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ABSTRACT 

Laboratory studies of the metabolism of activated sludge 

utilizing rich synthetic media, may be misleading when compared to 

actual sewage plant conditions. It appears that a selection process 

occurs in which certain groups of microorganisms are either enhanced 

or inhibited by the change of environmental and nutritional conditions. 

These changes make themselves apparent in the physical make up and 

ecological shift of the sludge upon continued incubation. 

The microorganism Zoogloea ramigera accumulated radio

active phosphorous in an acid insoluble fraction that is readily released 

by treatment with a mild base or hydrolysis with pronase. The sub

stance found in this pool appeared to be a polyphosphate in nature and 

apparently is trapped by precipitated protein, to which it may be bound 

by an ionic attraction. This attraction may be enhanced by the pres

ence of large amounts of poly-B-hydroxybutyric acid. 

This accumulation may have a relationship to cell division as 

it only occurs in the early log phase of growth. Nutrient depletion of 

the medium or pre-incubation phosphorous starvation have no apparent 

stimulatory effect upon phosphorous uptake. The accumulation follows 

the same pattern regardless of the age of the culture before transfer 
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to fresh medium, with only a slight period of readjustment being re

quired for resting stage cells. 

The acid insoluble pool is stable under phosphorous starvation 

conditions and there is essentially no uptake unless the culture is 

actively growing, even in the presence of a sufficient phosphorous and 

energy supply. 



CHAPTER 1 

INTRODUCTION 

The study of phosphate metabolism of microorganisms involved 

in the oxidation of waste waters is of prime concern in this era when 

man is rapidly destroying one of his natural resources; lakes and 

rivers by eutrophication, that is in many cases caused by phosphate 

induced algal blooms (14,21). 

Phosphate metabolism has been studied on a very broad basis 

utilizing laboratory pilot plants with activated sludge as the inoculum 

and either raw sewage or artificial sewage as the medium (9,21, 30, 32). 

These studies have led to widely varying results but have done little to 

resolve the problem of phosphate release into the environment. 

It has long been known that the floe forming bacterium Zoogloea 

ramigera plays a primary role in the oxidation of sewage in both the 

activated sludge and trickling filter methods of sewage treatment (4, 

6, 7, 34). While some workers have isolated this organism in pure 

culture and have studied its nutritional requirements and biochemical 

activities (3, 4, 8, 34), little is known of its action on phosphates. 

It is known that Zoogloea ramigera will produce metachromatic 

granules under certain conditions (27), and that these granules are 
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composed primarily of poly and metaphosphates (12, 36). It has been 

demonstrated also, that microorganisms accumulate or degrade these 

compounds under various conditions which are dependent upon the en

vironment, phase of growth and pre growth treatments (36). 

The elucidation of the cyclic condensed phosphates and the 

linear condensed phosphates has continued for some years and their 

structure and many of their basic reactions are now known. There re

mains a large amount of conflicting data on their isolation and identi

fication due to the indirect methods that must be employed for their 

identification. There also appears to be a wide variation of polyphos

phate accumulation between various organisms and the many ways in 

which these compounds are bound within these cells (36). 

Although studies have been performed upon the uptake of ortho 

or "soluble" phosphate from sewage under varying conditions of 

aeration and feeding, little is known of the role played by phosphate 

accumulation. In many organisms this accumulation is due directly 

to polyphosphate formation and the storage of this compound within the 

cell. 



CHAPTER 2 

STATEMENT OF PROBLEM 

This investigation was originally undertaken to investigate 

phosphate uptake and metabolism in activated sludge under varying 

conditions, but because of the wide variety of microorganisms involv

ed in waste decomposition and their varying response to extraction 

procedures employed, it was decided to narrow the study to the 

bacterium Zoogloea ramigera. 

Due to the fact that so little is known of the phosphate require

ments of this organism it was decided that a basic study would be 

undertaken. This organism was therefore studied in a synthetic 

medium utilizing well defined procedures in an attempt to shed some 

light on this problem. 

3 



CHAPTER 3 

MATERIALS AND METHODS 

Organisms 

In all experiments utilizing activated sludge, fresh return 

sludge from the Tucson Sewage Treatment Plant, Tucson, Arizona, 

was employed. 

Zoogloea ramigera designated 19623 was obtained from the 

American Type Culture Collection, Rockville, Maryland. This organ

ism was verified according to Bergey's Manual of Determinative 

Bacteriology 7th ecj# (1957). 

