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SUMMARY 

When Streptococcus faecalis was grown anaerobically in a complex medium 

containing D-glucose, D-ribose or L-arginine as energy source the dry wt. of organism 

produced was proportional to the concentration of the energy source in the medium. 

However, S.  faecalis will not grow in a defined medium with arginine as the energy 

source unless glucose is present at the same time. The anaerobic growth of both 

Saccharornyces cerevisiae and Pseudomonas lindneri was proportional to the con- 

centration of glucose in the medium and the yield coefficient-defined as g. dry wt. 

organism/mole glucose-of the former was the same as that of S. fmculis grown 

upon glucose and approximately twice that of P .  lindneri. Calculation of the g. dry 

wt. organism/mole adenosine triphosphate synthesized for these three organisms 

gave values ranging from 12.6 to 8.3 with an average of 10.5. These results suggest 

that, under anaerobic conditions, the yield of S.  faecalis, S .  cerevisiae and P. lindneri 

was proportional to the amount of ATP synthesized. When Propionibacterium 

pentosaceum was grown anaerobically with glucose, glycerol or DL-lactate as energy 

source there was, in all three cases, a linear relationship between the dry wt. of 

organisms produced and the concentration of the energy source in the medium. 

The values of the yield coefficients obtained were compatible with the formation of 

approximately 4 mole ATP/mole glucose, 2 mole ATP/mole glycerol and 1 mole 

ATP/mole lactate. 

INTRODUCTION 

Over the past twenty years an enormous literature has grown up around the 

quantitative aspects of microbial nutrition. The majority of the papers published 

have been concerned with the relationship between the growth of an organism, 

usually estimated indirectly either by optical methods or by the titration of an 

acidic end-product, and the amount of some essential nutrient, other than the 

energy source, in the medium. The fact that there is a linear or almost linear relation- 

ship between growth and the amount of a particular nutrient has led to the develop- 

ment of highly sensitive specific methods for the quantitative estimation of amino 

acids, purines, pyrimidines and the B group of vitamins. In contrast there has been 

very little work on the relationship between growth and the amount of the energy 

source in the medium. The most complete study of recent years was that of Monod 

(1942) who studied the growth of three organisms-Bacillus subtilis, Escherichia 
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coli and Salmonella typhimurium. These organisms were grown anaerobically on a 

mineral medium with a wide range of carbohydrates as energy source, and as long 

as the energy source was the factor limiting growth, the dry weight of organism 

produced was proportional to the weight of energy source added. It is of particular 

interest that for a given carbohydrate the three organisms produced approximately 

the same dry wt. yields. 

DeMoss, Bard & Gunsalus (1951) studied the growth of Streptococcus faecalis and 

Leuconostoc mesenteroides and expressed their results as dry wt. organism/mole 

energy source provided. Both of these organisms have complex nutritional require- 

ments and both obtain their energy for growth by the anaerobic catabolism of 

carbohydrates. Thus, S. faecalis converts glucose to lactic acid and L. mesenteroides 

to an equimolecular mixture of lactic acid, ethanol and carbon dioxide. The yields 

of the fermentation products were almost quantitative, suggesting that very little 

of the glucose was assimilated and that it was used almost exclusively as an energy 

source. This is in marked contrast to the aerobes studied by Monod (1942) which, 

since they were grown upon a simple mineral medium, used a considerable portion 

of the energy source for the synthesis of cell material. DeMoss et al. (1951) (see also 

Sokatch & Gunsalus, 1957) found that with both S. faecalis and L. mesenteroides 

there was a linear relationship between the dry weight of organism produced and 

the amount of glucose added, and that with glucose as the energy source the yield 

of S. faecalis was significantly greater than that of L. mesenteroides. They concluded 

from these results that, because both organisms used glucose mainly as an energy 

source, and because growth was proportional to the amount of energy supplied, 

S. faecalis obtained more energylmole glucose than did L. mesenteroides and that 

the latter organism fermented glucose by a mechanism other than the Embden- 

Meyerhof pathway. This is a conclusion of considerable importance. The work of 

Gunsalus & Gibbs (1952) and more recently of Hurwitz (1958) has shown that, not 

only does L. mesenteroides ferment glucose by a new pathway involving xylulose-5- 

phosphate (Heath, Hurwitz, Horecker & Ginsberg, 1958) as the key intermediate, 

but also that the process yields only 1 mole of adenosine triphosphate (ATP)/mole 

of glucose, as compared with the 2 mole of ATP/mole of glucose produced by the 

Embden-Meyerhof pathway which is the fermentation mechanism of S. faecalis. 

