted into a 100 milliliter volu- 

metric flask, in cracked ice, which contained ten milliliters of 

1. 8% perchloric acid. After the run was completed phosphorus was 

analyzed as soon as was practicable. Table 2 depicts sample ex- 

periments for the series of cell mass experiments. A plus sign 

indicated the presence of a companent while a minus sign indicated 

its absence. With all phosphorus analyses, 10, 20 and 30 ug /ml 

phosphorus standards were carried through the analysis. 
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Table 2. Stationary cell phosphorylation studies. 

Flask 
Number Substrate Cells 

Time in 
Minutes Chloramphenicol 

Sodium 
Fluoride 

1 

2 

3 

4 

5 

acetate 

acetate 

acetate 

acetate 

# 

# 

# 

# 

# 

0 

5 

10 

20 

20 

- 

6 acetate # 5 250 mg 

8 acetate # 10 250 mg 

9 acetate # 20 250 mg 

10 # 20 250 mg 

11 acetate # 20 70 p.m 

12 glucose + 0 

13 glucose+ # 5 

14 glucose+ # 15 

15 glucose+ # 30 

16 + # 30 

17* glucose+ # 30 

- No phosphorus was added 

+ No starvation period was used 

# Indicates the presence of cells 

- - - - -- 

- 
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Initital Growth PIO Ratios 

Cells of P. stutzeri were grown in the previously described 

test medium (p. 13). A 20 hour - 100 milliliter culture was used 

for the inoculum. Each flask received 100 milliliters of medium. 

The medium contained about 30 }lg /ml phosphorus and no glucose. 

The complete respirometer assembly as described by McGarity et. 

al. (19, p. 303 -316) plus medium was wrapped in brown paper and 

sterilized at 15 p. s. i. for 15 minutes at 121° C. After sterilization 

the sterile glucose was added to give a final concentration of O. 5 %. 

Then the medium was inoculated and the centerwell received ten 

milliliters of 5% KOH solution. Finally the respirometer was 

greased with Lubri -seal grease and assembled. 

One flask was immediately sacrificed as the control while the 

rest of the flasks were connected to the respirometer and placed on 

top of magnetic stirrers. The flasks were insulated from the top 

of the stirrer with a layer of aluminum foil, a piece of asbestos and 

a petri dish. The entire assembly was incubated in a cabinet cali- 

brated to hold the temperature at approximately 28° C. Periodic 

manometer readings were taken and flasks sacrificed at proper 

time intervals. At the time of each flask removal the cell concen- 

tration was measured at 640 m}1 on a Baush & Lomb Spectronic 20 

and a sample of the culture frozen immediately in rubber- stoppered 
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tubes. The KOH was washed from the center well into rubber- 

stoppered Erlenmeyers to be titrated later for CO2 values. 

Modifications in Incubation Temperature Control 

Additional aerobic experiments were performed with more 

exact temperature control. In order that the respirometer flasks 

would not be in contact with the stirrers, a shelf of fiberglass screen 

was constructed about two inches above the top of the magnetic 

stirrers. Two kitchen exhaust fans were installed in the top of the 

cabinet and holes were drilled in the bottom. Thus by the opening 

or closing of the holes in the bottom of the cabinet, the temperature 

in the cabinet could be controlled. Two representative experiments 

were included here. These experiments were carried out as before 

except that the second experiment included KNO3 at approximately 

0. 7 grams of NO3 -N per liter. 

Cell Growth Integrated PIO Ratios 

Previous results indicated the respirometer flasks would have 

to be incubated in a water bath in order to attain optimum results 

with the growing system. The water bath was fabricated from 

epoxy -resin and fiber glass due to the fact that the magnetic stir- 

rers would not operate through a metal bath. An immersible copper 

heating coil was installed in one side of the tank in conjunction with 
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a National Appliance Safety Stat, accurate to + O. 5° C. The water 

was recirculated by two Cole - Parmer model 7000 -450 gal /hr pumps. 

The respirometer flask was immersed in the tank while the mano- 

meter apparatus remained on the outside. 