Materials 

All chemicals utilized in this study were of reagent or analyti

cal grade. Sodium azide was obtained from Fisher Scientific Co. and 

iodoacetic acid from the CalBiochem Co. The Chloromycetin was ob

tained from the Parke Davis Co. Pronase, B grade, was obtained 

from the CalBiochem Co. as were all the individual amino acids em

ployed, DNAse 1 was obtained from Worthington enzymes. Carrier 

32 
free H^ ®2N HC1 with a radiometric purity of 99%+ was 

obtained from New England Nuclear Corp. 
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Media 

In the experiments employing activated sludge, four media 

were used. 

1) Raw sewage collected at the influent outflow pipe from the 

Tucson sewage plant was collected and steam sterilized. 

This medium contained 7. 5 to 10 mg soluble phosphorous 

per liter. 

2) Crabtree's synthetic arginine medium was employed for 

carbon starvation conditions and contained 610 mg per 

liter phosphorous (7). 

3) The synthetic sewage of Butterfield containing 5.5 mg 

phosphorous per liter was also utilized (5). 

4) Hall's synthetic medium containing 30. 0 mg phosphorous 

per liter was employed for all experiments involving 

Zoogloea ramigera, exclusively, and for those involving 

activated sludge (9). 

All of the above media were modified to the extent that double 

distilled water was substituted for all aqueous additives. 

Growth Conditions 

For all activated sludge experiments the cultures were incubat

ed at 24 C in 250 ml graduated cylinders through which two liters per 

second of wet air was passed continously. This method was chosen 



6 

because of the rapid and violent mixing of the culture due to the narrow 

confines of the cylinders. 

All experiments employing Zoogloea ramigera were carried 

out in 500 ml Erlenmeyer flasks incubated at 24 C while being contin

uously shaken on a New Brunswick model C. S. rotary shaker. 

In experiments requiring transfer of a culture to fresh media 

the cells were either removed by rapid filtration through Millipore 

filters (47 mm, pore size 0. 45/u) or ,by centrifugation for 20 minutes, 

at 0 C and 17300 x G. in a Servall RC-2 Refrigerated centrifuge. 

Measurement of Cell Mass 

Due to the tendency of Zoogloea ramigera, and many of the 

organisms found in activated sludge to form floes, dry weight deter

minations were chosen for all growth criteria. Cell mass was 

measured by rapid filtration over pre dried and tared Millipore filters 

(47 mm, pore size 0. 45/u), these were then dried and weighed. 

Incorporation and Assay of Radioactive Phosphorous 

Radioactive phosphorous was added empirically to the media 

utilized with total counts per minute (CPM) always exceeding 1000 

CPM per milliliter. The incorporation of radioactivity was stopped 

by rapid cooling to 0 C in the Servall refrigerated centrifuge or by 

addition of Trichloroacetic acid (TCA). 
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The radioactivity of the samples was assayed in a Packard 

Tri-Carb liquid scintillation counting system Model 314 EX-2. 

Aqueous aliquots of 0.1 ml were counted in 10 ml of scintillation count

ing fluid (BBOT 4g, napthalene 80g, 2-methoxyethanol 400 ml, toluene 

600 ml (38). 

Chromatographic samples were assayed by the same method by 

cutting 10 mm strips parallel to the front and immersing the strip in 

the BBOT system. Due to the high counts obtained no elution was 

necessary. 

Extraction Procedures 

Four extraction procedures were utilized in this study, the 

methods and modifications which have been thoroughly discussed by 

Hutchison and Munro (16) were chosen to fit the experimental condi

tions. A further modification utilized in all experiments involving 

Zoogloea ramigera, consisted of a final extraction using 0. IN KOH 

for 30 minutes at 70 C. The procedures are as follows: 

The Schmidt-Thannhauser procedure 

To 0.1 ml of pelleted and washed cells is added 2 ml of 10% 

TCA, this is incubated for 30 minutes at 4C. The sample is then 

centrifuged for 20 minutes at 0 C at 17300 x G., the supernatant 

fraction is saved and the pellet is washed with 1 ml of 10% TCA 
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and centrifuged again, the supernatant fractions are pooled. This 

fraction is the cold acid soluble pool. 

The residue is then extracted with 2 ml ethanol-ether (3:1) for 

30 minutes at 45 C. The sample is centrifuged and washed with 1 ml 

ethanol-ether and the supernatant fractions pooled as above. This 

fraction contains the lipids and phospholipids. 

The remaining residue is then extracted with 2 ml of 0. 3N 

KOH for 1 hour at 37 C, centrifuged and washed with 1 ml 0. 3N KOH 

and the supernatant fraction pooled as above. This fraction contains 

the RNA, DNA and soluble protein. 

