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Abstract

A biochemical model is presented that explains the behaviour of Acinetobacter spp. in enhanced biological phosphorus removal activared
sludge systems. The model modifies and extends the proposals of Comeau ez 4/. (1985). Two key parameters are identified in controlling
poly-P and PHB synthesis and degradation, the ATP/ADP and NADH/NAD ratios. The predicted behaviour appears to be consistent with

that observed.

Introduction

Since the phenomenon of enhanced biological phosphorus
removal in activated sludge systems first was observed (Srinath,
Sastry and Pillay, 1959), attempts have been made to elucidate
the mechanisms governing it. Over the years various hypotheses
and models have been proposed; each successive model has been
influenced in some degree by the models preceding it, but often
the factors on which 2 model conceptualization has been based
are not clear. In this paper we wish to trace briefly but critically,
the evolution of these models. We then propose yet another
model which we hope will resolve some of the difficulties that
have become apparent with ptevious models.

The research papers that either directly ot indirectly in-
fluenced the conceptualization of the respective models ate ex-
tensive and it is not possible to include a critical evaluation of
each; only those papers of major direct influence will be mention-
ed. For a detailed review of this topic, and related ones, the
reader is referred to Marais, Loewenthal and Siebritz (1983).

Model evolution
Early observations

Harold (1966), in an authoritative survey, reported that
phosphorus accumulation in the form of polyphosphate (poly-P)
is widespread among micro-organisms, in bacteria, yeasts, fungi
and photosynthetic algae. Harold, however, could not advance a
substantive hypothesis as to what function was served by these ac-
cumulations. He noted that temporary limitations of the
nutrients sulphur and nitrogen could result in accumulation of
poly-P in certain bacteria.

Levin and Shapiro (1965) demonstrated accumulation of
phosphorus in a mixed liquor sample from an activated sludge
system, under aerobic conditions. Further, they noted that in the
mixed liquor samples phosphorus (P) is released to the bulk solu-
tion when the dissolved oxygen level falls. Shapiro (1967) showed
that this release of P under anaerobic conditions could be revers-
ed on subsequent aeration.

Fuhs and Chen (1975) conducted a wide-ranging investiga-
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tion into the phenomena of P release and uptake. They observed
the following:

® Samples taken from a full-scale anaerobic/aerobic activated
sludge plant (showing enhanced P temoval) and from a
laboratoty-scale aerobic plant fed on an artificial sewage (not
showing excess P removal) were dosed with radioactively
labelled glucose and aerated. The results indicated that the
organism assembly feceiving artificial substrate under com-
pletely aerobic conditions metabolized the glucose via the
Entner-Doudoroff pathway, whereas the organism assembly
from the anaerobic/aerobic plant indicated metabolism via
the Embden-Meyerhof pathway. They then changed opera-
tion of the laboratory scale plant from aerobic to
anaerobic/aerobic; after two weeks operation the system still
showed no P release or uptake. They concluded that this
system had a different species composition from the full-scale
plant.

® P removal appeared to be mediated by either a single micro-
organism or several closely related forms. From a series of
isolation tests Fuhs and Chen concluded that Acinerobacter
spp. probably was the principal organism mediating the P
removal.

® Acinetobacter spp. accumulated poly-P and poly-g-
hydroxybutyrate (PHB). Fuhs and Chen speculated that PHB
storage could serve as an energy source for poly-P formation.

® In studying the nutritional requirements of an Acinetobacter
strain isolated from an enhanced P removal activated sludge
system they found this strain could not use glucose or similar
compounds but grew on lower fatty acids, LFA. (In this paper
the terminology lower fatty acids (LFA) and volatile fatty acids
(VFA) are used interchangeably). They concluded that
anaerobic conditions preceding aerobiosis in sewage treatment
could well be related to the appearance of Acinetobacter spp.
— they saw the principal function of the anaerobic state as
enabling a facultative anaerobic microflora to become
established which produces lower fatty acids to serve as
substrate for Acinetobacter spp. Furthermore, from pure
culture studies, they concluded that the anaerobic state takes
no part in enhanced P removal per se and can be excluded
provided LFA are supplied to Acimetobacter spp. in the
aerobic state. They found that if acetate was added to a pure
culture of Acinetobacter spp. under aerobic conditions, P up-
take took place.
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Barnard (1976) in reviewing obsetvations on P removal in
full-scale plants concluded that, contrary to Fuhs and Chen, an
anaerobic state at a point in the plant was essential for P removal,
that an anaerobic/aerobic sequence with substrate fed to the
anaerobic zone were explicit requirements to obtain excess P
removal. However, he could identify no correlation between the
P release in the anaerobic reactor and P uptake and removal.

Model 1 (Nicholls and Osborn, 1979)

Nicholls and Osborn (1979) from a study of the literature and
their own work noted a consistent association between poly-P ac-
cumulation and organic carbon accumulation in the form of poly-
B-hydroxybutyrate (PHB). They concluded that these high
energy polymers were stored for survival purposes under the set of
imposed anaerobic/aerobic conditions. They did not implicate
any particular bacterial genus in poly-P and PHB accumulation,
but noted that in their systems Acinetobacter, a poly-P and PHB
accumulator, was abundantly present. They proposed a bio-
chemical model in which they attempted to explain the functions
of and the connections between PHB and poly-P accumulations.
They hypothesized the following model:

In the anaerobic phase:

(i) Carbohydrate (glucose) is taken up by poly-P organisms and
metabolized, via the glycolytic (Embden-Meyerhof) path-
way, to acetyl-CoA and electrons and protons.

(ii) The acetyl CoA has two functions: First, to act as an electron
and proton sink by its reduction to PHB. Second, to act asan
energy source for ATP synthesis via deactivation to acetic
acid.

(iii) The role of poly-P is to serve as a soutce of P in the formation
of ATP in (ii) above.

(iv) The ATP generated in (i) above is utilized for cell
maintenance via hydrolysis to ADP + P;; such P; is released
to the medium.

In the aerobic phase:

@ The stored PHB is utilized as a catbon and energy source for
cell function and an energy source for poly-P generation and
storage.

In support of their model Nicholls and Osborn set out quan-
titative biochemical pathways.

Model 2 (Rensink, 1981)

Rensink accepted the work of Fuhs and Chen (1975) that
Acinetobacter spp. was the principal organism implicated in
enhanced phosphorus removal and that these organisms only
utilize LFA as substrate. Also, he accepted Fuhs and Chen’s
hypothesis that the purpose of the anacrobic state was to enable
an assemblage of facultative organisms to develop which produc-
ed lower fatty acids to setve as substrate for the Acinetobacter
spp. Furthermore he presupposed that Acinetobacter spp. is a
slow growing obligate aerobe and in a purely aerobic environ-

ment would not be competitive for substrate with other obligate

aerobes; however, by having the propensity for PHB storage in
the anaerobic zone, competition for substrate in the acrobic zone
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is removed enabling the Acimetobacter spp. to survive in the
anaerobic/aerobic cycle. With these ideas as background, taking
due cognizance of the model of Nicholls and Osborn, he pro-
posed the following conceptual model:

In the anaerobic phase:

(i) Lower fatty acids (for example acetate) setve as substrate for
Acinetobacter.

(ii) The lower fatty acids (LFA) are stored as PHB, such a process
requiring energy (ATP).

(iii) The energy (ATP) requirements in (ii) above are supplied by
breakdown (hydrolysis) of poly-P to free phosphate, the
phosphate being released to the bulk solution.

In the aerobic phase:
® Rensink follows the proposals of Nicholls and Osborn.

Rensink did not propose any biochemical pathways for PHB syn-
thesis from acetate or for poly-P breakdown and P release.

The models of Rensink and Nicholls and Osborn differ in
the following aspects:

@ IFA as substrate for Acinetobacter (Rensink); — glucose as
substrate for poly-P organisms (Nicholls and Osborn).

@ Function of poly-P is as — an energy source (Rensink); — a
phosphorus source (Nicholls and Osborn).

@ Function of PHB is as — a carbon sink for Acinetobacter to sur-
vive in competition in the aerobic zone (Rensink); — a proton
and electron sink for poly-P organisms to sutvive an anaerobic
stress (Nicholls and Osborn).

