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Abstract

A modél is outlined for the major biochemical respiratory mechanisms of a conceptualised heterotrophic facultative organism
(representing the heterotrophic facultative mass of activated sludge) subjected to four different sets of conditions: steady-state
aerobic, steady-state anoxic, steady-state aerobic changed to anoxic, and steady-state anoxic/anaerobic changed to aerobic.
Proposals and implications of the model regarding changes between these conditions are tested experimentally and verified with
special aerobicbatchtestsonsludgesfrom I AND, 2RND, MUCT, continuousaerobic, and continuousanoxic systemsfed municipal

sewage.

List of symbols

BT = batch test

COD = chemica oxygen demand
cs = cysteine

cyt = cytochrome

DBT = denitrification batch test
DO = dissolved oxygen

e = electron

ETP = electron transport pathway

FAD = flavin adenine dinucleotide - oxidised
FADH, = flavin adenine dinucleotide - reduced

FeS = iron sulphide

FMN = flavin mononucleotide

hs = histidene

IAND = intermittently aerated nitrification-denitrification
MLE = modified Ludzack-Ettinger

MUCT = modified University of Cape Town

NAD* = nicotinamide adenine dinucleotide - oxidised
NADH = nicotinamide adenine dinucleotide - reduced
NO = nitric oxide

NO, = nitrite

NO, = nitrate

N, = dinitrogen

N,O = nitrous oxide

OUR = oxygen utilisation rate

RBCOD = readily biodegradable COD

SBCOD = slowly biodegradable COD

TCA = tricarboxylic acid

il = nitrifier specific growth rate

A = nitrifier maximum specific growth rate
2RND = two-reactor nitrification-denitrifcation
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Section |
A conceptual biochemical model

Introduction

Inthe nutrient removal activated sludge sewage treatment system,
the microbial population is subjected to cycles of aerated and
unaerated conditions. It can beassumed that themain portion of the
microbial population that develops under such conditions will be
thefacultative heterotrophic organisms, which have acapacity for
substrate utilisation under both aerated and unaerated conditions.
Casey et al. (1999) presented areview of the biochemical respira-
tory pathways and mechanisms operativein heterotrophic faculta-
tive organisms under a variety of environmental conditions. The
review established that a general similarity existsin biochemical
pathway organisation between different facultative heterotrophic
organismspecies. Inamixed culturesuch asactivated sludge, these
individual species are likely to give rise to a conjoined response
which retains features commonly present in pure cultures but
which may not be entirely representative of the response of any
single species. In order to model the macroscopic behaviour of
activated dudge it is necessary to conceptualise this conjoined
response as that of a single surrogate heterotrophic facultative
organism. Itistheintentioninthispaper to develop amodel for the
respiratory biochemical mechanismsoperativein such aconceptu-
alised surrogate organism under aerated and unaerated conditions
(andinchangesbetweenthem), thebiochemical mechanismsbeing
based on those of individual speciesin pure culture.

Method for modelling aerobic and anoxic respiration
by the conceptualised facultative heterotrophic
organism

For the purposes of this model, the complexes which mediate
proton and electron transport in the ETP and their arrangement
about the cytoplasmic membrane can be conceptualised asillus-
trated in Fig. 2 of Casey et al. (1999). ThisETPisamodification
of that proposed by Ferguson (1982) for the facultative organism
Paracoccus (Pa.) denitrificans, and incorporates the reduction of
nitric oxide at nitric oxide reductase as an obligatory step. As
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Figure 1
The ETP for a conceptualised facultative organism in which all of
the electron transferring complexes are present and illustrated
with respect to the cytoplasmic membrane.

described by Casey et a. (1999), the presence or not of nitric oxide
was a contentious issue and many of the earlier ETPs did not
incorporate nitric oxide. The association of the complexes of the
ETP with the cytoplasmic membraneisillustrated in Fig. 1. This
ETP is proposed as the operative one for the conceptualised
facultative organism. It should be noted that thesefiguresindicate
al the enzyme complexes synthesised by facultative heterotrophic
organisms, irrespective of whether the complexes are synthesised
under only aerobic or only anoxic conditions (inducible) or are
synthesised under both aerobic and anoxic conditions (constitu-
tive). The pathway and the relationship of the enzymes to the
cytoplasmic membrane establishes the structure within which the
various biochemical processes can beidentified under anoxic and
aerobic conditions, and during changesfrom anoxic to aerobic and
from aerobic to anoxic conditions. Description of the biochemical
processes under these conditionsis set out below in 8 parts:

» Part 1describesthebiochemical processeswhicharecommon
to both the anoxic and aerobic ETPs, that i's, which mediate the
transport of electrons and protons (associated with NADH
produced in the TCA cycle) through the first three complexes
of the ETP (NADH dehydrogenase, the FeS complexes, and
ubiquinone).

e Part 2 describes the biochemical processes associated with
respiration under steady-state aerobic conditions.

* Part 3 describes the biochemical processes associated with
respiration under steady-state anoxic conditions.

» Part 4 describes the biochemical processes associated with a
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change from steady-state aerobic to steady-state anoxic condi-
tions.

¢ Part 5 describes the biochemical processes associated with a
change from steady-state anoxic to anaerobic conditions, i.e.
asituation in which nitrate (NO,") and nitrite (NO,) decrease
from concentrationssufficient for denitrification, to conditions
in which nitrate and nitrite are absent as a consegquence of the
process of denitrification.

e Part 6 describes the biochemical processes associated with a
change from steady-state anoxic to steady-state aerobic condi-
tions. Inthispart, two anoxic conditionsareinvestigated. The
first is one in which nitrate or nitrite is present for all of the
period (anoxic conditions) before the changeto aerobic condi-
tionsand the second isonein which nitrate or nitriteis present
only for someof theperiod andisabsent (anaerobic conditions)
for sometime prior to the changeto aerobic conditions. These
two sets of conditions are of particular significance to the
biochemical model since they significantly influence respira-
tion under aerobic conditionswhich follow anoxic conditions,
which arethe conditions encountered in single-sludge biol ogi-
cal N and N&P removal systems.

e Part 7 describes the biochemical processes associated with
frequent changes between anoxic and aerobi ¢ conditions (such
that steady-state aerobic and steady-stateanoxic conditionsare
unlikely to develop), and examines the mechanism of inhibi-
tion of aerobic respiration by nitric oxide. These changesare
similar to conditionsencounteredin single-sludgebiological N
and N& P removal systems.

¢ Part 8describestheroleof aerobicmassfraction, RBCOD, and
nitrite on the inhibition mechanisms.

Electron and proton production and transport
processes that precede the processes associated with
the cytoplasmic membrane ETP

Each of the eight parts of the model describe the transport of
electrons, protons, and electron acceptorsin processes associ ated
with the ETP under aerobic or anoxic conditions. Other biochemi-
cal processes which precede these, such as those processes which
result in the production of electrons and protons (captured by
NADH) are common to both aerobic and anoxic respiration; these
processes have been described fully by Casey et al. (1999) and are
not repeated here. Therole of NADH in therespiratory processis
toserveasthelink between el ectronand proton supply andthe ETP.
NADH transports protons and electrons generated in the substrate
oxidation processes (principally the TCA cycle) to ETP com-
plexes. TheseETPcomplexesextrudetheprotonstotheperiplasm,
indirectly resulting inthe production of energy, and finally transfer
the electrons to one of the terminal electron acceptors, oxygen
under aerobic conditions and nitrate or nitrite under anoxic condi-
tions. Therate of electron transfer to the terminal electron accep-
tors is limited by the rate of production of NADH in substrate
oxidation (Lehninger, 1975) [Note: Asindicated in Casey et al.
(1999), electrons supplied to the ETP can originate from NADH
and/or FADH, However, for simplification, where mention is
made of the source of electrons, it is assumed to be NADH].

Detailed description of the eight parts of the
biochemical model describing aerobic and anoxic
respiration by the conceptualised facultative
heterotrophic organism

Each of the eight parts of the biochemical model listed above is
discussed in detail below.
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Part 1 - Electron and proton transport from NADH to
FMN, the FeS complexes and ubiquinone under
aerobic and anoxic conditions

The ETP complexes, NADH dehydrogenase, the FeS complexes,
and ubiquinone are synthesised under aerobic and anoxic condi-
tionsand aremodelled asillustratedin Figs. 2 of Casey et al. (1999)
andFig. 1. NADH transfersapair of electronsand two protons(one
originating from the cytoplasm) to the NADH dehydrogenase
complex which comprises FMN and the FeS complexes. In this
transfer two protons are removed from the cytoplasm and two
protons are translocated to the periplasm at the first proton-
pumping (energy conserving) site, Site . Ubiquinone accepts a
pair of electronsfrom the NADH dehydrogenase complex and two
protons from the cytoplasm, mediates the transfer of electrons to
the complexes involved in aerobic or anoxic respiration, and
transports the protons to the periplasm at the second proton-
pumping site, Site . Thus, the first two sites (Sites | and 1) are
common to aerobic and anoxic respiration; adifferencein energy
production between aerobic and anoxic respiration is introduced
only in subsequent electron transfer steps and this difference is
highlighted in the relevant parts below.

