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Naturally, the viable count obtained in this study was also lower than the viable count 

obtained by Banks and Walker ( 1977) although the same procedure was followed. 

The total bacterial count using the AO technique and 0,20 µm filter yielded the highest 

number of bacteria ( 1,53 109 bacteria cm-3
) followed by the AO technique using 

0,45 µm filters (7, 17 x 107 bacteria cm-3
) followed by the viable plate count ( 4,32 x I 0 6 

bacteria cm-3
) Table 14. 

Higher bacterial numbers were always encountered when using the AO technique and 

0,20 µm filters, than in any of the viable plate counts including those of Prokasam and 

Dondero (1967) and Banks and Walker (1977). This was probably due to the lack of 

suitable nutrient medium for the growth of all viable bacteria in activated sludge. Further­

more, by using the AO technique, dead and live cells are counted. This would result in 

higher numbers when compared to viable counts of bacteria on GCY A. 

Higher bacterial numbers were also encountered when using the AO technique and 

0,20 µm filters than was the case using the AO technique and 0,45 µm filters (Table 14 ). 

This was ascribed to smaller bacteria not being retained by the 0,45 µm filter, but re­

tained by the 0,20 µm filter, a phenomenon also encountered by Hobbie et al. ( 1977). 

The average Acinetobacter count using a 0,20 µm filter constituted 56% of the total viable 

plate count, 0, 16% of the total AO count using a 0,20 µm filter and 3.4% of the total AO 

count using a 0,45 µm filter (Table 14 ). The coefficient of variation was low at 6,5 % 

(Table 14). The average Acinetobacter count using a 0,45 µm filter constitukd 48% of the 

total viable plate count, 0, 13% of the total AO count using a 0,20 µm filter and 2.9% of 

the total AO count using a 0,45 µm filter (Table 14 ). The coefficient of variation was low 

at 4,7% (Table 14). Eighty four percent of the Acinetohacter numbers retained on the 

0,20 µm filter was also re~ained on the 0,45 µm filter (Table I 4 ). However only 4.6% of 

the total number of bacteria, as determined using the AO technique, were retained on the 

0,45 µm filter (Table 14 ). These results indicate that there was a marginal difference in 

the size of Acinetobacter in the primary aerobic zone, but that the size of the total number 

of bacteria varied to a large extent. The small variation in the size of Acinetobacter in the 

primary aerobic zone is ascribed to viability of these organisms in this zone. The 56% and 

48% representation of the total viable count supports the statement that Acinetobacter is 

viable in the primary aerobic zone. 
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Buchan ( 1980) stated that the volutin containing cells in activated sludge were larger than 

other cells. He did however, not identify these cells bz situ and did not determine their 

actual size. If these cells were identified as Acinetobacter, this would have tied in with the 

small difference in the Ac;inetobacter cell size in the primary aerobic zone (Table 14) as 

discussed and their large representation of the total viable count (56% and 48 %) which 

suggested that the Acinetobacter cells were larger than other cells in activated sludge. 

Therefore the determination of the actual size of the volutin containing cells as well as 

the identification of these cells was essential. TEM was used to determine the actual cell 

volume. 

4.5 TEM studies to determine the volume of volutin containing bacterial cells in 
activated sludge 

Sections (ca 1 µm thick) for TEM were prepared from samples collected from 

the primary aerobic zone of the Northern Works activated sludge plant at a time of 

enhanced phosphorus removal. Numerous bacterial cells containing volutin were encoun­

tered (Plate 5 ). This was also observed by Buchan ( 1980). The volumes of 60 cells con­

taining volutin were calculated (paragraph 3.3.5). The volumes of the volutin granules 

inside the bacterial cells were also calculated (paragraph 3 .3. 6). The average bacterial cell 

volume was 1,0 µm 3 (with a standard deviation of 0,8) and the average volutin volume 

0,28 µm 3 (with a standard deviation of 0,26). 

A frequency table was compiled for the size distribution of the volutin containing cells 

(Table 15). 

These results are illustrated in Figure 4. The largest percentage (20%) of the volutin con­

taining cells had a volume of between 0,50 and 0,59 µm 3 (Table 15). The sma.llcst cells 

measured had a volume of 0, 12 µm 3 and hence an effective spherical diameter of 0,612 urn, 

indicating that even these cells would be retained on a filter with a 0.45 µm pore size. 

These cells would therefore have been retained on the 0,45 µm Nuclepore filter. 

The small difference in the average Acinetobacter counts using 0,45 µm and 0,20 µm 

Nuclepore filters (Table 14) indicated that some of the A cinetobacter cells were small 

enough to filter through the 0,45 µm filter. At this stage of the study, it was assumed 

that the volutin-containing bacteria were A cinetobacter due to suggestions that this was 

the case by other researchers (Roi"nestad, 1973; Fuhs and Chen, 1975, Buchan. 1980). 
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The smallest volutin containing cell measured would be retained by the 0,45 µm Nuclepore 

filter. This suggested that the smal1er Acinctobacter cells passing through the 0,45 µm 

filter and retained on the 0,20 µm filter did not contain volutin. This also suggested that 

the volutin-containing Acinetobactcr were larger than the other bacteria in activated 

sludge as was suggested by Buchan ( 1980). Furthermore, this suggested that the bacteria 

small enough to go through the 0,45 µm filter did not contain volutin. 

Table 15: Frequency table for the size of volutin containing bacterial cells 

Cell volume µm 3 Number of cells % of Total 

0,10 - 0,19 4 6,60 
0,20 - 0,29 6 10,00 
0,30 - 0,39 3 5,00 
0,40 - 0,49 I 1,70 
0,50 - 0,59 12 20,00 
0,60 - 0,69 2 3,33 
0,70 - 0.79 1 1,67 
0,80 - 0,89 2 3.33 
0,90 - 0,99 5 8,33 

1 ,00 - 1,09 2 3,33 
1,10- 1,19 2 3,33 
1,20 - 1,29 0 0 
1,30 - 1,39 0 0 
1,40 - L49 0 0 
1,50-1,59 2 3,33 
1,60 - 1,69 2 3,33 
1,70 - 1,79 3 5,00 
1,80 - 1,89 1 1,67 
1,90 - 1,99 1 1,67 

2,00 - 2,09 1,67 
2,10 - 2,19 1,67 
2,10-2,29 1,67 

3,30 - 3,39 1,67 
3,70 - 3,79 1,67 

4,10-4,19 1,67 

4.6 Experiments to determine the role of Acinctobacter in phosphorus removal by 

activated sludge 

Speculation and controversy exist whether only A cinetohactcr in the primary 

aerobic zone is responsible for phosphorus removal in activated sludge. In order to investi-
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gate this, it was necessary to enumerate Acinetobacter in activated sludge. This in itself, 

did not supply sufficient evidence to indicate whether Acinetobacter was solely responsible 

for phosphoms removal. Additional data were therefore obtained which were used in 

conjunction with the quantitative data of Acinetobacter numbers. The first factor that 

was determined, was the correlation between the Acinetobacter numbers in the different 

Northern Works activated sludge system zones and total phosphorus removal. 

4. 6.1 Correlation between total Acinetobacter numbers in activated sludge and total 
phosphorns removal 

The correlation coefficient results are contained in Table 16 and 17. 

Table 16: Correlation coefficient between total Acinetobactcr numbers in the 
different zones of the Northern Works activated sludge system and 

phosphorus removal calculated for the data in Table 6 

Activated sludge zone Correlation Error Significant values for rand R 
Coefficient df 

P 0,05 P 0,01 

Anaerobic - 0,06 7 0,666 0,798 

Primary anoxic 0,105 7 0,666 0,798 

Primary aerobic 0,120 7 0,666 0,798 

Secondary anoxic 0,304 7 0,666 0,798 

Secondary aerobic 0,580 7 0,666 0,798 

Effluent - 0,04 I 7 0,666 0,798 

NOTE: When r < P 0,05 and P 0,0 I, the correlation coefficient is not significant 

When r > P 0,05 and P 0,01, the correlation coefficient is significant 
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Table 17: Correlation coefficient between the total Acinetobacter numbers in the 
different zones of the Northern Works activated sludge system and 
phosphorus removal calculated for the data in Table 9 

Activated sludge zone Correlation Error Significant values for r and R 
Coefficient (r) df 

P 0 ,05 P 0 ,01 

Anaerobic - 0,5041 4 0 ,811 0 ,917 

Primary anoxic - 0 ,7220 4 0 ,811 0 ,917 

Primary aerobic - 0,3039 4 0 ,811 0 ,917 

Secondary anoxic - 0 ,5017 4 0 ,811 0 ,917 

Secondary aerobic - 0 ,5875 4 0 ,811 0 ,917 

Effluent - 0,4701 4 0 ,811 0 ,917 

NOTE: When r < P 0,05 and P 0,01, the correlation coefficient is not significant 

When r > P 0,05 and P 0,01, the correlation coefficient is significant 

Total Acinetobacter numbers were for the first time expressed as real numbers in this study 

(Table 6 & 7). This provided a more accurate determination of the correlation coefficient 

between Acinetobactcr numbers in the primary aerobic zone and phosphorus removal. 