Model 3 (Marais, Loewenthal and Siebritz, 1983)

Marais e# 4/. (1983) proposed that poly-P accumulation in poly-P
organisms serves as an energy source for two purposes;
maintenance during the anacrobic phase, and, PHB synthesis in
the anaerobic phase thereby partitioning substrate in the
anaerobic phase for their exclusive use subsequently in the
acrobic phase, in this fashion gaining a positive advantage over
non-poly-P organisms in anaerobic/acfobic systems.

Marais e @/. concurred with Rensink that poly-P serves as an
energy source for PHB storage. They investigated theoretical
biochemical pathways under anaerobic conditions, for PHB syn-
thesis from the substrates glucose and acetate respectively. With
glucose as substrate, accepting that the poly-P ofganisms possess
the glycolytic (Embden-Meyerhof) pathway, they proposed
biochemical pathways whereby PHB could be synthesized. With
acetate as substrate, however, they found it not possible to put
forward pathways for PHB synthesis — conversion of acetate as far
as acetoacetate only appeared to be feasible. The problem was
that with acetate as substrate no soutce of protons and electrons,
to reduce acetoacetate to PHB, was available. They were unable,
therefore, to find an explanation for PHB storage under
anaerobic conditions with acetate as substrate.

In some measure these speculations appeared to be sup-
ported by the work of Siebritz, Ekama and Marais (1983). They
found that the mass of P removal in anaerobic/aerobic systems
was proportional to an influent COD fraction called the *‘readily
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biodegradable COD’’, a fraction that normally contains insignifi-
cant amounts of LFA. However, Wentzel, Dold, Ekama and
Marais (1985) provided an explanation. They showed that in the
anaerobic phase with addition of acetate as substrate:

® the mass of P release was proportional to the mass of acetate

added; and
® the rate of P release was zero otder.
With addition of sewage as substrate they showed that

® the P release, uptake and removal were proportional to the
readily biodegradable COD concentration;

@ the rate of P release was first order with respect to the readily
biodegradable COD concentration; and

@ the rate of P release was significantly lower than with acetate,

These observations suggested that the P release with sewage as in-
fluent was governed by the rate of LFA generation by facultative
organisms, as suggested by Fuhs and Chen (1975), from readily
biodegradable substrate. The wotk of Meganck ez 4/. (1985) and
Brodisch (1985) supported these conclusions; they showed that
anaerobic/aerobic systems developed organisms which converted
sugars, and similar organic compounds, to LFA in the anaerobic
zone.

Juni (1978) reported that Acsmetobacter spp. do not possess
the glycolytic (Embden-Meyerhof) pathway. However, some
species (or strains) possess the Entner-Doudotoff pathway, a
pathway which becomes inoperative when oxygen is not present.
Consequently the organisms can metabolize glucose only under
aerobic conditions. Hence, the pathways proposed by Nicholls
and Osborn (1979) and Marais e &/. (1983) for PHB synthesis
from glucose in the anaerobic zone, were no longer tenable.
Evidence also became available that in completely aerobic systems
receiving normal sewage, up to 60 per cent of the organisms
cultured aerobically from mixed liquor samples were
Acinetobacter spp. (Lotter ez af., 1986a). This would indicate
that there are strains or species of Acimerobacter which are »ot
slow growing (as suggested by Rensink, 1981) and can compete
successfully for substrate in putely aerobic systems. Furthermore
these Acinetobacter must have been able to metabolize glucose or
similar compounds aerobically via the Entner-Doudoroff pathway
as the LFA at best formed only a minor fraction of the
biodegradable COD. However no poly-P inclusions or enhanced
P removal was observed in these purely aerobic systems. Lotter 7
4. (1986b) showed further that strains, isolated from systems ex-
hibiting enhanced P removal and from completely aerobic
systems which did not show enhanced P removal, both had the
propensity to accumulate poly-P and PHB under standard culture
conditions. They concluded that the propensity to accumulate
poly-P and PHB is inherent in these strains and is induced when
the appropriate anaerobic/aerobic conditions are imposed. The
slow increase in P release, uptake and removal often observed
when changing from completely aerobic to anaerobic/aerobic
operation they attributed to the time factor necessary to develop
relevant enzyme systems. These observations appear to negate
Rensink’s hypothesis that the Acinerobacter spp. were slow grow-
ing under aerobic conditions and that PHB accumulation in the
anaerobic phase was essential for their survival under anaero-
bic/aerobic conditions.
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Model 4 (Comeau, Hall, Hancock and Oldham, 1985)

In 1985 Comeau ez 4/. proposed a conceptual model that resolved
some of the difficulties and inconsistencies raised above. Comeau
et &. (1985), following Rensink, accepted that acetate was the
substrate and that poly-P serves as an energy source for activation
of acetate to acetyl-CoA in the anaerobic state. To overcome the
problem that troubled Marais ¢# #/., namely that in the anaerobic
state with acetate as substrate no source of electrons and protons
was available to reduce acetyl-CoA to PHB, they propsosed that
these can be supplied from the tricarboxylic acid (TCA) cycle.
However, they did not elaborate on the biochemical pathways by
means of which this can be achieved. They noted further that
acetate would be taken up by the organism in the undissociated
acetic acid (HAc) form, as generally accepted in biochemistry.
This causes the proton motive force (pmf) across the cytoplasmic
membrane, essential to cell function (for function see Comeau e
@l., 1985), to be dissipated. To re-establish the pmf they propos-
ed that the poly-P serves as the energy source for translocation of
protons. Comeau ¢z @/. showed further that the cations Mg?*, K*
and Ca® are released with phosphate in the molar ratio ca-
tion/phosphate released of 0,27; 0,28 and 0,02 respectively. In
terms of charge, one positive cation charge is released with every
phosphate.

They desctibed the biochemical pathways only in outline.

Qualitatively the model of Comeau ez &/ provides a
framework for explaining anaerobic/aerobic behaviour of
enhanced P release and uptake. However, the model is in-
complete in that it does not provide quantitative information on
the pathways and control mechanisms governing the biochemical
reactions under different sets of imposed conditions of substrate
and oxygen tension. Furthermore an analysis of the mechanism
proposed for maintaining the pmf in the anaerobic zone gives rise
to charge and proton imbalances across the cytoplasmic mem-
brane.

In the rest of this paper we will be concerned with modifying
and extending the model of Comeau ¢# 4/., to overcome the ob-
jections raised above. In this endeavour we will accept as our
typical poly-P organism the genus Acinetobacter. Although
Brodisch and Joyner (1983) have shown that a number of genera
are associated with biological phosphotus removal the genus
Acinetobacter has been identified to be principally responsible
for P release and P removal in appropriately designed activated
sludge systems (Buchan, 1983).

Preliminary considerations
Characteristics of Acinetobacter spp.

Acinetobacter spp. are ubiquitous in nature and can be readily
isolated from soil, water and sewage (Warskow and Juni, 1972;
Juni, 1978). All Acimetobacter spp. ate gram negative, non-
motile, catalase positive and oxidase negative (Henriksen, 1973;
Juni, 1978; Fricke ez &/., 1982). The genus requires oxygen for
catabolic metabolism, Juni (1978); there are however some
species within the genus which can utilize nitrate as an electron
acceptor where oxygen is not present (Lotter, 1985). A
characteristic of the genus is that they utilize sugars exclusively via
the Entner-Doudoroff pathway ~ a pathway that is inoperative
under anaerobic conditions. As a consequence they cannot pro-
duce energy from fermentation due to the absence of the
glycolytic or similar metabolic pathways — they are able to utilize
sugars only under acrobic conditions. Furthermorte, the genus is
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capable of storing phosphorus as poly-P (Deinema e? a/., 1980;
Buchan, 1983) and organic carbon as poly-8-hydroxybutyrate
(Lawson and Tonhazy, 1980). It is this propensity to store P and
organic carbon which, with the appropriate process configura-
tion, is utilized to effect excess P removal. Each of these
metabolic processes and their regulation is discussed below.

Carbon metabolism

Carbon metabolism of Acinetobacter spp. in activated sludge in-
corporates three main metabolic pathways, namely:

@ the tricarboxylic acid cycle;

@ the glyoxylate cycle; and

® poly-3-hydroxybutyrate synthesis and degradation.