Part 2 - Aerobic conditions

For conditionsin which oxygen only, or oxygen and nitrate/nitrite
arepresent, aerobicrespirationisthepreferred mechanism. For the
experimental work conducted in this investigation and for the
purposes of the biochemical model, conditionsin which oxygenis
present at a concentration egual to or exceeding 0.2 mgO/¢ are
defined as aerobic. However, at DO concentrations < 0.5 mgO/¢,
some of the biochemical mechanisms of the aerobic ETP are
adversely affected. In the biochemical model the role of oxygen
concentration in respiration is modelled by description of the
biochemical mechanisms mediated under two ranges of DO con-
centration; DO >0.5 mgO/¢, and 0.2 < DO < 0.5 mgO/L.

DO > 0.5mgO//
For DO > 0.5 mg O/¢, the complexes of the ETP can be modelled
asillustrated in Fig. 2. The nitrogen oxide reductases are present
at alow (basal) level (Lam and Nicholas, 1969a). Both of the
oxidases cytochrome o and cytochrome aa, are present; cyto-
chrome aa, is synthesised to agreater extent than cytochrome o,
and at these concentrations of DO, cytochrome o is synthesised to
30% of that to which it is synthesised under anoxic conditions
(Sapshead and Wimpenny, 1972). For both of the oxidases, the
active site (the site at which oxygen is reduced) is situated on the
cytoplasmic side of the membrane which implies that oxygen
crosses the membrane to the cytoplasmic side for reduction.
Oxygen enters the organism through the cell wall, and crosses
the cytoplasmic membraneto the active sites of cytochrome o and
cytochrome aa,. Electrons associated with NADH are passed via
FMN to the FeS complexes, and then to ubiquinone as described
above. From ubiquinone, a small proportion of the electrons are
transferred to cytochrome o and the greater proportion are trans-
ferred to the cytochrome aa, complex via the cytochrome bc,
complex and cytochrome c. At each of the active sites of the two
oxidase cytochromes, oxygen accepts two electrons as follows:

2H"+2e +%0, - H,0 (1)
Atthispointit shouldbestated parenthetically that thetwo oxidases
have different reactive centres as described by Casey et al. (1999);

thereactive centre of cytochrome aa, comprisestwoiron-histidine
(Fe-hs) complexes, one copper-histidine (Cu-hs) complex and a
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Figure 2
The ETP of the conceptualised facultative organism under aerobic
conditions with dissolved oxygen (DO) >0.5 mgO/

copper-histidine-cyteine (Cu-hs-cs) complex whereasthereactive
centre of cytochrome o comprises two Fe-hs complexes and one
Cu-hscomplex (Babcock and Wikstrém, 1992). Thedifferencein
composition between the reactive centres of cytochrome o and aa,
has implications with regard to aerobic respiration following a
change from anoxic to aerobic conditions and these implications
are highlighted in Part 6 below.

Cytochrome aa, is referred to as the principal oxidase and
cytochrome o as the alternative oxidase, because under aerobic
conditions the greater proportion of oxygen is reduced at cyto-
chromeaa, . The cytochrome aa, complex isthethird of thethree
proton-pumping (energy conserving) sites (Site Il) at which two
protons are transl ocated from the cytoplasm across the membrane
totheperiplasmfor each pair of electronstransferredto oxygen; no
such energy conserving site exists at cytochrome o. Thus, the
energetic yield associated with the reduction of oxygen at cyto-
chrome o is approximately two-thirds of that associated with the
reduction of oxygen at cytochrome aa, becauseelectronspassonly
two proton-pumping sites for cytochrome o and three for cyto-
chrome aa,, and the passing of each proton-pumping siteresultsin
the formation of one ATP molecule, through the mechanisms of
oxidative phosphorylation described by Casey et a. (1999).

0.2< DO < 0.5mg0o//

For conditionsin which the DO isbetween 0.2 and 0.5 mgO/¢, the
ETPcanbemodelled asillustratedin Fig. 1. Inthis“twilight” DO
range, it is considered that the oxidases (cytochrome o and cyto-
chrome aa,) and all the nitrogen oxide reductases are present.
Cytochrome aa, is synthesised to alower level and cytochrome o
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Figure 3
The ETP of the conceptualised facultative organism under steady-
state anoxic conditions with nitrate and nitrite present

issynthesisedto ahigher level than under the higher DO conditions
and each of thereductasesissynthesised at alower level than under
conditions in which DO < 0.2 mgO/¢, and at a higher level than
under conditionsof DO>0.5mgO/¢. Atthelower end of thisrange,
the proportion of cytochrome aa, decreases and cytochrome o
increases.

Electrons associated with NADH are passed via FMN to the
FeScomplexesand then to ubiquinone, but asmaller fraction of the
electrons pass to the oxidases and a larger fraction pass to the
reductasesthan that at DO > 0.5 mgO/¢, and of the electronswhich
do passto the oxidases, agreater proportion passto cytochrome o
than to cytochrome aa, . The electrons which do not pass to the
oxidases pass to the denitrifying enzymes, the nitrogen oxide
reductases. Because of their low level of synthesis the reductases
have only avery small electron transferring capacity.

Part 3 - Anoxic conditions

The anoxic condition is defined as one in which oxygen is absent
and nitrate or nitrite, or both, are present. Under anoxic conditions
inthe presence of the electron acceptorsnitrateand nitrite, the ETP
of thefacultative organism can bemodelled asshownin Fig. 3. All
of thenitrogen oxidereductasesare present (Payne, 1973), and also
the oxidase, cytochrome o, but the oxidase cytochrome aa, either
isnot present (Gray et d., 1966; Lam and Nicholas, 1969b; Saps-
head and Wimpenny, 1972), or ispresent at alow level (Alefounder
et al., 1981). The reduction of the nitrogen oxides can be best
modelled by describing the sequential stepsinvolvedintheforma-
tion of onemolecule of dinitrogen (N,) from nitrate. Nitrate enters
the organism through the cell wall and crosses the cytoplasmic
membrane via one of two mechanisms; with a proton (H*), in a
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symport systemwhichinitiatesnitratereduction, orinexchangefor
an outgoing nitrite molecule in a nitrate/nitrite antiport system
which functions once the process of nitrate reduction has been
established by the first mechanism (Boogerd et a., 19833). The
overal reduction of nitrate to dinitrogen in which 5 pairs of
electrons are required is as follows:

2NO, +10e +12H" » N, +6H,0 2

With nitrate present at nitrate reductase, two pairs of electrons
associated with NADH produced in the TCA cycle are passed via
the NADH dehydrogenase complex to ubiquinone and then to
nitrate reductase, where nitrate serves as electron acceptor and is
reduced to nitrite at the catalytic site of nitrate reductase (the
subunit) (Chaudhry and MacGregor, 1983) onthecytoplasmicside
of the membrane (John, 1977; Alefounder and Ferguson, 1980).
Reduction of nitrate (NO,) to nitrite (NO,) is asfollows:

4H* +4e + 2NO, - 2NO, +2H,0 (3)

From the cytoplasmic side, the nitrite molecul e crosses the mem-
brane via the NO,/NO, antiport system to the nitrite reductase
complex at the periplasm (Wood, 1978; Alefounder and Ferguson,
1980). A second pair of el ectronsassociated withNADH produced
inthe TCA cycleispassed viathe NADH dehydrogenase complex
toubiquinone, thecytochromebc, complex, cytochromecandthen
totheactivesite of nitritereductase, wherenitrite, produced either
extracellularly or from the reduction of nitrate, isreduced to nitric
oxide (NO) asfollows:

4H* + 2 + 2NO, - 2NO +2H.0 (4)

On the periplasmic side of the membrane, the product nitric oxide,
passes to the nitric oxide reductase complex, also situated on the
periplasmic side of the membrane (Zumft, 1993). Electrons
associated with NADH produced in the TCA cycle are passed
through the same complexesasfor nitrite reduction to cytochrome
¢ and then to the active site of nitric oxide reductase where nitric
oxide produced from the reduction of nitrite is reduced to nitrous
oxide (N,O) asfollows:

2H* +2e + 2NO - N,0+H,0 ®)

It should be noted that it is at this point in the denitrification
pathway that the bond between the two nitrogen atomsis formed.
The nitrous oxide molecule then passes to the active site of the
nitrous oxide reductase complex also situated on the periplasmic
side of themembrane (Boogerd et al., 1981). Electronsassociated
with NADH produced in the TCA cycle are passed through the
same complexes asfor nitrite reduction and nitric oxide reduction,
and then to nitrous oxide reductase where nitrous oxide is reduced
to dinitrogen (N,) asfollows:

2H"+2e +N,O - N,+H,0 (6)

Theend product of thereaction, dinitrogen, isreleased through the
cell wall to the external medium.

The description of the denitrification pathway aboveis some-
what simplistic in that the processes are described as sequential
stepwise mechanisms in which nitrate is reduced through each of
the denitrification intermediates to dinitrogen. However, during
steady-state denitrification, al of the denitrification intermediates
are present and are denitrified simultaneously with complex inter-
actions between the intermediates and the reductases.
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Mechanismscontrollingreduction of thedenitrification interme-
diates

For conditions under which electron supply from NADH to the
ETPisat ahighlevel and continuous, a set of mechanisms control
simultaneous denitrification of all the intermediates such that an
equilibrium is attained in their reduction and formation. These
mechanisms operate through activation and inhibition of the
reductases. The mechanism of activation can be described as
follows:

« Distributionof electronsbetweenthenitrogen oxidereductases
isdependent on the redox potential s established by each of the
nitrogen oxides at their respective reductases. The redox
potential at each reductaseincreasesasthe concentration of the
associated nitrogen oxide increases at the reductase, thereby
attracting electrons to the reductase and stimulating electron
transfer from the reductase to the associated nitrogen oxide.