The residue is finally extracted with 0. IN KOH for 30 minutes 

at 70 C, centrifuged and washed with 0. IN KOH and the supernatant 

fractions pooled as above. This fraction is designated the hot base 

soluble fraction. 

The Roberts procedure 

To 0.1 ml of pelleted and washed cells is added 2 ml of 5% 

TCA, this is incubated for 30 minutes at 4 C. The sample is centri

fuged as in the Schmidt-Thannhauser procedure and the cells washed 

with 1 ml of 5% TCA and the supernatant fractions pooled. This frac

tion is the cold acid soluble fraction. 

The residue is extracted with 2 ml ethanol-ether (3:1) for 30 

minutes at 45 C. The sample is centrifuged and washed with 1 ml 
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ethanol-ether as above and the supernatant fractions are pooled. This 

fraction contains the lipids and phospholipids. 

The residue is further extracted with 2 ml of 5% TCA for 30 

minutes at 100 C. The sample is centrifuged and washed with 1 ml 

5% TCA as above and the supernatant fractions pooled. This fraction 

contains the hydrolized RNA, DNA and soluble protein. 

The remaining sample is extracted with 0. IN KOH for 30 

minutes at 70 C. The sample is centrifuged and washed with 1 ml of 

0. IN KOH as above and the supernatant fractions are pooled. This 

extract was designated the acid insoluble fraction. 

The Wiame procedure 

This extraction procedure is performed exactly like the 

Roberts procedure except that 10% TCA instead of 5% TCA is utilized 

for the first extraction. 

This method of extracting Zoogloea ramigera was chosen by 

the author for most of his experiments due to the ease of handling and 

the apparent similarity in results no matter which procedure is used. 

This will be explained later in this paper. 

The Ogur-Rosen procedure 

To 0.1 ml of pelleted and washed cells is added 2 ml of 70% 

ethanol, this is incubated for 30 minutes at 4C. The sample is then 

centrifuged as in the Schmidt-Thannhauser procedure and the cells 
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washed with 1 ml 70% ethanol and the supernatant fractions pooled. 

This extract is designated the soluble pool. 

The residue is then extracted with 2 ml ethanol-ether (3:1) 

centrifuged and washed with 1 ml ethanol-ether as above and the super

natant fractions pooled. This fraction contains the lipids and phos

pholipids. 

The residue is then treated with 2 ml of 0. IN perchloric acid 

(PCA) for 1 hour at 4 C, centrifuged and washed with 1 ml 0. IN PCA 

and the supernatant fractions pooled as above. This fraction contains 

the cold acid soluble nucleoside and nucleotide pool. 

The residue is now treated with IN PCA for 18 hours at 4 C, 

centrifuged and washed with 1 ml IN PCA and the supernatant fractions 

pooled as above. This is the RNA fraction. 

The residue is then treated with IN PCA for 30 minutes at 70 C, 

centrifuged and washed with 1 ml IN PCA and the supernatant fractions 

pooled. This fraction contains hydrolyzed DNA. 

The residue is now extracted with 2 ml of 0. IN KOH for 30 

minutes at 70 C, centrifuged and washed with 1 ml 0. IN KOH and the 

supernatant fractions pooled. This extract was designated the acid 

insoluble fraction. 

In any extraction in which more than 0.1 ml of pelleted cells 

were employed, the volume of the extraction solution was never less 

than 20 times that of the packed cells. 
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A flow sheet of the extraction procedures has been provided in 

Fig. 1. 

Pronase Hydrolysis and Assay of Acid Insoluble Cell Debris 

Pronase Hydrolysis of the acid insoluble cell debris was carried 

out after the cells had been extracted by the first three steps of the 

Wiame method. 

To 5 mg, never exceeding 10 mg, of cell debris was added 25 

mg of pronase dissolved in 5 ml 0. 85% sodium chloride in double dis

tilled water, pH 7.2. The solution was then incubated for 24 hours at 

40 C with occasional mild shaking (24). 

The cell debris remaining after hydrolysis was centrifuged and 

the supernatant fraction and cell debris assayed for radioactivity. The 

supernatant fraction was then treated with an equal volume of cold IN 

HC1 to precipitate any protein remaining in solution. 

IN HC1 Hydrolysis of Pronase Hydrolysate 

One ml of the pronase-IN HCl supernatant fraction was incubated 

15 minutes at 100C with mild shaking, after which it was rapidly 

cooled and chromatographed. 