From this it would appear that the growth of S. faecalis and L. mesenteroides is 

related to the amount of ATP produced. 

In order to study further the relationship between the growth of Streptococcus 

faecalis and the energy supply we have measured the weight of organism produced 

when it was grown on D-glucose, D-ribose and L-arginine. Arginine was studied 

because it was observed that addition of this compound to the medium increased 

the yield of organism. The work of Akamatsu & Sekine (1951) established that 

S. fuecalis converts arghine quantitatively to ornithine with citrulline as the inter- 

mediate and Knivett (1954 a)  subsequently found that the breakdown of citrulline 

was coupled with the synthesis of ATP. Thus, in terms of mole ATP formed/mole 

of substrate, arginine yields half as much ATP as glucose. In addition to these 

experiments the growth of Saccharomyces cerevisiae and Pseudomonm lindneri on 

glucose was measured; these two organisms were selected because both ferment 

glucose to ethanol and carbon dioxide. The former uses the Embden-Meyerhof 

pathway which gives 2 mole ATP/mole glucose and the latter the Entner-Doudoroff 



Growth of micro- organisms 459 

pathway (Gibbs & DeMoss, 1954) which gives one mole ATP/mole glucose (see 

Elsden & Peel, 1958). Finally, the growth of Propionibacterium pentosaceum was 

measured on glucose, glycerol and DL-lactate. A preliminary account of this work 

has been published (Bauchop, 1958). 

METHODS 

Organisms. The following cultures were used : Streptococcus faecalis (NCTC 67 83) 

a laboratory strain of Saccharomyces cerevisiae ; Propionibacterium pentosaceum 

strain E.2.1. from the collection of Dr C. R. van Niel; Pseudomonas Zindneri ATCC 

No. 10988, NCIB No. 8938. 

Media 

Stock salt solution (S.S.S.) MgO, 10-75 g.; CaCO,, 2.0 g.; FeS0,.7H,O, 4.5 g.; 

ZnSO,. 7H20, 1.44 g. ; MnSO, . 4H20, 1.12 g. ; CuSO,. 5H,O, 0.25 g. ; CoSO, . 7H20, 

0-28 g.; H3B03, 0.06 g.; HC1 (concn.), 51.3 ml. This mixture was made up in 

distilled water to 1 1. 

Streptococcus faecalis partially defined medium. 10 g. casein hydrolysate (Oxoid) 

were dissolved in 100 ml. distilled water, 15 ml. N-NaOH added and the mixture 

allowed to stand for 15 min. The precipitate which formed was filtered off and 15 ml. 

N-H,SO, added to the filtrate. The following mixture was then added to this 

solution : KH2P0,, 7-5 g. ; K,HPO,, 7.5 g. ; ( NH,)2S0,, 2 g. ; adenine, 20 mg. ; 

uL-tryptophan, 10 mg.; S.S.S., 5 ml.; asparagine, 1 g.; L-cysteine, 0.1 g.; nicotin- 

amide, 1 mg.; Ca pantothenate, 1 mg.; riboflavin, 1 mg.; pyridoxin, 2 mg.; folic 

acid, 0.1 mg.; biotin, 0.1 mg.; adjusted to pH 6-6-64 and the volume made up to 

11. with distilled water. 

Saccharomyces cerevisiae medium. This medium was a modification of that used 

by White & Munns (1951): casein hydrolysate (Oxoid), 10 g.; Na,HPO,, 2 g.; 

S.S.S., 5 ml.; thiamine HCl, 0.2 mg.; riboflavin, 0.1 mg.; nicotinamide, 5.0 mg.; 

p-aminobenzoic acid, 0.3 mg.; pyridoxin, 1.0 mg.; Ca pantothenate, 0.5 mg.; meso- 
inositol, 50 mg. ; biotin, 6 pg. ; adjusted to pH 5-0 and made up to 1 1. with distilled 

water. For anaerobic growth this medium was supplemented with ergosterol 

(Andreasen & Stier, 1953): Ergosterol (63.8 mg.) and Tween 80 (6.5 ml.) were 

boiled with absolute ethanol until the ergosterol was dissolved, and the solution 

made up to 25 ml. with absolute ethanol; 3 ml. of this solution were added to 150 ml. 

of the medium a t  the time of the inoculation. 

