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Abstract--The involvement of Acinetobacter in biological excess phosphate removal from the activated 
sludge process is widely accepted, though its role is not yet clearly defined. To better understand why 
activated sludge systems remove phosphate, different cell concentrations of Acinetobacterjunii (104, l0 S, 
106, 107, 108 cells'mt ~ initial biomass) were used as inoculum in a mixed liquor medium containing sodium 
acetate. The phosphate uptake capacity was dependent on the biomass concentration. Low initial biomass 
concentrations triggered the release of phosphate once transferred into the mixed liquor. Release of 
phosphate increased during active growth and uptake occurred when cells reached the stationary growth 
phase. High initial biomass concentration of Acinetobacter junii (10 ~ cells.ml ~) resulted in uptake of 
phosphate during the entire duration of the experiment leading eventually to complete phosphate removal. 

Key words--biomass, phosphate uptake, Acinetobacter junii, activated sludge 

INTRODUCTION 

Phosphate is recognized as one of the major nutrients 
contributing to the eutrophication of aquatic 
environments. Because of this, removal of phosphate 
from wastewater has received much attention in 
recent years (Barnard, 1976; Buchan, 1983; Toerien 
et al., 1990). The prevention of eutrophication can be 
achieved by removing phosphate from wastewater by 
chemical (Arvin and Bundgaard, 1982; Toerien et al., 
1990) as well as by biological (Buchan, 1980; 
Gleisberg, 1992) or by combination of both (Arvin 
and Bundgaard, 1982) methods. 

Chemical removal used in most countries is 
expensive. It involves the addition of lime, aluminium 
and ferric chloride, and goes along with the cost of 
the mentioned chemicals and accumulation of large 
quantities of chemical waste sludge. This disadvan- 
tage has led to intensified investigations into 
biological phosphate removal, which may provide a 
more cost effective alternative to chemical treatment 
methods (Fuhs and Chen, 1975; Grady and Lim, 
1980). 

Bio-phosphate removal is characterized by phos- 
phate removal in excess of metabolic requirements 
(Comeau et al., 1986). The phenomenon of enhanced 
phosphate removal by activated sludge systems, 
although well documented (Srinath et al., 1959; 
Nicholls and Osborn, 1979; Toerien et al., 1990), is 
not yet clearly defined or fully understood. 

*Author to whom all correspondence should be addressed 
[Tel.: (27) 12 420 9111; Fax: (27) 12 342 2713]. 

Excess phosphate uptake by bacteria in the 
activated sludge process was observed for the first 
time by Vaker et al. (1967). Identification of the 
dominant bacteria responsible for phosphate removal 
has been elucidated (Buchan, 1983; L6tter and 
Murphy, 1985). Previous workers (Buchan, 1981; 
L6tter, 1985) have shown that Acine tobac ter  played 
an important role in phosphate removal by activated 
sludge systems. Experimental evidence has favored 
the biological uptake of phosphate, implicating 
Acine tobac ter  spp. as the responsible organism 
(Buchan, 1980, 1985). Acine tobac ter  spp. had, 
moreover, been isolated from the sludge by other 
workers who stressed the importance of Acine tobac-  
ter spp. in biological phosphate removal (Nicholls 
and Osborn, 1979). Strains of the genus Acine tobac ter  
have frequently been isolated from activated sludge 
(Deinema et al., 1980; Lawson and Tonhazy, 1980). 

Although Acine tobac ter  strains are the most 
intensively studied and best known polyphosphate 
bacteria in activated sludge, research in recent years 
indicated that Acine tobac ter  was not the dominant 
bacteria in activated sludge (Streichan et al., 1990; 
Auling et al., 1991). Some studies with municipal 
sludge showing enhanced biological phosphate 
removal indicated that Acine tobac ter  spp. accounted 
for 1 to 10% of the bacterial communities in 
laboratory and pilot scale activated sludge units 
(Brodisch and Joyner, 1983; Hiraishi et al., 1989). 
Cloete and Steyn (1988a), using a fluorescent 
antibody technique, showed that Acine tobac ter  could 
not account for all the biological phosphate removal 
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in act ivated sludge. This  implies tha t  organisms o ther  
than  Acinetobacter  must  coexist in order  for 
enhanced  phospha te  removal  to take place in 
act ivated sludge. 