Workers previously have determined the microbial population structure of the primary 

aeration zone and, due to the pre-dominance of Acinetobacter, speculated that there was 

an association between Acinetobacter numbers in this zone and phosphorus removal. 

No significant correlation existed between total Acinetobacter numbers in the different 

zones (Table 16 and 17). This however did not imply that A cinetobacter was not re­

sponsible for all the phosphorus accumulation and removal in activated sludge. It was 

therefore necessary to determine the actual quantity of phosphorus that could be 

associated with intracellular accumulation by Acinetobacter in activated sludge. 

Uncertainty existed whether all the ce11s containing volutin in activated sludge belonged 

to A cinetobacter. Before any further calculations were made, it was necessary to determine 

whether the cells containing phosphorus alJ belonged to Acinetohacter. This was 

attempted by using fcrritin labelled antibodies, density gradient centrifugation, metachro­

matic and FA staining. 
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4.6.2 The use of FLA, density gradient centrifugation, metaclzromatic- and FA staining 

(a) I'LA 

Activated sludge ~amples were collected from the primary aerobic zone at a time 

when enhanced phosphorus removal occurred. Activated sludge samples for TEM were 

stained with FLA prior to preparation. This was done to identify A cinetobacter using 

TEM and determining whether volutin containing cells in activated sludge were A cineto­

bacter. The FLA technique gave unsatisfactory results. Very few Acinetobacter in 

activated sludge and in pure culture were detected by this method, and those detected 

did not contain any volutin granules (Plate 6). This implied that Acinetobacter in 

activated sludge did not contain volutin. Acinetobacter, isolated from activated sludge, 

and cultured on Acid Sludge Media however exhibited phosphorus uptake (Buchan, 1980). 

However, these results were not conclusive due to the many problems that may be en­

countered using the FLA technique (Borek and Silverstein, 1961: Vogt and Kopf, 1964 ). 

Unconugated sera however reacted with the antigen indicating a high serological 

activity of the antisera. Haemagglutination tests using the FLA and antigen indicated that 

no reaction took place between the FLA and antigen. This indicated a loss of serological 

activity of the FLA. This was also found by Borek and Silverstein ( 1961) and Vogt and 

Kopf (1964) when using FLA. The cause of the loss of serological activity of the FLA in 

this study is not known. It is possible that the antibody became univalent after conjuga­

tion with the ferritin resulting in _the lack of binding between the FLA and antigen as was 

experienced by Borek and Silverstein (1961) and Vogt and Kopf (1964 ). 

(b) Density gradient centrifi1gation of activated sludge 

78 

Activated sludge samples from the primary aerobic zone were collected at a time of 

enhanced phosphorus removal in the Northern Works activated sludge plant. These samples 

were prepared for density gradient centrifugation (paragraph 3.2.13 ). The density gradient 

fraction corresponding to the control density gradient fraction (pure culture of Acinetobacter 

containing volutin) was collected. All the other fractions were also collected for further 

study. FA staining of all fractions revealed that only the fraction corresponding to the con­

trol, contained bacterial cells. 

This procedure was repeated five times yielding the same results. The observation that the bac­

terial cells in activated sludge accumulated in one fraction suggested that the range of the den­

sity gradient used was possibly too narrow. Hence, the range of the density gradient was 
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extended in order to fractionate the activated sludge samples (paragraph 3.2.13). This 

yielded at least six distinguishable fractions (Appendix VI). These fractions were very 

close to each other which made it difficult to extract the individual fractions for further 

study. For further analysis one cm 3 fractions were collected starting at the top of the 

tube containing the different fractions. The total number of bacteria, Acinetobacter 

number as well as a count of the bacteria containing volutin upon metachromatic stain­

ing and total phosphorus concentration were determined on each fraction (Table 18). 

The percentage of Acinetobacter expressed as a percentage of the total count \Vas calcu­

lated for each fraction (Table 18). The highest percentages of Acinetohacter in sample 1 

were recorded in fraction 3, 4 and 5 (84,87%; 89,94% and 79,94%) (Table 18). This 

corresponded with the highest phosphorus concentrations which were also encountered 

in fraction 3, 4 and 5 ( 122, 126, 124 mg dm-3 ) (Table 20). 

In sample 2, the highest percentage of Acinetobacter was in fraction 4 (81,20%). Again 

this corresponded with the highest phosphorus concentration which was recorded in the 

same zone (54,0 mg dm-3 ). The percentage of Acinetobacter was very low in all the 

other fractions in sample 2 (Table I 8). 

The percentage of Acinetobacter which was made up by bacteria containing metachromatic 

granules (Plate 4) was calculated (Table 18 ). In sample I, the number of mctachromatic 

stained bacteria constituted 9 I ,0%, 95 ,8% and 93 ,2% of the Acinetobacter number in frac­

tions 3, 4 and 5 respectively (Table I 8). In sample 2, the number of bacteria which stained 

metachromatically cons ti tu ted 41, I%, 97 ,8% and 4 7 ,8 % of the Acinetobacter numbers in 

fraction 3, 4 and,}espectively (Table I 8). 

No Acinetobacter nor any bacteria containing volu tin were detected in any of the other 

gradient fractions (Table 18). Acinetobacter as well as the bacteria containing volutin 

upon metachromatic staining were detected in the gradients containing the highest con­

centration of phosphorus (Table 18). This again confirmed the association between 

Acinetobacter, volutin containing cells and phosphorus. 

By calculating the percentage of volutin containing bacteria as a percentage of the total 

number of bacteria, the following results were obtained, in sample I: 77,3%, 86, I% and 

74,5% of the total number of bacteria in fraction 3, 4 and 5 respectively were volutin­

containing bacteria (Table 18). 
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In sample 2: 30,2%, 75,4% and 7,7% of the total number of bacteria were volutin con­

taining bacteria in fraction 3, 4 and 5 (Table 18). However a very high percentage of the 

total count also consisted of Acinetobacter (Table 18). This indicated, that the majority 

of the volutin-containing bacteria, if not all, belonged to Acinetobacter. This is supported 

by the fact that the number of volutin-containing bacteria decreased whenever the number 

of Acinetobacter decreased as illustrated in Table 13, sample 2, fraction 3 and 5. 

The observation that Acinetobacter and volutin-containing bacteria were detected in three 

of the gradient fractions can be explained by the method of fraction collection. As was 

stated previously, because of the proximity of different fractions 1 cm 3 fractions were 

collected. This lead to the overlapping of certain gradient fractions e.g. fractions 3, 4 

and 5 (Figure 5). 

6 Distinguishable fractions 

Overlapping~ 

fraction I and 2 L 

Over'.apping ~~·-[ 
fraction 3 a1ic1 4 

'1 

3 

4 

5 

6 

7 

8 

9 

IO 

Fractions 

Figure 5: Typical example of how the fraction collection procedure resulted 

in the overlapping of distinguishable fractions ( Appendt< vi) 

If it were possible to collect distinct fractions, which was not the case, it would 

probably have been possible to collect one gradient fraction consisting of fractions 3. 4 

and 5. This would however not necessarily have resulted in more accurate analysis, 
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Table 18: Total number of bacteria. Acinetobacter number, metachromatic number and total phosphorus concentration in the 
different activated sludge density gradient fractions 

Sample Fraction Total number of Acinetobacter Metachromatic (M) M asa % Mas a% Acinetobacter Total phosphorus 
No. No. bacteria cm-3 number cm-3 number cm·3 of the total of the as a % of the concentration 

number of Acinetobacter total number mg dm"3 

bacteria 

1,84x 108 0 0 0 0 0 42,0 
2 9,27 X 106 0 0 0 0 0 73,0 
3 7,67 X 107 6,51 X 107 5,93 X 10 7 77,3 91,0 84,87 122,0 
4 8,75 X 106 7,87 X 106 7,54 X 106 86,1 95,8 89,94 126,0 
5 7,98 X 106 6,38 X 106 5,95 X 106 74,5 93,2 79,94 124,0 
6 1,00 X 107 0 0 0 0 0 92,0 
7 4,53 X 107 0 0 0 0 0 46,0 
8 1,87 X 107 0 0 0 0 0 46,0 
9 2,42 X 107 0 0 0 0 0 60,0 