Chromatographic Procedures 

Samples were chromatographed utilizing Whatman No. 1 chrom

atography paper by the ascending method. Protein hydrolysate was 
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Fig. 1. Extraction Procedure Flow Sheet. 

A) Schmidt-Thannhauser method 
B) Roberts and Wiame method 
C) Ogur-Rosen method 
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Fig. 1. Continued. 
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run in either 77% ethanol or sec-butanol, acetic acid, HgO 70:10:20 

v/v/v (2) for maximum separation of amino acids. An isopropanol, 

HC1, HgO 170:41:39 v/v/v (37) system was found to give the best sepa

ration of the phosphate compounds tested. 

Amino acids were developed employing a 0. 25% ninhydrin in 

acetone spray, and heated, until color appeared, in a 70 C drying oven. 

Pyrimidine nucleotides and purine bases were detected by exposing the 

paper to ultra violet light at 2600 nm and marking the fluorescent spots. 

Phosphates were detected by spraying the paper with 60% perchloric 

acid, IN HC1, 4% ammonium molybdate, HQO 5:10:25:60 v/v/v/v and 

developing at 70 C in a drying oven until a blue color appeared (10). 

Corresponding amino acid and phosphate standards were run 

in conjunction with all samples. 



CHAPTER 4 

RESULTS 

Activated Sludge 

For these studies, the author attempted to duplicate, in the 

laboratory, conditions that are found during the activated sludge treat

ment at the Tucson sewage disposal plant. This plant uses a 30% 

settled sludge as inoculum, which is mixed with the raw sewage at the 

head of the aerators. 

Fresh return sludge was collected for each study and allowed 

to settle. A sample of the settled sludge was then removed by a nega

tive pressure system and added to the medium in the aerators as a 

30% inoculum. 

Raw sewage, Crabtree's synthetic arginine medium. Butter-

field's synthetic sewage and Hall's synthetic medium were utilized for 

the primary growth studies. 

It became apparent that there were changes taking place in the 

activated sludge when synthetic media was used. Activated sludge 

that is held under aeration in raw sewage for up to 5 days shows no 

change in floe consistency, color or odor and when examined micro

scopically one finds abundant protozoa. This is not so with the 

15 
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synthetic media utilized, the richer the medium is in carbon the more 

pronounced the changes that occur. 

Crabtree's medium and Butterfield's medium show a slow change 

in the consistency of the floe. The floe changes color from dark to 

light grey, the active protozoa disappear and the odor "sours" in a 

period of from 10 to 24 hours. The settling time of the floe will double. 

Hall's medium effects the sludge much more rapidly, the active 

protozoa disappear in 3 to 6 hours, the floe changes color from a dark 

grey to a pale yellow in 24 hours, the floe loosens appreciably, the 

settling procedes very slowly and is never complete as the broth re

mains turbid above the floe mass, and the odor of the culture becomes 

sour. 

Because of the above mentioned difficulties in duplicating actual 

plant conditions, it was decided to employ the organism primarily 

responsible for oxidation of sewage, Zoogloea ramigera, in all fur

ther studies. 

Growth Determination 

The doubling time of Zoogloea ramigera was determined by the 

dry weight method, for reasons previously explained, utilizing Hall's 

synthetic medium. 

The cells were incubated 24 hours in Hall's medium at which 

time a 10 ml aliquot was transferred to 200 ml of fresh medium and 
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samples taken at 1 hour intervals over dried and tared Millipore 

filters. 

It was determined that the organism had a doubling time of 4. 5 

hours and reached the stationary phase of growth in approximately 30 

hours. 

For all subsequent experiments it was decided to employ cells 

in the early log phase, 11 hours. 

Determination of the Relative Efficiency 
of Extraction Methods Employed 

Due to the variations reported among the extraction procedures 

available for use on bacteria (16), it was decided to compare four of 

the most commonly used methods, especially since little is known of 

their effect upon Zoogloea ramigera. 

Early log phase cells were employed for this study because 

they are metabolically stabilized and time played a role since four 

separate extractions had to be run simultaneously. 

The organism was incubated in Hall's medium in the presence 

of radioactive phosphorous for 6 hours, harvested by centrifugation 

and washed. The culture was divided into two equal samples and 

extracted by the Roberts method, the Wiame method, the Schmidt -

Thannhauser method and the Ogur-Rosen method. 

When the various fractions from these extractions were analyz

ed there was found to be little variation in either the total uptake 



18 

expected in similar fractions or the per cent uptake in these fractions. 

All of the radioactive phosphorous was removed by all methods and 

the total radioactivity varied less than 1% between the extraction pro

cedures utilized. 