Moreover ,  the total  phospha te  con ten t  of  bacter ia  
is of  practical  impor tance  for the act ivated sludge 
process. The  phospha te  conten t  of Acinetobaceter  
cells are reported to vary f rom 2 to 10% depending 
on temperature ,  pH,  growth  rate and  substra te  
l imitat ions (Deinema et al., 1985; Pauli, 1994). The  
average length of  Acinetobacter  cells ranged f rom 1.5 
to 2 .5/~m (Junii, 1954) or f rom 1.0 to 1.5/~m (Bosch, 
1992). The po lyphospha te  conta in ing  cells have  a cell 
volume ranging f rom 0.50 to 0.59/~m 3 or  less (Cloete 
and  Steyn, 1988b) or  0.1 to 1.9 ~ m  3 (Bosch, 1992). 
This indicates tha t  Acinetobacter  cells are relatively 
small and  could remove a m a x i m u m  of  
10 ~0 mg.cell-~ phosphate .  Using Acinetobacter  
number ,  volumes of  phospha te  granules,  densities 
and  phospha te  contents ,  Cloete and  Steyn (1988b) 
found  tha t  a m a x i m u m  of  34% of  the phospha te  in 
act ivated sludge could be removed by Acinetobacter.  
Moreover ,  Bosch (1992) repor ted tha t  concur ren t  
growth  and  phospha te  studies showed the removal  of  
phospha te  dur ing  the lag g rowth  phase  as well as 
s ta t ionary  g rowth  phase. In addi t ion,  the au tho r  
s t ipulated that  under  condi t ions  of  increased nut r ien t  
availability, phospha te  removal  increased, possibly 
due to the resul tant  increase in biomass  and  not  due 
to an enhanced  phospha te  accumula t ing  ability of  
individual  cells. This  suggested that  b iomass  could be 
a more  impor t an t  factor  than  type of  organism with 
reference to biological phosphorus  removal.  

It is known  tha t  Acinetobacter  juni i  is capable  of  
enhanced  phosphorus  uptake.  Therefore  we used this 
organism to determine the re la t ionship between 
growth  rate and  biomass  and  the p h e n o m e n o n  of  
phospha te  removal  in order  to try and  explain why 
act ivated sludge systems remove phosphate .  

The aims of  this s tudy were consequent ly  to 
investigate the re la t ionship between biomass  and  
phospha te  uptake,  as well as the re la t ionship between 
growth  and  phospha te  uptake  of  Acinetobacter  juni i  
in act ivated sludge mixed liquor. 

MATERIALS AND METHODS 

Test organism 

A phosphorus accumulating Acinetobacter junii (strain 
AS33) was obtained from the Type Culture Collection in the 
Department of Microbiology and Plant Pathology, 
University of Pretoria, and maintained on Nutrient Agar 
(Biolab.). Plates were incubated at 28'C for 48 h before 
inoculation into the enrichment medium (Nutrient Broth). 

Culture medium used for  phosphate uptake 

Mixed liquor samples drawn from the anaerobic and 
aerobic zones of a five stage Bardenpho activated sludge 
plant at Daspoort sewage works in Pretoria were settled in 
the laboratory for 2 h. The supernatant from the mixed 
liquor was prefiltered three times through Whatman N°I 
filter paper and swirled on a vortex mixer for 2 min. 

Samples from the anaerobic zone were diluted in tap water 
in order to obtain a phosphate concentration between ca 
23 mg.l -~ and ca 37 mg.l-k The homogenised mixed liquor 
was prepared according to a modified version of the acetate 
enrichment medium of Fuhs and Chen (1975) as follows: 
5 g.1 -j sodium acetate (BDH); 0.5 g.l -~ MgSO4.7H20 
(Merck) and 0.18 g.l-tKNO3 (Merck) were added and the 
pH adjusted to pH 7 with 2 N HCI before autoclaving 
(121°C, 15 min). This mixed liquor medium was used in all 
experiments. 