Propionibacterium pentosaceum medium. This was a modified version of the 

defined medium of Delwiche (1950). 5 g. Casein hydrolysate (Oxoid) were dissolved 

in 100 ml. distilled water, 15 ml. N-NaOH added and the mixture allowed to stand 

for 15 min. The precipitate which formed was filtered off and 15 ml. N-H,SO, added 

to the filtrate. The following additions were then made : CH,COONa. 3H20, 8 g. ; 

K2HP0,, 7.5 g.; KH,PO,, 7.5 g.; S.S.S., 5 ml.; L-cysteine, 50 mg.; sodium thio- 

glycollate, 0-2 g. ; DL-tryptophan, 0.1 g. ; adenine, 10 mg. ; guanine, 10 mg. ; uracil, 

10 mg.; xanthine, 10 mg.; Ca pantothenate, 1 mg.; thiamine HCl, 1 mg.; biotin, 

0.5 mg. ; p-aminobenzoic acid, 1 mg. ; riboflavin, 4 mg. ; adjusted to pH 6-6-64 

and made up to 11. with distilled water. 

Pseudomonas lindneri medium. This consisted of 1% (w/v) Bacto Peptone and 

1 yo (w/v) Difco yeast extract. 
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Cultivation and harvesting of organisms 

Direct dry weight measurements. Conical flasks (250 ml.) were prepared containing 

150 ml. medium and a test-tube containing 3 ml. of 15 yo (w/v) pyrogallol was 

placed in each flask. The flasks were sterilized by autoclaving at  15 lb. s q h .  for 

15 min. The required amounts of glucose and inoculum were then added, and in the 

case of the yeast, the appropriate amount of ergosterol solution. Finally, 3 ml. of 

10% Na,CO, were added to the test-tube containing pyrogallol. The flasks were 

closed with rubber stoppers, sealed with paraffin wax, and incubated at the appro- 

priate temperature. Streptococcus faecalis was grown at  37O; Saccharomyces cerevisiae, 

Propionibacterium pentosaceum and Pseudomonas lindneri were grown a t  30°. When 

growth had reached completion the organisms were harvested by centrifugation, 

washed three times with 100 ml. distilled water, washed into beakers and dried at  

100' to constant weight. 

Dry weight by turbidity measurements. Organisms were grown in 6 x in. test-tubes 

containing 9 ml. medium. Substrates, inocula and other additions, where applicable, 

were made to a final vol. of 10ml. A wad of absorbent cotton wool was then 

pushed down over the sterile test-tube plug and on this were placed 5 drops each 

of 15 % (w/v) pyrogallol and 10 % (w/v) Na,CO,, in that order. The tube was sealed 

with a rubber stopper and incubated at  the appropriate temperature. Growth was 

measured turbidimetricdy in an EEL nephelometer (Evans Electroselenium Ltd., 

Harlow, Essex) until it reached completion, when the optical density was read in 

a Spekker Absorptiometer, with an H 508 filter. The Spekker readings were con- 

verted into dry weights by reference to a standard curve relating optical density to 

dry weight. 

Continuous culture apparatus. The apparatus used was that described by Rosen- 

berger & Elsden (1960). Anaerobic conditions were obtained by aerating the culture 

vessel with oxygen-free nitrogen. 

Analytical methods 

Radioactivity measurements. Radioactivity was measured with an end-window 

Geiger-Muller counter. A sample of the uniformly labelled D-(14c)-glUCOSe (obtained 

from the Radiochemical Centre, Amersham, Buckinghamshire) solution was diluted 

with an equal volume of absolute ethanol, and counted directly by spreading 25 pl. 

of this solution containing 125 pg. glucose on brass disks (Ormerod, 1956) and drying 

under an infra-red lamp. Results, corrected for background, are given as counts/min. 

at  infinite thinness. 

Glycerol was estimated by the method of Burton (1957) with glucose as a standard 

(O'Dea & Gibbons, 1953). 

Lactate was estimated by the method of Elsden & Gibson (1954). 

Arginine dihydrolase was assayed by the method of Knivett (1954b). 