The pathways and the relevant controls are discussed below.
Tricarboxylic acid (TCA) cycle:

The main steps of the TCA cycle are shown in Fig. 1. The figure
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Figure 1
Tricarboxylic acid and glyoxylic acid cycles
Key 10 enzymes: 1 Citrate synthase
2 Aconitase
3 Isocitrate debydrogenase
4 a-ketoglutarate debydrogenase
5 Succinate debydrogenase
6 Fumarase
7 Mdlate debydrogenase
8 Locitrate lyase
9 Malate synthase
= Indicates inhibition.
Tricarboxylic acid cycle 1, 2, 3, 4, 5, 6, 7
Glyoxylic acid cycle 1, 2, 89, 5, 6, 7
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illustrates that, for an input of one molecule of acetyl-CoA, in a
complete cycle of the pathway two molecules of carbon dioxide
are lost and eight electrons (and protons) are captured by reduc-
tion of three molecules of nicotinamide adenine dinucleotide
(NAD) to the reduced form (NADH) and one molecule flavin
adenine dinucleotide (FAD) to the reduced form (FADH). Under
aerobic conditions these reduced coenzymes donate the electrons
and protons to oxygen and adenosine triphosphate (ATP) is
generated from this redox reaction. Organic intermediates are
formed at different stages of the TCA cycle; these become
available to the organism if required in which event the full cycle
is not completed. Thus the function of the TCA cycle under
aerobic conditions is for energy generation as well as supplying
carbon intermediates for anabolism. Under anaerobic conditions
no terminal electron acceptor is available and, unless some alter-
native electron sink is found, then the NADH/NAD (ot
NADPH/NADP) ratio increases, and ATP/ADP ratio decreases.
The TCA cycle is regulated by these ratios; high values for these
ratios have an inhibitory effect on the cycle. This inhibition has
been observed in Acinetobacter spp. High values of NADH/
NAD inhibit the enzymes citrate synthase (Weitzman and Jones,
1968; Weitzman and Dunmore, 1969) and a-ketoglutarate
dehydrogenase (Weitzman, 1972); high values of ATP/ADP in-
hibit the enzymes isocitrate dehydrogenase (Patker and Weitz-
man, 1970) and citrate synthase (Weitzman and Dunmore,
1969); two isoenzymes of isocitrate dehydrogenase have been
identified in Acinetobacter spp. and are termed isoenzyme I and

CH3C0.SoA

HSCoA
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Acetoacetyl CoA
6
Succinyl CoA

CHa .CO.CHz .COOH

Acetoacetijc acid

3

&= NADH
NAD

CHaCH (OH ) CH2COCH

isoenzyme II — isoenzyme I is regulated by NADPH/NADP (Self
and Weitzman, 1972) and isoenzyme II by NADH/NAD
(Weitzman, 1972).

Glyoxylate cycle

This cycle is shown in Fig. 1. The principle function of this cycle is
anaplerotic, that is, to supply intermediates to the TCA cycle
from two carbon (C2) units. The two key enzymes in this cycle,
isocitrate lyase and malate synthase, have been detected in
Acinetobacter spp. (Sturm et 4., 1970). In most organisms
regulation of the cycle is effected by three carbon (C3) com-
pounds. In Acinetobacter spp. it is the four carbon (C4) in-
termediates of the TCA cycle which regulate activity of the en-
zyme isocitrate lyase (Bell and Herman, 1967; Herman and Bell,
1970) and thus regulate the glyoxylate cycle. As the TCA cycle is
controlled by the NADH/NAD and ATP/ADP ratios, and as the
TCA cycle intermediates regulate the glyoxylate cycle, this cycle is
indirectly controlled by the NADH/NAD and ATP/ADP ratios.

Poly-3-bydroxybutyrate (PHB) synthesis and degradation

Synthesis and degradation pathways of PHB are shown in Fig. 2.
Regulation of these pathways has not been studied in
Acinetobacter spp. However, studies on these pathways in
numetous other bacterial species invariably show the same system
of regulation (Dawes and Senior, 1973); we therefore assume that
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Figure 2
Synthesis and degradation of poly-B-hydroxybutyrate
Key 10 enzymes: 1 thiokinase
2 B-kerothiolase
3 B-bydroxybutyrate debhydrogenase
4 B-hydroxybutyryl CoA polymerase
5 poly-B-bydroxybutyrate depolymerase
6 Acetoacetare succinyl CoA : CoA transferase
= indicates inhibition.
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this holds also for Acinetobacter spp. The synthesis and degrada-
tion of PHB proceeds via separate metabolic pathways, as follows:

@ Synthesis of PHB

Referring to Fig. 2, synthesis of PHB takes place via activation
of acetate to acetyl-CoA (mediated by the enzyme
thiokinase), condensation of two melecules of acetyl-CoA to
form acetoacetyl-CoA (catalysed by the enzyme ketothiolase)
and reduction of acetoacetyl-CoA to hydroxybutyryl-CoA
(catalysed by the enzyme §-hydroxybutyrate dehydrogenase)
which is then polymerized to form PHB (catalysed by the en-
zyme hydroxybutyryl-CoA polymerase). The synthesis of PHB
acts as a sink for protons and electrons and organic carbon.
The synthesis pathway is stimulated by a high NADH/NAD
ratio (or NADPH/NADP) and also by high concentrations of
acetyl-CoA (Dawes and Senior, 1973). An inhibitory effect on
the synthesis pathway has been observed, that of a high con-
centration of CoASH via its action on the enzyme ketothiolase
(Dawes and Senior, 1973). One therefore expects this syn-
thesis pathway to be functional where a high concentration of
organic carbon is available to the organism, and no external
electron sink (i.e. an anaerobic state) is present.

® Degradation of PHB

Referring to Fig. 2, the degradation pathway proceeds via the
hydrolysis of PHB to free 8-hydroxybutyrate (catalysed by the
enzyme PHB depolymerase), oxidation of this acid 1o
acetoacetate (catalysed by NAD B-hydroxybutyrate dehydro-
genase) and activation of acctoacetate to acetoacetyl-CoA
(catalysed by acetoacetate succinyl-CoA CoA transferase)
which, with activated cleavage, forms two molecules of acetyl-
CoA (catalysed by ketothiolase). These end products now may
enter the TCA cycle. Regulation of this degradation pathway
is via inhibition of NAD B-hydroxybutyrate dehydrogenase
(which catalyses the oxidation of the free acid to acetoacetate)
by high concentrations of pyruvate and/or a high
NADH/NAD ratio (Dawes and Senior, 1973). One therefore
expects this PHB degradation pathway to be functional under
conditions where extracellular organic substrate concentration
is low and a terminal electron acceptor (i.e. an aerobic state) is
present.

Phosphorus metabolism

Phosphorus is accumulated by Acinerobacter spp. as
polyphosphate and stored in intracellular metachromic granules
which may occupy up to 60 per cent of the total micro-organism
volume (Buchan, 1981). Polyphosphate contains a large negative
charge which probably is stabilized by the cations Mg?*, K* and
Ca?*. Polyphosphate (poly-P) metabolism within Acinetobacter
Spp. occurs via two pathways:

@ a synthesis pathway; and
® a degradation pathway.

Synthesis of Poly-P

Two pathways of poly-P synthests have been observed in micro-
organisms, neither of which have been studied specifically in
Acinetobacter spp. The first pathway is via phosphorylation of
the polyphosphate by 1,3 diphosphoglycerate (catalysed by the
enzyme diphosphoglycerate: polyphosphate transferase) — a
pathway not widely observed. The reaction is as follows:
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The enzyme catalysing this reaction has been observed only
in a narrow spectrum of micro-organisms including Escherichia
coli (Kulaev ez al,, 1971; Nesmeyanova et /., 1974), Micrococcus
lysodeikticus, Propionibacterium shermanii and Neurospora
crassa (Kulaev and Bobyk, 1971; Kulaev, 1973).

The second poly-P synthesis pathway is via phosphorylation
of the poly-P by ATP (catalysed by the enzyme ATP: poly-
phosphate phosphotransferase). The reaction is as follows:

synthesis
ATP + (PO,), q—————* ADP + (PO,
degradation

()

n+1

This pathway has been identified in a wide variety of
organisms (Harold, 1966; Suzuki, Kancho and Ikeda, 1972;
Felter and Stahl, 1970; Kulaev, 1975) and is the principal
mechanism of poly-P synthesis. Regulation of this pathway is via
the ATP/ADP ratio; poly-P synthesis is inhibited by a low
ATP/ADP ratio (Kotnberg, 1957; Zaitseva and Belozerskii,
1960; Felter and Stahl, 1970), a condition likely to be en-
countered where ATP is low, i.e. under anaerobic conditions
where no external electron acceptor is present, irrespective of the
substrate concentration surrounding the organism.