Biomass experiments 

Two methods were used for obtaining different initial 
biomass concentrations: 

(a) Method I. Six loops of Acinetobacter junii cells were 
grown in 100 ml sterile Nutrient Broth (Biolab.) under 
constant aeration on a rotary shake incubator (80 r.p.m.) at 
28°C for 48 h. Serial dilutions were made in 9 ml sterile 
Ringers solution within the range of 10 2 to 10 -2. Two 
flasks containing 250 ml of sterile mixed liquor were 
inoculated with 1 ml of the rest of bacterial culture (lst 
density); the second and third series, also containing 250 ml 
of sterile mixed liquor were inoculated with the 10-3 (2nd 
density) and 10-5 (3rd density) dilutions, respectively. 1 ml 
of each density was removed and plating of 10 -6 to 10 -s 
dilutions were carried out on Nutrient Agar (Biolab) and 
colonies were counted after incubation at 28°C for 48 h in 
order to determine the initial biomass concentration. Flasks 
were incubated in a rotary shake incubator (80 r.p.m.) at 
28°C. Every hour, a 1 ml sample was taken from the flasks 
for viable count determinations. 

(b) Method H. In order to obtain high initial biomass 
concentrations, six loops of Acinetobacter junii cells were 
separately cultured in two series of flasks containing 100 ml 
Nutrient Broth for 48 h on a rotary shake incubator at 
28°C. Cells from the enrichment medium were centrifuged 
for 20 min at 8000 r.p.m, and washed three times with 
sterile distilled water. Harvested cells were then suspended 
in 250 ml of mixed liquor medium. This was done as 
follows: cells from each of the first centrifuge tubes were 
suspended in 250 ml of mixed liquor in 500 ml Erlenmeyer 
flasks (lst density); cells from the second centrifuge tube 
were diluted in 9 ml of sterile mixed liquor, 1 ml of this was 
taken out and inoculated into the second Erlenmeyer (2nd 
density); 1 ml from the second centrifuge tube was again 
removed and diluted in 9 ml of mixed liquor and 1 ml from 
this dilution was suspended in the third flask (3rd density). 
1 ml of each density was removed and diluted in 9 ml of 
sterile Ringers solution within the range of 10-2 to 10 8 in 
order to determine the initial biomass concentration. All 
flasks were incubated in a rotary shake incubator (80 r.p.m.) 
at 28°C. Viable count determinations were made hourly by 
the spread-plate technique, after samples were serially 
diluted in 9 ml of sterile Ringers solution. All experiments 
were conducted in duplicate. 

Calculation o f  growth rates 

The specific growth rates (/t, expressed by time- ~) were 
calculated by using the following mathematical expression: 

= (In X -  In Xo) ( t -  to) - t where the values, X and X0 
corresponded to the concentrations of microorganisms 
(mass.volume t) of culture at times t and to respectively 
(Stanier et al., 1976). Therefore, the generation time (g, 
expressed in hours), also called doubling time and defined 
as the time required for the bacterial culture to increase by 
a factor of 2, was derived by the above equation: 
l~ = In 2.g -~ or g = In 2.,u -1 (Stanier et al., 1976). 

Phosphate analysis 

Every hour, the phosphate content of the mixed liquor 
medium was analyzed by removing 1 ml samples from the 
flasks with a syringe and filtering the samples through a 
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Table 
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1. Growth and phosphate uptake by using Acinetobacter junii cell concentrations (104, 10 s, 
10~cells.ml J) as inoculum 

CFU.ml - ~ Phosphate 
Time (h) Before inc. After inc. u.h ~ g PR PU* PU** 

8 4.20 x 104 4.43 x 107 0.87 0.80 49.00 9 - -  
1.42 x 105 8.20 × 107 0.80 0.87 82.25 - -  - -  
4.56 x 106 7.20 x l0 s 0.63 1.10 37.00 14.25 12.25 