The mechanism of inhibition isbest illustrated by considering the
transfer from anaerobic (i.e. absence of nitrate and nitrite) condi-
tions to anoxic conditions with nitrate only present.

e Upon nitrate becoming available, electron flow is to nitrate
reductase and nitrate isreduced to nitrite. Astheintracellular
concentration of nitriteincreases, the redox potential at nitrite
reductase increases and a portion of the electron flow is
directed to nitrite reductase and nitrite is reduced to nitric
oxide. Thus, theformation of nitrite hasan indirect inhibitory
effect on nitrate reductase and a direct activating effect on its
own reductase. Similarly, each nitrogen oxide has an indirect
inhibitory effect on each reductase other than its own and a
direct activating effect on its own reductase, and these mecha-
nisms in combination act to control the intracellular levels of
the nitrogen oxides.

Effect of electron supply on production of nitrogen oxide inter-
mediates

Therate of electron supply to the nitrogen oxide reductases affects
theintracellular accumul ation of the nitrogen oxides. Low rates of
electron supply (i.e. slowly biodegradable substrate - see Part 8
below), areinsufficient to maintain low-level intracellular steady-
state concentrations of all the nitrogen oxides. Under such condi-
tions, electrons flow preferentially to nitrate reductase; the other
intermediates, nitrite, nitric oxide, and nitrous oxide tend to accu-
mulate. High rates of electron supply (i.e. readily biodegradable
substrate), aresufficient tomaintainlow-level steady-stateconcen-
trations of the nitrogen oxides as described above.

Part 4 - Steady-state aerobic conditions switched to
steady-state anoxic conditions

For organisms respiring under steady-state aerobic conditions,
exposure to anoxic conditions for a period sufficient to achieve
steady-state level s of the enzymes causes the ETP to change from
that described by Fig. 2 to that described by Fig. 3, i.e. al of the
nitrogen oxidesand cytochrome o are synthesi sed and cytochrome
aa, isdegraded.[Note: Thetermdegradedisused in thisapproach
to describe the reduction in levels of enzymes with time in the
surrogate organism. Macroscopically, in activated sludge mixed
culture, the degradation of cytochrome aa, for example would
include die-off of those organisms with aa, and growth of those
organisms without aa,] . The changes occur in the following
manner: 1nthe absence of oxygen the membrane becomes perme-
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able to nitrate, and synthesis of the nitrogen oxide reductases is
initiated. The presence of nitrate induces synthesis of nitrate
reductase, resulting in an increase in level of the end-product,
nitrite, whichin turninducesthe synthesisof nitritereductase. The
same mechanism occurssequentially for each of thenitrogen oxide
reductases resulting in the sequential formation from nitrate of
nitrite, nitric oxide, nitrous oxide and then dinitrogen with time (or
equivalently, with step-wise decrease in oxygen concentration).
Under anoxic conditions, cytochromeaa, isnot synthesised, or
is synthesised at a basal (low) level, and simultaneously with the
formation of thenitrogen oxidereductases, thelevel of cytochrome
o increases from the level established under fully aerobic condi-
tionsto an increased level under anoxic conditions. Theimplica
tion of thisincrease in cytochrome o in the switch from aerobic to
anoxic conditions will become apparent in Part 6 below when the
changesin the ETP during areverse switch (i.e. from steady-state
anoxic to steady-state aerobic conditions) are discussed.
Fromtheliterature, itisunclear astotheperiod of timerequired
for complete transformation of the ETP from that synthesised
under steady-state aerobic conditions to that synthesised under
steady-state anoxic conditions. However, from experiments con-
ducted in this investigation (described in Section Il below) it
appears that a period of days rather than hours is necessary.
Electronswhich passto thereductasesare utilised for thereduction
of the nitrogen oxidesasdescribed by Egs. (2) to (6) and stimulates
synthesisof thereductases. Immediately following achangefrom
steady-state aerobic conditions to anoxic conditions with nitrate
and nitrite present, electron transfer to nitrate and nitriteislimited
by thelevel of synthesisof the reductases, since nitrate- and nitrite
reductase and the other nitrogen oxide reductases are not synthe-
sised under prior aerobic conditions. This results in an initial
reduced growth rate of the organism under anoxic conditions. As
the reductases are synthesised with time, electron transfer to the
nitrogen oxidesfrom the reductasesincreases, and the growth rate
of the organism increases until steady-state anoxic conditions are
achieved and the transfer of electrons is limited by the rate of
electrons supplied by NADH, as described in Part 3 above.

Part 5 - Anoxic conditions changed to anaerobic
conditions

The difference between anoxic and anaerobic conditions is the
absence of nitrate and nitrite under the latter. Exposure of organ-
ismsto anaerobic conditionsresultsin adecreasein synthesisof the
nitrogen oxide reductases which require the presence of the nitro-
gen oxides for maximum synthesis. Additionally, anaerobic con-
ditions with substrate present ensures that any intracellularly
accumulated nitrogen oxideshave beenremoved. Therelevanceof
this aspect to aerobic respiration will be appreciated in thefollow-
ing section (Part 6).

Part 6 - Steady-state anoxic conditions changed to
steady-state aerobic conditions

In Parts 2 and 3 it was ascertained that different complexes are
synthesised under steady-state anoxic conditions (Fig. 3) and
steady-state aerobic conditions (Fig. 2), and that the reactions
mediated by these complexes are also different. In undergoing a
changein conditions from steady-state anoxic with one or both of
the ionic nitrogen oxides nitrate or nitrite present, to steady-state
aerobic with oxygen present, the ETP changes with time from that
described by Fig. 3 to that described by Fig. 2. At the onset of
aerobic conditions, four major changes occur inthe complexesand
transport processesin the ETP. These are:
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« reduction in the activities of the nitrogen oxide reductases,

* reduction in permeability of the cytoplasmic membrane to
nitrate;

» cessation of synthesis of the nitrogen oxide reductases, reduc-
tionin the synthesis of cytochrome oxidase o, and initiation of
synthesis of cytochrome aa, ; and

« interaction of nitric oxide with the oxidase cytochrome o.

In combination, thefour changes contributeto, or areimplicatedin
amechanism which resultsin the inhibition of aerobic respiration
following a transition from anoxic to aerobic conditions, and the
four changes are discussed in the stepwise order in which they
affect aerobic respiration after the transition.

(i) Changesin nitrogen oxide reductase activities

Oxygen inhibits the activities of the nitrogen oxide reductasesin
the order from the reductases for the least reduced nitrogen oxides
tothe reductasesfor the most reduced nitrogen oxides, i.e. nitrous
oxide-, nitric oxide-, nitrite-, and nitrate reductases (Hochstein et
al., 1984). Inhibition is either with time (e.g. nitrous oxide
reductase activity isinhibited prior to nitric oxide reductase at any
constant oxygen concentration), or with increase in oxygen (e.g.
nitrous oxide reductase activity is inhibited at a lower oxygen
concentration than is nitric oxide reductase activity). Oxygen
creates a redox potential at the oxidases sufficient to re-direct
electronsto the oxidasesfromthereductases. Astheconcentration
of oxygen increases, the redox potentials at the oxidases increase,
from lower than the potential s at the lowest nitrogen oxide reduct-
ase(nitrousoxide) togreater thanthepotential sat thereductasesfor
each of the more reduced nitrogen oxides, nitric oxide, nitrite and
nitrate. In the presence of nitrate, this results in the successive
accumulation of nitrousoxide, nitric oxide, and nitrite (Alefounder
etal., 1981).

(if) Changein the permeability of the cytoplasmic membrane
Oxygen induces a change in the permeability of the cytoplasmic
membrane such that the movement of nitrate to its reductase is
inhibited or prevented (John, 1977; Alefounder and Ferguson,
1980; Kueraetal., 1983; Noji and Taniguchi, 1987). Thiseffect
isspecifictothemovement of nitrate. Acceptingthat under steady-
state anoxic conditions nitrate movement across the membrane
occurs via an NO,/NO, antiport mechanism (John, 1977), it
followsthat impermeability of the membraneto nitrate movement
results from an effect of oxygen in preventing operation of the
antiport mechanism.