When the per cent radioactivity found in each fraction was cal

culated after pooling similar extracts, it was found that the acid 

soluble and ethanol-ether pool varied by 1%, the RNA-DNA pool by 8% 

and the acid insoluble pool by 5%. 

Because of the very good correlation between the results ob

tained for all extraction procedures, the Wiame method was chosen 

for subsequent experiments because of its speed and simplicity. 

The Incorporation of Phosphate under the 
Influence of Metabolic Inhibitors 

It was deemed advisable to determine if the organism was 

capable of removing phosphate from the medium by adsorption to the 

cell wall or floe forming units. 

A 10% inoculum of early log phase cells was added to each of 

four flasks containing Hall's medium. After 11 hours of incubation, 

one flask each was treated with the following additives: 

Control (no additive) 

_ 2  
10 M Sodium azide, a respiratory poison (25) 

_ 2  
10 M Chloramphenicol, a protein synthesis inhibitor (33) 

_ 2  
10 M Iodoacetic acid, a respiratory poison (25) 
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32 
After 1 hour of incubation, P was added to all flasks and incubation 

continued for 6 hours more, at which time the cells were harvested 

and extracted by the Wiame method. 

As can be determined from Table 1, the cultures treated with 

the metabolic inhibitors exhibit a pronounced decrease in the total up

take of radioactivity over those of the controls. Upon extraction 98% 

of the radioactivity taken up by these cultures was found to be located 

in the cold acid soluble pool while less than 0. 5% of the total activity 

was located in the acid insoluble pool. 

The Incorporation of Radioactive Phosphorous 

To study the incorporation of radioactive phosphorous by 

Zoogloea ramigera and its distribution within the various cellular 

fractions, a 10% inoculum of early log phase cells was transferred to 

fresh medium containing radioactive phosphorous. Samples were 

taken at 3, 6, 12, 24, 48, 72, and 196 hours. Ten ml samples were 

harvested by centrifugation and the cells washed once with cold 0. 85% 

sodium chloride in double distilled water. The cells were then ex

tracted by the Wiame method. Fig. 2 illustrates the uptake of radio

active phosphorous as per cent uptake by the various fractions, while 

Fig. 3 shows uptake as total incorporation per fraction. 

Fig. 2 shows an early accumulation of radio activity in the acid 

insoluble fraction reaching a maximum of 57% of the total uptake by 
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TABLE 1 

THE EFFECT OF METABOLIC INHIBITORS ON THE 

INCORPORATION OF RADIOACTIVE PHOSPHATE 

Inhibitor added to 
Hall's medium 

% total radioactivity % reduction in total 
taken up uptake compared 

to control 

Control (no additive) 

_ 2 
10 M Sodium Azide 

_ 2  
10 M Chloramphenicol 

10 M Iodoacetic acid 

100. 0% 

1. 0% 

5. 0% 

1.5% 

99.0% 

95. 0% 

98. 5% 
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the organism in 12 hours, this pool then begins a gradual decline and 

levels off at approximately 20% by 48 hours. This large accumulation 

of radioactivity found in this pool was unexpected, and showed a marked 

difference from the results obtained when Aerobacter aerogenes was 

tested under the same conditions (Fig. 4). 

In an attempt to determine if this accumulation of an acid insol

uble fraction occurs only with log phase cells, the same experiment 

was run utilizing 5 day resting cells and 5 day resting cells that were 

phosphate starved as inocula. The results upon extraction were the 

same as those observed for the log phase cells, except that the resting 

and resting starved cells appear to have gone through a short adjust

ment period that extended the length of time that the acid soluble pool 

reached its peak by 3 hours. In all other aspects the curves were identical. 

To asqertain if the acid insoluble pool was stable during phos

phorous starvation conditions, cells were incubated in Hall's medium 

in the presence of radioactive phosphorous for 11 hours. The cells 

were then harvested, as mentioned, and divided into two equal por

tions. One portion was extracted at once while the other portion was 

transferred to 50 ml of 0. 85% sodium chloride plus 2% glucose in 

double distilled water and incubated, with shaking, for 6 hours. The 

cells were then harvested and extracted as above. The media was 

also assayed for radioactivity to determine if the cells had "dumped" 

phosphorous during incubation. 
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Table 2 shows that, while both acid soluble pools and the 

ethanol-ether pool, lost radioactivity to the medium the acid insoluble 

pool remained almost stable. The cells dumped approximately 20% of 

their total phosphorous during the 6 hour incubation period. 