10 2,96 X 106 0 0 0 0 0 46,0 

--

,, 
1 3,15 X 107 0 0 0 0 0 32,0 ... 
2 1,08 X 108 0 0 0 0 0 32,0 
3 4,89 X 107 3,60 X 106 1,48 X 106 30,2 41,1 7,30 36,0 
4 1,00 X 107 8,12 X 106 7,54x 106 75,4 92,8 81,20 54,0 
5 5,35 X 10 7 3,09 X 106 1.48 X 106 2,7 47,8 5,70 22,0 
6 6,78 X 107 0 0 0 0 0 16,0 
7 6,78 X 10 7 0 0 0 0 0 26,0 
8 1,73x10 7 0 0 0 0 0 17,0 
9 2,36 X 10 7 0 0 0 0 0 21,0 

10 1,28 X 106 0 0 0 0 0 20,0 

00 
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since it was impossible to know beforehand where the fractions that had to he combined 

because of similar characteristics, would be. By collecting the fractions using the methoJ 

in this study, more information could be obtained than would have been the case by 

collecting composite gradi~nt fractions. These results indicated that Acinetobacter has 

a buoyant density ranging between 1,070 g cm 3 and l, 120 g cm 3 (Figure 6). The same 

was true for the volutin-containing cells. 

The lower number of Acinetobacter in fractions 3 and 5 of sample I and 2 was ascribed 

to the dilution effect of fractions 2 and 6 which did not contain any Acinetobacter and 

overlapped with fractions 3 and 5 (Table 18) due to the fraction collection procedure. 

These data obtained by in situ identification and enumeration techniques substantiated 

observations and speculations that Acinetobacter in activated sludge could accumulate 

volutin (Roi'nestad, 1973; Fuhs and Chen, 1975; Buchan, 1980). 

The quantity of phosphorus which Acinetobacter could accumulate still had to be deter­

mined. This was done using EM and EDAX techniques combined with the FA identifica­

tion and enumeration of Aci11etobacter in activated sludge. 

4. 6. 3 EM and EDAX techniques for the quantification of phosplwrus accumulated 
by Acinetobacter 

( a) EDAX analysis of the i,ofutin in Acinetobacter 

EDAX analysis was carried out on numerous Acinetobacter cells containing 

volutin granules (Plate 5). This indicated that the volutin contained phosphorus (Plate 7 ). 

This was also found by Buchan ( 1980) who used the EDAX analysis to determine the 

phosphorus content of the volutin as being ca 27 ,0% P. This corresponded with the values 

obtained by Friedberg and Avigad (1968). By using these data the values in Table l 9 and 20 

were calculated. 
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Table I 9: Acinetobacter numbers in the primary aerobic zone of the Northern Works 
activated sludge system and corresponding total cell volume, total volutin 
volume, total volutin mass and total phosphorus mass ( ca1cu1ated using the 
values in Table 6) 

-- - - -

Average Maximum Minimum 

1. Acinetobacter cm-3 6,46 X 106 7 ,60 X 106 * 4,30 X 106 ** 
2. A cinetobacter cell volume 1,00 3 ,79 0 ,12 

(µm3) 

3. Volutin volume (µm 3 /ce11) 0,28 1, 14 0,02 

4. Total cell volume (µm 3 cm-3 ) 6,46 X 106 7 ,60 X 106 4,30 X 106 

5 . . Total volutin volume 1,80 X 106 2, 12 X 106 1,20 X 106 

(µm 3 cm-3 ) 

6. Total volutin mass 2,21 2 ,60 1,47 
(mg dm-3 ) 

7. Total phosphorus mass 0,59 0 ,70 0 ,39 
(mg dm-3 ) 

* Maximum number of Acinetobacter counted 

** Minimum number of Acinetobacter counted 

Table 20: Acinetobacter numbers in the primary aerobic zone of the Northern Works 
activated sludge system and corresponding total cell volume, total volutin 
volume, total volutin mass and total phosphorus mass (calculated using 

the values in Table 7) 

Average Maximum Minimum 

1. Acinetobacter cm-3 2,71x107 5,45 X 107 * 5,88 X }06 ** 
2. Adnetobacter cell volume 1,00 3,79 0 , 12 

(µm3) 

3. Volutin volume (µm 3 /cell) 0,28 1, 14 0 ,02 

4. Total cell volume (µm 3 cm-3) 2,71 X 107 5,45 X 107 5,88 X 106 

5. Total volutin volume 7 ,58 X 106 1,52xl07 1.64 X 106 

(µm 3 cm-3) 

6. Total volutin mass 9,32 18 ,60 2,01 
(mg dm-3) 

7. Total phosphorus mass 2,51 5,02 0,54 
(mg dm-3 ) . 

* Maximum number of Acinetobacter counted 

** Minimum number of Acinetobacter counted 
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PLATE 5 

PLATE 6 

PLATE 7 

Electron micrograph of volutin-containing bacterial cells in the primary 

aeration zone of the Northern Works activated sludge system. (Arrows 

indicate volutin) X25000 

Electron micrograph of an Acinetobacter cell stained with ferritin labelled 

antibody. (Arrows indicate FLA) X30000 

The uncorrected energy dispersive X-ray spectrum generated by an electron­

dense body (volutin) within bacterial cells from the primary aeration zone 

of activated sludge. This figure serves to illustrate the phosphorus and 

calcium peaks generated. 
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The following assumptions were made for calculating the values in Table I 9 and 20. 

(i) AH the Acinetobacter ce11s contained volutin, 

(ii) The specific gravity of the volutin was· 1,23 g crn 3 (Friedberg and Avigad, 

1968), and 

(iii) That the vo]utin contained 27 % phosphorus (Friedberg and Avigad, I 968; 

Buchan, 1980). 

Based on these assumptions and subsequent calculations (Table 19) it was calculated that 

Acinetobacter could on average accumulate 7,00% of the average, a maximum of 8.00% 

and a minimum of 4~00% of the average phosphorus removed (7 ,9 mg P dm 3
) during the 

study period. These results indicated, that Acinetobacter could not account for all the 

phosphorus being removed. 

The results in Table 20 indicate, that Acinetobacter could account for an average of 

17 ,4%, a maximum of 34,86% and a minimum of 3,00% of the average phosphorus re­

moved ( 14,4 mg P dm 3
) at the time of the analysis. 

EM studies revealed that the smallest volutin containing ce11 with a volume of 0, 12 µm 3 

had a diameter of 0,61 µm and would have been retained by the 0,45 µm filter. There-

fore the phosphorus removal as calculated for Acinetobacter numbers determined using 

0,20 µm filters (Table 20) is probably an overestimation of the actual quantity of 

phosphorus that could be removed by Acinetobacter. 

Buchan ( 1980) usually prepared ca one hundred pure cultures for identification, by 

plating out 0,1 cm 3 from plates containing the 106 or 107 dilution on GCYA. 

If these bacterial isolates were prepared from the 106 dilution, the real number of 

bacteria encountered by Buchan ( 1980) would have been ca 108 cells cm-3
. If the 

isolates were prepared from the 107 dilution, the real number of bacteria encountered 

by Buchan (1980) would have been ca 109 cells cm-3 . Buchan ( 1980) indicated that 35 

of the 98 isolates obtained from the Northern Works activated sludge system were Acineto­

bacter. Unfortunately it was not stated from which dilution ( 106 or 107 ) these isolates 

were prepared. The real number of Acinetobacter was nevertheless calculated as for both 

dilutions. (For the 106 dilution the real Acinetobacter number was calculated as 3,5 x 

108 cc1Is cm-3 and for I 0 7 dilution 3,5 x 109 cells cm-3 
). The total mass of phosphorus 

) 
that these cells could contain was calculated using the average total phosphorus mass 

(Table 19). The values obtained were 31,9 mg P dm-3 (for 3,5 x 108 Acinetobacter cm-3
) 

87 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021 

and 319,0 mg P dm-3 (for 3,5 x 109 cm-3 ). When the quantity of phosphorus removed 

in this study is considered (Table 6 and 7) it is c1ear, that if the Acinetobacter cel1s en­

countered by Buchan ( 1980) contained the same quantity as the ce11s in this study, ade­

quate numbers of Acinetobacter were encountered to account for a11 the phosphorus re­

moved by intracellular accumulation. A possible explanation for the lower numbers of 

Acinetobacter encountered in this study as compared to those obtained by Buchan 

(1980), was the fact that Acinetobacter numbers in activated sludge were determined 

during the winter months. This could result in less microbial activity and hence lower 

numbers of Acinetobacter. 