Degradation of poly-P

The degradation of poly-P to free phosphate radicals has been
observed to take place via three reaction pathways in micro-
organisms. First, the reverse reaction of thar set out in the reac-
tion Eq (2), also catalysed by the enzyme ATP : polyphosphate
phosphotransferase (Kornberg, 1957; Harold and Harold, 1965;
Kulaev, 1975; Shabalin, Vagabov, Tsiomenko, Zemlenukhia and
Kulaev, 1977). This degradation pathway is inhibited by a high
ATP/ADP ratio (Harold and Harold, 1965), a situation likely to
arise when the ATP level is high, that is, under aerobic conditions
with internal stored PHB or external substrate (e.g. acetate).

Second, the hydrolysis of poly-P to release the free
phosphate radical (catalysed by the enzyme polyphosphatase;
Harold, 1964; Severin, Lusta, Nesmeyanova and Kulaev, 1976) as
follows:

H,0 + (POy), —» (POy),., + HPO} + H* (3)

Regulation of this pathway is effected by the cellular
phosphate concentration (Felter and Stahl, 1970; Nesmeyanova,
Dmitriev and Kulaev, 1974). A high cellular phosphate concen-
tration will inhibit this reaction.

Third, phosphorylation of AMP by poly-P (catalysed by the
enzyme polyphosphate : AMP phosphotransferase) as follows

AMP + (POy), —» ADP + (PO,),_, 4)

The reaction pathway has been observed in mycobacteria
(Harold, 1966; Kulaev, 1975). The regulation of the reaction
pathway has not been studied.

Having established the mechanisms of carbon and
phosphorus metabolism it is possible now to interlink these
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pathways under the conditions imposed by the activated sludge
system to describe Acinetobacter spp. behaviour.

Biochemical model

The development of the model, set down below, is formulated
for the environmental conditions imposed on Aczretobacter spp.
that result in excess P removal, i.e. an anaerobic-aerobic se-
quence. Fundamental in the model development is the effect of
the anaerobic and aerobic phases (in the anaerobic/aerobic se-
quence) on the intracellular ratios NADH/NAD and ATP/ADP,
and the influence of these ratios in the biochemical regulation of
carbon and phosphorus metabolic pathways.

Anaerobic phase

In this phase no external electron acceptor is available (neither ox-
idized nitrogen species nor oxygen); further, the organisms are in
an environment containing a relatively high concentration of
readily assimilable organic substrate.

Consequences of no external electron acceptor are that the
NADH/NAD ratio increases, and no oxidative phosphorylation
(ATP generation) takes place. The lack of oxidative phosphoryla-
tion causes the ATP/ADP ratio to decrease. The effects of these
changes in the ratios of NADH/NAD and ATP/ADP are to in-
hibit and stimulate the TCA cycle respectively (cf. regulation of
TCA cycle above). Clearly if an electron sink is available to the
NADH (causing a decrease in the NADH/NAD ratio) inhibition
of the TCA cycle is removed and further NADH generation by
the TCA cycle is possible. Decrease in the ATP/ADP ratio
stimulates ATP production via hydrolysis of stored poly-P and
transfer of the high energy phosphoryl group to ADP.

Consequence of the high organic catbon concentration is
that, provided both an electron and energy source are avaiable,
i.e. provided the NADH/NAD and ATP/ADP ratios are suffi-
ciently high, the organism can take up the carbon and store it as
PHB. The soutce of electrons will vary depending on substrate.
The most widely observed substrate to Acinetobacter spp. is
acetate, consequently the metabolic fate of this substrate is con-
sidered first:

(i) A high external concentration of acetate allows passive diffu-
sion of acetate into the cell, i.e. without expenditure of
energy (Konings, Hellingwerf and Robillard, 1981).

(ii) Activation of acetate to acetyl-CoA, by coupled ATP
hydrolysis, decreases the ATP/ADP level to such a degtee
that ATP formation is stimulated via poly-P degradation
and the transfer of the phosphate and energy to ADP, see
Eq. 2 (thermodynamic control of this degradation process,
and its reversal, are considered in Appendix I). The
hydrolysis of poly-P to form ATP and the subsequent
utilization of ATP increases the intracellular concentration
of free phosphate. With poly-P degradation the cations
stabilizing the negative charge on the poly-P chain, also are
released increasing the intracellular cation concentration.
The phosphate and cations (M*) are subsequently released to
the bulk solution. The biochemical interaction between the
concomitant acetate uptake and phosphate and cation
release is described after (iv) below.

(iii) The high concentration of acetyl-CoA and a concomitant
high NADH/NAD ratio stimulates PHB synthesis. Refet-
ring to Fig. 2 it is evident in the synthesis of PHB that NADH
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is oxidized to NAD, with the electrons (and protons) reduc-
ing acetoacetyl-CoA to B-hydroxybutyryl-CoA. PHB thus
acts as an clectron sink and this decreases the NADH/NAD
ratio, removing the inhibition of the TCA cycle (and
associated glyoxylate cycle) for further electron generation
which in turn increases the NADH/NAD ratio. This intefac-
tion between the TCA cycle and PHB synthesis, mediated by
the NADH/NAD ratio, ensures electron and proton genera-
tion to store all acetate taken up as PHB. Summarizing, for
acetate uptake under anaerobic conditions a fraction of the
acetate is reduced to PHB, and a fraction is oxidized in the
TCA cycle to supply the electrons and protons for the reduc-
tive process via NADH formation. Stoichiometrically for
acetate as catbon source about 89 per cent of the carbon is
stored as PHB and 11 per cent reappears as CO,; however,
all the electrons and protons of the acetate taken up reap-
pear in PHB. A diagram of the stoichiometty is set out in
Fig. 3.

(iv) Formation of PHB lowers the intracellular concentration of
acetate, allowing continued diffusion of acetate into the cell.

The mechanisms outlined above are in agreement with
observed enzyme control systems as set out earlier in this paper.
However, the mechanisms do not explain the biochemical links

_between acetate uptake and phosphate and cation release. Two

fundamental biochemical principles link the release of phosphate
and cations to the uptake of acetate across the cytoplasmic mem-
brane. First, the generation of intracellular phosphate and cations
from poly-P hydrolysis needed to provide energy for acetate
storage (see (ii) above); second, uptake of acetate in the acetic
acid form dissipates the proton motive force (pmf), the force be-
ing vital as a potential energy source for translocation of
molecules across the cytoplasmic membrane of the cell. This pmf
(Apy) has both a pH and a charge (A¢) component accotding to
Eq. (5), Padan ez &. (1976).

2,3RT
S8 apH | ©)

A[LH = A\b +

For continued acetate uptake szter @/uz, the dissipated pmf
must be restored (Comeau ef #/., 1985). It is proposed that this is
achieved by the concomitant release of phosphate and cation,
and uptake of hydroxyl ions and protons from the bulk solution,
as set out in Fig. 4. Referring to this figure:

@ phosphate release occurs via hydroxyl mediated antiport pro-
tein carrier, a transport system commonly observed in micro-
organisms (Harold and Spitz, 1975);

® the cation (M") release occurs via a proton mediated antiport
protein carrier; and

® acetic acid uptake is by passive diffusion.

If the pmf is to be maintained, then, from Eq. (5), the pH and-
charge difference between inside and outside the cell must be
maintained. The question is whether the proposed mechanisms
set out in Fig. 4 satisfy these requitements. In terms of the
mechanisms in Fig. 4 the extracellular changes in alkalinity, acidi-
ty and charge are set down in Table 1 and the intracellular
changes in Table 2. These tables show that charge neutrality is
maintained both extracellularly and intracellularly. With regard
to alkalinity and acidity, intracellularly there is no change; ex-
tracellularly the alkalinity and acidity each increase by one mole
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for every mole of acetic acid uptake. In the pH region 6,8 to 7,2
the phosphate system dominates with a pK value of about 7.
Consequently for equal increases in alkalinity and acidity one can
show that the pH change also will be zero or insignificant in this
pH region (Wentzel e @., 1986a). This is confirmed by ex-
perimental observation (Wentzel ez a/., 1986b).