(iii) Change in the synthesis of the anoxic and aerobic enzyme
complexes

Oxygen preventsthe synthesi s of the nitrogen oxide reductases but
inducesthesynthesisof theprincipal oxidasecytochromeaa, . The
synthesis of the alternative oxidase cytochrome o continues under
aerobic conditions ( Newton, 1967; Lam and Nicholas, 1969b) but
to only 30% of the level compared with anoxic conditions. It is
proposed that synthesis of cytochrome aa, occursat arateequal to
therate of degradation of cytochrome o, such that the nett level of
available cytochrome oxidase (cytochrome o + cytochrome aa,) is
at theleast, maintained under aerobic conditions. [Note: Modelling
the heterotrophic facultative sludge mass as a surrogate hetero-
trophic facultative organism necessitates the degradation with
time of cytochrome o. Inindividual organismsin the sludge mass
under anoxic conditions it islikely that it is not only the level of
cytochrome o that degrades, but also that “ new” organisms have
a significantly lower level of cytochrome o, yielding a lower nett
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level for thesludge masswithtime, both causing adecreasing level
of cytochrome o in the surrogate organism|. Under aerobic condi-
tions, electron flow to the oxidasesis utilised for the reduction of
oxygen and stimulates synthesis of cytochrome aa, . Itisunclear
fromtheliterature astothe period of timerequired for thesynthesis
of cytochrome aa, to a steady-state level, but from experimental
work conducted in thisinvestigation, it would appear that given a
high rate of supply of electrons, aperiod of 6to 8 hisnecessary and
given alow rate of supply of electrons, a number of days may be
required. The mechanism by which oxygen represses synthesis of
nitrate reductase is through oxygen binding to a protein (which
regulates nitrate reductase synthesis) causing a conformational
change, enabling the protein to bind to a segment of DNA specific
to synthesis of nitrate reductase, thereby preventing its synthesis
(Stouthamer, 1988).

(iv) Interaction of nitric oxide with cytochrome o

Interaction of intracellular nitric oxidewith cytochrome o prevents
electron transfer to oxygen at the oxidase. Such interaction is
possibleonly if nitric oxide (produced fromthereduction of nitrite)
ispresent at thetimeof introduction of oxygen, i.e. if theconditions
just prior to aerobic conditions are anoxic, not anaerobic. Under
anoxic conditions, nitrateisreduced on the cytoplasmic side of the
membrane, and simultaneously, nitrite, nitric oxide and nitrous
oxide undergo reduction on the periplasmic side. Of the two
oxidases, cytochrome o isthe only one immediately available for
reduction of oxygen when conditions change to aerobic, because
theother oxidasecytochromeaa, isnot synthesised under theprior
anoxic conditions. Asdescribed in Part 2 above, cytochromeois
different to cytochrome aa, in that the reactive centre of cyto-
chromeo containstwoiron (Fe) and one copper (Cu) atomwhereas
thereactive centre of cytochrome aa, comprisestwo Featomsand
two Cu atoms. For this model it is assumed that nitric oxide
interactsonly with Fe-containing complexeswhich havenot formed
electrontransferring coupl eswith Cu-contai ning compl exes. [Note:
Fromtheliterature, the exact conformation and el ectron-transfer-
ring mechanisms of cytochrome aa, and cytochromeo areunclear.
It appears that for cytochrome aa,, each of the Fe-containing
complexes forms a couple with each of the Cu-containing com-
plexes such that each of cytochromes a and aa, contain one Fe-Cu
couple. For cytochrome o, it is assumed that one of the Fe-
containing complexes forms a couple with the Cu-containing
complex, leaving the other Fe-containing complex uncoupled. Itis
hypothesised that the physical conformation of the Fe-Cu couple
does not lend itself to interaction with nitric oxide]. Thus, nitric
oxide will not interact with cytochrome aa, (in which both of the
Fe- and Cu-containing complexes are coupled), but will interact
with cytochrome o which contains one uncoupled Fe-containing
complex. A description of thehypothesisedinteractionsisgivenin
Part 7 below.

Part 7: Exposure of organisms to frequent changes
between anoxic and aerobic conditions

In Parts 1 to 6 described above, aconceptual model for facultative
organismsisdescribed for steady-state conditions and for changes
from one steady-state condition to another. The objective in the
formulation of this model isto apply it to the sludge mass which
developsin N, and N&P removal systems. In such systems the
sludgeisalternately subjected to relatively short periods of aerated
and unaerated conditions, for periodsinsufficient to achieve maxi-
mal production of the ETP enzyme systems compared with steady-
state aerobic conditions (see Part 2 above), or steady-state anoxic
conditions (see Part 3 above). The biochemical processes that
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develop under alternately aerated/unaerated conditions are de-
scribed here.

Consider an intermittently aerated system such as that de-
scribed by Gabb et a. (1996) in which the aerobic mass comprises
35% of the total mass in the system. In such a system the
heterotrophic sludge mass (modelled as the surrogate facultative
organism mass) typically experiences an anoxic-aerobic cycle
every 20 min. These cyclesare considered to stimulate changesin
the enzyme systems of the surrogate organism mass. For an
organi sm subjected to alternating anoxic-aerobic conditions, inthe
light of the above, it is reasonable to assume that al of the
reductases and the oxidases are synthesised, albeit not tothelevels
produced under the steady-state conditions. Because of the expo-
sure to anoxic conditions for a high proportion of the intermittent
aeration cycle (about 60 to70% of thetime), al the reductases are
synthesised at high levels and of the oxidases, cytochrome o is
synthesised at a high level and cytochrome aa, at alow level.
However, comparedto steady-stateanoxic conditions, thereductases
and cytochrome o are synthesised at alower level and cytochrome
aa, at ahigher level. Starting from the time at which the aerobic
period begins, the changes in complexes and transport processes
associated with the ETP are essentially similar to those described
in Part 6 above, i.e.:

« Theactivitiesof thereductasesareinhibited by oxygen result-
ingintheintracellular accumulation of nitric oxide and nitrite.

*  Oxygen reduces the permeability of the cytoplasmic mem-
brane such that movement of nitrate to the active site of its
reductase on the cytoplasmic side of the membrane is re-
stricted.

» Synthesis of the reductases and the oxidase cytochrome o are
prevented and synthesis of cytochrome aa, is induced in the
presence of oxygen. However, due to the short aerobic time
periodinthealternating anoxic-aerobic system described here,
little change occursin the levels of the reductases or oxidases
during this period.

* Intracellularly accumulated nitric oxide interacts with the Fe-
containing complexes of the oxidase cytochrome o, creating
iron-nitric oxide (Fe-NO) complexes which are incapable of
transferring electrons. Nitric oxidedoesnotinhibit theoxidase
cytochrome aa,, but since thisoxidaseis present at alow level
under the aternating anoxic-aerobic conditions, it does not
provide a high flow of electrons to oxygen. [Note: In the
biochemical model, mention of nitric oxiderefers specifically
tointracellular nitricoxide. Extracellular nitricoxideisunsta-
ble, particularly under aerobic conditions where it reacts
rapidly with oxygen]. Electrons, unable to be passed to cyto-
chromeo, areavailabletothereductases. Fromredox potential
considerations of the reactions for reduction of the nitrogen
oxides, the preferred pathway for electron flow is to nitrate
reductase (Payne, 1973). But, because of the effect of oxygen
in changing the permeability of the membrane and preventing
the movement of nitrate to its reductase (preventing nitrate
acting as el ectron acceptor), themajor fraction of the electrons
are passed to the second choice pathway, i.e. to nitrite reduct-
ase. At nitritereductase, nitriteisreduced to nitric oxide at the
periplasmic sideof themembrane. Nitric oxidethen meetsone
of twofates: reduction by nitric oxidereductasetoformnitrous
oxide, or reaction with any uninhibited cytochrome o on the
cytoplasmic side of the membrane resulting in continued
inhibition of electron transfer to oxygen (Carr and Ferguson,
1990) and continued re-direction of electronsto nitrite reduct-
ase. Immediately upon a change from anoxic to aerobic
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conditions, any nitrite that has accumulated intracellularly
through inhibition of the reductases by oxygen will act as
electron acceptor at nitrite reductase. However, because the
activesiteof nitritereductaseissituated ontheperiplasmicside
of themembrane, extracellular nitrite (produced through nitri-
fication under aerobic conditions) can become intracellular
and act asintracellularly produced nitrite, thereby contributing
to the inhibition mechanism.

Part 8: The effect on inhibition of aerobic respiration
due to magnitude of the aerobic mass fraction,
availability of RBCOD, and concentration of nitrite
[Note: In this analysis it is accepted that slowly biodegradable
substrateisalways present irrespective of the presence or absence
of readily biodegradable substrate. Thus, when it is stated that
readily biodegradable substrate is absent, it isimplied that elec-
tronsaresupplied by slowly biodegradable substrate]. Changesin
the three factors given above are of particular importance in the
mechanism of inhibition of aerobic respiration. Many combina-
tionsof thesefactorsare possible but the nett effect of only thetwo
most important scenarios is described, i.e. anoxic-aerobic condi-
tions in which nitrite is present under anoxic conditions and in
which readily biodegradable substrate is present or absent under
aerobic conditions.

Effect on inhibition of aerobic respiration under aerobic condi-
tions of the concentration of nitrite under preceding anoxic
conditions

In modelling the alternating anoxic-aerobic conditions described
aboveit wasassumed that nitritewas present throughout theanoxic
period such that denitrification was not limited. For conditionsin
whichthenitrite present iscompletely denitrified before the end of
the anoxic period and start of the aerobic period, conditions are
similar to those described in Part 5 in which anoxic conditions
become anaerobic. Neither nitric oxide nor nitrite is accumul ated
intracellularly and at the start of aerobic conditions, inhibition of
aerobic respiration is not induced - electrons are transferred to
oxygen viacytochrome aa, and o. The effect on inhibition of the
presence and absence of nitriteisshown diagrammatically in Figs.
4aand b respectively. A description of themovement of electrons,
oxygen and the nitrogen oxide intermediates and the interaction
between these and the reductases was given in Part 7 above.