Dejnition of terms used. To facilitate comparison of the results obtained with the 

various substrates and organisms we express our results as: g .  dry wt. organism 

produced/mole substrate added. We call this ratio the yield coefficient, Y ,  with the 

substrate given as a subscript; thus Yglucose refers to the yield coefficient of an 

organism growing upon glucose as the energy source. The yield coefficient has, in 

the past, been given a variety of names, for example, the yield constant, the growth 
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yield constant, the molar growth yield. Our reasons for introducing a further term 

for this ratio are as follows. Herbert (1958) has shown that the value of Y decreases 

with decreasing growth rate. Since the growth rate is a function of the substrate 

concentration (Monod, 1942) i t  is clear that, in batch cultures, once this critical 

substrate concentration is reached, the value of Y will begin to decrease. However, 

the concentration of the substrate a t  which the growth rate begins to be affected is 

very low as compared to the initial substrate concentration (Monod (1942)), and in 

consequence the value of Y as defined above is not significantly affected. On the 

other hand, it seems to us inappropriate to call a ratio a constant when it is mani- 

festly not constant under all conditions. 

The ATP yield of a metabolic process is defined as: mole ATP produced/mole 

substrate used. Where both the yield coefficient Y and the ATP yield of the meta- 

bolic process involved are known it is possible to calculate the dry wt. of organism 

produced/mole ATP formed; the ratio so obtained we call YAm. 

RESULTS 

Yield coeficients 

All experiments were carried out under strict anaerobiosis and the media were 

so constituted that the energy source was the factor which limited growth. To ensure 

that this was the case the yields were measured over a range of substrate con- 

centrations. Figure 1 shows plots of the growth yields of Streptococczcs faecalis on 

the complex medium against the concentration of the substrates D-glucose, D-ribose 

and L-arginine, respectively. It will be noted from Figs. 1 and 2 that although there 

was a linear relationship between the wt. of S .  fmcalis produced and the concentra- 

tions of the three substrates, the curves did not pass through the origins. Rather, 

at  zero substrate Concentration, they intersected the ordinate at a positive value 

for dry wt. This could mean either, that over a range of substrate concentrations 

less than those tested, the slopes of the curves and hence the yield coefficients were 

greater than a t  higher substrate concentrations. Or, that there was present in the 

media a small but significant amount of an unknown energy source upon which the 

organism grew. We think that the latter is the correct explanation for there was 

always some growth in both the media used in the absence of an added energy source. 

The magnitude of this ' blank ' growth was too small to measure accurately. 

Figure 2 shows curves relating growth yields of Streptococcus faecalis and Saccharo- 

myces cerevisiae to glucose concentration. In the case of S.  cerevisiae i t  was found 

that the organism would grow in the absence of oxygen only when the medium was 

reinforced with ergosterol (cf. Andreasen & Stier, 1953); the steroid was not required 

for aerobic growth. The slopes of the two curves shown in Fig. 2 are identical, 

implying that the values of Yglucose for S.  faecalis and S. cerevisiae under these 

conditions are the same. It will be noted from Fig. 2 that even when the partially 

defined medium was used there was always some growth of S. faecalis in the absence 

of added carbohydrate. Figure 3 shows the relationship between the growth of 

Pseudomonas lindneri and the glucose content of the medium. The slope suggests 

that Yglucose is about half that of S. faecalis and S.  cerevisiae. In  Fig. 4 are plotted 

the results of experiments with Propionibacterium pentosaceum grown anaerobically 

on glucose, glycerol and lactate. Comparing the slopes of these curves with those 
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Fig. 1. Growth of Streptococm faecalis on glucose, ribose and arginine. Organism 
grown on complex medium with glucose, ribose and arginine as energy source. Incubation 
a t  87'. Growth measured turbidimetrically and dry wt. read from a standard curve 
relating optical density to dry wt. 0-0 = growth on glucose; 0-0 = growth on 
ribose ; 0 -0 = growth on arginine. 

Fig. 2. Growth of Streptococcus faecalis and Saccharomyces cerevisiae on glucose. S.  faecalis 
grown on partially defined medium and incubated a t  37" ; S. cerewisiae grown on medium 
given in text and incubated a t  30'. At the end of growth cells harvested, washed and 
dried a t  100' to constant weight. 0-0 = S. faecalis; 0-0 = S. cerewisiae. Each 
point is the mean of the number of estimations shown in parentheses; the standard 
deviations from the mean are represented by the heights of the vertical bars. 

Glucose concentration (pmole/ml.) 

Fig. 3 

Substrate concentration (p  mole/ml.) 

Fig. 4 

Fig. 3. Growth of Pseudomonas lindneri on glucose. Incubation a t  30'. Growth measured 
turbidimetrically and the dry wt. read from a standard curve relating optical density 
to dry wt. 