CARBON CARBON
FOR PHB FOR ELECTRON
FORMATION GENERATION
2 ,25 Acetate
taken up
¢ Acetate \‘25 Acetate

2ATP
2 CoAsH
TABLE 1 2 AP
EXTRACELLULAR (BUIK SOLUTION) ALKALINITY, ACIDITY + 29
AND CHARGE CHANGES FOR THE PROPOSED MODEL
UNDER ANAEROBIC CONDITIONS WITH UPTAKE OF ONE 1-Con
MOLE OF ACETIC ACID 2 heetyl-Co
Net change in ConsH
Process Alk. Acd  Charge 3 s
(mol) (mol) (mol) Acetoacetyl-CoA
, NADH
HAc moves into cell and S
condensed into PHB 0 -1 0 ze v
~ nAD"
H,PO4” moves out of cell +1 +2 -1 ButyTy1-Coh
OH™ moves into cell -1 +1 +1
M* moves out of cell 0 0 +1 CoASH 7
H* moves into cell +1 -1 -1 PHB
Sum of changes +1 +1 0
Figure 3
Stoichiometry of acesate utilisation in PHB formation under anaerobic
conditions where acetate is the substrate.,
OUTSIDE CELL INSIDE CELL
CHa CO0=—> CHa COOH  CHa COOH
+H*
(p0.) n ATP
(PO 1 ADP.
N
Acetyl-CoA
ME_ e M
H* Ty TCA
/NADH‘Q Cycle
H~ +e
0" a0, \.
NAD
¢
) / \
01 OH” v
PHB
Figure 4
Translocation of acetate, phosphate and cations across the cytoplasmic
membrane under anaerobic conditions. For completeness the
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polyphosphate degradation and polykydroxybutyrate synthesis to attain

this translocation, are shown in outline.
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TABLE 2

INTRACELLULAR ALKALINITY, ACIDITY AND CHARGE
CHANGES FOR THE PROPOSED MODEL UNDER ANAEROBIC

CONDITIONS WITH UPTAKE OF ONE MOLE OF ACETIC

ACID
Net change in
Process Alk.  Acid Charge
(mol) (mol) (mol)

HAc into cell 0 +1 0
HAc into PHB synthesis 0 ~1 0
*Poly-P hydrolysis:

(POg)n —~» (PO4)n -1+ H,PO7 + M* +1 +2 0
H2POj4 out of cell -1 ~2 +1
OH’ into cell +1 ~1 -1
M* out of cell 0 0 -1
H" into cell -1 +1 +1
Sum of changes 0 ] 0
*Poly-P hydrolysis to free phosphate involves ATP formation and

subsequent utilization as intermediate steps.

The anaerobic biochemical model above was developed for
acetate as substrate. For other observed organic substrate sources,
e.g. propionate, butyrate, etc. the mechanisms are similar.
However, for these the generation of NADH may not require the
TCA cycle. For example, for propionate the observed generation
of NADH is as follows:

NAD\)
ATP® “ADP+Pi
(Hodgson and McGarry, 1968).

The generation of NADH maintains the NADH/NAD ratio
at a level which inhibits the TCA cycle, and stimulates PHB syn-
thesis (cf. section on carbon metabolism). ATP requirements are
supplied by poly-P cleavage, as in the case of acetate.

NADH
Propionate + HSCoA

& acetyl-CoA + CO, (6)

Acrobic phase

In this phase an external electron acceptor is available in the form
of molecularly dissolved oxygen; furthermore the organisms are
in an environment where ofganic substrate in the bulk liquid sur-
rounding them is limited (readily available (soluble) COD having
been assimilated in the preceding anaerobic phase). However,
the otganisms do possess stored PHB. A consequence of the
presence of an external electron acceptor is a reduction in the
NADH/NAD ratio, and, with concomitant oxidative
phosphorylation (ATP generation), the ATP/ADP ratio in-
creases. The decrease in the N DH/NAD ratio stimulates the

degradation of PHB, the TCA cycle and associated glyoxylate

pathway (cf. aerobic section on catbon metabolism). Degradation
of PHB to acetate provides a carbon and energy source for cell
function.

With regard to poly-P degradation/synthesis, the high
ATP/ADP ratio stimulates poly-P synthesis, as shown in Eq. 2. A
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further important result of a high ATP/ADP ratio is thart it
enables the organism to establish any required pmf and to utilize
ATP for molecule translocation, i.e. the difference between ex-
tracellular and intracellular pH is no longer the determining fac-
tor for transport function whereas in the anaerobic state it is (see
above).

The proposed mechanisms of phosphate and cation uptake
for poly-P synthesis are given in Fig. 5. Phosphate uptake occurs
via the hydroxyl mediated antiport and cation uptake via the pro-
ton mediated antiport. Intracellular and extracellular changes in
alkalinity, acidity and charge for the proposed mechanisms are
given in Tables 3 and 4 respectively. Charge neutrality is main-
tained both extracellularly (Table 3) and intracellularly (Table 4).
With regard to alkalinity and acidity: incracellularly there is no
change; extracellularly the alkalinity and acidity decrease by one
mole and two moles respectively for each mole of phosphate
taken up. As for the anaerobic zone the phosphate system (pK ~
7) dominates. It can be shown that for a dectease in alkalinity by
one mole, and a decrease in acidity by two moles, the pH of the
mixed liquor from the anaerobic zone will increase in the aerobic
zone if the anaerobic pH 2 6,8 (Wentzel e /., 1986a). Such pH
behaviour conforms with observations in aerobic zones of
Acinetobacter spp. enhanced culture activated sludge systems
(Wentzel ez 4/., 1986b).

Outside Cell Inside Cell

PHB
Synthesis

wae

E Acety)-CoA—aSynthesis s

oA
N

0:
(PO, )" ATP

(P0.) 1y ADP-

H2PO,
]

o OH

" /NADHS,
M
W o n’+e;/( )\H'fe'
B “HAD

+
]
*‘—‘—1::_-------- +

Glyoxylate
Cycles

)

Figure 5
Translocation of phosphate and cations across the cytoplasmic membrane
under aerobic conditions. For completeness the Dolyphosphate synthesis
and polyhydroxybutyrate degradation to attain this translocation are
shown in outline.

Implications

In terms of the model set out above, the behaviour of
Acinetobacter spp. in sequential anaerobic/aerobic activated
sludge systems can be predicted and evaluated against observa-
tions in the literature on these systems.
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TABLE 3
EXTRACELLULAR (BULK SOLUTION) ALKALINITY, ACIDITY
AND CHARGE CHANGES FOR THE PROPOSED MODEL
UNDER AEROBIC CONDITIONS USING PHB AS SUBSTRATE
Net change in
Process Alk. Acd  Charge
(mol) (mol) {mol)
H:POj into cell -1 -2 +1
OH" out of cell +1 -1 -1
M* into cell 0 0 -1
H" out of cell -1 +1 +1
Sum of changes -1 -2 0

In the anaerobic zone:
® Decrease in LFA in the bulk solution (Rensink, 1981).

@ Increase in phosphate concentration in the bulk solution (ex-
tensively reported).

® Increase in cation concentration in the bulk solution, in par-
ticular Mg?* and K* (Comeau ez #/., 1985).

@ Molar ratio of LFA dectease to phosphate increase in the bulk
solution approximately 1:1 (Fukase ez a/., 1982; Wentzel ez
al., 1985).

@ Charge ratio of cation increase to phosphate increase in the
bulk solution is one mole positive charge increase per mole

phosphate increase (Comeau ¢# a/., 1985).

® Increase (synthesis) of intracellular PHB (Fukase ez 4/., 1982;
Hart and Melmed, 1982).

® Decrease (degradation) of intracellular poly-P (Murphy and
Lotter, 1986).

@ No net change in bulk solution pH (Wentzel e /., 1986b).

In the aerobic zone:

@ Decrease in phosphate concentration in bulk solution (exten-
sively reported).

® Decrease in cation concentration in the bulk solution, in par-
ticular Mg** and K* (Comeau ez 4/., 1985).

® Charge ratio of cation decrease to phosphate decrease in the
bulk solution is one mole positive charge decrease per mole

phosphate decrease (Comeau ez /., 1985).

® Decrease (degradation) in intracellular PHB (Hart and Mel-
med, 1982).

® Increase (synthesis) in intracellular poly-P (Murphy and Lét-
ter, 1986).
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@ Increase in bulk solution pH (Wentzel ez /., 1986b).

It is evident that the behavioural patterns predicted by the model
in the anaerobic/acrobic sequence conform with observations.

The model can also be applied to desctibe Acinetobacter
spp. behaviour in systems and envitonments that do not include
anaerobic/aerobic sequences.