Effect on inhibition of aerobic respiration of therate of supply of

electrons

(i) Readily biodegradable substrate present under anoxic condi-
tions: In modelling the alternating anoxic-aerobic conditions
described above it was assumed that the rate of supply of
electrons to the facultative organism mass was due to the
presence of slowly biodegradable substrate (i.e. slow rate of
supply). AsdescribedinPart 3 above, with slowly biodegrad-
able substrate under anoxic conditions with nitrate present,
electrons flow preferentialy to nitrate reductase where the
greatest redox potential develops and nitrite, nitric oxide, and
nitrous oxide accumulate. Under subsequent aerobic condi-
tions, aerobic respirationisinhibited by theaccumulated nitric
oxide. With readily biodegradable substrate present under
anoxic conditions, the rate of supply of electronsis sufficient
to maintain low levels of al the denitrification intermediates
and inhibition isnot induced at the start of subsequent aerobic
conditions.
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nitric oxide. For alternating anoxic-aerobic con-
ditionswith asmaller aerobic mass fraction than
the 35% described above, the reductases and
cytochromeo are synthesised at higher levelsand
cytochrome aa, is synthesised at a lower level.
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For conditionsinwhich nitriteis avail able, aero-
bicrespirationisinhibitedtoagreater extent since
a greater proportion of electrons would pass to
cytochrome o (high level of synthesis) than to
cytochrome aa, (low level of synthesis). How-
ever, astheaerobic massfractionbecomessmaller,
the contribution of aerobic respiration to total

respiration (aerobic + anoxic) becomes less sig-
nificant. Atasignificantly reduced aerobic mass
(@) fraction, conditions approach those described in
Part 3 for steady-state anoxic conditions.

Energetic yield associated with
inhibition of aerobic respiration

Ekama et al. (1996) showed that during aerobic
respiration, for each pair of electrons reaching
oxygen at cytochromeaa,, three proton-pumping
sites were passed, at which atotal of six protons
were transferred across the membrane, resulting
in the production of three ATP; for each pair of
electrons reaching oxygen at cytochrome o, two
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Figures 4a and b

Model of interactions about the cytoplasmic membrane of a conceptualised
facultative organism grown under alternating anoxic-aerobic conditions, illustrating
electron transfer to oxygen under aerobic conditions in the (a, top) absence of
nitrite and (b, bottom) presence of nitrite, illustrating the mechanisms resulting in

inhibition of aerobic respiration

(ii) Readily biodegradablesubstrate present under aerobic condi-
tions: Inmodelling alternating anoxic-aerobic conditionswith
electrons supplied by slowly biodegradable substrate, nitric
oxide that accumulates under anoxic conditions inhibits elec-
tron transfer to cytochrome o under subsequent aerobic condi-
tions and electrons are redirected to nitrite reductase as de-
scribed in Part 7 above. However, if readily biodegradable
substrate is present under aerobic conditions, the supply of
electrons is sufficiently high to maintain low levels of intra-
cellular nitrite and nitric oxide, and cytochrome aa, is not
inhibited to the same extent. Additionaly, the high rate of
electron supply allows increased synthesis of the uninhibited
oxidase cytochrome o, with concomitant progressively in-
creasing uninhibited aerobic respiration. The effect oninhibi-
tion of the presence of readily biodegradable substrate is
illustrated in Figs. 5ato d.

Effect of magnitude of aerobic mass fraction on inhibition of
aerobic respiration

For facultative organisms subjected to alternating anoxic-aerobic
conditions with a larger aerobic mass fraction than the 35%
described above, the reductasesand cytochrome o are synthesised
at lower levelsand cytochrome aa, issynthesised at ahigher level,
which resultsin alower aerobic inhibition since a greater propor-
tion of electrons pass to cytochrome aa, which is not inhibited by
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proton-pumping sites were passed, at which a
total of four protons were transferred across the
___. membrane resulting in the production of two
(b) ATP. It was also established that during anoxic
respiration, for each pair of electrons reaching
one of the nitrogen oxide reductases, two proton-
pumping siteswerepassed, at whichatotal of four
protons were transferred across the membrane
resultingintheproduction of two ATP. Fromthis
it can be concluded that a lower energetic yield
results from inhibited aerobic respiration com-
pared with uninhibited aerobic respiration. Intheinhibited case, a
proportionof el ectronsisre-directedtothenitrogen oxidereductases
which resultsin the production of about two-thirds of the energy
had the electrons passed to cytochrome aa, during uninhibited
aerobic respiration.

Proposals and implications of the biochemical model

The conceptual model described above was formulated by repre-
senting thefacultative heterotrophic organism massfrom activated
sludge as a single facultative heterotrophic organism. Proposals
andimplicationsof themodel listed below provide specific aspects
which can be tested experimentally using the facultative hetero-
trophic organism mass harvested from activated sludge systems
subjected to various environmenta factors, viz. magnitude of
aerobic massfraction, concentration of nitrite and nitrate and rate
of supply of electronsfrom RBCOD (high rate) and SBCOD (low
rate).

(1) Effect of nitrite concentration under anoxic
conditions, on induction of inhibition of respiration
under subsequent aerobic conditions, with low
rate of supply of electrons

e During denitrification of nitrite under anoxic conditions (i.e.
NO, —» NO - N,O - N,) withslowly biodegradablesubstrate,
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nitric oxideaccumulationinhibitsutilisation
of oxygen under subsequent aerobic condi-
tions.

*  With nitrite absent under anoxic/anaerobic
conditions, no accumulation of nitric oxide
occurs and aerobic respiration will not be
inhibited under subsequent aerobic condi-
tions, with low rate of supply of electrons.

« Theextent of inhibition of oxygenutilisation
under aerobic conditions (with low rate of
supply of electrons) is proportional to the
level of nitric oxide accumulated intra-
cellularly under prior anoxic conditions,
which inturn is proportional to the concen-
tration of extracellular nitrite under the same
anoxic conditions.

(2) Effect of nitrite and nitrate under
aerobic conditions on induction of
inhibition of aerobic respiration

e Evenif inhibition is not induced under pre-
ceding anoxic conditions, with nitrite added
or present under aerobic conditions with
only slowly biodegradablesubstrate present,
inhibition of respiration will be induced.

* The extent of inhibition of aerobic respira-
tion induced by aerobic denitrification of
nitriteisproportional to the concentration of
nitrite under aerobic conditions.

e The extent of inhibition of aerobic respira-
tion induced by nitrite under aerobic condi-
tions is less than the extent of inhibition of
oxygen utilisation that would be induced by
thesamenitriteconcentration under preced-
ing anoxic conditions.

« With nitrate added or present under aerobic
conditions, inhibition of aerobic respiration
will not beinduced dueto impermeability of
the membrane to nitrate movement to its
reductase.

(3) Effect of rate of supply of electrons
under aerobic condition on
induction and relief of inhibition of
aerobic respiration

« With only slowly biodegradable substrate
present under aerobic conditions, nitrite (ei-
ther added or present under preceding anoxic
conditions) is denitrified under the aerobic
conditions and inhibition of respiration will
be induced.

e Ifinhibitionis present at the start of aerabic
conditions (due to the reduction of nitrite
under precedinganoxicconditions), thepres-
ence of readily biodegradable substrate un-
der theaerobic conditionswill relieveinhibi-
tion.

«  Withreadily biodegradabl esubstrate present
under aerobic conditions, nitrite added or
present will not result in accumulation of
nitric oxideandinhibition of aerobicrespira-
tion will not be induced.
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Figures 5ato d
Model of interactions about the cytoplasmic membrane of a conceptualised
facultative organism grown under alternating anoxic-aerobic conditions, subjected
to (a) anoxic conditions with nitrite present and slowly biodegradable substrate
(SBCOD) as electron source followed by (b and c) aerobic conditions and (d)
continuous aerobic conditions with nitrite present and readily biodegradable
substrate (RBCOD) as electron source
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* Under aerobic conditions, inhibition, which is relieved with
readily biodegradable substrate will be reinduced when the
readily biodegradable substrate has been exhausted and only
slowly biodegradable substrate and nitrite is present.

(4) Inhibition of aerobic respiration is a general
mechanism

» For sludge subjected to alternating anoxic-aerobic conditions
with nitrite present and readily biodegradabl e substrate absent,
inhibition will be induced irrespective of the system configu-
ration (i.e. intermittently aerated, 2 reactor anoxic-aerobic or
multi-reactor unaerated systems).

(5) Inhibition of aerobic respiration results in aerobic
denitrification

» If conditions are such that inhibition of aerobic respiration is
induced, then nitrite reduction, but not nitrate reduction will
predominantly takeplace, sincenitratecannot gain accesstoits
reductase under aerobic conditions due to impermeability of
the cytoplasmic membrane to nitrate movement.

