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Biomass relationship to growth and phosphate uptake of
Pseudomonas fluorescens, Escherichia coli and Acinetobacter
radioresistens in mixed liqguor medium

MNB Momba and TE Cloete

The Environmental Biotechnology Laboratory, Department of Microbiology and Plant Pathology, University of Pretoria,
Pretoria 0002, South Africa

The ability of Pseudomonas fluorescens, Escherichia coli and Acinetobacter radioresistens to remove phosphate
during growth was related to the initial biomass as well as to growth stages and bacterial species. Phosphate
was removed by these bacteria under favourable conditions as well as under unfavourable conditions of growth.
Experiments showed a relationship between a high initial cell density and phosphate uptake. More phosphate was
released than removed when low initial cell densities (10°~10° cells mI-') were used. At a high initial biomass concen-
tration (102 cells ml~"), phosphate was removed during the lag phase and during logarithmic growth by P. fluor-
escens. Escherichia coli, at high initial biomass concentrations (107 cells ml~'), accumulated most of the phosphate
during the first hour of the lag phase and/or during logarithmic growth and in some cases removed a small quantity
of phosphate during the stationary growth phase. Acinetobacter radioresistens, at high initial cell densities (10, 107
cells ml-') removed most of phosphate during the first hour of the lag phase and some phosphate during the station-
ary growth phase. Pseudomonas fluorescens removed phosphate more than A. radioresistens and E. coli with spec-
ific average ranges from 3.00-28.50 mg L' compared to average ranges of 4.92-17.14 mg L™ for A. radioresistens
and to average ranges of 0.50-8.50 mg L~ for E. coli.
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Introduction

Phosphorus removal from wastewater can be achieved
through chemical precipitation and coagulation, through
biological treatment or a combination of both. Methods of
phosphorus removal have been reviewed by Yeoman et
al [22].

Since excess phosphate uptake by bacteria in activated
sludge was observed for the first time by Vaker er al [20],
research on phosphate removal by biological methods has
intensified. Optimization and better control of the process
will, however, require more information on the ecology and
physiology of the polyphosphate-accumulating bacteria.

The role of polyphosphates as an energy reserve under
anaerobic conditions in Acinetobacter spp has been
reported by many workers [3, 11]. Representatives of this
genus are the most intensively studied and best known
poly-P-bacteria in activated sludge. They are considered the
most significant and efficient accumulators of phosphate in
activated sludge plants treating municipal wastewater [4,
8]. It is important, however, to recognize the fact that most
studies on the population structure of activated sludge have
been based on viable counts on agar plates [19]. When
using conventional and API 20E test systems, Venter et al
[21] found that Acinetobacter constituted 6% of the popu-
lation using conventional test identification procedures and
18% using the API 20E test system. Species of Pseudo-
monas constituted 21% of the total when using conven-
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tional identification procedures and 15% when using the
API 20E test system. Moraxella constituted 12% using con-
ventional identification procedures and 4% using the API
20E test system and Alcaligenes constituted 18%
(conventional identification procedures) and 22% (API 20E
test system). Brodisch and Joyner [2] using the Analytical
Profile Index (API) system to identify the composition of
the microbial communities in the anaerobic, anoxic and aer-
ated stage of three biological phosphate removal plants and
two laboratory scale units, reported that organisms of the
genera Aeromonas and Pseudomonas constituted more than
50% of the total aerobic microbial population. In contrast
to findings of other workers, bacteria of the genus Acineto-
bacter were present in minor proportions. Cloete and Steyn
[5] indicated that Acinetobacter spp constituted less than
10% of the total population. Using Acinetobacter spp num-
ber, volutin volumes, densities and phosphate content, Clo-
ete and Steyn [6] reported that a maximum of 34% phos-
phate removal in activated sludge could be attributed to
removal by Acinetobacter spp as polyphosphate. Other
organisms or mechanisms therefore have to be involved to
account for the observed phosphate removal.