To establish the extent of uptake during starvation conditions 

log phase organisms were harvested from Hall's medium and trans

ferred to 50 ml 0. 85% sodium chloride-double distilled water contain

ing 2% glucose, 100 ng per ml phosphate (NaHgPO^ and NagHPO^ 1:3), 

and radioactive phosphate. The culture was incubated for 6 hours, 

with shaking, then harvested and extracted. 

The cells incubated with only an energy and phosphorous source, 

took up only a small fraction of the phosphorous available in the acid 

insoluble pool (Table 3), although the acid soluble pool demonstrated 

considerable phosphate activity. 

The Analysis of the Acid Insoluble Fraction 

The acid insoluble fraction found during the uptake experiments 

during the early log phase of growth, was chromatographed on What-

32 
man No. 1 chromatography paper along with PO4 anc* Na^PgO^ 

as ortho phosphate and pyrophosphate standards, in the isopropanol, 

HC1, water solvent system. 

Upon analysis it was found that 80% of the radioactivity of the 

acid insoluble fraction remained at the origin while 15% was found 
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TABLE 2 

STABILITY OF THE ACID INSOLUBLE POOL UNDER 

MINIMAL GROWTH CONDITIONS 

Initial radioactivity-
Fraction distribution 

CPM/ml 

Post starvation radioactivity-
distribution 

CPM/ml 

10% TCA 

Ethanol- ether 

5% TCA 

0. IN KOH 

21940 

13250 

13070 

75180 

9540 

6030 

7790 

69620 
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TABLE 3 

PHOSPHOROUS UPTAKE BY UNLABELED CELLS 

UNDER MINIMAL GROWTH CONDITIONS 

Fraction 
Total uptake of 
radioactivity 

CPM/ml 

Distribution of radio
activity % per 

fraction 

10% TCA 

Ethanol- ether 

5% TCA 

0. IN KOH 

31245 

1090 

5645 

1070 

80% 

2% 

14% 

2% 
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1 cm below the solvent front. The ortho and pyrophosphate standards 

always migrate with the front. 

When these chromatographs were treated with ninhydrin or ex

posed to U. V. light at 2600 nm, no amino acids or purine bases or 

pyrimidine nucleotides were detected. Upon application of the ammon

ium molybdate spray for phosphate detection, color developed only at 

the solvent front. 

In an attempt to identify this substance, other extracting chemi

cals were substituted for 0. IN KOH in the final extraction step. 

When 0. IN NaOH was substituted for 0. IN KOH for 30 minutes 

at 70 C it proved to be equally efficient and the total radioactivity in this 

fraction along with the results obtained by chromatography remained 

identical. 

0.85% saline for 1 hour at 70 C proved completely ineffectual 

as did 6N HC1 for 24 hours at 24 C. 10% TCA for 1 hour at 70 C re

moved half of the radioactivity in this fraction as did treatment with 

2.5% sodium lauryl sulfate for 1 hour at 70 C. Chromatography of 

these fractions revealed nothing new. 

When 6N HC1 was utilized for 1 hour at 100 C, the fraction 

was completely removed and upon chromatography it was found that 

all the radioactivity had migrated to the origin, and treatment with 

ninhydrin showed numerous amino acids to be present. 
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We assumed that the substance that remained at the origin of 

the 0. IN KOH chromatography must be a large molecule, which was 

binding chemically or physically trapping the phosphate in some way. 

We know that this substance was hydrolyzed when treated for 1 hour 

at 100 C with 6N HC1. This led us to believe it was either a small 

amount of DNA not removed by 5% TCA treatment or a protein. 

To eliminate DNA, a 1 ml sample of the 0. IN KOH fraction was 

treated with DNase I (lmg/ml), 0.1M MgSC>4 in acetate buffer, pH 4. 5 

and allowed to stand for 3 hours at 25 C. This fraction was then 

chromatographed against an untreated sample in the isopropanol, HC1 

and water solvent. The DNAse treated fraction demonstrated no dif

ferences in migration of the radioactivity from those of the untreated 

control and no purine bases or pyrimidine nucleotides were found upon 

exposure to U. V. light, at 2600 nm. 

Once DNA had been eliminated as the nonmigrating fraction, 

we turned to protein. We knew that strong acid hydrolysis at high 

temperature degraded the compound that remained at the origin, so a 

mild but efficient method of hydrolysis was needed. Pronase seemed 

to fit these requirements. 