(6) Synthesis of aerobic and anoxic pathway enzymes
under aerobic and anoxic growth conditions

» For anoxically grown sludge subjected to aerobic conditions,
the potential for inhibition of aerobic respiration will decrease
with continued exposure to aerobic conditions as a conse-
quenceof decreased synthesisof thenitrogen oxidereductases
and increased synthesisof the uninhibited oxidase cytochrome

» For aerobically grown sludge subjected to anoxic conditions,
potential for inhibition of aerobicrespirationwill increasewith
continued exposure to anoxic conditions as a consequence of
increased synthesis of the nitrogen oxide reductases and the
inhibited oxidase cytochromeo, and decreased synthesisof the
oxidase cytochrome aa,.

» Exposure of anoxically grown sludge to continuous aerobic
conditionswill reducethedenitrification potential of thesludge
asaconsequence of decreased synthesis of the nitrogen oxide
reductases.

Section Il
Experimental testing of the conceptual
biochemical model

Introduction

In Section| aconceptual model wasformulated for thebiochemical
mechanisms of aerobic-facultative heterotrophic organisms sub-
jectedtovariousenvironmental conditions. Themodel wasformu-
lated from a literature review which highlighted the significant
biochemical mechanisms of aerobic facultative organisms, espe-
cially with regard to interaction between the aerobic and anoxic
respiration pathways of those organi sms; hypothesesregarding the
kineticsof denitrificationunder aerobicand anoxic conditionswith
readily biodegradable substrate present and absent; and results of
experiments conducted with defined artificial substrate and mu-
nicipa sewage.

A difficulty in testing the model is in the examination of
organism behaviour on a level as fundamental as biochemical
pathways. This problem was exacerbated by the limited facilities
availableinawastewater trestment |aboratory designed to examine
extracellular macroscopic microbiological process phenomena
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suchasnitrification, aerobic substrateutilisationrates, denitrification
rates, phosphorus removal, and biomass production. Using such
facilities, changes in intracellular biochemical processes such as
enzyme synthesisand activity can be measured only indirectly, by
monitoring changes in the reactants and products of these proc-
esses. Consequently, the experimental programme which follows
below should be seen in thelight of an endeavour to accumulate a
body of circumstantial evidenceto test the proposals and implica-
tions of the hypothesised biochemical model.

It isimportant to note that the implications listed under state-
ments(1), (2), and (3) below arefor organismsexposed to frequent
alternating anoxic-aerobic conditions (such that both aerobic and
anoxic respiratory enzymes are synthesised). Therefore, the ex-
perimental work to test the implications was conducted on acti-
vated sludge devel oped under such conditions, i.e.a2RND (MLE)
system (System 5, Lakay et al., 1999) with 3:1 a-recycleand 1:1
s-recycle, unlessotherwisestated. For theimplicationslisted under
statement (7) below, work to test these was conducted on sludge
developed under steady-state aerobic (completely aerobic) and
steady-state anoxic (completely anoxic) periodsin an IAND sys-
tem (System 1, Lakay et al., 1999).

Inhibition of aerobic respiration in activated sludge

A largenumber of experimentswith aerobic batchtestsfed munici-
pal sewage were conducted in examining the implications of the
model. However, only asample of those batch tests are described
in this paper. The numbering system for the batch tests from the
original test program has been retained and as a consequence the
numbers for the batch testsin this paper are not sequential. Each
of the selected batch test experiments is described below with an
explanation of the relevance of the results to the hypothesis. The
conditions and results for @l of the batch tests from the original
experimental program are described by Casey et al. (1994).

(1) Respiration under aerobic conditions which follow
an anoxic period with nitrite present at different
concentrations

The objective of these experiments was two-fold: firstly to deter-
mineif the presence of nitrite under anoxic conditionswith slowly
biodegradabl e substrate could induceinhibition of aerobic respira-
tion under subsequent aerobic conditions, and secondly, if inhibi-
tionisinduced, to determineif thedegree of inhibitionisrelated to
the concentration of extracellular nitrite present at the start of
aerobic conditions. Four aerobic batch tests (BT2, BT4, BT5,
BT11) were conducted on sludge harvested from the 2RND sys-
tem, which was held anoxic for a2 h period and then aerated as
indicated in Fig. 6. Different concentrations of nitrite were added
to each batch test during the anoxic period 1 h before aeration
commenced, and sewage (asasource of RBCOD) was added at the
start of the aeration period. Thefirst test (Batch Test 2, referred to
as BT2) had a very high concentration of nitrite (25.0 mgNO,-
N/¢) at the onset of aerobic conditions, the other three tests (BT4,
BT5, and BT11) had successively lower concentrations of nitrite
(5.5; 0.6 and 0.1 mgNO,-N/¢ respectively) at the start of aerobic
conditions. [Note: The experimental procedure for conducting
these tests and the reasons for the procedure are described by
Casey et al. (1994)].

Figure 6 indicates that the larger the concentration of nitrite
present at the onset of aerobic conditions, the greater the degree of
inhibition of oxygen utilisation. [Note: The measure of the degree
of inhibition is obtained by calculating the fraction the initial
specific oxygen utilisation rate (ﬁi) is of the maximum specific

Available on website http://www.wr c.org.za



%,

= |

w 30 ‘% N © BT4 (5,5 mgN/l).
[72] a A

> NE 2BT11 (01 mgN/l)
=y &

% 20— &

£ L

- 15 A g

o o

D 100"

(o]

7

Parent system - 2 reactor ND (2RND)
NH,* 3:1

=BT2 (25,0 mgN/) addi .
4 BTS (0,6 mgN/l) | @“

Figure 6
OUR (in mgO/gVSS-h) with
time (h) for Batch Tests
(BT) 2, 4, 5 and 11 with
different concentrations of
nitrite present at the onset
of aerobic conditions
conducted on sludge
harvested from System 5 of
Lakay et al. (1999) (see
their Fig. 7) on Days 227
(BT2), 233 (BT4), 240
(BT5) and 280 (BT11)

1:1
1,0<D0<3,0

2 4 6 8 10 12 14
TIME (h)

oxygen utilisation rate (ﬂm). A problem encountered with this
methodisthatincasesinwhichinhibitionisverylarge, theRBCOD
fraction of the sewage is utilised completely (indicated by a
precipitous drop in OUR) before the ﬁm isreached]. The percent-
age inhibitions were 68%, 36%, 30% and 8% for the nitrite
concentrations 25.0; 5.5; 0.6 and 0.1 mgNO,-N/¢ respectively.
From these results, the following conclusions can be drawn:

* Nitrite present with slowly biodegradable substrate under
anoxic conditions, and at the start of subsequent aerobic
conditions results in inhibition of aerobic respiration.

*  With nitrite absent under anoxic conditions and at the start of
subsequent aerobic conditions, aerobic respirationisnot inhib-
ited.

e Increases in the concentration of nitrite under anoxic condi-
tionsand at the start of subsequent aerobic conditionsresultin
increased inhibition of aerobic respiration.

(2) The effect of the presence of nitrite and nitrate
under aerobic conditions on aerobic respiration

Effect on aerobic respiration of denitrification of nitrite under
aerobic conditions

A fundamental aspect of themodel isthat inhibition under aerobic
conditions results from nitric oxide produced by the aerobic
denitrification of nitrite. The periplasmic orientation of nitrite
reductase would suggest that nitrite has access to its reductase
under aerobic conditions, but it was uncertain whether aerobic
denitrification could occur at a sufficienty high rate to produce
nitric oxide in quantities that would inhibit oxidase activity. The
series of experiments described below investigated two aspects of
aerobic denitrification of nitrite - the mechanism of aerobic
denitrification of nitriteto nitric oxide, and thetimeperiod required
for the mechanism to produce sufficient nitric oxide to be inhibi-
tory. InFig. 7, four tests(BT13, BT 14, BT15and BT 16) areshown
in which nitrite was added to sludge under aerobic conditions at
different time periods before the addition of sewage(i.e. 60, 30, 15
and 5 min respectively). The sludge in these tests was pretreated
with a2 h anoxic-anaerobic period to ensure that no extracellular
nitriteor intracel lular nitric oxidewas present at theend of the start
of aerobic conditions. Nitrite was added with the objective of
ensuring that at thetime of addition of sewage, each of thetestshad
similar concentrations of nitrite. For batch tests BT13, BT14,
BT15 and BT 16, the concentrations of nitrite measured immedi-
ately after theintroduction of feed were 11.9; 15.5; 16.5and 12.0
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mgNO,-N/¢ respectively.

A number of characteristics of the batch tests need to be
described in terms of the biochemical and microbiological aspects
of the model:

¢ The anoxic-anaerobic pretreatment conditions would ensure
theabsenceof nitriteandintracellular nitric oxideat the start of
thetests,

e The 2 h aerobic period with nitrite and SBCOD, but not
RBCOD available, would result in an accumulation of nitric
oxide,

e Theaddition of sewage (containing RBCOD) would ensure a
rapid supply of electrons which would alow the reduction of
intracellularly accumulated nitric oxide, thereby relieving
inhibition of aerobic respiration, noted in the batch tests by an
increase in maximum specific OUR with time.

From the results of the batch tests, the following conclusions can
be drawn:

« Denitrification of nitrite occurs under aerobic conditions and
causes inhibition of aerobic respiration.