Completely aerobic environment:

Pure cultures of Acinetobacter spp. developed aerobically have
been shown to accumulate poly-P and PHB. In the culture condi-
tions, Acinetobacter spp. invariably are placed in an environment
where both a suitable external carbon source (e.g. acetate) in high
concentration and an electron acceptor (oxygen) are present. In
terms of the model these conditions should stimulate poly-P and
PHB accumulation. The presence of an external electron acceptor
momentarily decreases the NADH/NAD ratio. The initial
decrease in NADH/NAD ratio and the presence of a high
substrate concentration both stimulate the TCA cycle. The
substrate taken up is utilized for two purposes:

@ as a carbon source for anabolism; and

@ metabolism by the TCA cycle for energy production and pro-
duction of specific carbon compounds.

The high concentration of acetate enteting the TCA cycle in-
creases the ATP/ADP ratio to a level sufficiently high to
stimulate poly-P synthesis and also increases the NADH/NAD
ratio. Thus, if the concentration of acetate and thus acetyl-CoA is
high, PHB synthesis will be stimulated, with the TCA cycle
operation supplying protons and electrons for the reduction of
acetate to PHB.

Let us now consider what happens in a completely aerobic
system with, say, a sludge age of 10 to 20 days. In the mixed li-
quor the substrate concentration is low due to competition be-

TABLE 4
INTRACELLULAR ALKALINITY, ACIDITY AND CHARGE
CHANGES FOR THE PROPOSED MODEL UNDER AEROBIC
CONDITIONS USING PHB AS SUBSTRATE

Net change in
Process Alk. Acdd Charge
(mol) (mol) (mol)
HzPO4” into cell F1 42 -1
OH out of cell -1 +1 +1
M* into cell 0 0 +1
H* out of cell +1 ~1 -1
*Poly-P synthesis: )
(POs)n + HoPOg + M™ —b- (POg)n+ 1 -1 -2 0
Sum of changes ) ' : 0 0 0

*Poly-P synthesis involves the intermediate step of ATP formation by
oxidative phosphorylation, and the transfer of the high energy
~ phosphoryl group to the poly-P chain. -
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tween organisms for the substrate. In such systems Lotter e /.
(1986a) have shown that Acinetobacter spp. are present in ap-
preciable concentrations and concluded that the Acinetobacter
Spp. are competitive for substrate (via the Entner-Doudoroff
pathway) with other aerobes, even though the substrate concen-
tration is low. However, no poly-P or PHB accumulation has been
observed. This behaviour can be explained in terms of the model
as follows: the low substrate concentration causes that the
ATP/ADP ratio is not elevated sufficiently for poly-P synthesis,
and NADH/NAD ratio is kept low; low substrate concentration
and low NADH/NAD both inhibit PHB synthesis.

If the Acinetobacter spp. from the aerobic long sludge age
system above are isolated and cultured aerobically they ac-
cumulate poly-P and PHB (Létter ¢z #/. 1986b). Clearly the pro-
pensity to accumulate poly-P and PHB is an inherent
characteristic of the organism; it requires only a stimulus to trig-
ger the biochemical pathways necessary for poly-P and PHB ac-
cumulation. This stimulus, we have seen is a high ATP/ADP
ratio (for poly-P accumulation) and a high NADH/NAD ratio
plus a high substrate concentration (for PHB accumulation). If
the extracellular substrate concentration is high, as in pure
cultures, or the intracellular substrate concentration (i.e. PHB) is
high, as in the aerobic zone of anaerobic/aerobic systems, then
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Fgure 6
Aerobic batch test on mixed liquor samples drawn from aerobic zone of
three-stage Bardenpho enbanced culture system:
(@) Oxygen utilisation rates (OUR) with time
(6) Phosphorus (P) and nitrate (NOs) concentrations with time.
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the ATP/ADP ratio is elevated sufficiently for poly-P synthesis. If
the extracellular substrate concentration is high and an external
electron acceptor is present, then both PHB and poly-P are ac-
cumulated. -

Endogenous respiration

In order to investigate the endogenous respiration phenomenon
in Acinetobacter spp. 2 high concentration of the organism was
developed in the system by addition of acetate as substrate to the
anaerobic reactor of an anaerobic/aerobic sequence (Wentzel ez
al., 1986b). An analysis of the population structure indicated
that 99 per cent of the organisms cultured aerobically from system
samples wete Acinetobacter spp. (Lotter ez &/. 1986a). When a
sample from the aerobic zone of the system was aerated under
barch conditions and the phosphate (P) concentration of the bulk
solution and oxygen utilization rates (OUR) were monitored with
time the response showed a two-phase behaviour: Initially there
was a rapid decrease in OUR and a slower decrease in P concentra-
tion followed by a slow decrease in OUR with a simultaneous slow
increase in P concentration, see Fig. 6(a) and (b).

The initial phase of P concentration decrease cleatly is a con-
tinuation of the reaction in the aerobic reactor of the system i.e.
PHB utilization with some of the energy produced being used for
poly-P synthesis. By the end of the first phase the Acinetobacter
has utilized all the PHB and completed its storage of poly-P. The
second phase is more intetesting as it reflects complete en-
dogenous behaviour. The slow decrease in OUR, and
simultaneous slow increase in P concentration in the bulk solu-
tion in this phase was analysed as follows: Assuming that the
decrease in OUR is proportional to the decrease in active mass,
the rate of decrease in active mass was found to be 0,04 mg
VASS/mgVASS/d. With regard to the observed increase in P
concentration this must be due to decrease in P stored by the
sludge mass, and release of the P to the bulk solution. Relating
the magnitude of P release to the stored P concentration indicates
that the stored P decreased at a rate approximately equal to the
rate of decrease of the active mass, i.e. the observed increase in P
concentration probably was the release of stored P to the bulk
solution due to Aeath or endogenous mass loss of the
Acinetobacter spp., not from poly-P cleavage.

During endogenous fespiration the Acinetobacter spp. are
placed in an environment where no substrate, intracellular or ex-
tracellular, is present, but an external electron acceptor (oxygen)
is present. In terms of the model the lack of substrate will switch
off any synthesis pathways, thereby removing ATP requirements
for synthesis. Thus ATP is required only for cell maintenance. In
cell maintenance generally a fraction of the cell protoplasm is
utilized for energy (ATP) production - giving rise to endogenous
mass loss. (Endogenous mass loss associated with maintenance
can be viewed either as a decrease in the individual cell mass, of,
as death of a fraction of the organism population releasing pro-
toplasm as a substrate to the bulk liquid, in this fashion pro-
viding an energy soutce for the other cells for maintenance. In
long sludge age systems, say 20 days, the mass of organisms
receive only a small input of energy per day (£ 5%) from the in-
fluent — this situation is not different from that whete no
substrate is fed. Under such starvation conditions it is unlikely
that the cells synthesized would have “‘spare’’ protoplasm for
maintenance - protoplasm released from death (lysis) of weaker
cells is the more likely source for maintenance energy). This
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energy generation from cell protoplasm, together with the low
ATP requitement, maintains the ATP/ADP ratio in the
Acinetobacter spp. at a sufficiently high level to inhibit poly-F
degradation. Thus the loss of mass through endogenous action
has associated with it the release of poly-P stored by this mass to
the bulk solution — this P release is not due to poly-P cleavage for
energy generation.

Now consider ‘‘endogenous respiration’’ under anaerobic
conditions. If the Acinetobacter spp. ate placed in an environ-
ment where no external electron acceptor is available they are
unable to utilize the organic material released from cell death for
energy generation. In this situation the cell maintenance re-
quirements decrease the ATP/ADP ratio to a level that invokes
poly-P cleavage for energy production. The rate of P release
under these conditions will be higher than under aerobic condi-
tions, because uncleaved poly-P is released due to cell death and
P is released from poly-P cleavage for maintenance energy. This
has been observed when the aerated batch is allowed to become
‘anaerobic. (The situation is rather complicated by the possibility
that the protoplasm released due to cell death may be converted
to acetate whereupon it becomes available to the Acinetobacter
for PHB storage by cleavage of poly-P).

Thus under endogenous conditions P is released under both
aerobic and anaerobic conditions but at different rates. Because
the P releases due to these two endogenous processes are not
associated with PHB storage the released P cannot be regained.
This will be so also under anoxic conditions (see below) and pro-
vides an explanation for the phenomenon of *‘secondary release”
sometimes reported on full-scale plants (Barnard, 1984).