24 4.20 x 10 ~ 7.75 X 10 ~ 0.41 1.69 49.00 17.50 3.50 
1.42 × l0 S 1.26 X 109 0.38 1.82 82.25 65.75 18.50 
4.56 x 10 ~ 1.47 x 10 "~ 0.34 2.04 37.00 28.25 26.25 

PR: maximum phosphate concentration after release. 
PU*: phosphate uptake = [PR--phosphate after 8h or after 24h]. 
PU**: phosphate uptake = [initial phosphate 35 mg.l l--phosphate after 8h or after 24h]. 
,u.h ~: growth rate. 
g: generation time. 

0.22 #m filter (millipore) to remove all ceils. Flasks 
containing 250 ml of sterile mixed liquor treated in the same 
manner  as inoculated mixed liquor medium were used as 
control. The filtered medium was used for phosphate  
determination using the P(VM) 14842 test kit (Merck) and 
the Merck SQ 118 photometer.  

RESULTS AND DISCUSSION 

T h e  p a t t e r n s  o f  p h o s p h a t e  r e m o v a l  by d i f fe rent  cell 

c o n c e n t r a t i o n s  o f  Acinetobacterjunii are  s u m m a r i z e d  

in T a b l e s  1 2 a n d  F igs  1-6.  Acinetobacter junii h a d  

the  abi l i ty  to r e m o v e  p h o s p h a t e  in a m i x e d  l i quor  

m e d i u m  c o n t a i n i n g  5 g.1 ~ s o d i u m  ace ta te .  T h i s  

abi l i ty  was  in f luenced  by  the  ini t ial  b i o m a s s  

c o n c e n t r a t i o n .  R e s u l t s  s h o w e d  a c lose  r e l a t i o n s h i p  

b e t w e e n  the  c o n c e n t r a t i o n  o f  p h o s p h a t e  u p t a k e  a n d  

the  ini t ial  cell dens i t y  (F igs  1 6). 

In  a l m o s t  all e x p e r i m e n t s ,  a l o g a r i t h m i c  inc rease  in 

A. junii n u m b e r s  o c c u r r e d  d u r i n g  the  first 8 h a f te r  

w h i c h  the  s t a t i o n a r y  g r o w t h  p h a s e  was  r eached .  

D u r i n g  l o g a r i t h m i c  g r o w t h ,  the  F : M  (F ood :  M a s s )  

ra t io  was  f a v o u r a b l e  for  r ap i d  g r o w t h  o f  the  bac te r ia .  

C o n s e q u e n t l y ,  the  g e n e r a t i o n  t imes  were very  s h o r t  

d u r i n g  the  first 8 h. T h e  s i t u a t i o n  was  reversed  w h e n  

cells r e ached  the  s t a t i o n a r y  g r o w t h  p h a s e  (Tab le  1). 

T h i s  is due  to the  fact  t ha t  cells h a d  e x h a u s t e d  the  

s u b s t r a t e s  (5 g.l -~ s o d i u m  ace ta te  a n d  n u t r i e n t  b r o t h )  

nece s sa ry  for  g r o w t h  a n d  the  g r o w t h  o f  n e w  cells was  

offset  by the  d e a t h  o f  old  cells. Basical ly ,  a h i g h  

g r o w t h  ra te  o f  0.87 h-~ was  re la ted  to a low init ial  

b i o m a s s  o f  4.20 x 104 (Tab le  1) a n d  a low g r o w t h  ra te  

was  o b s e r v e d  w h e n  10~cells.ml ~ was  used  as init ial  

b i o m a s s  (Fig. 6). 

R e s u l t s  i l lus t ra ted  in F igs  1-3 i nd i ca t ed  the  

p h e n o m e n o n  o f  p h o s p h a t e  re lease  d u r i n g  act ive  

g r o w t h  ove r  a n  8 h per iod ,  a l t h o u g h  s o m e  p h o s p h a t e  
(14.25 mgl -~)  was  r e m o v e d  d u r i n g  th is  g r o w t h  p h a s e  

in the  s a m p l e  c o n t a i n i n g  10%ells.ml ~ (Fig. 3). 