Fig. 4. Growth of Propionibacterium pentosaceum on glucose, glycerol and lactate. 
Incubation a t  30'. At the end of growth, organism was harvested, washed and dried 
a t  100" to constant weight. Each point is the mean of the number of estimations shown 
in parentheses ; the standard deviations from the mean are represented by the heights 
of the vertical bars. 0-0 = glucose; 0-0 = glycerol; 0-0 = sodium lactate. 
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in Fig. 2 for S.  faecalis and S.  cerevisiae i t  will be seen that the value of Yglucose 

of P. pentosaceum is considerably greater than that of the other two organisms when 

grown on the same substrate, suggesting that P.  pentosaceum obtains more energy 

from glucose than either S .  faecalis or S .  cerevisiae. 

The growth of Streptococcus faecalis on L-arginine 

It has already been shown that when L-arginine was added to the complex medium 

the yield of Streptococcus faecaZis was increased and that the growth was a linear 

function of the amount of arginine added. When, however, the experiment was 

repeated with the partially defined medium the addition of arginine did not increase 

the slight growth above that obtained with the medium alone; it will be recalled 

that there was good growth on this medium when glucose was the substrate (see 

Fig. 2). Two explanations appeared possible : either the complex medium contains 

a factor which is essential for growth on arginine; or the inoculum contained no 

arginine dihydrolase, the enzyme system which is concerned with the catabolism 

of arginine (Slade & Slamp, 1952). This latter hypothesis was found to be untenable 

because organisms known to contain arginine dihydrolase failed to grow when 

inoculated into the partially defined medium to which only arginine had been added. 

It was next found that addition of arginine to the partially defined medium con- 

taining a small amount of glucose raised the yield of organism above that obtained 

with the medium to which only glucose had been added; but the response to arginine 

was irregular. Figure 5 shows the results of an experiment in which four different 

glucose concentrations were used, and i t  will be seen that a linear response to 

arginine was obtained only with the highest glucose concentration. However, even 

with the highest glucose concentration tested the results were not reproducible. 

These experiments suggested that whilst glucose promoted the utilization of 

arghine for growth, the factor which was essential for growth under these conditions 

disappeared from the medium during growth a t  a rate which varied from experiment 

to experiment. Since glucose was known to be utilized under these conditions it 

seemed possible that it was the missing factor and that the irregular results observed 

were due to a utilization of all the glucose in the early stages of growth. Slade & 

Slamp (1952) had in fact found in their experiments that arginine only began to 

disappear from the medium when 70% of the glucose had been utilized, and the 

concentration of glucose in their medium was considerably greater than that used 

in these experiments. To test this hypothesis S .  faecalis was grown in continuous 

culture on the partially defined medium in the apparatus described by Rosenberger 

& Elsden (1960). 

With this technique fresh medium is added continuously to the culture a t  a. 

constant rate, and the effect of supplementing with arginine could thus be investi- 

gated under conditions where glucose was present at all times albeit a t  a low 

Concentration. The culture was started using the partially defined medium plus 

glucose a t  a concentration of 2.4 pmolelml. When the concentration of cells 

approached the expected value, the flow of medium into the culture vessel was 

started and a steady state was reached 18 hr. after inoculation. The culture was 

allowed to grow in this way for a further 24 hr. during which time the cell concen- 

tration and the pH value of the culture were measured at suitable time intervals. 

Arginine was then added to the medium in the reservoir to give a final concentration 
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of 9.5 ,umole/ml. ; almost immediately the cell concentration began to increase and 

10 hr. after the addition of the arginine was started a new steady state was reached 

which was maintained for a further 30 hr. The complete protocol of the experiment 

is given in Table 1 ; Fig. 6 is a plot of the dry wt. organism/ml. against time from the 

eighteenth hour onward. The mean dry wt. organism/ml. during the glucose steady 

state was 119 pg. ml. and in the steady state in the presence of glucose+arginine 

219pg. ml. The yield of organism due to arginine was therefore 100pg. ml. The 

concentration of arginine in the medium was 9-5 ,umole/ml., giving a Ysrginine of 

10.5; this agrees well with the value of 10 obtained in the experiment with the 

complex medium. 

Substrate concentration (lmole/ml.) 

3 

L 
Arginine added 

10 20 30 40 50 60 70 80 
4 

Time (hr.) 