Anoxic environment

Under anoxic conditions oxidized nitrogen (e.g. nitrate) serves as
the external electron acceptor. Lotter (1985) demonstrated that
approximately 50 per cent of Acinerobacter spp. strains isolated
are capable of nitrate reduction. Recently Lotter ef 4/ (1986b)
found that of the Acinetobacter spp. able to reduce nitrate the
majority could only do so as far as nitrite, while only 2 minority
could reduce nitrate (and nitrite) to nitrogen gas. Thus when ex-
plaining Acinetobacter spp. behaviour under anoxic conditions
three *‘groups’’ of Acimerobacter must be considered; those
unable to utilize nitrate as an external electron acceptor, those
able to reduce nitrate to nitrite only, and those able to reduce
nitrate to nitrogen. It is of intetest to speculate on the behaviour
of these three Acinerobacter ‘‘groups’ in two situations com-
monly encountered in enhanced P removal activated sludge
systems, the primary anoxic ractor and the secondary anoxic reac-
tor. In order to describe the behaviour as expeditiously as possible
we accept that the reactoss are plug flow, not completely mixed;
this allows one to separate out the different phases of behaviour.

Primary anoxic reactor

In the activated sludge systems, designed for nitrogen and excess
P removal (modified Bardenpho and UCT systems, Marais ¢z /.,
1983), mixed liquot passes from the anaerobic reactor to the
primary anoxic reactor. In the anaerobic reactor LFA have been
sequestered by Acinetobacter spp. and stored as PHB at the ex-
pense of poly-P. The Acinerobacter spp. entering the primary
anoxic zone thus have a high intracellular substrate concentration
(PHB), a low intracellular poly-P concentration and a low ex-
tracellular substrate concentration in the bulk liquid. Consider
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the behaviour of each of the three Acinerobacter groups under
such conditions:

® Acinetobacter spp. unable to reduce nitrate:

This group of Acinetobacter spp. recognize the anoxic en-
vironment as anaerobic and behave accordingly. No oxidative
phosphorylation takes place so that the ATP/ADP ratio
decreases. This decrease stimulates poly-P breakdown to pro-
duce energy (ATP) for cell maintenance. If LFA leak from the
anaerobic to the anoxic reactor, PHB is synthesized with con-
comitant P release (as in the anaetobic reactor). This group of
Acinetobacter thus release P in the primary anoxic reactor.

® Acinetobacter spp. able to reduce nitrate to nitrite:

This group of Acinetobacter spp. are able to produce ATP via
oxidative phosphorylation by reducing nitrate to nittite using
stored PHB as substrate. However, in the reduction of nitrate
to nitrite only two molecules of ATP are generated per elec-
tron pair donated to nitrate compared with three ATP per
electron pair for oxygen reduction (Payne, 1981). Thus the
energy yield per electron pair in reducing nitrate to nitrite is
much lower than in reducing oxygen. With the intracellular
substrate available (PHB), this group of Acinetobacter pro-
bably will increase the ATP/ADP ratio sufficiently for poly-P
synthesis. However, due to the lower energy (ATP) yield per
electron pait, the poly-P synthesis per mass of substrate (PHB)
utilized will be less under anoxic than under aerobic condi-
tions. Furthermore, recognizing that both denitrification and
aerobic oxidation are zero order reactions with respect to ox-
ygen and nitrate concentrations, P uptake for these
Acinetobacter spp. under anoxic conditions is likely to be at a
slower rate than if the organism were under aetobic condi-
tions.

® Acinetobacter spp. able to reduce nitrate to nitrogen:

This group of Acinetobacter spp. ate able to produce ATP via
oxidative phosphorylation by reducing nitrate to nitrogen us-
ing stored PHB as substrate. The energy yield per electron pair
in reducing nitrate to nitrogen is equivalent to that in reduc-
ing nitrate to nitrite i.e. 2ATP/electron pair. Thus this group
of Acinetobacter spp. will exhibit a similar P behavioural pat-
tern as the group able to reduce nitrate only to nitrite i.e. 2
relatively slow P uptake. However, the two Acinetobacter
groups will differ in nitrate removal capacity because the elec-
tron accepting capacity in nitrate/nitrite reduction is only a
quarter of that in the nitrate/nitrogen reduction. The
Acinetobacter spp. reducing nitrate to nitrite only thus will
reduce more nitrate per electron pair (equivalent to COD
utilized) than the Acimetobacter spp. reducing nitrate to
nitrogen.

The combined behaviour of the three Acinetobacter spp. groups
gives rise to the observed overall behaviour. The observed
behaviour is likely to be a rapid decrease in nitrate, an associated
decrease in PHB and either 2 slow increase or decrease in P con-
centration depending on the relative fractions of Acinetobacter
spp. present.

The speculated interaction between the three groups of

" Acinetobacter can account for the apparently contradictory obser-

vations of behaviour in primary anoxic zones; that of P release or
uptake. These speculations are being experimentally in-
vestigated.
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Secondary anoxic reactors

A secondary anoxic reactor is found in modified S stage Barden-
pho processes, the reactor being placed immediately downstream
of the aeration reactor. In the main aeration reactor the stored
PHB is likely to have been very neatly or completely utilized and
poly-P storage similarly completed. In terms of the model on en-
tty of mixed liquor to the secondary anoxic zone: Those
Acinetobacter unable to reduce nitrate will respond as if the reac-
tor is anaerobic i.e. P release due to endogenous death and poly-P
cleavage for maintenance energy as in the section on endogenous
“‘respiration’’ under anaerobic conditions; those Acinetobacter
spp. capable of reducing nitrate to nitrite and those capable of
reducing nitrate to nittogen gas will behave in the same fashion
as Acinetobacter spp. in the primary anoxic reactor provided PHB
is available. Should PHB be reduced to zero, these Acinetobacter
spp. will behave as under aerobic endogenous conditions, that is,
the fraction of their mass released on death is used to supply ATP
for cell maintenance purposes and the poly-P associated with the
metabolized protoplasm mass is released giving rise to an observ-
ed P release.

In the secondary anoxic reactor if nitrate becomes depleted,
i.e. an anaerobic state, all three groups of Acinetobacter spp. will
behave as described for anaerobic endogenous conditions.

We can now apply the above behavioural patterns to explain
abserved plant response:

@ In the 3 stage Bardenpho or UCT processes with completely
mixed reactots, in the aerobic reactor, release of P due to en-
dogenous respiration effects is virtually certain to be swamped
by poly-P accumulation from PHB metabolism, and a net
removal of P from the liquid will be observed.

® In the 5 stage Bardenpho process, i.e. one that includes a
secondary anoxic zone, the behaviour in the secondary anoxic
zone will be governed to a large extent by the mass of PHB
still stored in the sludge entering that zone, and the concen-
tration of nitrate:

If the nitrate and PHB concentrations are adequate then poly-P
storage will continue and probably will exceed P release due to
endogenous metabolism and other effects. If stored PHB is low
the poly-P storage may be either more, equal or less than the
release phenomena and correspondingly, P uptake, no change, ot
P release will be observed. If there is no stored PHB then certainly
P release will be observed. This will also be the case when no
nitrate is present, whether PHB is present or not. P release
associated with energy production for maintenace cannot be
taken up subsequently on aeration. The behaviour deduced
above has been reported: Barnard (1984) has observed P release
in some secondary anoxic reactors of full-scale modified Barden-
pho plants, and that the released P was not taken up in the subse-
quent reaeration reactor. This phenomenon he termed *‘secon-
dary’’ release. It would appear that endogenous (‘‘secondary’”) P
release takes place throughout the system, its manifestation
usually being swamped by other biological phosphorus processes.
This implies that the longer the sludge age the greater the
release, consequently, for the same substrate mass utilized by the
poly-P organisms the net removal of P from the system should
diminish as the sludge age increases. Observations on enhanced
Acinetobacter spp. activated sludge systems appear to support
this (Wentzel e 2/., 1986b).