U p t a k e  o f  p h o s p h a t e  on ly  t o o k  place  a f te r  the  

m a x i m u m  g r o w t h  ra te  o f  cells h a d  o c c u r r e d  a n d  w h e n  

the  s t a t i o n a r y  g r o w t h  p h a s e  was  r eached .  T h e  

r e m o v a l  o f  p h o s p h a t e  d u r i n g  the  s t a t i o n a r y  g r o w t h  

p h a s e  was  a s s o c i a t e d  wi th  the  inc rease  in A. junii 
b i o m a s s  c o n c e n t r a t i o n s  (over  a 24 h pe r iod)  a n d  wi th  

the  n u t r i e n t  def iciency.  T h e s e  resu l t s  were  n o t  on ly  in 

a g r e e m e n t  wi th  H a r o l d  (1963) w h o  r e p o r t e d  the  

a c c u m u l a t i o n  o f  p h o s p h a t e  w h e n  g r o w t h  ceased  as 

the  resu l t  o f  n u t r i t i o n a l  def ic iency,  b u t  a lso  s u p p o r t  

o t h e r  w o r k e r s  w h o  re la ted  th i s  u p t a k e  o f  p h o s p h a t e  

to a n  inc rease  o f  the  b i o m a s s  c o n c e n t r a t i o n  

(S t r e i chan  et al., 1990; Bosch ,  1992). It  h a s  been  

d e m o n s t r a t e d  t h a t  the  a c c u m u l a t i o n  o f  p h o s p h a t e  is 

r eve r sed  if  g r o w t h  is a l l owed  to r e sume .  T h e  inver se  

r e l a t i o n s h i p  b e t w e e n  p h o s p h a t e  re lease  a n d  g r o w t h  

c a n  be l inked  to the  c o m p e t i t i o n  be tween  nucle ic  ac id  

s y n t h e s i s  a n d  p o l y p h o s p h a t e  for  in t r ace l lu l a r  p h o s -  
pha t e .  P o l y p h o s p h a t e  d e g r a d a t i o n  is e n h a n c e d  u n d e r  

c o n d i t i o n s  w h i c h  p e r m i t  r ap id  nuc le ic  acid syn thes i s ,  

t he  p h o s p h a t e  re leased  be ing  t r a p p e d  in R N A .  T h e  

h i g h  d e m a n d  for  p h o s p h a t e  t he r e fo r e  inc reased  the  

ra te  o f  p o l y p h o s p h a t e  d e g r a d a t i o n  ( H a r o l d ,  1963). 

A poss ib le  e x p l a n a t i o n  for  p h o s p h a t e  re lease  

d u r i n g  the  g r o w t h  p roce s s  is the  lack  o f  ene rgy  

r equ i r ed  for  m a i n t a i n i n g  the  in t race l lu la r  level o f  

p h o s p h a t e  d u r i n g  g rowth .  In  n u m e r o u s  m i c r o o r g a n -  

i sms ,  it h a s  been  c o n f i r m e d  t ha t  p h o s p h a t e  is 

Table 2. Growth and phosphate uptake by using 106, 107, l0 g A. junii cell concentrations as inoculum 

CFU-ml ~ Phosphate 
Time (h) Before inc. After inc. ,u'h ~ g PR PU* PU** 

12 1.43 × 106 1.07 × 109 0.55 1.26 35.00 22.00 10.00 
11 1.43 x 10 ~ 1.61 x 109 0.43 1.61 42.50 42.50 23.00 
8 1.28 x 10 ~ 1.03 x 10 ~ 0.26 2.67 - -  - -  13.50 
24 1.43 x 106 1.05 x 1W 0.28 2.48 35.00 23.50 11.50 

1.43 x 107 1.05 x 10 '~ 0.18 3.85 42.50 37.00 17.50 
15 1.28 x 10 ~ 1.30 x 10 ~ 0.15 4.72 -- --- 23.00 