Among the microorganisms responsible for phosphate
accumulation identified by Suresh et al [18], were Pseudo-
monas vesicularis, Acinetobacter Iwoffi and Acinetobacter
calcoaceticus. Gram-positive organisms, such as Arthro-
bacter globiformis, have also been reported to accumulate
phosphate in the order of 20% of their dry cell mass [16].
The ability of Pseudomonas and Escherichia coli to remove
phosphate from activated sludge mixed liquor has also been
tested [7]). Currently it is not known whether these organ-
isms could also play a role in enhanced biological phos-
phorus removal in activated sludge systems.
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Bosch [1], moreover, found that under conditions of
increased nutrient availability, phosphate removal
increased, possibly due to the resultant increase in biomass
and not to an enhanced phosphate-accumulating ability of
individual cells. These findings encouraged us to investi-
gate the relationship between biomass and phosphate
uptake as well as growth and phosphate uptake of P. fluor-
escens, E. coli and A. radioresistens.

Materials and methods

Bacteria

Pseudomonas  fluorescens and Escherichia coli were
obtained from the Department of Microbiology and Plant
Pathology, University of Pretoria, South Africa. Acineto-
bacter radioresistens FO-1 was obtained from Dr Y Nishi-
mura, Institute of Applied Microbiology, University of
Tokyo. The organisms were maintained on Nutrient Agar
(Biolab, South Africa) and incubated for 48 h at 28°C for
P. fluorescens and A. radioresistens and at 37°C for E. coli,
before inoculation into 100 ml Nutrient Broth (Biolab).

Mixed liquor preparation

Mixed liquor samples were drawn from the anaerobic zone
and aerobic zone of a five-stage Bardenpho activated sludge
plant at the Daspoort sewage works in Pretoria. Samples
were filtered three times through Whatman No. 1 filter
paper. The mixed liquor was then diluted in tap water, to
obtain a final concentration of ca 30 ml L' P. The medium
was further modified by adding: 5g L™ sodium acetate
(BDH, South Africa), 0.5gL™" MgSO,7H,0 (Merck,
South Africa), 0.18 g L™ KNO; (Merck). The final pH was
adjusted to 7 with 2 N HCI before autoclaving the medium
at 121°C for 15 min. This mixed liquor medium was used
in all experiments.

Experimental procedure for estimation of biomass
The agar plate method was used to determine biomass of
Pseudomonas fluorescens, E. coli and A. radioresistens cul-
tured in 100 ml sterile Nutrient Broth and incubated at a
shaking speed of 80rpm for 48h at the temperature
requirements of each species (28°C for P. fluorescens and
A. radioresistens, 37°C for E. coli). Low initial biomass
inocula (107, 10%, 10 cells ml™* for P. fluorescens and 102,
10* cells mI™! for E. coli) were obtained by using microbial
dilutions within the range of 10-2 to 10~°. One millilitre of
each bacterial suspension and of 10~ and 10~ dilutions
were inoculated into 250-ml sterile mixed liquor. High
biomass inocula (107 and 108 cells mi~! for P. fluorescens;
105, 10°, 107 cells ml™* for E. coli and A. radioresistens)
were obtained by centrifugation at 8000 rpm for 20 min.
Harvested cells were suspended (after washing and suitable
dilution) in 250 ml mixed liquor. One millilitre of cultures
at each density was removed from the sample and diluted
1:10 with sterile Ringer’s solution in the range of 1072 to
1078 to determine the initial biomass. Flasks were then incu-
bated at the appropriate temperature for each organism.
Hourly (for the first 8 h and then after 24 h or for a 24-h
period) a 1-ml sample was taken for viable count determi-
nation and 1 ml for phosphate analysis. All experiments
were carried out in duplicate or in triplicate.
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Phosphate analysis

The ability of bacteria to remove phosphate from the
medium was examined on samples taken hourly for a per-
iod of 8 h and again after 24 h and for a 24-h period for
the full duration of the experiments. Phosphate uptake was
monitored hourly on 1-ml samples removed from the flasks
with a syringe and filtered through a 0.22-um pore-size
filter (Millipore, South Africa). A 250-ml sterile mixed
liquor sample treated in the same manner was used as con-
trol. The filtered sample was diluted 1:10 with sterile Ring-
ers solution and used for phosphate concentration determi-
nation, using the P(VM) 14842 test kit (Merck) and an SQ
118 photometer.