An aerobic and anaerobic experiment was performed with the 

yeast extract in the medium replaced by vitamins and amino acids 

as given from the analysis of yeast extract by Difco (5). The vitamin 

and amino acid concentrations as added per liter are given below: 

Biotin 

Nicotinic Acid 

O. 7 ug 

139. 5 ug 

L- Histidine 

L- Isoleucine 

4. 7 mg 

14. 5 mg 

Pyridoxine 10. ug L- Leucine 18. 0 mg 

Riboflavin 9. 5 ug L- Lysine 20. 0 mg 

Thiamine 1. 6 ug L- Methionine 3, 9 mg 

L- Arginine 3. 9 mg L-Phenylalaninel -- - - 1. 0 mg 

L- Aspartic Acid 25. 5 mg L- Tryptophan 17. 0 mg 

L- Glutamic Acid 32. 5 mg L- Tyrosine 4. 6 mg 

Glycine 12. 0 mg L- Valine 17. 0 

The vitamin concentrations were doubled from the above values as 

was the previously given concentration of iron (p. 13). The vita- 

mins were sterilized with a millipore filter, then placed in the dark 

in the refrigerator to be aseptically added to the medium as required. 

For the aerobic experiment the cells were grown aerobically 

as described on page 20. The cells were spun from the medium 
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and washed once with the growth medium except that the yeast ex- 

tract was replaced with vitamins and amino acids. The washed cells 

were resuspended in a volume of the same medium equivalent to the 

volume of the original culture and then used to inoculate two respir- 

ometer flasks. The flasks and medium were prepared and assem- 

bled as before except for the substitution for yeast extract. 

The previous method of sacrificing complete flasks were also 

modified. A sterile ten milliliter Stylex disposable syringe was 

fitted with a sterile 22 gauge B -D four -inch needle. The serum cap 

on the flask porthole was swabbed with 70% alcohol. The stopcocks 

on the respirometer flasks were closed, five milliliters of air was 

pulled into the syringe, the syringe was plunged into the serum cap, 

the air was expelled from the syringe into the flask and a five milli- 

liter sample of medium was drawn into the syringe. The sample 

was then used for a plate count and phosphorus analysis. The 

medium used for the plate counts was the previously described agar 

medium (p. 13). Duplicate plates were poured, incubated at room 

temperature and counted at the optimum time. 

The anaerobic experiment was performed with the same medium 

except that one gram of NO3 -N was added per liter. The inoculum 

was grown anaerobically in the yeast extract medium and harvested 

at 22 hours. Then the inoculum was prepared as was just described 

and used to inoculate two respirometer flasks. The only difference 
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in sampling technique was that a completely empty syringe was 

plunged into the flask and a six milliliter medium sample was with- 

drawn. Previous to each anaerobic sample, N2 gas was determined 

with the gas chromatograph. The medium sample was used to de- 

termine nitrates, nitrites, phosphorus and plate count. 

Finally an experiment was performed in which two aerobic 

flasks were incubated simultaneously with two anaerobic flasks. A 

common inoculum, which had been grown anaerobically in the yeast 

extract medium, was used for the experiment. The cells were 

washed in yeast extract medium without added nitrates and resus- 

pended in fresh yeast extract medium without added nitrates. One 

milliliter from this suspension was then added to each of the flasks 

in the experiment. Each flask contained 100 milliliters of the yeast 

extract medium and the anaerobic flasks had 1 gram of NO3 -N added 

per liter. All four flasks were placed in the water bath at the same 

time. Samples were taken with the syringe as previously described. 

Five plates were poured at each dilution for the plate count. 
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EXPERIMENTAL RESULTS 

Cell Lysis 

Lysozyme was found to be totally ineffective in the reaction time 

allotted. There was no noticeable tube clearing or cell damage. 

Sodium lauryl sulfate, at all concentrations used, effected consider- 

able lysis. However, a large amount of unlysed cells was noted in 

the centrifuged sediment. The combination of lysozyme and sodium 

lauryl sulfate caused no enhancement of lysis. Perchloric acid pro- 

moted complete cell lysis but did not free any phosphorus from DNA, 

ADP or AMP. Since perchloric acid effected complete cell lysis; 

this pretreatment was used as an integral part of subsequent phos- 

phorus determinations. 

Stationary Cell Phosphorylation Studies 

It would be pointless to include here but a sample of the results 

obtained in this section. For example, at zero time the medium 

would normally assay about 96 ug of P /ml, then throughout the run 

vary from 101 ug P /ml to 92 ug P /ml. These results were typical 

of data obtained for the entire sequence of experiments using chlor- 

amphenicol, sodium fluoride and a prolonged starvation period. Pre- 

sumably there was no net incorporation of phosphorus. 
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Effect of Temperature Fluctuation 

Table 3 and Figure 1 have been included to illustrate the degree 

of experimental variation encountered when using the electrolytic 

respirometer in conjunction with a magnetic stirrer. Flask temper- 

atures increased several degrees due to excessive heat produced by 

the stirrers. However, as is shown by the data in Table 3, the ave- 

rage oxygen uptake values and optical density readings increase in a 

linear manner and in this respect are of value. 