« For agiven concentration of nitrite, the longer the period for
aerobic denitrification of nitrite, the greater the degree of
inhibitioninduced. Thisconclusionwasbased onthelength of
time required to overcome the inhibition effect, i.e. following
the addition of feed the time required to raise the OUR from
theinitial OUR to the maximum OUR. For nitriteadded 5, 15,
30 and 60 min before the addition of feed, the periods required
for relief of inhibition were approximately 2, 3%, 3, 4%2 h
respectively, agenerally increasingtrend withincreaseintime.
(Thetimerequiredfor relief of inhibitionisnot agood measure
of the inhibition induced since relief of inhibition is also a
function of the amount of readily biodegradable substrate
available - complete relief may not be achieved with sewage
containingasmall fraction of readily biodegradabl e substrate).

Effect on aerobic respiration of denitrification of nitrate under
aerobic conditions

The model proposes that nitrate cannot be reduced under aerobic
conditions since nitrate reductase is situated on the cytoplasmic
side of the membrane and oxygen reduces the permeability of the
membrane to nitrate, restricting the movement of nitrate to its
reductase. This proposal was tested experimentally asBT12 (see
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Figure 7
OUR (in mgO/gVSS-h) with
time (h) for Batch Tests
(BT) 13, 14, 15 and 16 with
nitrite addition under
aerobic conditions at
different time periods
before the addition of a
substrate conducted on
sludge harvested from
System 5 of Lakay et al.
(1999) (see their Fig. 7) on
Days 285 (BT13), 330
(BT14), 333 (BT15) and
334 (BT16)

Figure 8
OUR (M, in mgO/gVSS-h)
and nitrate (®) and nitrite
(@A) concentrations with time
(h) for Batch Test 13 with
nitrite added under aerobic
conditions in the absence of
readily biodegradable
substrate conducted on
sludge harvested from
System 5 of Lakay et al.
(1999) (see their Fig. 7) on
Day 285.

Figure 9
OUR (m, in mgO/gVSS-h)
and nitrate (®) and nitrite
(@) concentrations with time
(h) for Batch Test 12 with
nitrate added under aerobic
conditions in the absence of
readily biodegradable
substrate demonstrating no
induction of inhibition
conducted on sludge
harvested from System 5 of
Lakay et al. (1999) (see their
Fig. 7) on Day 284.
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Fig. 9) and was compared with the nitrite denitrification results
from BT13, details of which are given in Fig. 8. To test aerobic
denitrification of nitrate, the same experimental conditions were
applied asfor BT13, except that nitrateinstead of nitritewasadded
under aerobic conditions 1 h before the addition of sewage (BT12,
see Fig. 9). The concentration of nitrate after addition of sewage
(i.e. 14.9 mgNO,-N/¢) was similar to the concentration of nitrite
(i.e. 11.9 mgNO,-N/¢) at the time of sewage addition in BT5,
shownin Fig. 8. Asindicated in Fig. 9, addition of nitrate under
aerobic conditions did not result in inhibition of OUR since there
wasnoinitial period of OUR increase following sewage addition.
Fromthisresult it can be concluded that nitrateisnot denitrified to
the intermediates
NO,, NO, and N,O with SBCOD under agrobic conditions.

(3) Effect of rate of electron supply under aerobic
conditions on induction and relief of inhibition of
aerobic respiration

With slowly biodegradable substrate, aerobic denitrification of
nitriteinducesinhibition of respiration

In (2) above it was described that for nitrite added under aerobic
conditions, inhibition of aerobicrespirationisinduced (Batch Tests
13t016). Inthesetests, nitritewasadded under aerobic conditions
with only slowly biodegradable substrate present. Thusit can be
concluded that with slowly biodegradable substrate under aerobic
conditions, aerobic denitrification of nitrite induces inhibition of
aerobic respiration.

Readily biodegradable substrate under aerobic conditions
relieves inhibition of respiration induced by denitrification

of nitrite with slowly biodegradable substrate under preceding
anoxic conditions

In (1) above it was described that nitrite addition under anoxic
conditions induces inhibition of aerobic respiration under subse-
quent aerobic conditions(Batch Tests2, 4, 5and 11). Inthesetests,
nitrite was added under anoxic conditionswith only slowly biode-
gradable substrate present. Under subsequent aerobic conditions
with readily biodegradable substrate present, inhibition of aerobic
respirationwasrelieved, reflected inanincreasing OUR withtime.
Thusit can beconcludedthat readily biodegradablesubstrateunder
aerobic conditions relieves inhibition of respiration induced by
denitrification of nitrite under preceding anoxic conditions.

With readily biodegradabl e substrate present under aerobic con-
ditions, inhibition is not induced

From the foregoing batch tests it is apparent that addition of
RBCOD relieves the inhibition effect, reflected in a steadily
increasing maximum specific OUR following the addition of
sewage. Thebiochemical model proposesthat after achangefrom
anoxic to aerobic conditions, when NADH supplies electrons in
excessto the ETP, theintracellular concentration of nitric oxideis
maintained low enough by nitric oxide reductaseto prevent inhibi-
tion of aerobic respiration. When the supply of electrons from
NADH isrestricted, theintracellular concentration of nitric oxide
increases because electronsflow preferentially to nitrite reductase
and produce nitric oxide, rather than to nitric oxide reductase to
reduceit; theincreased nitric oxide concentration inhibits aerobic
respiration.

Toexaminethisaspect moredirectly, twofurther aerobicbatch
testswereconducted and comparedwithBT13,i.e.BT 17andBT1.
InBT13 (Fig. 8) nitritewas added 1 h before sewage RBCOD was
added. In BT12 (Fig. 10), nitrite was added 1 h after sewage
RBCOD wasadded, andinBT1 (Fig. 11), no nitritewasadded, but
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sewage RBCOD wasadded. Inhibitionwasnotedinonly onecase,
i.e. BT13, where nitrite was added in the absence of sewage
RBCOD. This indicated that inhibition is induced by nitrite
denitrification (when a slow rate of supply of electrons (SBCOD)
exists.

It could bearguedthat in Batch Test 17 inhibition wasinduced,
but also that the decrease in OUR due to inhibition was offset by
alarger increase in OUR due to nitrification. However, this does
not appear to bethe case, given that for BT13 (Fig. 8) the addition
of nitrite in the absence of readily biodegradable substrate had
a constant oxygen requirement (for nitrification) of about 3.0
mgO/gVSSh, a requirement similar to that for the addition of
nitrite in the presence of readily biodegradable substrate in BT17
(3.6 mgO/gV SS-h). Theseresultsindicatethat theincreasein OUR
following the addition of nitrite was due to nitrification only, not
the nett result of inhibition and nitrification.

(4) Inhibition relieved with readily biodegradable
substrate will be re-induced in the absence of readily
biodegradable substrate

Fromthemodel, inthe presence of afast rate of supply of electrons
(RBCOD available), inhibitionisrelieved, and in the absence of a
fast rate of supply of electrons (only SBCOD available), inhibition
isinduced inthe presence of nitrite. Intheforegoing batch testsin
which inhibition is induced with slowly biodegradable substrate
andrelieved withreadily biodegradablesubstrate, it isunclear asto
whether relief is permanent or temporary. To examinethisaspect,
Batch Tests 10 and 11 were conducted (see Fig. 12), in which
sewagewasadded to sludgefromwhich nitriteand nitratehad been
removed through the initial 6 h pretest period. The OUR profile
illustrated in Fig. 12 indicates no inhibition as expected (similar to
Fig. 11) and indicates that the RBCOD was completely utilised
after 2 h. About 20 h after sewage addition, nitrite was added at a
concentration of 6.0 mgNO,-N/¢ and 5 min later sewage was
added. The presenceof nitriteand slowly biodegradable substrate,
but absence of readily biodegradable substrate in the 5 min period
prior to sewage addition, induced inhibition, which took 4%z hto
overcome. Fromtheresultsof theexperiments, it can beconcluded
that neither induction nor relief of inhibition is permanent but isa
function of the presence of absence of readily biodegradable
substrate and nitrite. The results of the experiments arein agree-
ment with the proposals of the model; relief and absence of
inhibition occursinthe presenceof afast rate of supply of el ectrons
(readily biodegradable substrate) and inhibition occurs or is in-
duced in the presence of aslow rate of supply of electrons (slowly
biodegradablesubstrate) with nitritepresent, irrespectiveof whether
thesludgehaspreviously beenrelieved of, or wasfreeof inhibition.

(5) Inhibition of respiration is a general mechanism
applicable to all sludges subjected to alternating
anoxic-aerobic conditions irrespective of system
configuration
Theinhibitiontestsdescribed abovewereall conducted on sludges
developed in a 2RND post denitrification (MLE) configuration
witha3:1 arecycleand al:1 srecycle. Toensurethat inhibition
of respiration isnot specific to MLE configurations, sludgesfrom
a multi-reactor MUCT configuration and an IAND system were
each subjected to the same conditions as described in Statement 1
above and illustrated in Fig. 6.