Fig. 5 Fig. 6 

Fig. 5. Effect of glucose on the growth of Streptococc:cusfuecuZiis in partially defined medium 
containing arginine. Incubation at 87O. Growth measured turbidimetrically and the 
dry wt. read from a graph relating optical density to dry wt. 0-0 = no glucose; 
8 -9 = 0.56 pmole glucose/ml. ; .--. = 2-78 pmole glucose/ml. ; A-A = 41-17 pmole 
glucose/ml. ; 0-0 = 5.56 pmole glucose/ml. 

Fig. 6. Growth of Streptococcus fuecuZis in continuous culture. The partially defined 
medium was used which contained initially 2.5 pmole glucose/ml. At 41-75 hr., marked 
by arrow, sterile arginine solution was added to the reservoir to give a final concentration 
of 9-5 pmole argininelml. Growth measured turbidimetrically and dry wt. read from a 
graph relating optical density to dry wt. 

Assimilation of glucose by Streptococcus faecalis 

In calculating the yield coefficients it was assumed that all the substrate added 

was catabolized. To test the validity of this assumption Streptococcus fmcalis was 

grown on uniformly labelled ~-(14C)-glucose, using 150 ml. of the partially defined 

medium containing 0.1 yo (w/v) ~-(W)-glucose, specific activity = 838 counts/ 

min./mg. When growth ceased the optical density of the culture was measured with 

the Spekker absorptiometer and the organisms harvested by centrifuging a t  2’ in 

an International refrigerated centrifuge. The organisms were washed once with 

100 ml. 5 yo (w/v) trichloroacetic acid (TCA), twice with 50 ml. 5 yo TCA and once 

with 50 ml. 0.05 % (w/v) sodium lactate, This last was used as a carrier to remove 

traces of radioactive lactate. The precipitate so obtained was washed once with 

50 ml. distilled water and suspended evenly in 100 ml. distilled water. Samples 

( 5  ml.) were filtered on a circle of Whatman No. 40 filter paper, as described by 

Ormerod (1956) and the precipitate washed sequentially with 50 yo (w/v) aqueous 

acetone and acetone and, after drying under the infra-red lamp the filter papers were 



Growth of micro-organisms 465 

prepared for counting. Since about 1.4 mg. cell residues were counted on disks of 

area 2.8 cm.2 self-absorption could be neglected. The elaborate washing procedure 

was used to ensure that the samples were free from non-cellular radioactive 

materials, particularly end products of the fermentation. To check the efficacy of 

the method organisms from a culture grown on glucose were suspended in the 

supernatant fluid obtained by centrifuging a culture grown on (l*C)-glucose. This 

Table 1. Growth of Streptococcus faecalis in continuous culture 

with glucose and arginine as energy sources 

Organism grown in partially defined medium containing, initially, 2.4 pmole glucose/ml. 
After 41.75 hr. arginine was added to the reservoir to give a final concentration of 
9-45 pmole/ml. medium. 

Sample 

Time 

(hr.1 

0 

18 

23 

30 

40.3 

41.75 

45.75 

47.5 

49.7 

50.2 

52.7 

54.8 

64-5 

65 

69.25 

76.75 

78.25 

79-75 

Flow rate Volume Temperature 

(ml./hr.) (ml.) ("C) 

36 324 37.7 

34~8 318 39-2 

35.4 314 38-4 

35.5 314 39.1 

35.8 318 37.2 

L-Arginine added to reservoir 
- - - 
- - - 

- - - 

35.4 318 39.0 
- - - 

- - - 

37.1 318 37.2 

PH 

- 
6.4 

6.6 

6.5 

6.4 

6.5 

6.6 

6.6 

- 
120 

123 

113 

120 

147 

168 

197 

222 

222 

217 

213 

2% 

220 

- 

- 

Table 2. Growth of Streptococcus faecalis on ~ - (~~C) -gZucose  

Organism grown in 150 ml. of partially defined medium containing 150 mg. D-(W)- 
glucose (Specific activity = 838 counts/min./mg. glucose). Incubation temperature = 37'. 

At the end of growth the dry wt. organism/ml. culture was measured turbidimetrically 
(Spekker Absorptiometer) and organisms harvested and prepared for radioactive 
assay as described in the text. 