Results and discussion

The study performed on the relationship between biomass,
growth and phosphate uptake indicated that the ability of
these polyphosphate-accumulating bacteria to grow and to
remove phosphate from the activated sludge mixed liquor
was related to the initial cell densities as well as to growth
stages and bacterial species. The patterns of phosphate
removal in cultures inoculated with different cell concen-
trations of these organisms are summarized in Figures 1-5.

During the logarithmic growth phase, bacteria were in a
state of balanced growth after which the growth of cells
was limited by the exhaustion of available nutrients
(Figure 4). In terms of phosphate removal, low initial cell
densities (102, 10* and 10° cells ml™! for P. fluorescens and
10%, 10* cells ml™! for E. coli) released phosphate, once
transferred into the mixed liquor (Figure 1 and Figure 3).
Release of phosphate was enhanced during active growth.
The removal of phosphate took place near the end of the
logarithmic growth phase and when the stationary growth
phase was reached (Figure 1). Release of phosphate during
active growth was associated with the competition between
nucleic acid synthesis and polyphosphate for intracellular
phosphate [12]. Moreover, it has been confirmed that a
higher phosphate concentration in the growth medium
results in diffusion of phosphate into the cells, whereas a
larger phosphate concentration within the cells results in a
tendency for phosphate to diffuse out of the cells [14].

The presence of acetate can also trigger the release of
phosphate [8, 13]. Deinema et al [10] associated phos-
phate release with carbon compounds other than acetate.
Nevertheless, the release of phosphate may act as a source
of energy both for the reestablishment of proton motive
force and for substrate storage [8].

Although some phosphate (Figure 1) was removed near the
end of logarithmic growth, P. fluorescens in low initial
biomass cell concentrations (102, 10, 10° cells mI™") removed
most of the phosphate during the stationary growth phase with
an average of 5.50 mg L™ P (for 10% cells ml™"), 13.50 mg
L P (for 10* cells ml™!) and 22.75 mg L™ P (for 10° cells
ml™) after 24 h. Harold [12] also noted enhanced phosphate
uptake when growth of Aerobacter aerogenes ceased as the
result of a nutrient deficiency. The removal of phosphate dur-
ing the stationary growth phase supports previous findings by
Bosch [1] and Streichan [17].

P. fluorescens (1.49 x 107 cells mI™! as initial inoculum)
released phosphate at early logarithmic growth phase. Some
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Figure 1 Growth of (A: ——, b: 2K, c: <) and phosphate uptake (a: —#, b: -, ¢c: =) by P. fluorescens using different initial cell densities (a:
9x 102 cells ml™, b: 9x 10* cells mI™, c: 9x 10° ceils mi™) in activated sludge mixed liquor.
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Figure 2 Growth of (d: —+—, e: >K-) and phosphate uptake by (d: &, e: -l&) P. fluorescens using different initial cell densities (d: 1.46 x 107 cells

ml~, e: 1.89 x 10% cells ml™) in activated sludge mixed liquor.