This study indicates that other organisms or mechanisms had to be involved to account 

for all the observed phosphorus removed during the activated sludge process. 

In this regard Suresh et al. ( 1984) indicated that Pseudornonas i•esicularis could accumu­

late phosphorus in activated sludge. Gersberg and A Hen ( 1984) furthermore indicated 

that Klebsiella pneumoniae could remove phosphorus from activated sludge by intra­

cellular accumulation. These results indicate that at least two additional types of bac­

teria apart from A: calcoaceticus and A. lwoffii could contribute to phosphorus re­

moval in activated sludge. The quantities of phosphorus removed by P vesicularis and 

K. pneumoniae have not yet been quantified. The techniques developed in this study 

could be used to determine the quantity of phosphorus removed by the latter two bac-

teria. This would indicate what contribution these organisms would make to phosphorus 

removal in activatetl sludge. 

Secondly, normal metabolic phosphorus requirements of all organisms in activated 

sludge could contribute to phosphorus removal. (Jenkins, et al., 1971 ). 

Furthermore, Spatzierer et al. (1984) indicated that biological phosphorus removal and 

simultaneous precipitation of phosphorus by adding a chemical precipitant were possible. 

They also found that the quantity of precipitant added during biological phosphorus 

removal was significantly lower than when there was no biological phosphorus removal. 

Kerdachi and Roberts ( 1980) suggested that A cinetohacter served as a biological 

phosphorus pump, accumulating phosphorus in the aerobic zone and relrasing phos­

phorus under anaerobic conditions. Firstly, the phosphorus is concentrated inside 
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the cell and secondly released into the medium (ie. anaerobic zone). This results in 

an increase of the phosphorus concentration to such an extent that nucleation of 

phosphorus occurs resulting in precipitation. 

To date it therefore seems that at least the fo11owing mechanisms are involved and may 

be used for phosphorus removal in activated sludge : 

i) Biological excess phosphorus removal by A. calcoaceticus, A. lwojfii, P. i'esi­

cularis and K. pneumoniae, 

ii) Chemical precipitation of phosphorus combined with biological phosphorus 

removal, and 

iii) Normal metabolic phosphorus requirements of organisms in activated sludge, 

iv) Biologically mediated chemical precipitation. 
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CHAPTER 5 

5. CONCLUSIONS 

5.1 Fluorescent antibodies were successfully produced using three Acinetobacter 

isolates as antigens. It was however necessary to pool the antisera to obtain cross-reactions 

with all the Acinetobacter isolates obtained from activated sludge. 

5.2 The FA technique was successfully applied for the recognition and enumeration 

of Acinetobacter in all the different zones of the activated sludge process. 

5.3 Bacterial clusters and bacteria adsorbed to colloids were effectively dispersed 

using Ansan 6 or sonication of activated sludge in a 0,5 % Tripolyphosphate solution. 

5.4 The Acinetobacter numbers differed significantly in the various zones over a 

period of time. 

5.5 ,When using 0,45 µm filters the Acinetobacter numbers in the primary aerobic 

and secondary anoxic zones differed significantly from the other zones. 

5.6 When using 0,20 µm filters no significant difference existed amongst the activated 

sludge zones. 

5.7 The API-20E techniques employed in this study indicated that Acinetobacter was 
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the dominant Gram-negative organism in the anaerobic-, primary anoxic- and primary aerobic 

zone of the Northern Works activated sludge plant. 

5.8 A comparative analysis indicated that the AO technique (using 0,20 µm filters) 

yielded the highest number of bacteria followed by numbers obtained by using the AO 

technique using 0,45 µm filters, followed by the viable plate count. 

5.9 A comparative analysis furthermore indicated that the A cinetobacter numbers 

determined using the FA technique and 0.20 µm filters and 0,45 µm filters respectively 

constituted 56% and 48% of the total viable plate count in the primary aerobic zone. 

Furthermore, 84% of the Acinetohactcr retained on the 0,20 µm were also retained on 

the 0,45 µm filter indicating a small difference in the physical size of these bacteria in 

the primary aerobic zone. 
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5.10 The average volume of volutin-containing bacterial cells was detennined as 

1,0 µm 3 using TEM, and the average volutin volume as 0,28 µm 3 . A11 volutin containing 

cells (even the smallest cells measured with a volume of 0, 12 µm 3
) would be retained by 

a filter with pore size 0,45 µm. 

5.11 No correlation was found between the Acinetobacter numbers obtained in this 

study and phosphorus removal. 
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5.12 The FLA technique and TEM could not be used successfu11y for the identification 

of Acinetobacter as a result of the loss of serological activity of the antisera upon conjuga­

tion with the ferritin. 

5.13 Density gradient centrifugation of activated sludge samples revealed an association 

amongst Acinetobacter numbers, metachromatic-stained ce11s and phosphorus. These re­

sults for the first time proved that Acinetobacter could accumulate volutin in situ. The 

buoyant density of Acinetobacter in activated sludge was furthermore determined to be 

between 1,07 and 1, 12 g cm -3
• 

5.14 Quantitative analysis of the quantity of phosphorus which could be accumulated 

by Acinetobacter in activated sludge revealed that Acinetobacter could at the utmost 

remove 34,86% of the quantity of phosphorus removed during the activated sludge process. 

However, at times quantities as low as only 4,0% could be removed. On average (as cal­

culated for the Acinetobacter numbers determined by the FA technique using 0.45 µm 

filters), 8,0% of the phosphorus could be removed by Acinetobacter. When using 0.20 µm 

filters and the FA technique, an average percentage of 17,40% of the phosphorus re-

moval was attributed to accumulation by Acinetobacter. It was therefore concluded that 

Acinetobacter was not solely responsible for phosphorus removal in activated sludge. 

The null-hypothesis was that Acinetobacter was not present in the activated sludge 

process in numbers sufficiently large to account for the removal of phosphorus by intra­

cellular accumulation, this null-hypothesis could not be rejected on the ground of results 

obtaining this study. The Koch-Henle postulates were therefore not fulfilled and other 

organisms or mechanisms have to be involved in phosphorus removal during the activated 

sludge process. 
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APPENDIX I 

1. API-20E microtube reactions and identification of isolates from activated sludge 

using the Analytical Profile Index, 1983. 

Note: All Acinetobacter calcoaceticus var lwoffii will be reported as A lwoffii 

Source of Biochemical reaction 
sample and 
isolatenumber 1 2 3 4 5 6 7 8 9 101112131415161718192021 

Goudkoppies 
primary aera­
tion zone 

+ 

+ 
+ 
+ 

+ 

+ 

+ -

-

- + + 
- + +·-

+ 
+ + 

+ + - + - + + + 
+ 

+ + + - + 
+ + - + + + + 
+ + + + + + 

Isolate 

Aeromonas hydrophi/q, 
Unacceptable 
Enterobacter aero genes 
Aeromonas lzydroplzila 
Aeromonas lzydrophila 
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I 
2 
3 
4 
5 
6 
7 
8 
9 

+ Pseudomonas maltophila 

IO 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

+ - + 

+ -
+ + + -

+ 

+ -

+ + -

+ -

+ + 
+ + + + 

+ -

-

+ ++ 
+ ·+ - -

- + + 
+ + + + 

:+ + - + 

- + + + + -

+ - + + + 

+ Escherichia coli 
+ Flarnbacte,ium 

+ 

- + 

No growth 
A. lwoffii 
A. lwoffii 
No growth 
No growth 
Unacceptable 
Unacceptable 
U naccept ab le 

- + + - + + + - + 
A. lwoffii (N02 +) 
Citrobacter freundii 
A. lwojfii 

+ + 
+ + - + 

+ 

+ + + + + -

+ 
+ 

+ + 

+ 
+ + + + + 

+ + + + + 

No growth 
A. lwojfii (N02 +) 

+ F1al'Obacteriwn 
No growth 
A. lwoffii 
Shigella dysenteriae 
No growth 

+ + + + Aeromo11as lzydrophila 
A. lv,!ojfii 

+ Flarnbacterium 
+ + - E11terobacter agglomerans 

A. bvojjii 
A. lwojjii (N02 +) 

+ + + + Aeromonas hydrophila 
+ + + + E11terobacter cloacae 

No growth 
A. lw0Jfii(N02 +) 
Pseudomonas sp 
No growth 
No growth 
No growth 
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APPENDIX I - (Continued) 

Source of 
sample and 

Biochemical reaction 

isolate number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 l 6 l 7 18 l 9 20 21 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
5 l 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 