Dry wt. organism Glucose added Radioactivity of Glucose incorporated 

(mg.) (c.p.m.) organisms (c.p.m.) (yo of that added) 

27.8 125,700 1,156 0.92 

suspension was then put through the washing procedure and the radioactivity of 

the organisms measured; the activity was no greater than background. Table 2 

shows the results of the experiment. The organisms produced weighed 27.8 mg. and 

the total radioactivity was 1156 counts/min., equivalent to 0.552 mg. glucose- 

carbon, or 0.92% of the glucose added. If the carbon content of the cells is taken 

as 50% of the dry wt. then the substrate supplied 4 %  of the cell-carbon. 
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DISCUSSION 

Table 3 lists the values of Y we have obtained for Streptococcus faecalis, Saccharo- 

myces cerevisiae, Pseudomonas lindneri and Propionibacterium pentosaceum. Since 

the ATP yields of the catabolic reactions used by the first three of these organisms 

are known we also list in Table 3 the values for YATP calculated from the various 

yield coefficients. The mean of the 8 values for YAW is 10.5 (range = 8-3-1206). 

Considering the fact that these organisms, S.  faecalis, S .  cerevisiae and P .  Zindneri, 

belong to quite different taxonomic groups, the agreement between the values is 

striking. We conclude from these results that, under the cultural conditions used, 

i.e. anaerobic growth on complete media with the energy source as the limiting 

factor, the yield of these three organism/mole of ATP is constant. From this it 

follows that the amount of biologically useful energy these organisms obtain per 

mole of energy source is more precisely expressed by the ATP yields of their 

Table 3. Growth yields of Streptococcus faecalis, Saccharomyces cerevisiae, 

Pseudomonas lindneri and Propionibacterium pentosaceum 

The values given are the means of all determinations shown in Figs. 1-4 and 6. 

YATP 
ATP yield ysubstrata 

(mole ATP/ (g. dry wt. (g. dry wt. 
mole cells/mole cells/mole 

Organism Medium Substrate substrate) substrate) ATP) 

S.  fmcalis 
S.  faecalis 
5'. faecalis* 
S. faecalis 
S.  faecalis 
S.  faecalisj- 
S. cermkiae 
P.  lindneri 
P. pentosaceum 
P.  pentosaceum 
P.  pentosnceum 

Partially defined 
Complex 
Complex 
Complex 
Complex 
Partially defined 
Partially defined 
Complex 
C o m p 1 ex 
Complex 
Complex 

Glucose 
Glucose 
Glucose 
Ribose 
Arginine 
Arginine 
Glucose 
Glucose 
G 1 u c o s e 
Glycerol 
DL-lactate 

2.0 

2.0 

2.0 

1.67 

1.0 

1.0 

2.0 

1.0 
- 

22 

23 

18.5 

21 

10 

10.5 

21 

8.3 

37.5 

20 

7.6 

11 

11-5 

9.3 

12.6 

10 

10.5 

10.5 

8-3 
- 

* = values taken from Sokatch & Gunsalus (1957). 

j- = results from continuous culture experiments. 

respective catabolic reactions than by the standard free energy changes computed 

for these reactions. The operative phrase here is ' biologically useful energy' by 

which we mean that amount of energy made available by a catabolic process which 

the cell is able to use for the performance of the chemical, osmotic and mechanical 

work associated with growth. So far only three organisms have been studied and 

there is clearly a need for further investigations. The main requirement is for 

organisms with catabolic processes the ATP yields of which are known with 

certainty. That the ATP yield of a catabolic reaction rather than the free energy 

change is a more accurate index of the amount of biologically useful energy produced 

by that reaction is shown very clearly by the results with S. cerevisiae and P .  Zindneri. 

Both of these organisms convert glucose anaerobically to ethanol and CO, along 

with some minor end products. The yeast ferments glucose by the Embden-Meyerhof 

pathway with an ATP yield of two, whereas P. lindneri catabolizes glucose via 

2-oxo-3-deoxy-6-phosphogluconate (the Entner-Doudoroff pathway) with an ATP 
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yield of one. Since the overall reaction is the same in both cases the free-energy 

changes will also be identical, regardless of the fact that the mechanisms involved 

differ markedly from one another. From this it follows that if the ATP yield is taken 

as the index of the amount of biologically useful energy made available to the 

organism then the value of Yglucose of S.  cerevisiae will be twice that of P.'Zindneri; 

whereas, if the free energy change is the index, then Yglucose should be the same for 

both organisms. Table 3 shows that the Yglucose  of S.  cerevisiae is somewhat more 

than double that of P. lindneri. 