Log phase cells incubated in Hall's medium in the presence of 

radioactive phosphate were harvested and washed. The cells were 

then extracted with the first 3 steps of the Wiame method. To 5 mg 

of the cells containing the acid insoluble fraction was added 
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25 mg pronase in 0.85% saline, pH 7.2, and incubated 24 hours at 

40 C. 

After incubation the cell debris was separated from the liquid 

portion by centrifugation and discarded. The supernatant fraction 

which contained 90% of the radioactivity was treated with cold IN HC1 

to precipitate protein, followed by centrifugation, and the protein which 

showed no radioactivity was discarded. 

It is known that polyphosphate is completely hydrolyzed to 

orthophosphate if treated with IN HC1 for 15 minutes at 100 C (12). 

Therefore, we divided the pronase hydrolysate into two equal portions 

and treated one with IN HCl as above. 

The pronase hydrolysate, the pronase hydrolysate further 

hydrolyzed with IN HCl and a 0. IN KOH extracted fraction were then 

chromatographed in two solvent systems. Isopropanol, HCl water 

and sec-butanol, acetic acid, water were employed to give the best 

separation of phosphates and amino acids respectively. 

32 
Hg PO4 an<^ ^a4^>2^7 s^an^ar<^s were run on all chromato-

grams and serine and threonine standards were run with the amino 

acid solvent because it has been reported that numerous phosphoric 

acid residues have been shown to be bound by ester linkages to the 

hydroxyl groups of serine and threonine of proteins (15). 

When the chromatographs were developed with ninhydrin, no 

radioactivity was found to be associated with any amino acid, 
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especially serine and threonine. The chromatographs were then 

assayed for radioactive phosphorous distribution. The pronase 

hydrolysate demonstrated a marked difference in distribution of radio

activity from the 0. IN KOH fraction distribution. Only 9% of the total 

radioactivity was found at the origin while 58% of the radioactivity was 

found between 10 mm and 80mm. 26% of the radioactivity was found 

at the front (160mm). This is orthophosphate as determined by the 

controls. 

The acid hydrolyzed pronase fraction was found to have 80% of 

the radioactivity at the front while less than 1% remained at the 

origin. This is a good indication that the phosphate found in the acid 

insoluble fraction of these cells, is indeed some type of polyphosphate. 



CHAPTER 5 

DISCUSSION 

The observations made in this study upon the affect of synthetic 

media on activated sludge leads this author to question the validity of 

much of the previous work preformed on the study of the metabolism 

of activated sludge as carried out in the laboratory. 

Some authors (9, 21, 22) have utilized synthetic media that are 

fairly rich in nutrients when compared to raw sewage, and allow the 

sludge to become stabilized in these media. It is well known that 

microorganisms react differently when they are exposed to media of 

varying nutrient value (26, 29) and that rapid changes will occur in the 

microorganism's metabolism when shifted from a minimal to a rich 

medium (23). Because of the large diversity of microorganisms 

found in activated sludge (1, 19, 20, 30, 34), spanning many classes from 

worms and protozoa to algae and bacteria, one would not expect a 

uniform response upon transfer from a natural to a synthetic medium. 

Indeed, one would expect a selection of those organisms which most 

easily adjust to the fresh medium with a corresponding inhibition of 

those that do not. 

32 



33 

We believe that the changes we observed in the activated 

sludge utilized in this laboratory were due to one or all of the affects 

mentioned, and suggest that future studies be carried out either with 

raw sewage as a medium for activated sludge, or utilization of a single 

purified microorganism that can be easily observed for changes in 

metabolism under the varying nutritive conditions. 

The study of the incorporation of radioactive phosphorous and 

the distribution of this compound into the various metabolic pools by 

the microorganism Zoogloea ramigera, led to some interesting obser

vations. Although this microorganism is fairly hardy, in that it retains 

its cellular organization and recovers its metabolic activity after long 

periods of inactivity in solutions of very low nutritive value such as 

raw sewage, it appears to be extremely susceptible to all of the ex

traction procedures to which it was exposed, and the results of these 

procedures were uniformly reproducible. 

We have shown that this microorganism does not accumulate 

phosphorous by chemical adsorption to the cell wall or slime layer. 

This confirms the biological nature of this uptake by Zoogloea ramigera 

as was demonstrated by Levin and Shapiro (21) to be the case for 

activated sludge. 

The observation of a rapid and large accumulation of radio

active phosphorous in an acid insoluble pool by this microorganism in 

the early log phase of growth, independent of the phase of growth of 
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the microorganism before transfer, does not agree with comparative 

studies on Aerobacter aerogenes or with the studies of Hall (9) utiliz

ing activated sludge. This early accumulation cannot be explained as 

phosphate "overplus" as described by Harold (11) because starvation 

of these cells is not necessary, indeed it appears that this microorgan

ism accumulates phosphorous during active growth in this pool regard

less of previous growth conditions. 