+ -

+ + 
+ + 

+ + 
+ 

+ + 

+ + + 
+ + 

- + 

+ + + + 

+ + + + + + + + + 
+ + 

+ + + -

+ + + 

+ 

+ 

- + 

+ + + 

- + + 

+ + 
+ 
+ 

--------------------+ 

+ + - + + + + + + + + + 

+ + + + 
+ + - + + + + + - + - + + + 

+ + + - + + - + - + + + 
+ + + + + + - + + + 

+ 
+ + - + + + 

. 
+ + + + - -

+ + - + + + - + + + + 
+ + + + + + - - + + + + 

+ + - + + + - + + + + + + + + + 
+ + + + + + + 

+ + - - - - + + + - - - + + + 

+ - - - - + 

+ + + + + + + + + - + 

+ + + + - + + + + + - + + 
+ + + + + + + + + + 

Isolate 

No growth 
No growth 

98 

En terobac ter agglomeran s 
No growth 
Enterobacter cloacae 
Aeromonas hydrophila 
A. lwojfii 
Aeromonas hydrophila 
Pseudomonas sp 
No growth 
No growth 
A. lwojfti 
A. lwoffii 
No growth 
A eromonas hydrophila 
Pasteurella sp (N02 +) 
P. stutzeri (N2 +) 
No growth 
No growth 
Aforaxella sp 

No growth 
A. lwofjh 
A. lwojfii 
Aeromonas lrydrophila 
A. lwofjii 
Unacceptable 
A eromonas hydroplzila 
No growth 
Aeromonas hydrophila 
Aeromonas hydrophila 
Pasteurella sp 
Aeromonas hydroplzila 
No growth 
Aeromonas hydrophila 
A eronwnas hydrophila 
No growth 
Enterobacter cloacae 
A eromonas hydrophila 
No growth 
No growth 
A ero111011as hydrophila 
No growth 
Brucclla ( N02 +) 
No growth 
A cromonas hydroplzila 
No growth 
Enterobacter cloacae 
Aeromonas hydrophila 
No growth 
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APPENDIX I - (Continued) 

----

Source of Biochemical reaction 
sample and Isolate 
isolate number 1 2 3 4 5 6 7 8 9 IO 1112 131415 1617 18 192021 

90 + + Flarobac teriu m 
91 + - Pseudonwnas sp 
92 No growth 
93 No growth 
94 + + - + + + + -.+ + + + Aeromo11as hydrophila 
95 + + + + - Unacceptable 
96 + + + + + - + - + + + + + + + + Enterobacter cloacae 
97 + + + + - CDC Group VE I 
98 + + + + K lebsiella ozaenae 
99 - + Pasteurella sp (NO 2 +) 

100 
------------~-

Northern 
Works 

2 + - A. lwofjii 
11 A. lwoffii 
21 A. lwoffii 
25 + - A. lwojjii 
27 A. lwoffii 
28 A. /'wofjli 
29 A. hvoffii 
32 + - A. lwoffii 
36 A. lwoffii 
47 A. lwoffii 
49 A. lwoffii 
56 + - A. lwoffii 
64 A. lwoffti 
68 A. lwoffii 
72 A. lwoffii 
73 A. lwoffii 
87 A. lwoffii 
88 + A. lwoffii 
89 A. lwoff7i 
92 A. lwoffii 

Northern 
Works 
anaerobic zone 

I No growth 
2 + A. lwoffii 
3 + Pseudomo11as 
4 t - + + - - + Unacceptable 
5 A. lwojfii 
6 A. lwoffii 
7 A. lwoffii 
8 + + - -- - + + + + - + + + + A cro111011as hydrophila 
9 Unacceptable 

10 + + - + + + + -- -- + + + + A eromo11as hydrophila 
11 A. lwof.fii 

-----
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APPENDIX I - (Continued) 

Source of Biochemical reaction 
sample and 
isolatenumber I 2 3 4 5 6 7 8 9 101112131415161718192021 

12 
13 
14 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

Northern 
Works 
primary 
anoxic zone 

2 
3 
4 

5 

+ - + + + + + + 
+ + - + 

.:..... 

+ - + + + 
+ + 

+ - - - - - - - - - - + + - + + + - - + 

+----------++-+++--+ 

--------+-----------

+ 
+ + 

+ 

+ + + + 

+ + + - + + + 

+ + - + - + + 
+ -------+ 

--------+ + - - - - - - + + 

+ + - + + + 

+ + - + + + + + - + + + + 
+ -

Isolate 

A. lwoffii 
Unacceptable 
Unacceptable 
A. lwoffii 
A. lwoffii 
Citrobacter freundii 
A. lwoffii 
Citrobacter freundii 
A. lwoffii 
A. lwoffii 
A .. lwoffii 
Shigella 
A. lwoffii 
No growth 
CDC group II K-2 
Pseudomonas 
A eromonas hydrophila 
A. lwoffii 
A. lwofjii 
A. lwoffii 
No growth 
A. lwoffii (N02 +) 
A. lwoffii 
A. lwoffii 
Unacceptable 
CDC group II F 
No growth 
Pseudonwnas 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
Klebsiella oxytoca 
Pseudomonas 
Unacceptable 

A. lwofjii 
Aeromonas hydrophila 
Pseudomonas 
A. lwoffii 
A. lwojfii 
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APPENDIX I - (Continued) 

Source of 
sample and 
isolate number 

6 
7 
8 
9 

IO 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 

Biochemical reaction 
Isolate 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2 1 

A. lwoffii 
-+-----------------~- Pseudomonas 

A. lwoffii 
A. lwoffii 
A. lwo.f(ii 

+ + - - - - - - + + + + + - - - + - + + + Aeromonas hydrophila 
A. lwoffii 

+ + - - - - - - + + + + + - - - + - + + + Aeromonas hydrophila 
A. lwoffii (N02 +) 
A. lwoffii 
A. lwofjii 

-+-----------------+ Escherichia coli 
A. lwoffii 

- + - - + 

+ + - - + + + + + -

- + 

- + + 
- + - + 

+ + - + + + + + 

+ + 

+ + - + + + + + 

+ + 

A. lwoffii 
A. lwoffii 
Serratia 
A. h;•offii 
A. lwojjii 
A. lwoffii 

- + + + + Aeromonas hydrophila 
,A. lwoffii 
Pseudomonas. 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 

- + + Serratia 
Pseudomonas 
A. lwoffti 
A. lwoffii 

+ + + + Aeromonas hydrophila 
A. lwojfii 

+ + Serratia 
A. lwojfii (N02 +) 
A. lwoffii 
A. lwoffii 

- + + + + A eromonas hydrophila 
A. lwoffii (N02 +) 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. bvoffii 
A. lwoffii 
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APPENDIX I - (Continued) 

Source of Biochemical reaction 
sample and 
isolate number 1 2 3 4 5 6 7 8 9 10111213 1415 1617 18 192021 

Northern 
Works pri­
mary aeration 
zone 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

- + 

+ 

+ 

- + 
+ 

- + 

+ 

- + 
- + 

Isolate 

A. lwoffli (N02 +) 
Pseudomonas 
Pasteurella 
Pasteurella 
Pseudonzonas 
Pasteurella 
A. lwojfii 
A. lwojfii 
CDC Group IV* 
A. lwoffii 
A. llvoffii 
A. lwoffii 
Flal'Obacterium 
Yersinia* 
A. lwoffii (N02 +) 
A. livoffii 
A. lwoffii 
A. livoffii 
A. lwoffii 
A. lwoffii 
A. lwoffti 
Citrobac ter freundii 
Pasteurella 
A. lwoffii 
A. lwoffii 
A. lwoffii 
Pseudomonas 
Pasteurella 
A. lwojfii (N02 +) 
A. lwojfii 
A. lwoffii 

· A. lwoffii 
A. lwoffii 
A. lwofjii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoff,i 
Unacceptable* 
Unacceptable* 
Unacceptable* 
Unacceptable* 
A. lwoffti 
A. lwoffii 
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APPENDIX I - (Continued) 

Source of Biochemical reaction 
sample and 
isolate number 1 2 3 4 5 6 7 8 9 10111213 1415 1617 18 192021 