PR: maximum phosphate concentration after release, 
PU*: phosphate uptake - [PR phosphate after 8h or after 24h]. 
PU**: phosphate uptake = [initial phosphate 35 mg.I ~ - phosphate after 8h or after 24h]. 
/~.h ~: growth rate. 
g: generation time. 
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accumulated within the cells against a very high 
concentration gradient (Rosenberg et  al., 1969). It 
can be speculated that the energy source required for 
maintaining the high intracellular level of  phosphate 
against the concentration gradient is absent. This can 
be justified by a high concentration o f  phosphate 
within the cells. At  any time, the polyphosphate 
content  must reflect the balance between the rates of  
synthesis and degradation. I f  the phosphate concen- 
tration within the cells is larger than that of  the 
surrounding liquids, polyphosphate rapidly degrades 
and the phosphate is quantitatively transferred to the 
nucleic acid fraction (Nicholls and Osborn, 1979). 
Since polyphosphate can function as a means of  
regulating the intracellutar phosphate concentration, 
it may be hydrolyzed when the intracellular level of  
phosphate declines (Kulaev and Vagabov, 1983). 

As previously noted, 5 g-I -~ sodium acetate was 
added in the medium. The addition of  acetate to the 
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Fig. 2. Phosphate removal using 1.42 x 105 cells.ml ~ initial 
cell density of A. junii in activated sludge mixed liquor. 

medium is often the reason for phosphate release. 
Electron microscopy showed the disappearance of  
intracellular polyphosphate granules during the 
acetate treatment, and release of  phosphate into the 
external medium was therefore based on the presence 
of  acetate (Murphy and L6tter, 1986). L6tter 's  
observations (1985) indicated that the addition of  
acetate causes the extracellular or thophosphate  level 
to rise to 55 mg.l-L This observation was also made 
in this study.. In the sample containing 35 mg.l -t 
initial phosphate concentration, the extracellular 
phosphate concentration increased to 82.25 mg.l 
(Fig. 2). Phosphate release by addition of  acetate was 
also observed by other workers (Barnard, 1976; 
Comeau et  al., 1986). 

A higher phosphate release of  82.25 mg.1 -~ (Fig. 2) 
can also be associated with the presence of  Nutrient  
Broth in the transfer bacterial suspension, which 
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consists of meat extract, yeast extract, peptone and 
sodium chloride. Our results support the findings of 
Deinema et al. (1985) who stated that the higher 
phosphate release rates of sludge may be due to the 
activated sludge mixed liquor containing carbon 
compounds other than acetate, which is frequently 
used in pure culture. Moreover, these compounds 
must be present in the correct ratio. If not, they 
cannot result in enhanced phosphate removal (Bosch, 
1992). 

The experiments described above have not only 
indicated the release of phosphate but also the 
removal of phosphate. Little (Fig. 3) or no phosphate 
(Figs 1, 2) was removed during the lag growth phase. 
Some phosphate was on one occasion removed 
during the logarithmic growth phase (Fig. 3). The 
maximum phosphate concentration was removed 
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Fig. 6. Growth of 1.28 x 108 cells.ml ~ initial cell density 
and phosphate removal of A. junii in activated sludge mixed 

liquor medium. 

when cells reached the stationary growth phase 
(Figs 1, 2, 3). This period corresponds to the cessation 
of nucleic acid synthesis and the exhaustion of an 
essential element other than phosphate in mixed 
liquor medium (Harold, 1963), a phenomena also 
observed in full scale plants. Enhanced uptake, then, 
refers to phosphate uptake by growing bacteria in 
excess to their normal metabolic needs. These results 
were similar to the results for an Aerobac te r  aerogenes  

culture in which a reciprocal relationship between 
polyphosphate accumulation and nucleic acid syn- 
thesis was determined (Harold, 1963). 