Since the amount of ATP produced by a growing culture cannot be measured 

directly we have assumed in calculating the values for YATp that all the substrate 

added to the medium was catabolized. In  the case of Streptococcus faecalis direct 

measurement of the amount of glucose-carbon assimilated using (l*C)-glucose 

showed that only 0.92 yo of that added to the medium was assimilated. This amount 

was equivalent to some 4y0 of the cell carbon. The result was not surprising since 

the complex nutritional requirements of S.  faecalis indicate a very low synthetic 

ability. It was also known from the work of Smith & Sherman (1942) that growing 

cultures of this organism convert 90-95y0 of the glucose in the medium to lactic 

acid. 

The nutritional requirements of the other organisms studied are simpler than 

those of Streptococcus faecalis, indicating that when they are grown upon their 

respective minimal media significant amounts of substrate are assimilated. When 

assimilation occurs, the amount of substrate catabolized cannot be taken as equal 

to the amount of substrate which disappears from the medium. However, these 

organisms were, for the purpose of our experiments, grown on complex media and 

we assume that, under these conditions, their synthetic powers were repressed and 

that they utilized the preformed amino acids and other essential cell constituents 

present in their respective media. The validity of this assumption has not been 

tested with these organisms, but it is known from work with other microbes, in 

particular with Escherichia coli that repressions of this sort occur: for a review of 

the available evidence see Magasanik, 1957; Roberts et al. 1955. 

Table 3 shows that when Streptococcus faecalis was grown in a complex medium 

the value for Yglucose was, within experimental error, the same as that obtained 

when this organism was grown in the partially defined medium. The value for 

Yarginine obtained by growing S .  faecalis in continuous culture on the partially 

defined medium supplemented with a small amount of glucose was 10-5, which 

agrees well with the value of 10 obtained by growing the organism in batch culture 

on a complex medium + arginine. The ratio Yglucose/Yarginine calculated from our 

results = 2.19 and is approximately equal to the ratio of the ATP yields from glucose 

and arginine, respectively, viz. 2.0. 

Fukui, 8i, abayashi & Kitahara (1957) found that growing cultures of Strepto- 

coccus faecalis fermented both D-ribose and L-arabinose to lactate ; small amounts 

of formate but no acetate were also produced. Washed suspensions prepared from 

cultures grown on arabinose converted this pentose almost quantitatively to lactate. 

To account for these results they suggested that both ribose and arabinose are 

first converted to hexose by the pentose cycle enzyme system and the hexose SO 

formed fermented via the Embden-Meyerhof pathway. Sokatch & Gunsalus (1957) 

came to a similar conclusion as a result of their study of the fermentation of gluco- 
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nate by S.  faecalis. The ATP yield when pentose is fermented by this mechanism is 

1.67mole ATP/mole pentose (Elsden & Peel, 1958). The value we obtained for 

Yribose was 21 which gives YATp = 12.6, a value somewhat greater than those 

calculated from the results with arginine and glucose. 

It will be seen from Table 3 that the value of Yglucose for Propionibacterium 

pentosaceum is approximately twice that of Streptococcus faecalis and Saccharomyces 

cerevisiae and four times that of Pseudomonas lindneri. If our conclusion that the 

growth of an organism is a function of the ATP yield of its catabolic processes is 

correct then it follows that P.  pentosaceum synthesizes twice as much ATP per mole 

of glucose as either S .  faecalis or S .  cerevisiae, that is to say, the ATP yield from the 

fermentation of glucose by P.  pentosaceum is 4 mole/mole glucose. The origin of this 

extra ATP is a matter of some interest. The fermentation of glucose is approximately 

described by reaction : 

1.5 glucose + 2 propionate + acetate + lco,. 

There is evidence which suggests that the Embden-Meyerhof mechanism plays an 

important part in the fermentation of glucose by P.  pentosaceum (Wood, Stjernholm 

& Leaver, 1955) and that pyruvate is the precursor of the end-products propionate, 

acetate and CO,. If this is the case it follows that the conversion of 1.5 mole glucose 

to three mole pyruvate will yield 3 mole ATP. But the value for Yglucose requires 

the formation of 6 mole ATP from 1.5 mole glucose, of which only three have so far 

been accounted for. The formation of acetate from pyruvate should give 1 mole 

ATP/mole acetate and, if this is correct, we are forced to conclude that the remaining 

2 mole ATP arise from the reactions concerned with the formation of propionate. 

In other words, the formation of 1 mole of propionate is associated with the forma- 

tion of one mole of ATP. It will be possible to test this prediction once the individual 

reactions in the synthesis of propionate have been defined and the enzymes 

responsible isolated. 
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