46 
47 
48 
49 
50 
SI 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 

85-90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 

+ + + - - - - - - + 
+ + - - - - - - + + + + + - - - + - + + + 

+ + + + + + 

----------+-+--------

+ + - - - - - - + + + + + - - - + - + + + 

+ 
+ + 

+ + + 
+ + + 

+ 

+ 
- + + 

+ 

+ + - - - - - - + + + + + - - - + - + + + 

+ + - - - - - - + + + + + - - - + - + + + 

*Not available 

Isolate 

A. lwoffii 
Unacceptable 
Aeromonas hydrophila 
A. lwoffii 
A. lwoffii 
A. lwoffii 
Unacceptable 
Unacceptable 
Pseudomonas 
A. lwoffii 
A. lwoffii 
A. lwoffii 
Aeromonas lzydrophila 
A. lwoffii 
A. lwoffii 
A. lwoffii 
Unacceptable 
Unacceptahle 
Unacccptahlc 
Unacceptable* 
Unacceptable* 
A. lwoffii (N02 +) 
A. lwoffii 
A. lwoffii 
A. lwoffii 
A. lwoffii 
No growth 
A eromonas hydroph ila 
No growth 
No growth 
No growth 
No growth 
No growth 
A. lwojjii 
A. lwoffii 
A. lwojjii 
Aeromonas hydrophila 
A. lwoffii(NO 2 +) 
A. lwoffii 
Unacceptable* 
No growth 
No growth 
No growth 
No growth 
A. lwoffii 
A. lwojfii 
A. lwojjii 
A. lwojfii 
A. lwojfii 
A. lwoffii 
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APPENDIX I - (Continued) 

Biochemical reaction number 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Biochemical reaction 

ONPG 

ADH 

CDC 

ODC 

CIT 

H2 S 

URE 

TOA 

IND 

VP 

GEL 

GLU 

MAN 

INO 

SOR 

RHA 

SAC 

MEL 

AMY 

ARA 

ox 
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APPENDIX II 

1. Calculation of the Acinetobacter numbers in activated sludge using 0,45 µm Nucle­

pore filters, the Ansan 6 dispersion technique combined with FA (paragraph 3.2.8c(2)). 

The equation in paragraph 3.3.1 was used for all calculations : 

Date Sampling point 

Northern Works 

·21 March 1983 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

25 March 1983 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

21 April 1983 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

7 May 1983 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

19 May 1983 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

24 May 1983 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

26 May 1983 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

Average number of 
Acinetobacter per 

microscope field 

2,03 
0,97 
7,78 
6,60 
2,13 
0,97 

2,23 
4,36 
4,85 
6,40 
1,94 
0,97 

2,91 
0,97 
6,21 
5,53 
l ,06 
0,97 

0,97 
2,03 
4,17 
4,17 
0,97 
0,97 

2,62 
2,62 
6,21 
0,97 
1.55 
us 
2,03 
3,59 
7,28 
7,96 
2,03 
3,68 

2,62 
4,17 
6,79 
6,69 
0,97 
0,97 

Average number of 
A cinetobac ter 

cm·3 x 106 

2,10 
1,00 
7,50 
6,80 
2,20 
1,00 

2,30 
4,50 
5,00 
6,60 
2,00 
LOO 

3,00 
1.00 
6,40 
5,70 
1,10 
1,00 

1,00 
2,10 
4,30 
4,30 
1,00 
1,00 

2,70 
2.70 
6.40 
1,00 
1.60 
1,60 

2,10 
3,70 
7,50 
8,20 
2,10 
3,80 

2,70 
4,3o· 
7,00 
6,90 
1,00 
1,00 
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Appendix II - (Continued) 

Date 

24 June 1983 

29 September 1983 

Sampling point 

Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 

Secondary anoxic zone 

Secondary aerobic zone 
Effluent 

Benoni 

A nae rob ic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 

Secondary aerobic zone 

Average number of 
Acinetobacter per 
microscope field 

2,03 
3,10 
7,37 
7,37 
2,03 
6,69 

4,56 
1,16 
1,35 
2,52 
3,20 

Average number of 
Acinetobacter 

cm·3 x 106 

2,10 
3,20 
7,60 
7,60 
2,10 
6,90 

4,70 

1,20 
1,40 
2,60 
3,30 

2. Calculation of the Acinetobacter numbers in activated sludge using 0,20 µm Nucle­

pore filters and the tripolyphosphate, sonification dispersion technique and FA 

(paragraph 3.2.8c(2). 

The equation in paragraph 3.3.1 was used for all calculations : 

Date 

10 January 1985 

11 January 1985 

14 January 1985 

Sampling point 

Northern Works 

Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 

Effluent 

Anaerobic zone 
Primary anoxic zone 
Primary aero.bis:: zone 

Secondary anoxic zone 
Secondary aerobic zone 

Effluent 

Anacrohic zone 
Primary anoxic zone 

Primary aerobic zone 
Secondary anoxic zone 

Secondary aerobic zone 
Effluent 

Average number of 
Acinetobacter per 
microscope field 

11,39 
83,19 
11,39 
12,98 
19,98 
21,98 

76,79 
32,79 
40,39 
85,98 
79,99 
30,62 

104,10 
102.18 
105,79 
67.18 
78.79 
44,31 

Average· number of 
Acinetobacter 

cm·3 x 106 

5,88 
42,92 

5,88 
6,70 

10,31 
11,34 

39,62 
16,92 
20.84 
44,36 
41,27 

15,80 

54,10 
52,72 
54,58 
34.66 
40,65 
22,R6 
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Appendix II 

Date 

15 January 1985 

16 January 1985 

(Continued) 

Sampling point 

Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 

Secondary aerobic zone 
Effluent 

Average number of 
Acinetobacter per 

microscope field 

14,59 
6,99 

32,58 
22.19 
17,79 
11,04 

87,57 
70,98 
72,49 
87 ,18 
86,27 
25,77 

Average number of 
A cine tobacter 

cm··3 x 106 

7,53 
3,61 

16,81 
11,45 
9,18 
5,70 

45,18 
36,62 
37,40 
44,98 
44,15 
13,30 

3. Calculation of the total number of bacteria in activated sludge using the AO 

technique (paragraph 3.2.8c(2)). 

The equation in paragraph 3.3.1 was used for all calculations: 

Date Sampling point 

-~-------

Northern Works 

10 January 1985 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

11 January 1985 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

14 January 1985 Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 

Effluent 

Average number of 
bacteria per micro­

scope field 

18,60 
12,30 
16,37 
9,20 
4,55 

25,97 

15,40 
63,48 
32,46 
25.48 
23,74 

3,97 

45,55 
45,84 
45,16 
50,10 
62,22 

36,05 

Average number of 
bacteria 
cm·3 x 108 

1,92 
1,27 
1,69 
0,95 
0,47 
2,68 

1,59 
6,55 
3,35 
2,63 
2,45 
0,41 

4,70 
4,73 
4,66 
5 ,17 
6.42 

3,72 

107 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021 

Appendix II - (Continued) 

Date 

15 ~anuary 1985 

16 January 1986 

Sampling point 

Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

Anaerobic zone 
Primary anoxic zone 
Primary aerobic zone 
Secondary anoxic zone 
Secondary aerobic zone 
Effluent 

Average number of 
bacteria per micro­

scope field 

43 ,32 
44 ,48 
55 ,53 
24,51 
15 ,11 
28,10 

46,71 
70 ,94 
64 ,35 
63 ,38 
75,88 
37,99 

Average number of 
bacteria 

cm-3 x IO~ 

4,47 
4 ,59 
5 ,73 
2.53 
1,56 
2,90 

4,82 
7,32 
6 ,64 
6 ,54 
7 ,83 
3,92 

4. Calculation of the total number of bacteria in activated sludge density gradient 

fractions using the AO technique (paragraph 3 .2.8c(2 )). 

The equation in paragraph 3.3.1 was used for all calculations 

Sample number . Fraction 

2 
3 
4 
5 
6 
7 
8 
9 

10 

2 1 
2 
3 
4 
5 
6 
7 
8 
9 

IO 

Average number of 
bacteria per -micro­

scope field 

17 ,83 
0,89 
7 ,43 

0,84 
0 ,77 
0 ,96 
4,39 
1,81 
2,34 
0,28 

3 ,05 
10 ,46 
4 ,73 
0 ,96 
5,18 
6,57 
6,57 
1,67 
2,'28 
0 ,12 

Average number of 
bacteria 

cm-3 x 10? 

18,400 
0 ,927 
7,670 

0 ,875 
0 ,798 
1,000" 
4,530 
1,870 
2,420 
0,296 

3 ,1500 
10,800 
4 ,890 
1,000 
5 ,350 
6,780 
6,780 

' 1,730 
~.36 
1,28 

108 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021 

5. Calculation of the Acinotobacter and metachromatic stained bacteria numbers in 

activated sludge gradient fractions using the FA technique (paragraph 3 .2 .8c(2 )). 

The equation in paragraph 3.3.1 was used for all calculations 

5. I Acinetobacter numbers 

Sample number Fraction 

3 
4 
5 

2 3 
4 
5 

Average A cine tobacter 
number per microscope 

field 

126,18 
15,23 
12,36 

6,97 
15 ,73 
5,98 

5 .2 Metachromatic stained bacteria number 

Sample number Fraction 

3 
4 
5 

2 3 
4 
5 

= U,34x IO' ... 