phosphate was removed during the lag growth phase
(Figure 2). Most of the phosphate (28.50 mg L™ after 12 h)
was removed during the logarithmic growth phase, in spite
of some fluctuations (probably due to the competition
between nucleic acid synthesis and polyphosphate for intra-
cellular phosphorus, inducing rapid degradation of accumu-
lated phosphate) [12]. At a high initial biomass concen-

tration of 10% cells ml™!, phosphate was removed during the
lag growth phase and during the logarithmic growth phase
(Figure 2). Removal of phosphate during the lag phase was
in accordance with the observation of other workers who
stipulated that slow growing cells often contained poly-
phosphate granules [6, 12] and that there was a relationship
between phosphate uptake and the relative number of phos-
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Figure 3 Growth of (a: ——, b: 2%-) and phosphate uptake by (a: &, b: ) E. coli using different initial cell densities (a: 1.02 x 102 cells mI™,

b: 1.03 x 10* cells ml™") in activated sludge mixed liquor.
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Figure 4 Growth of (c: —+, d: K-, e: >) and phosphate uptake by (c: &, d: -, e: B) E. coli using different initial cell densities (c: 3.80 x 10°
cells mi™!, d: 4.30 x 10° cells mi™!, e: 5.00 x 107 cells mi™) in mixed liquor medium.

phorus-accumulating bacteria.

Enhanced uptake of phosphate occurred when cells
grown under phosphorus limitation were exposed to phos-
phorus (overplus phenomenon) or under unfavourable con-
ditions after growth ceased. However, enhanced phosphate
uptake under favourable conditions during growth, was
found in a few bacteria, including Acinetobacter strains [9,

15]. This study revealed the removal of phosphate by P.
fluorescens under favourable conditions of growth.
Enhanced uptake of phosphate by growing bacteria may not
only be important in the assimilation of phosphate gener-
ated by the hydrolysis of phosphate organic compounds
later in the treatment process [15], but is also necessary
for synthesis of cell components.
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Figure 5 Growth of (a: —, b: K-, ¢: %) and phosphate uptake by (a: -, b: Wb, ¢: ) A. radioresistens using different initial cell densities
(a: 7.53 x 107 cells mI™", b: 9.20 x 10° cells ml™*, ¢: 9.70 x 107 cells ml™') in mixed liquor medium.

Escherichia coli removed phosphate during the lag
growth phase and this was influenced by the initial cell
concentration (Figure 4). The removal of phosphate during
the lag growth phase was also noted when using high initial
cell concentrations of Acinetobacter radioresistens
(Figure 5). Using 4.30 x 10° cells ml™! as initial cell den-
sity, E. coli removed some phosphate when cells increased
in number during the logarithmic phase (Figure 4). Similar
observations were made for A. radioresistens when using
7.53x 10° cells ml™! as initial cell density (Figure 5).
Nevertheless in almost all samples, release and uptake of
phosphate by E. coli and A. radioresistens were illustrated
by significant fluctuations during growth (Figures 4-5).
Additional experiments with high biomass of E. coli and
A. radioresistens are then required in order to confirm the
relationship between biomass, growth of these bacterial
species and phosphate uptake.

The overall results showed that P. fluorescens
(Figures 1-2) removed phosphate more than A. radioresis-
tens (Figure 5) and E. coli (Figures 3-4) and that the
biomass and growth stage were important factors affecting
phosphate removal.

Acknowledgements

The authors thank the Water Research Commission of
South Africa for funding the research.

References

1 Bosch M. 1992. Phosphorus uptake kinetics of Acinetobacter in acti-
vated mixed liquor. MSc thesis, University of Pretoria, Pretoria,
South Africa.

2 Brodish KEU and ST Joyner. 1983. The role of microorganisms other

wn

-

o]

10

1

—

12

13

14

15

than Acinetobacter in biological removal in activated sludge process.
Wat Sci Tech 15: 117-125.

Bonting CFC, GIJ Korstee and AJB Zehnder. 1991. Properties of poly-
phosphate: AMP phosphotransferase of Acinetobacter strains 210 A.
J Bacteriol 173: 6484-6488.

Buchan L. 1980. The location and nature of accumulated phosphorus
in activated sludge. DSc thesis, University of Pretoria, Pretoria,
South Africa.

Cloete TE and PL Steyn. 1988. A combined membrane filter immuno-
fluorescent technique for the in situ identification of Acinetobacter in
activated sludge. Wat Res 22(8): 961-969.