In the next sequence of experiments, the respirometer flasks 

were subjected to improved removal of high temperature air to fur- 

ther test the temperature effect. Representative data are shown in 

Table 4 and Figure 2. Although some variation in oxygen uptake is 

evident, the line plot proved sufficiently accurate to allow for a sam- 

ple slope calculation. If the slope of the oxygen curve is taken from 

Figure 2 it is found to be 5 cm3 of [O] /hr. At 30° C. one ml of [O] 

weights 0. 6435 milligrams. Thus, 5 x 0. 6435 = 2. 01 uM [O] uptake/ 
100 

ml /hr. The calculated slope for phosphorus uptake (Table 4) is 

2. 75 ug /ml /hr or 2. 75 = 0. 0887 uM /ml /hr. The relative P/O ratio 
31 

becomes 0. 0887 or 0. 044. This type of calculation was used 
2. 01 

throughout the present study. 



Table 3. Effect of temperature fluctuation on oxygen uptake. 

Time (hrs) 
Oxygen Uptake 

cm /100 ml** 
Average Oxygen 

Uptake cm3/100 ml 
ug P Fixed 

/ml 
Optical 
Density 

0 0. 0 0.0 0 0.03 

14 35. 5-56. 0 45.6 12.0 0. 58 

16 38. 6-90. 2 61.3 13.5 0. 95 

18 48. 2-93. 4 73.0 13.5 0. 10 

20 102. 0-111. 4 106. 7 13. 5 1. 20 

22 121. 4 121.4 13.5 1.40 

Temperature fluctuations ranged from 26°C. to 33oC. 

Minimum and maximum values. 

J. 
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Figure 1. Effect of temperature fluctuation on oxygen 
uptake. 
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Table 4. 
J. 1a 

Effect of temperature fluctuation on phosphorus and oxygen uptake. 

Time (hrs) 
Oxygen Uptake 

cm3/ 100 3/100 ml* 
Average Oxygen 

Uptake cm3/ 100 ml 
fag P fixed 

/ml 
Optical Mg CO2 -C Respired 
Density /100 ml 

0 0.0 0.0 0.0 0.01 0.0 

10 25. 5-44. 9 31.9 5.6 0.64 30.55 

12 33.5-49.6 40. 57 12.4 0.86 15.38 

14 66. 2-67. 8 59.6 16.8 1. 10 27. 75 

16 67.7-89.2 77. 97 24.2 1. 50 30. 25 

18 84.6-119.7 101.69 19.6 1.48 30.15 

20 98. 8-132. 1 111.96 20.4 1.40 28.83 

22 117. 7-155. 9 136. 11 30.8 1. 50 44. 35 

24 148.8-174.9 155.67 26.5 1.74 43.20 

Temperature fluctuations ranged from 26°C. to 33°C. 

Minimum and maximum values. 
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Modifications in Incubation Temperature Control 

The previously described experiments although applicable to the 

present study did not attain the degree of excellence required for the 

quantitative determination of growth P/O ratios. It became quite 

clear that a more efficient control of flask temperature would be re- 

quired. A first modification involved raising the respirometer about 

two inches above the surface of the magnetic stirrers together with 

adequate fan ventilation.. The alteration in flask position helped, but 

due to the prevailing hot summer weather the ambient air tempera- 

ture proved difficult to control. Notwithstanding these problems, 

several experiments were completed. Typical data for an experiment 

conducted under aerobic conditions without added nitrate are shown in 

Table 5 and illustrated in Figure 3. Using appropriate [O] and P up- 

take slope values the relative growth PIO ratio is O. 01. Similar data 

for aerobic experiments which had 680 ppm NOS -N added are shown 

in Table 6 and Figure 4. As is evident, consistent [O] and P line plots 

were obtained. The single case of low values obtained for the 16 hour 

respiration flask cannot be explained. The calculated P/O ratio of 

0. 01 agreed well with the previous aerobic experiment and indicated 

that NOS -N exerted little effect on the given P/O ratio. 