The instability of the acid soluble pool under phosphorous star

vation conditions, agrees with results on activated sludge, in which it 

has been demonstrated that up to 50% of this pool is released into the 

medium (30), but the stability of the acid insoluble pool has not been 

reported. The observation that this pool appears to accumulate only 

under optimum growth conditions, even when abundant energy is sup

plied, may play a role in phosphorous uptake in commercial sewage 

treatment plants. Perhaps if the activated sludge were allowed to 

build up the acid insoluble pool, which is stable, less leakage of 

phosphorous would occur when active aeration was ceased. The re

ported leakage of phosphorous during settling (30), appears from our 

studies to be mainly due to release from the acid soluble and ethanol-

ether soluble pools. 

When we attempted to identify the type of phosphate observed 

in the acid insoluble pool, we found few methods available for this task, 

all of which are indirect. We assumed the compound was a 
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polyphosphate of unknown chain length due to the absence of contaminat

ing RNA or DNA, or a polyphosphate bound to a protein by the serine 

or threonine moiety (15). We therefore chose hydrolysis with IN HC1 

for 15 min at 100 C as the best method of identification, due to the fact 

that other procedures work poorly when small amounts of phosphate 

are employed. 

The IN HCl hydrolysis of the acid insoluble fraction strongly 

suggests that the phosphate found in this fraction is indeed polyphos

phate, but did not explain why it was not removed by the hot TCA treat

ment as stated by Wiame (35). There is good evidence that large chain 

length polyphosphates are preferentially precipitated from short chain 

polyphosphates by proteins when the latter are brought belo\y their 

isoelectric points with acid treatment. These proteins exhibit poly-

cations while polyphosphates exhibit polyanions; interaction between 

the two form precipitates that will become accentuated as the size of 

either increases (17, 18). As stated, it is known that 5% TCA at 95 C 

will readily reverse this binding, therefore this alone cannot explain 

the acid insoluble nature of this polyphosphate. 

It has been observed that Zoogloea ramigera produces poly-B-

Hydroxybutyric acid (PHB) when incubated in rich media, and that this 

compound is intimately associated with the flocculation of the organ

isms (7). This compound constitutes up to 50% of the total dry weight 

of the cells. If one now goes back to the theory of interaction of 
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polyanions and polycations one may state that this organism contains 

a much larger concentration of polycations after acid treatment due to 

the presence of PHB than yeasts. This plus the precipitated protein 

may bind the polyphosphate so strongly that hot acid has no appreciable 

affect and no release can be obtained until the isoelectric point of the 

protein is exceeded by addition of a base. This may explain why even 

very mild treatment with a base readily releases all reamining phos

phate. The observation that pronase digestion could be substituted for 

the 0. IN KOH treatment with comparable results would also indicate 

that the binding substance was a protein. The lack of phosphorous con

taining amino acids suggests that this binding is due only to interaction 

of charges. 

The question of why this organism accumulates phosphate dur

ing the early log phase of growth is more difficult to analyze. There is 

conflicting evidence for polyphosphate accumulation under various con

ditions. 

Much evidence as been compiled for Aerobacter aerogenes 

demonstrating that this microorganism accumulates polyphosphate 

only after certain nutrients of the medium become limiting (13,11, 31), 

especially nitrogen and sulfur, and it has been suggested that the active 

synthesis of nucleic acids inhibit the production of polyphosphate kinase, 

the enzyme sho^yn to be responsible for polyphosphate synthesis 

(11,13). 
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On the other hand, there is some evidence that polyphosphate 

reaches a peak before cell division takes place. Wiame (35) suggests 

that this compound plays some role in cell division of yeast, and Sail, 

Mudd and Takagi (28) have demonstrated peaks of polyphosphate accu

mulation immediately before periods of increasing cell numbers in 

synchronous growth cultures of Corynebacterium diptheriae. They 

state that "accumulation and disappearance of polyphosphate, are, 

then, physiological events related to cell division. " 

Our work with Zoogloea ramigera tends to support the hypothes

is of the latter workers, in that we find the phosphate in the acid in

soluble pool reaches its maximum during the early log phase of growth 

and tends to decline as the cultures enter the decelerated growth phase. 

This is true no matter what phase of growth the organism was in when 

it was transferred. 

There is no evidence that this microorganism accumulates 

phosphate during the stationary phase or following phosphate starvation 

as suggested for Aerobacter aerogenes. The only period of rapid 

accumulation is during the active growth of the early log phase. 
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