During this study the excess phosphate uptake was, 
in some cases, associated with the degree of release as 
indicated in Table 1 and Fig. 2. In the sample 
containing 1.42 x 105 cells.ml ~ (initial concen- 
tration) and 1.26 x 109cells.ml.l- ' after incubation a 
release of 82.25 mgl JP was noted during growth and 
a removal of 65.75 mgl- 'P over a 24 h period. This 
result confirms the findings of Tam et al. (1992) who 
stated that phosphate release is related to phosphate 
uptake. The result also confirms the observations of 
Comeau et al. (1986) and observations made on full 
scale plants. Although the largest concentration of 
phosphate removal (65.75 mg.1 ~) was influenced by 
the degree of phosphate release (82.25 rag.1 '), 
uptake of phosphate was also associated with the 
final biomass in the culture medium (Table 1, Figs 1, 
2, 3). 

Regarding the results in Table 2, all initial cell 
densities (1.43 × 106 , 1.43 × 107 and 1.28 × l0 s 
cells.ml- l) exhibited approximately a similar biomass 
(109 cells'ml ~) over 12, 11 and 8 h respectively 
(Figs 4, 5, 6) during the logarithmic growth phase, 
after which the stationary growth'phase was reached. 
However, the growth rates recorded during the 
logarithmic growth phase decreased, respectively, 
from 0.55, 0.43 and 0.26 h ~ (generation times 1.26, 
1.61 and 2.67 h) to 0.28, - 0.18 and 0.15 h ' 
(generation times 2.48, 3.85 and 4.72 h) during the 
stationary growth phase because of nutrient limi- 
tations. This is in agreement with observations in full 
scale plants, where carbon limitation has been 
indicated as a prerequisite for phosphate removal 
(L6tter, 1985). 

Rapid phosphate uptake was observed in the 
sample containing a 1.28 ×10 ~ cells-ml-~ initial 
biomass concentration (Fig. 6). Phosphate removal 
increased progressively with time, while cells grew 
very slowly. Excess removal of phosphate occurred 
over a period of 12 h (at the beginning of the 
stationary growth phase) with the absence of traces 
of residual phosphate in the medium. No trace of 
phosphate was noted when cells reached the 
stationary growth phase (Fig. 6). The slow growth 
and rapid phosphate removal confirms that slow 
growing cells often contains polyphosphate granules 
as reported by Harold (1963) and Cloete and Steyn 
(1988b). The removal of phosphate during the 
lag growth phase as well as during the logarithmic 
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and  s ta t ionary  growth  phase  when  using 
1.28 × l0 s cells.m1-1 initial cell density was related 
more  to b iomass  concen t ra t ion  than  to growth.  

In cont ras t  to the high cell density (108 cells.ml ~), 
the sample having  a 1.43 × 107 cells.ml ~ initial cell 
density released phospha te  into the medium,  after  an  
initial rapid up take  (0 .4mgl-~P)  dur ing the lag 
growth  phase  (Fig. 5). The concen t ra t ion  of  
phospha te  increased to 42.5 mgl-~P and  decreased 
again  to 21 mgl ~P after 5 h of  growth.  A l though  
some phospha te  was released f rom time to t ime when  
cells reached the s ta t ionary  growth  phase, complete  
removal  of  phospha te  occurred dur ing  this growth  
phase. 

CONCLUSION 

The results of  this invest igat ion show that  the 
removal  of  phospha te  by A .  jun i i  was associated with 
the initial b iomass  cell concent ra t ions  and  growth  
stage. At  a high initial cell b iomass  concen t ra t ion  
Ac ine tobac te r  j un i i  removed phospha te  dur ing the 
entire dura t ion  of  the growth  study. A low initial cell 
concen t ra t ion  first released phospha te  dur ing  active 
growth  and  removed phospha te  when  cells reached 
the end of  the logar i thmic growth  and /o r  the 
s ta t ionary  growth  phase. C o n c o m i t a n t  growth  of  
different b iomass  concent ra t ions  and  phospha te  
uptake  of  A.  jun i i  in mixed l iquor medium showed 
tha t  the concen t ra t ion  of  phospha te  uptake  was 
related to biomass concent ra t ions  and  nut r ien t  
gradients  which have to be defined and  which in full 
scale p lants  are separated and  governs P-release and  
uptake.  
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