Cloete TE and PL Steyn. 1988. The role of Acinerobacter as a phos-
phorus removing agent in activated sludge. Wat Res 22(8): 971-976.
Cloete TE, M Bosch and NJJ Mieni. 1992. Organisms other than Aci-
netobacter capable of phosphorus removal from activated sludge
mixed liquor. Paper presented at the European Conference on Nutrient
Removal from Wastewaters, September, Leeds, UK.

Comeau Y, KJ Hall, REW Hancock and WK Odhum. 1986. Bio-
chemical model for enhanced biological phosphorus removal. Wat Res
20(12): 1511-1521.

Deinema MH, LHA Habets, J Scholten and HAAM Webers. 1980.
The accumulation of polyphosphate in Acinefobacter spp. FEMS
Microbiol Lett 9: 275-279.

Deinema MH, M van Loosdrecht and A Scholten. 1985. Some physio-
logical characteristics of Acinetobacter spp accumulating large
amounts of phosphate. Wat Sci Tech 17: 119-126.

Groenestijn JW van, MH Deinema and AJB Zehnder. 1987. ATP pro-
duction from polyphosphate in Acinetobacter strains 210 A. Arch
Microbiol 148: 14-19.

Harold FM. 1963. Accumulation of inorganic polyphosphates in Aero-
bacter aerogenes, 1. Relationship to growth and nucleic acid synthesis.
] Bacteriol 86: 216-221.

Murphy M and LH Létter. 1986. The effect of acetate on polyphos-
phate formation and degradation in activated sludge with particular
reference to Acinetobacter calcoaceticus: a microscopic study. Water
SA 12(2): 63-66.

Nicholls HA and DW Osborn. 1979. Bacterial stress: prerequisite for
biological removal of phosphorus. J Wat Poll Cont Fed 51(3): 557~
569.

Pauli A. 1994. The role of Acinetobacter spp in biological phosphorus

Gz0z 1snbny z| uo Jesn ABojouyos ] Jo AlsieAlun suemys] Aq 00/886S/49E/9/9 1 /8101e/quil/woo dno olwspeoe)/:sdiy Wwolj papeojumoq



removal from forest indusiry wastewater. Water Environ Res Inst,
83 pp.

16 Shoda M, T Oshumi and S Udaka. 1980. Screening for high phosphate
accumulating bacteria. Agric Biol Chem 44(2): 319-324.

17 Streichan M, JR Golecki and G Schén. 1990. Polyphosphate accumu-
lating bacteria from sewage plants with different processes for biologi-
cal removal. FEMS Microbial Ecol 73: 113-124.

18 Suresh N, R Warburg, M Timmerman, J Wells, M Coccia, MF Roberts
and OH Halvorson. 1985. New strategies for the isolation of microor-
ganisms responsible for phosphate accumulation. Wat Sci Tech 17:
99-111.

19 Toerien DF, A Gerber, LH Létter and TE Cloete. 1990. Enhanced

Biomass relationship to growth and phosphate uptake
MNB Momba and TE Cloete

3

biological phosphorus removal in activated sludge system. In:
Advances in Microbial Ecology (Marshall KC, ed), pp 173-230.

20 Vaker D, CH Connell and WN Wells. 1967. Phosphate removal
through municipality wastewater treatment at San Antonio, Texas. J
Wat Poll Cont Fed 39: 750-771.

21 Venter SN, LH Létter, DW de Haas and L. MacDonald. 1989. The use
of the analytical profile index in the identification of activated sludge
bacteria: problems and solutions. Water SA 15(4): 265-267.

22 Yeoman S, T Stephenson, JN Lester and R Perry. 1988. The removal
of phosphorus during wastewater treatment: a review. Envir Pollut 49:
183-233.

369

Gz0z 1snbny z| uo Jesn ABojouyos ] Jo AlsieAlun suemys] Aq 00/886S/49E/9/9 1 /8101e/quil/woo dno olwspeoe)/:sdiy Wwolj papeojumoq