Table 5. Observed aerobic [0] uptake and P fixed with improved temperature control. 

Time (hrs) 
Oxy en 

g3 
Uptake ..,, 

cm /100 ml r 
Average g Oxygen 
Uptake cm 3 / 100 ml 

ug P Fixed 
/ml 

Optical 
Density 

Mg CO2 -C Respired 
/100 ml 

0 0. 0 0. 0 0. 0 0. 01 0. 00 

10 24. 5 -30. 9 27. 75 6.2 0. 47 6. 35 

11 30.2 -36.4 32. 71 6.5 0. 50 7.30 

12 37. 1 -44.2 39.06 7.9 0. 62 11.55 

13 43.2 -45. 9 44.60 8. 7 0.67 12. 30 

14 50. 5 -54. 9 52, 60 9. 5 0. 66 12. 15 

15 58.4 -64.4 61.56 11.2 0.75 16.25 

16 66.1 -72.4 69.25 11.2 0.77 16.75 

17 81.4 81.40 13.3 0.87 21. 50 

Temperature fluctuations varied between 28°C. and 33°C. 

Minimum and maximum values. 

* 
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Table 6. Observed aerobic [O] uptake and P fixed with NO3- and improved temperature 
control. * 

Time 
(hrs) 

Oxygen Uptake 
cm / 100 ml°d'* 

Average Oxygen 
Uptake cm 
/100 ml 

jig P Fixed 
/ml 

Optical 
Density 

Mg COQ -C 
Respired 
/100 ml 

ug NO2 -N 
/ml 

0 0. 0 0. 0 0. 0 0. 01 0. 0 0. 00 

10 22.2 -32.3 29.7 3.4 0.58 9.05 L 75 

11 31. 2 -41.2 39.8 4.2 0. 66 1, 13 

12 39.1 -50.7 49.4 5.6 0.70 1. 12 

13 47. 1 -60.1 59.1 6.2 0.78 13.95 1.23 

14 54.6 -67.0 67.0 8.6 0.87 16.55 1.55 

15 66.2 66.2 - 

16 79.4 79.4 11.2 1.20 19.05 2.90 

Temperature fluctuations varied between 28°C. and 33oC. 

Minimum and maximum values. 
LA) 

- 
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Cell Growth Integrated P/O Ratios 

At this point in the study it became necessary to examine the 

cell growth level relating to the described uptake of [O] and P. Early 

studies had utilized cell optical density to measure net increases in 

cell mass. It was felt, however, that a viable cell count would prove 

to be a more reliable index of comparative cell growth. Rate of 

growth, generation time and overall cell mass would be obtained. 

Moreover, with two separate growth systems, it is possible on the 

basis of cell counts to establish or calculate growth equivalent levels. 

This became essential in order to conduct a valid comparison of 

molecular oxygen and nitrate as final acceptors of hydrogen. 

Since comparative cell growth using molecular and NO3 oxygen 

respectively had emerged as one of the more critical factors in the 

present study, it also became important to obtain data using both 

synthetic and semi - synthetic media. 

Unlike the past sampling techniques, single flasks were subjected 

to repeated sampling by means of a sterile hypodermic needle. This 

step markedly reduced flask to flask variability and insured contin- 

uity of the test samples. The water bath incubator described under 

methods also decreased variation due to more precise temperature 

control. The measured variation was about + O. 5o C. 
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Representative data for aerobic experiments are given in Table 7 

along with Figure 5. It is immediately apparent that far less vari- 

ation in oxygen uptake and phosphorus fixation than was evident in 

earlier experiments, has been attained. As is shown in Figure 5 

cumulative oxygen uptake and P fixation increase in a linear manner. 

In like fashion the duplicate plate counts follow logrithemic straight 

line functions (Table 7). The rate of oxygen uptake and phosphorus 

fixation during the steady growth state is 1. 6 uM /ml /hr and O. 016 uM/ 

ml /hr, respectively. The relative growth PIO ratio becomes 

O. 0103 for the aerobically grown cells. 

The results of the anaerobic experiments using the synthetic 

medium with nitrate as the terminal electron acceptor are given in 

Table 8 with Figure 6. As with the aerobic data, the improved 

sampling technique and temperature control give reproduceable re- 

sults in respect to oxygen uptake and phosphorus fixation. As is 

clear by the trends shown in Figure 6 good linear slopes are obtained. 