Average metachromatic 
stained bacteria number 
per microscope field 

114,94 
14,61 
11,53 

2,86 
14,61 
2,86 

Average number of 
Acinetobacter 

cm·3 x 106 

65,10 
7,86 
6,38 

3,60 
8,12 
3,09 

Average number of 
metachromatic stained 
bacteria cm·3 x 106 

59,30 
7,54 
5,95 

1,48 
7.54 
1,48 
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5. Calculation of the Acinotobacter and metachromatic stained bacteria numbers in 

activated sludge gradient fractions using the FA technique (paragraph 3 .2 .8c(2 )). 

The equation in paragraph 3.3.1 was used for all calculations 

5. I Acinetobacter numbers 

Sample number Fraction 

3 
4 
5 

2 3 
4 
5 

Average A cine tobacter 
number per microscope 

field 

126,18 
15,23 
12,36 

6,97 
15 ,73 
5,98 

5 .2 Metachromatic stained bacteria number 

Sample number Fraction 

3 
4 
5 

2 3 
4 
5 

= U,34x IO' ... 

Average metachromatic 
stained bacteria number 
per microscope field 

114,94 
14,61 
11,53 

2,86 
14,61 
2,86 

Average number of 
Acinetobacter 

cm·3 x 106 

65,10 
7,86 
6,38 

3,60 
8,12 
3,09 

Average number of 
metachromatic stained 
bacteria cm·3 x 106 

59,30 
7,54 
5,95 

1,48 
7.54 
1,48 
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1.1.5 Error SS = total SS - replicate SS - treatment SS 

= 2,73 X 1014 -0,34x 10 14 -1,75 X 1014 

= 0,64 X 10 14 

1.2 Analysis of variance using the abovementioned data. (The results are represented 

in Table 6). 

l .2.1 Degrees of freedom (df) 

Degrees of freedom for treatments = r-1 = 6-1 = 5 

Degrees of freedom for blocks= t-1 = 8-1 = 7 

Error degrees of freedom = (r-1) (t-1) = 35 

Total degrees of freedom =(rt-I)= 47 

1.2 .2 Adjusted sums of squares (SS) 

Treatment SS = 1,75 X 1014 

Block SS = o,34 x 1014 

Error SS = 0,64 X 1014 

Total SS = Block SS + Treatment SS + Error SS 

= 2,73 X 1014 

1.2.3 Mean sum of squares (MS) 

Treatment MS = Block SS/Block df 

= 1,75 X 1014 /5 

= 3,49 X 1013 

Block MS = Treatment SS/Treatment df 

= 0,34 X ] 0 14 /7 

= 4,85 X I 0 12 

Error MS = Error SS/Error df 

= 0,64 X I 0 14 /35 

= 1,82x 10 12 
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1.2.4 Cakulated F values 

F block = Treatment MS/Error MS 

= 4,85 X 1012 /1 ,82 X 10 12 

= 2,66 

F treatment = Block MS/Error MS 

= 3,49 X 1013 /1 ,82 X 1012 

= 18,96 

1.2.5 Tabular F values 

Tabular F0,05 for the blocks 

Tabular F0 101 for the {;)locks 

= Tabular value for 7 and 35 degrees of 

freedom = 2,29 

= Tabular value for 7 and 35 degrees of 

freedom = 3 ,21 

Tabular F0,05 for the treatments = Tabular value for 5 and 35 degrees of 

freedom = 2 ,49 

Tabular F0,0 1 for the treatments = Tabular value for 5 and 35 degrees of 

freedom = 3 ,60 

1.3 The adjusted sums of squares for the values in Table 9 were determined as follows: 

(These values are not listed in Table 5 ). 

X2 
1.3.1 Correction term (C) = 

rt 

(797 ,68 X 106 )
2 

= 
30 

= 2,12 X 1016 

1 .3.2 Total sum of squares (SS) 

= ~- X 2 i.j. - C 
JJ 

= 2,19 X 1015 + ..... + 8,96 X }0 15 
-· 2,12 X 10 16 

112 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021 

= 6,63 X 10 15 + ...... + ],] } X ]0 15 - 2,12 X ]0 16 

1.3.3 Treatment SS 

1.3 .4 Block SS 

= 8,3xl015 

= i X2 .j - C 
J 

= 

t 

(152,3} X 106)2 + ...... + (69,0 X 106 )2 

5 

= 1,0x 10 15 

= ~ X2 i - C 
I 

r 

-2,12x 10 16 

= 
(83,03 X }06)2 + ...... + (221,99 X ]06)2 

1 1 ]016 
- .... I ... X 

6 

5,2 X 10 15 

1.3.5 Error SS = total SS - replicate SS - treatment SS 

= 8,3 x 10 15 - 5,2 x 10 15 - 1,0 x 10 15 

= 2,10 X 1015 

1.4 Analysis of variance using the abovementioned data. (The results are represented 

in Table 6). 

1 .4.1 Degrees of freedom ( df) 

Degrees of freedom for treatments= r-1 = 6-1 = 5 

Degrees of freedom for blocks = t-1 = 5-1 = 4 

Error degrees of freedom = (r- 1) (t-1) = 20 

Total degrees of freedom = (rt- I) = 29 
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1.4.2 Adjusted sums of squares (SS) 

Treatment SS = 1,00 X ]0 15 

Block SS = 5,20 X ] 0 15 

Error SS = 2,)0 X 1015 

Total SS = Block SS + Treatment SS + Error SS 

= 8,30 X 1015 

1.4.3 Mean sum of squares (MS) 

Treatment MS = Block SS/Block df 

= 1,00 X 1015 /5 

= 2,00 X ] 0 14 

Block MS = Treatment SS/Treatment d f 

= 5,20xl0 15 /4 

= I ,30 x I 0 15 

Error MS = Error SS/Error d f 

= 2,10 X }0 15 /20 

= 1,05 X 1014 

1.4 .4 Calculated F values 

F block = . Treatment MS/Error MS 

= 1,30 X 105 /J,05 X 10 14 

= 12,38 

F treatment = Block MS/Error MS 

= 2,00 X 1014 /1,05 X 10 14 

= 1,90 
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1.4.5 Tabular F values 

Tabular F0,05 for the blocks 

Tabular F0,0 1 for the blocks 

= Tabular value for 4 and 20 degrees of 

freedom = 2 ,8 7 

= Tabular value for 7 and 20 degrees of 

freedom = 4,43 

Tabular F0,05 for the treatments = Tabular value for 5 and 20 degrees of 

freedom = 2,71 

Tabular F0,0 1 for the treatments = Tabular value for 5 and 20 degrees of 

freedom = 4, l 0 
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APPENDIX IV 

l. Duncan's new multiple range test for determining the least significant difference. 

1.1 Determination of Sx 
~---------

Sx = Jcerror mean square)/r 

= j(I ,82 X 1012 )/8 

= 4,76 X 105 

1.2 Determination of the Significant studentized ranges (SSR) at the 5% level and the 

least significant ranges (LSR) 

Error degrees of freedom = 35 

p = 2 to 6 

Value of p 2 3 4 5 6 
----------

SSR 2,870 3,020 3.110 3.185 3.ns 

I 16 

LSR l,36xl06 l ,43x l 0 6 1,48xl06 I ,5 IX I 0 6 1,54x106 

------------ --

LSR = (SR) x_ (Sx) 
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APPENDIX V 

1.1 Calculation of the Acinetobacter cell and volutin volume. 

Cell 
No. 

1 

2 
3 
4 

5 
6 
7 
8 
9 

10 
I 1 

12 

13 
14 

15 
16 

17 

18 

19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 

The equations in paragraph 3 .3. 7 were used to calculate the A cinetobacter cell 

and volutin volume. 

Acinetobacter cell volume µm 3 Volutin volume µm 3 

0,29 0,038 

0,12 0,060 

3,79 I, 140 

4.,18 0,960 
0,59 0,220 
1,40 0,380 
1,43 0,690 

3,33 0,520 
1,99 1,000 

1,88 0,500 

1,79 0,500 

1,79 0,500 

1,76 0,380 

0,69 0,260 

0,35 0,060 

0,86 0,120 

2,00 0,120 

0,56 0.310 

0,20 0,090 

0,70 0,020 

0,51 0,220 

0,52 0, 110 

0,52 0,220 

0,52 0,220 

0,26 0,030 

0,52 0,220 
0,52 0, 110 
0,52 0, 110 
0,80 0.200 
0,90 0,700 
0,90 0.600 

2.29 0,600 

0,69 0,110 
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Appendix V - (Continued) 

Cell Acinetobacter cell volume µm 3 Volutin volume µm 3 

No. 