Space does not allow detailed discussion of the many dif-
ferent situations that can arise in the main acration, secondary
anoxic and reaeration reactors.
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Nutrient limitation

If any essential nutrient becomes limiting and a suitable carbon
substrate is available, poly-P and PHB accumulation is likely to
occur. This is because the synthesis pathways will be inhibited by -
the limiting nutrient, this inhibition decreasing the ATP and
substrate requirements for synthesis. The TCA cycle will not be
inhibited by nutrient deficiency so that the NADH/NAD ratio
will be maintained at a high level and oxidative ATP production
will continue elevating the ATP/ ADP ratio. The high ATP/ADP
will stimulate poly-P accumulation, while the high substrate con-
centration and NADH/NAD ratio will stimulate PHB accumula-
tion (with the proviso that the substrate concentration is suffi-
ciently high). Poly-P accumulation under limitation of the
nutrients sulphur and nitrogen has been observed, the so-called
““luxury uptake’’ (Harold, 1966), and appeats to find explana-
tion in terms of this model. If however the limiting nutrient is
one of the cations required to stabilize poly-P charge, i.e. Mg®* ot
K*, then synthesized poly-P will be unstable and no poly-P ac-
cumulation will take place. This behaviour has been explicitly
verified in enhanced Acinetobacter spp. activated sludge systems
(Wentzel ez /., 1986b).

Conclusion

Acinetobacter spp. ate able to compete successfully with other
organisms for substrate in completely aerobic activated sludge
systems. In such systems Aczmetobacter spp. ate able to
metabolize glucose via the Entner-Doudoroff pathway. When an
anaerobic reactor is introduced into the system the anaerobic
reactor selects an assemblage of facultative organisms able to fer-
ment sugars to LFA via the glycolytic (Embden-Meyerhof)
pathway. Acenetobacter spp. do not possess the glycolytic
pathway and thus are not able to produce energy for survival in
the anaerobic zone by e.g. glucose fermentation. Consequently
the Acinetobacter spp. would be at a distinct disadvantage in the
anaerobic/aerobic system due to this lack of the glycolytic
pathway and would be outcompeted by the facultative organisms
in such a system. Without some mechanism of competitive com-
pensation they would disappear from the anaerobic/aerobic ac-
tivated sludge system. This competitive compensation is the abili-
ty to store poly-P and PHB. During the anaerobic state poly-P
serves as an energy source for the maintenance of cell functions
and PHB synthesis. PHB synthesis in the anaerobic phase effec-
tively removes the Acinetobacter from competition for substrate
enabling the organism to withstand the selective pressutes of the
anaerobic/aerobic sequences.

The biochemical model presented here describes the path-
ways whereby Actnetobacter spp. accumulate and degrade poly-P
and PHB, and how these pathways are regulated. Identification
of the regulatory system allows one to predict the response of the
organism under a variety of imposed conditions. Principally
regulation appears to be via the ATP/ADP and NADH/NAD
ratios. These ratios are affected by the substrate concentration,
intracellular or extracellular (PHB and, say, acetate respectively),
and the presence or absence of external electron acceptors
(aerobic, anoxic or anaerobic). In terms of these parametets it ap-
pears to be possible to explain the observed behaviour of
biological excess phosphorus removal as observed in plants and
other situations. These ate briefly summarized below:

1. Under aerobic conditions:

(i) If acetate concentration is high both PHB #24 poly-P storage
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takes place; this is observed in pure culture tests.

(ii) If acetate concentration is relatively low Acinetobacter spp.
grow without PHB ot poly-P accumulation; this situation is
relevant to completely aerobic activated sludge systems.

(iii) If acetate concentration is very low or zero, but stored PHB is
present, poly-P accumulation will take place; this situation is
relevant to the main aeration basin of anaerobic/anoxic/,
aerobic systems (Bardenpho or UCT).

(iv) If neither acetate nor PHB is present, maintenance energy is
obtained by utilization of substrate generated by the death
of Acinetobacter spp. (endogenous mass loss); poly-P is
released apparently uncleaved to the bulk solution propor-
tionally to the protoplasm mass of organisms that died; this
situation might be observed explicitly in the reaeration zone
[and in the secondaty anoxic zone if nitrate is present ~ see
3(ii)] and is one component of the so-called secondary
release. Speculatively it would appear that death of
Acinetobacter and associated release of uncleaved poly-P
takes place throughout the system, i.e. whether acetate is
available or not; but because of its low rate its manifestation
is swamped by other biological phosphate processes. This
secondary P release is never associated with any form of sub-
strate storage and will not give rise to any form of subse-
quent P uptake.

2. Under anaerobic conditions:

(i) If acetate is present, PHB is stored by cleaving stored poly-P.

(i) If acetate is not present, irrespective of whether PHB is pre-
sent or not, maintenance energy is obtained by cleavage of
stored poly-P. This is another component of secondary
release and again is not associated with subsequent P up-
take.

3. Under anoxic conditions (nitrate present):

(i) If PHB is present but acetate is not, as in the primary anoxic
zone, two situations can apply: Acinetobacter not able to use
nitrate react as in 2(ii); Acinetobacter that can use nitrate
react as in 1(iii). Hence a release and uptake of P takes place
simultaneously giving rise to a net P release or uptake,
depending on the relative concentrations of organisms and
the rates of reaction.

(ii) If neither PHB nor acetate is present, as in the secondary

anoxic zone, then: Acinetobacter not able to use nitrate

react as in 2(ii); Acsnetobacter that can use nitrate react as in

1(iv). However, in the secondary anoxic zone, if no nitrate is

present, maintenance energy cannot be obtained by oxida-

tion of the protoplasm released due to death; instead it is
obtained by cleavage of poly-P giving rise to secondary
release as in 2(ii). When no nitrate is present the protoplasm
released due to death may be converted to acetate or other

LFA by non-poly-P facultative organisms, so that P release

due to PHB formation can take place and subsequently on

aeration give fise to an uptake of P, usually limited. This
behaviour has been observed in reaeration zones on occa-
sion.
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Appendix I
Thermodynamic control of poly-P metabolism

Poly-P metabolism can follow two pathways, namely a synthesis
pathway leading to phosphate uptake and a degradation pathway
leading to phosphate release.

The basic equation governing both these pathways is the
reversible reaction:

synthesis

ATP + (PO, ADP + (PO, , (A.1)

—_—
degradation
From an eneigy point of view the direction of the reaction under
non-equilibrium isothermal conditions is determined by the
value of the Gibb’s free energy change for the reaction (AGg); a
negative value for AGy effecting the forward reaction and a
positive value the reverse. It is of fundamental interest to
delineate thermodynamic conditions favouring the forward and
reverse reactions. This can be done from an analysis of the equa-
tion for AGy, as follows:

The equation for the free energy change (AGy) of the for-
ward reaction (A.1), i.e. the synthesis reaction, is

(PO - (ADP)

- 2]
AGy = AGR + RT tn =m0l iass

(A.2)

where
(X) = activity of species X

R = universal gas constant

T = temperature (K)
AG{ = standard free energy change for the equilibrium

feaction
= AGS (products) - AG? (reactants) (A.3)

AG? = standard free energy of formation of one mole of the

substance under standard conditions

Referring to Eq. (A.2) the poly-P species, (POy), and
(PO4), .1, are solids and their activities are therefore unity;
the equation for AGy therefore reduces to:

(ADP)
(ATP)

The value for AGY in Eq. (A.3) is determined as

AGy = AG} + RTfn

(A.4)

AGS = AGY(PO,), . + AGS(ADP) - AGS(PO,), - AGR(ATP)
(A.5)

Noting that the phosphoryl bonds between ADP and P and
between (POy), and (POy),, are identical, the standard
free energy changes for hydrolysis and condensation will be
closely equal i.e. AG? for (ATP-ADP) will closely equal AGY
for [(PO,),., - (PO,),]. Thus AG in Eq. (A.5) closely
equals zero and Eq. (A.4) reduces to

(ADP)
(ATP)

AGy = RTfn (A.6)
This equation forms the basis for linking poly-P formation ot
degradation to the intracellular ATP/ADP ratio. If ATP > ADP
then AGy will be negative and the forward reaction (i.e. poly-P
synthesis) is favoured. This situation arises in an aerobic state
where organic substrate is not limiting. Conversely if ATP > ADP
then AG; will be positive favousing the reverse reaction i.e. poly-
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P degradation and concomitant ATP formation. The ATP thus
formed is used for two purposes: for cell function, and PHB syn-
thesis, thereby maintaining ATP < ADP. This situation arises
when an obligate acrobic poly-P organism, with an intracellular
ATP demand, is placed in an anaerobic environment.

The key role of the ATP/ADP ratio in thermodynamic con-
trol of poly-P metablism concurs with observed regulation of the
enzyme mediating the reaction (A.2) (cf. section on poly-P
metabolism in paper).
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