The rate of oxygen utilization via nitrate is 1. 7 uM /ml /hr whereas 

phosphorus fixation is O. 006 uM /ml /hr to give a relative PIO ratio 

of 0. 0036 (Table 9). 

The aerobic growth PIO ratio of 0. 0103 and anaerobic ratio of 

0. 0036 would give an overall difference of 2. 8:1 between these two 

terminal electron acceptors. It is tempting to recall that the 2. 8 

value approaches the theoretical oxidative phosphorylation quotient 



Table 7. Molecular oxygen and phosphorus uptake with synthetic medium 

Time 
(hrs) 

Cumulative Oxygen 
Uptake cm3/ 100 ml 

Am B* 

ug P 
Fixed /ml 

A B 

Average Plate 
Counts (cells /ml) 

A B 

0 0.0 0.0 0.0 0.0 3.Lx107 3.1x107 

9 6.0 6.6 4.2 4.7 3.2x108 3.8x108 

12 17.2 17.8 6.0 6.2 5.8x108 5.9 x 108 

14 26. 0 26. 5 6. 8 7. 2 7. 8 x 108 1. 0 x 109 

16 34.0 35.0 7.8 8.2 1.0x109 1.2x109 

A and B represent duplicate determinations 
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Figure 5. Aerobic uptake of oxygen and phosphorus with 
synthetic growth medium. 
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Table 8. Oxygen and phosphorus uptake in synthetic medium with 
NO3 as oxygen donor. 

Time 
(hrs) 

Cumulative Oxy3gen 
Uptake cm 

A' 
J. 

B° 
J. 

}g P 
Fixed /ml 

A B 

Average Plate Counts 
(organisms /ml) 

A 13 

0 0.0 0.0 0.0 0.0 2.3x107 2.3x107 

10 6.6 2.8 1.0 1.0 1. 0 x 108 9.2x107 

13 14. 0 12.8 1..'7 1. 5 1. 9 x 108 1. 9 x 108 

16 28.9 25.8 2.2 2.0 4. 0 x 108 3.8 x 108 

A and B represent duplicate determinations * 



cm
3 

[0
1 

U
PT

A
K

E
 
/1

00
 

10
0 

m
l 

m
g 

P
 
F

IX
E

D
 
/m

l 

41 

10 12 13 14 

TIME (HOURS) 

15 16 

Figure 6. Anaerobic (NO3) uptake of oxygen and phosphorus 
with synthetic growth medium. 

12 

II 

IO 

9 

e 

T 

6 

5 

4 

3 

2 

1 

0 



42 

of three reported for various mitochondrial preparations. These cal- 

culated values would also infer a relative 3 :1 ATP synthesis for the 

aerobic and nitrate carrier systems, respectively. The critical 

point becomes the equivalent growth patterns of the oxygen and nitrate 

systems. If the viable growth counts are examined in Tables 7 and 8 

and Figure 7, the following data emerges. The aerobically grown 

cells give 1. 06 x 108 cells /hr, whereas the anaerobic or nitrate 

grown cells show a rate of 7. 16 x 107 cells /hr. If 1 x 108 cells /hr 

is taken as a unit reference and if the amount of oxygen required per 

hour for this cell mass is calculated, then corrections for the aerobic 

and nitrate growth systems are possible. For example, the aerobic 

system used 1. 6 uM [O] /ml /hr to produce 1. 066 x 108 cells. The 

corrected oxygen value becomes 1. 6 or 1. 5 uM [O] /ml/hr. 
1. 066 x 108 

In a similar manner the nitrate or anaerobic cell oxygen values be- 

comes 1. 7 or 2. 37 uM [O] /ml /hr. If these corrected values 
7. 16 x 101 

are equated to absolute ratios, it is found that the aerobic rate value 

of 1. 5 becomes 1. 0 (0. 666 x 1. 5) and the anaerobic [O] rate value of 

2. 37 becomes 1. 58 (0. 666 x 2.37) (Table 9). It would appear, there- 

fore, once appropriate corrections for cell mass are made, that in- 

stead of the previously given 3 :1 aerobic to anaerobic ratio, that the 

more realistic ratio is 1:1. 58. 
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Table 9. Calculated PIO values. 

um/ml/hr 
Relative 
P/0 Ratio 

Ratio Based On 
Relative P/0 

Ratio Based On 
[O] /Cell /ml P [0] 