34 1, 14 0,140 

35 0,30 0, 110 

36 0,38 0,110 

37 0,38 0, 110 

38 1, 13 0,120 

39 0,52 0,170 

40 1,52 0, 120 

41 1,68 0,220 

42 2, 14 0,100 

43 0,90 0,380 

44 0,90 0.520 

45 0,57 0,030 

46 0, 17 0.130 

47 0,17 0,060 

48 0,98 0,060 

49 0,50 0,030 

50 0,52 0, 170 

51 0,49 0,146 

52 0,26 0, 179 

53 1,08 

54 1,67 0,900 

55 1,00 0,195 

56 1 ,99 0,232 

57 1,52 0,905 

58 0,26 0,040 

59 0,29 0,030 

60 0, 12 0,060 

X 1,0 0,28 

s 0,8 0,27 
-----·-~---

1.2 Calculations based on the results in Table 6. 

1.2.1 Calculation of the total cell volume of Acinetobacter in activated sludge. 

The total Acinetobacter cell volume= (x total Aci11etobacter number in the primary 

aeration zone) x (x Acinetobactcr cell volume)= 6,46 x I 06 x 1.0 = 6,46 x 106 µm 3 . 

1.2.2 Calculation of the total volutin volume in the primary aeration zone of activated 

sludge. 
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The total volutin volume = (xtotal Acinetobacter number in the primary aeration 

zone) x (x volutin volume) = 6,46 x 106 x 0,28 = 1,80 x 106 µm 3 . 

1.2.3 Calculation of the total volutin mass. 

Total volutin mass = (x total volutin volume) x (the specific gravity of the 

volutin) 

= 1,80 x 106 µm 3 x 1,23 gdm-3 x 103 

= 2,21 mg dm-3 

1.2.4 Calculation of the total phosphorus mass. 

Total phosphorus mass 

= (total volutin mass) x (estimated phosphorus content 

of the volutin) 

= 2,21 mg dm-3 x 27% 

= 0,59 mg dm-3 

1.2.5 Calculation of the maximum and minimum number of Acinetobacter in the 

primary aeration basin. 

(a) The maximum number of Acinetobacter 

= maximum Acinetobacter number in the primary 

aeration zone 

= 7,60 x I 06 cells cm-3 

(b) The minimum number of Acinetobacter 

= minimum Acinetobacter number in the primary 

aeration zone 

= 4,30 x I 06 cells cm-3 

I 19 
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1.2.6 Calculation of the maximum and minimum total cell volume. 

(a) Maximum total cell volume 

= (maximum number of Acinetobacter) 

x (x cell volume) 

= (7,60 X 106 ) X 1,00 µm 3 

= 7,60x 106 µm 3 

(b) Minimum total cell volume 

= (minimum number of Acinetobacter) 

x (x cell volume) 

= (4,30 x 106 ) x l,00µm 3 

= 4,30x106 µm 3 

1.2. 7 Calculation of the maximum and minimum volutin volume. 

(a) Maximum volutin volume 

= (Maximum number of A cinetobacter) 

x (x volutin volume) 

= ( 7, 6 0 x I 06 ) x 0, 2 8 µ m 3 

= 2, I 2 x I 06 µ m 3 

(b) Minimum volutin volume 

= (minimum number of Acinetobacter) 

x (x volutin volume) 

= (4,30 X ] 06 ) X 0,28 µ111 3 

= 1,20 x I 06 µm 3 

1.2.8 Calculation of the maximum and minimum volutin mass. 

(a) Maximum volutin mass 

= (Maximum volutin volume) 

x (specific gravity of the volutin) 

= (2,12 x 106 µm 3 ) x 1,23 g dm-3 

= 2,60 mg dm-3 

120 
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(b) Minimum volutin mass 

= (minimum volutin volume) 

x (specific gravity of the volutin) 

= 1,20 x 106 µm 3 x 1.23 g dm-3 

= 1,47 mg dm-3 

1.2.9 Calculation of the maximum and minimum phosphorus mass. 

(a) Maximum phosphorus mass 

= (Maximum volu tin mass) 

x (percentage of volutin containing phosphorus) 

= 2,60 mg dm 3 x 27% 

= 0,70 mg dm-3 

( b) Minimum phosphorus mass 

= (Minimum volutin mass) 

x (percentage of volutin containing phosphorus) 

I ,47 mg dm-3 x 27% 

= 0,39 mg dm-3 

1.3 Calculations based _on the results in Table 7. 

1.3. I Calculation of the total cell volume of A cinetobacter in activated sludge. 

The total A cinetobacter cell volume = ( x total A dnetobacter num her in the 

primary aeration zone) x (x A cinetobacter cell volume) = 2, 71 x I 07 x 

1,0 = 2,71 X 107 µm 3
• 

1.3.2 Calculation of the total volutin volume in the primary aeration zone of 

activated sludge. 

The total volutin volume = (x total Acinetobacter number in the primary 

aeration zone) x (x volutin volume)= 2,71 x 107 x 0,28 = 7.58 x 106 µm 3
• 

12 I 
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1.3.3 Calculation of the total volutin mass dm-3 

Total volutin mass = (x total volut in volume) 

x (the specific gravity of the volutin x 103 

= 7,58x 106 µm 3 x l,23gcm-3 x 103 

= 9,32mgdm-3 

1.3.4 Calculation of the total phosphorus mass dm-3 

Total phosphorus mass 

= (total volutin mass) 

x (estimated phosphorus content of the volutin) 

= 9,32 mg dm-3 x 27% 

= 2,51 mg dm-3 

1.3.5 Calculation of the maximum and minimum number of A cinetobacter in the 

primary aeration ·basin. 

(a) The maximum number of Acinetobacter 

= maximum Acinetohacter number counted in the 

primary aeration zone 

= 5,45 x 107 cells cm-3 

(b) The minimum number of Acinetobacter 

= minimum A cinetobacter number counted in the 

primary aeration zone 

= 5,88 x 106 cells cm-3 

1.3.6 Calculation of the maximum and minimum total cell volume. 

(a) Maximum total cell volume 

= (maximum number of Acinetobacter) 

x (x cell volume) 

= (5 ,45 x I 0 7 ) x I µm 3 

= 5,45 x 107 µm 3 cm-3 

122 
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(b) Minimum total cell volume 

= (minimum number of Acinetobacter) 

x (x cell volume) 

= (5 ,88 x 106 ) x I µm 3 

= 5,88 x 106 cm-3 

1.3.7 Calculation of the maximum and minimum vo]utin volume. 

(a) Maximum volutin volume 

= (maximum number of Acinetohacter) 

x (x volutin volume) 

= 1,52 x 107 µm 3 cm-3 

(b) Minimum volutin volume 

= (minimum number of Acinetobacter) 

x (x volut in volume) 

= (5,88 X 106 ) X 0,28 Jlm 3 

= 1,64 x 106 µm 3 cm-3 

1.3.8 Calculation of the maximum and minimum volutin mass. 

(a) Maximum vo]utin mass 

= (maximum volutin volume) 

x (specific gravity of the volutin) 

= (1,52 x 107 µm 3 ) x 1,23 cm-3 

= 18 ,69 mg dm-3 

(b) Minimum volutin mass 

= (minimum volutin volume) 

x (specific gravity of the volutin) 

= (1,64 x 106 ) x 1,23 g cm-3 

= 2.01 mg dm-3 

123 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021 

1.3.9 Calculation of the maximum and minimum phosphorus mass. 

~ 

(a) Maximum photphorus mass 

= (maximum volutin mass) 

x (percentage of volutin containing phosphorus) 

= 18,69 mg dm 3 x 27% 

= 5 ,02 mg dm-3 

(b) Minimum phosphorus mass 

= (minimum volutin mass) 

x (percentage of volutin containing phosphorus) 

= 2,01 mg drn-3 x 27% 

= 0,54 mg dm-3 

124 
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PLATE 8 

PLATE 9 

PLATElO 

PLATE 11 

PLATE12A 

B 

PLATE13 

APPENDIX VI 

Clusters of bacteria in activated sludge. AO stain. 

Dispersed bacteria in activated sludge using 0,5 % Tripolyphosphate and 

sonication. AO stain. 

FA stained activated sludge after dispersion, dilution and filtration. 

FA stained activated sludge after dispersion, dilution and fi1tration. 

Density gradient centrifuged activated sludge. 

Standard used for drawing standard curve. 

Density gradient centrifuged activated sludge samples. 
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-Plate 8 Plate 9 

Plate 10 Plate 11 

Plate 12 \ Plate 13 
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