Aerobic 

Anaerobic 

0.016 

0. 006 

1.6 

1. 7 

0.0103 

0. 0036 

2.8 

1. 0 

1.0 

1. 58 
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The results of the previous experiment indicated an oxygen up- 

take ratio of 1. 58 (nitrate) to 1 (oxygen). It was felt that prior to 

drawing any specific conclusions relative to ATP synthesis that the 

above quoted ratio would require confirmation. Therefore, experi- 

ments were designed to test the validity of the 1. 58:1 ratio. Appro- 

priate data are presented in Table 10 and Figures 8 and 9. It was 

gratifying to obtain the required degree of precision illustrated in 

the given results. Replicate plate counts did not vary in excess of 

5 -10 %. In addition, it is evident that for both the aerobic and an- 

aerobic systems that the comparative oxygen values gave excellent 

linear straight line progressions. The aerobic and anaerobic oxygen 

line slopes are 2. 55 uM /hr and O. 95 uM /hr, respectively. The cell 

count lines slopes are 3. 75 x 108 cells /hr aerobically and 9. 25 x 

107 cells /hr anaerobically. As in previous calculations, if these 

values are used, and the ratio of the amount of oxygen uptake per 

unit of cells compared, the ratio is found to be 1. 51 to 1; the 1. 5 

being the anaerobic value. If it is assumed that one molecule of 

oxygen would under aerobic conditions promote the formation of 

three ATP's then 1. 5 molecules of oxygen would also give three 

ATP's under anaerobic conditions. However, since the anaerobic 

cells require 1. 5 times more oxygen, on a per cell basis to synthe- 

size three ATP's, the net ATP synthesis per molecule of oxygen 

is 3. 0 divided by 1. 5 or two ATP molecules. Thus, the comparative 



Table 10. PIO values based on oxygen uptake during cell growth. 

Time 
(hrs) 

Cumulative Oxygen Uptake, 
cm3 /100 ml Average Cells 

Ratio Based On 
[O] /cell /ml 

Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic 

0 

9 

0.0 

9. 9 

0.0 

11.6 

0.0 0.0 1.3x107 

1.0x 109 

1.3x107 

1. 0 1. 51 

9 1/2 4. 3 5. 9 2. 7 x 108 

11 22. 1 23. 9 1. 7 x 109 

111/2 8.4 9.6 4.9x108 

13 33. 9 36. 1 2. 6 x 109 

131/2 13.8 16.3 6. 1 x 108 

Average of 10 replicate platings. 
T 
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uptake with semi - synthetic medium 
(yeast extract). 
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aerobic and anaerobic net uptakes of ATP is 3:2, respectively. 

Since the aerobic and anaerobic cell masses contained about 8. 5 to 

9. 0 percent nitrogen, the equivalence of the cell counts receives 

additional confirmation. 
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DISCUSSION 

The failure of sodium lauryl sulfate, lysozyme or a combination 

of the two lytic agents to effect complete lysis of the cells is difficult 

to explain. Possibly, insufficient reaction time was used or the cor- 

rect combination of the agents was not attained. Perchloric acid 

offered two advantages in that death of the cell mass was immediate 

and cell lysis rapidly proceeded to completion. No release of organic 

phosphorus could be demonstrated with perchloric acid at room temp- 

erature during a prolonged incubation period; thus it would seem high- 

ly unlikely any organic phosphorus would be released from the cell 

material at temperatures close to 30° C. 

The stationary cell experiments will not be discussed at any 

length. Plainly, phosphorus recycling activity was not controlled. 

Cells taken from the logarithmic growth phase should have had a min- 

imal amount of ATPase and adenylic kinase activity. Also, with the 

starvation period used, the amount of ATP present should have been 

very low or non -existent. Chloramphenicol should have prevented 

synthesis of the ATPase and adenylic kinase enzymes but apparently 

the inhibition was not rapid enough in whole cells. Sodium fluoride 

also seemed to have no effect. Even though some information un- 

doubtedly could have been obtained by the use of the above system, 

it was felt that a new approach would prove more rewarding. 
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Thus it was decided to use a growing cell system. 

The initial rationale used in the selection of a growing cell sys- 

tem was based on the idea that oxygen consumption and phosphorus 

esterification could be correlated with the growth pattern of equiva- 

lent cell masses. In addition, several assumptions had to apply as 

follows: 

1. Each molecule of oxygen promotes the formation of 1, 2, or 

3 ATP's to give PIO ratios of 1:1, 2:1, or 3:1. 

2. Irrespective of the oxygen donor source, the degree of 

carbon assimilation and protein synthesis may remain equivalent. 

3. Whenever terminal electron carriers differ in components, 

ATP synthesis should reflect this difference. 

4. Equivalent cell growth may require different amounts of 

molecular and NO [O] respectively, which in turn would reflect 

cellular efficiency in terms of ATP synthesis. 

As was described under results, preliminary experiments 

showed extremely wide variation in respect to maximum and minimum 

respiration values. Phosphorus fixed and CO2 evolved gave fluctu- 

ating data. Undoubtedly, the first incubation cabinet used allowed 

for too great a range in temperature variation. Notwithstanding 

these difficulties it was possible to complete several experiments by 

close supervision of the respiration apparatus. The observed PIO 

ratios all fell considerably below theoretical or expected 
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esterification ratios. Presumably, overall phosphorus re- cycling 

activity together with phosphorus incorporation into nucleoproteins 

and phospholipid cell fractions obscured the true ratio. However, 

certain empirical relationships could be determined. The fact that 

the aerobic cell system gave a P/O growth ratio about three times 

greater than the anaerobic system was indicative of inherent dif- 

ferences in the two systems. It remained to examine these differ- 

ences more closely. 

It was clear that the anaerobic system required more oxygen 

than the aerobic system to promote synthesis of an equivalent amount 

of ATP. For each transfer of two hydrogens to one atom of oxygen 

three ATP molecules are synthesized via ADP. In other words, 

oxygen utilization is intimately associated with net ATP synthesis or 

maintenance of a cell mass. In a physiologically young growing cell 

system it might be expected that a rather clear picture of ATP syn- 

thesis would emerge. However, it would serve to compare only 

equivalent growth patterns. On the basis of the Fewson and 

Nicholas (7, p. 335 -349) terminal transport system for P. aerug- 

inosa, an aerobic cell mass would give a theoretical P. 0 ratio of 

3 :1 or synthesize three ATP molecules for each 2H+ transported 

to one atom of molecular oxygen. This generalized scheme is 

depicted as follows: 
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ADP ATP ADP ATP 
DPNH -" >FAD -" > Cytochrome c.._-AMo5+ ;NO3 

ADP 

ATP 
Cytochrome Oxidase 

02 

A study of the above scheme will show that the anaerobic nitrate re- 

ductase system may proceed via DPNH, FAD, Cytochrome c, and Mo. 

On strictly theoretical grounds ATP generation would occur between 

DPNH to FAD and FAD to cytochrome giving a net synthesis of two 

ATP molecules. In summary, with molecular oxygen and NO3 

oxygen as the terminal acceptors the PIO ratio and reflected ATP 

synthesis would be 3:1 and 2 :1, respectively. 

The final data of the present study falls in line with the above 

assumed ratios. The anaerobic cells utilized 1. 5 times more oxy- 

gen to produce a cell mass equivalent to that of the aerobic system. 

It would appear, therefore, that if the aerobic cells generate three 

ATP molecules per atom of oxygen then the corrected anaerobic ATP 

value would be 3. 0 or two ATP molecules. This is not to say that 
1. 5 

less energy is required to produce an equal number of anaerobic 

cells. Actually the anaerobic system merely uses more oxygen to 

produce a number of ATP molecules equal to that of the aerobic 

system. 
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SUMMARY 

The work described here, utilizing Pseudomonas stutzeri as a 

test organism, may be summarized as follows: 

1. Stationary cell mass systems were found to be inadequate 

for the determination of useful PIO ratios. 

2. If the phosphorus and oxygen uptake of aerobic and nitrate 

respiration of growing systems was equated, relative growth PIO 

ratios of O. 01 and O. 003 -0. 004 were found, respectively. A syn- 

thetic medium greatly facilitated the phosphorus determinations. 

3. When oxygen uptake in both systems was equated with cell 

numbers, true P/O ratios of 3:1 aerobically and 2:1 anaerobically 

were demonstrated. 

4. Points of ATP synthesis were depicted with the help of the 

previously described scheme: 

ADP ATP A P ATP 
DPNH .°' FAD Cytochrome c Mo NO3 

I ADP 

ATP 
Oxidase 

v 

02 

Cytochrome 
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