Similar results were measured in sludges from MUCT and
IAND systems, indicating that inhibition of aerobicrespiration can
be stimulated in sludges from different N removal configurations.
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(6) Inhibition of aerobic respiration results in
aerobic denitrification

Batch tests which demonstrate aerobic inhibition have
an associated nett loss of NO, unaccounted for by
nitrification of nitritetonitrate. For batchtestsinwhich
inhibition was not induced, all nitrite which disap-
peared, reappeared as nitrate through nitrification.
Typically, sludges demonstrating inhibition of aerobic
respiration show an initia rapid decrease in nitrite
concentration due to denitrification, followed by an
increase in nitrate concentration due to nitrification of
nitrite (nitrification of ammonium to nitrite was inhib-
ited by thiourea). For Batch Test 20, illustrated in Fig.
13 and conducted on sludge from an IAND System, in
thefirst 7 h after feedings, 2.6 mgNO,-N/¢ disappeared
and only 1.1 mgNO,-N/¢ appeared, indicating aloss of
1.5mgN/¢throughdenitrification of nitrateand nitriteto

OUR (M, in mgO/gVSS-h) and nitrate (®) and nitrite () concentrations
with time (h) for Batch Test 17 with nitrite added under aerobic conditions
in the presence of readily biodegradable substrate demonstrating little
inhibition conducted on sludge harvested from System 5 of Lakay et al.
(1999) (see their Fig. 7) on Day 335.

dinitrogen. In Fig. 13, the initial rapid decrease in
nitrate and the initial rapid increase in nitrite are ex-
trapolated to the time at which al of the RBCOD is
utilised. Over the4vs hinwhichreadily biodegradable

40\ql . 35
| T
Parent system - 2 reactor ND (2RND

35—2\, : system rNDQRND) | N
E §'\‘ " N.H.‘*‘ 3:1 =
g‘“‘..;l.g: addmon‘ 125 %
sty ﬁ, E
CHMNE S T 420 =
O 20p3J 28! 1,0<D0<3,0 o
o 18 (o]
E 15 | 15 2
~ 15 % -
o« .a] ! d1o -&
3 1o<§}ﬁ1 o)

5_@) Sewage feed 5 E

N : Nil inhibition

0 1 L 1 i 1 b i L 1 1 ] i) 1 o

ol2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Thiourea

addition TIME (h)

Figure 11

substrate was present, approximately 1.4 mgNO,-N/¢
disappeared and approximately 0.9 mgNO,-N/¢ ap-
peared, suggesting that 0.5 mgNO,-N/¢ was denitrified
to dinitrogen. Since 1.5 mgN/¢ in total was denitrified
during the first 7 h after feeding, 1.0 mgNO,-N/¢ was
denitrified duringthesameperiod. It appearsthat under
aerobic conditions, for a sludge demonstrating inhib-
ited aerobic respiration, twice as much nitrite asnitrate
is denitrified and denitrification is initially rapid but
decreases with time as inhibition is overcome. This
mechanismisinagreement withthebiochemica model.
With regard to the general concept of aerobic
denitrification, electrons are diverted to the nitrogen
oxide reductases as a consequence of inhibition of
electron flow to the oxidases, but as inhibition is re-
lieved, electron flow to the oxidases increases and
electron flow to the reductases decreases such that
aerobic denitrification also decreases. With regard to

OUR (m, in mgO/gVSS-h) and nitrate (® ) and nitrite () concentrations with
time (h) for Batch Test 1 with nitrate and nitrite absent before addition of
substrate demonstrating no induction of inhibition conducted on sludge

harvested from System 5 of Lakay et al. (1999) (see their Fig. 7) on Day 225.

more specific details of the model: the experimental
results indicate that nitrate was denitrified along with
nitrite under aerobic conditions and that the amount of
nitrate denitrified (0.5 mgNO,-N/¢) was less than the
amount of nitritedenitrified (1.0mgNO,-N/{). Asnoted
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-9 concentrations with time (h) for
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— sludge harvested from System 5 of
' Lakay et al. (1999) (see their Fig. 7)
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instatement (2) above, nitratewasdenitrified only when nitritewas
present. However, a principle of the model is that due to the
periplasmic and cytoplasmic placements of nitrite and nitrate
reductase respectively, under aerobic conditions, nitrite (but not
nitrate) has accessto its reductase and with ahigh concentration of
nitrite, a high redox potential develops at nitrite reductase and a
largeflow of el ectronspassestoit. Fromtheseresultsit appearsthat
the membrane is not completely impermeable to nitrate; some
nitrate can pass across it to nitrate reductase.

(7) Synthesis of aerobic and anoxic pathways
enzymes under steady-state aerobic and steady state
anoxic conditions

The conceptual model describesthe effect of steady-state aerabic
and anoxic conditions on the synthesis of the enzymes of the

Thiourea

Figure 13 (right) addition

aerobic and anoxic electron transport pathways. The model pro-
poses that facultative organisms grown under aerobic conditions
are unable to denitrify immediately when placed under anoxic
conditions; and facultative organisms grown under anoxic condi-
tions and then subjected to aerobic conditions can utilise substrate
immediately under the aerobic conditions as a consequence of the
development of constitutive cytochrome o under anoxic condi-
tions.

Sludgeinasinglereactor system (System 1- Lakay etal ., 1999)
was maintained under continuous anoxic conditions (3 sludge
ages) and continuous aerobic conditions (3 sludge ages). To
examinethe effect of aerobic and anoxic conditions on the synthe-
sis of aerobic and denitrifying enzymes, aerobic inhibition batch
tests were conducted periodically on the sludge from the system
during the anoxic and aerobic conditions. Since inhibition is a

-
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(b)

()

(d)

function of thelevel of the nitrogen oxidereductases(in
particular nitrite reductase and nitric oxide reductase)
and the oxidases, measurement of thelevel of inhibition
provides information concerning the levels of these
enzymes.

To examine the effect of aerobic and anoxic condi-
tions on synthesis of the denitrifying enzymes, anoxic
denitrification batch tests were conducted before and
after changes were made from aerobic to anoxic condi-
tions and vice versa.

Figure 14 illustrates the degree of inhibition meas-
ured in 18 aerobic Batch tests A to R conducted on
sludgefrom System 1 (seeL akay etal., 1999) fromDays
222t0372. Thetestswere conducted during continuous
anoxic periods (Days 262 to 305, and Days 352 to 372)
and continuous aerobic periods (Days 255 to 261, and
Days306to 351). Theanoxic period, from Days222to
254 isincluded in Fig. 14 to illustrate the conditions to
which the sludge was subjected prior to thefirst aerobic
period. Two periodsin Fig. 14 are of primary interest,
the change from steady-state anoxic to aerobic condi-
tions on Day 306, and the change from steady-state
aerobic to anoxic conditions on Day 352. The long
anoxic period (Days 261 - 305) resulted in steady-state
conditions and maximum synthesis of the denitrifying
enzymeswould be expected by Day 306. Similarly, the
long aerobic period (Days 306 - 352) resulted in steady-
state conditions and maximum synthesis of the aerobic
enzymecytochromeaa, would be expected by Day 352.

Inhibition of aerobic respiration will decrease with
continuous exposure of anoxically grown sludge to
aerobic conditions

At the end of the second anoxic period (Days 262 to

305), inhibition was about 76%. The high level of

inhibition resulted from interaction of cytochrome o

(synthesised to its maximum level under anoxic condi-

tions) with high levels of nitric oxide produced through

denitrification of nitrite with slowly biodegradable
substrate. During the subsequent aerobic period (Days

306 to 352), the maximum inhibition decreased asymp-

totically to avalue of 21% by Day 352. The reduction

in maximum inhibition results from a combination of
two changes:

« With continuous exposure to aerobic conditions,
cytochrome aa, (which is not inhibited by nitric
oxide) is synthesised to its maximum level, and,
cytochrome o (which is strongly inhibited by nitric
oxide) degradestoitsminimumlevel, andthegreater
flow of electrons pass to cytochrome aa..

»  Duringtheaerabicperiod, thedenitrifyingreductases
degrade with time, so that lower concentrations of
nitric oxide are produced. In combination, a low
concentration of nitric oxide, alow level of cyto-

Figure 15
Change in denitrification rate of nitrate and nitrite
with time resulting from changes in operating
conditions from fully aerobic to fully anoxic as
measured in four anoxic batch tests (DBT 1 to 4) on
sludge harvested from System 1 of Lakay et al.
(1999) (see their Fig. 3) on Days 350 (DBT1), 352
(DBT2), 355 (DBT3) and 364 (DBT4).
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chrome o and ahigh concentration of cytochromeaa, resultsin
alow level of inhibition of aerobic respiration.

Inhibition of aerobic respiration will increase with continuous
exposure of aerobically grown sludge to anoxic conditions
Similar trends in maximum inhibition were measured for the two
anoxic periodsillustrated in Fig. 14. During both periods, inhibi-
tioninitially increased, then decreased, and thenincreased again to
similar high steady-state values (=72%). Thedifferenceinratesof
increase and decreasein level of inhibition between thetwo anoxic
periods may be a consequence of the length of the preceding
aerobic period.

The overall increase in inhibition with time results from an
increase in the level of nitrite reductase which produces nitric
oxide, combined with anincreaseinthelevel of cytochromeo, and
areduction in the level of cytochrome aa..

Exposure of aerobically grown sludge to anoxic conditions will
increase the denitrification potential of the sludge

Anoxicdenitrification batchtests(DBT) wereconducted on sludge
from System 1 on Day 350 (DBT1) and Day 352 (DBT2) when
System 1 was operated under aerobic conditions, and on Day 355
(DBT3) and Day 364 (DBT4) when it was operated under anoxic
conditions. Theresultsof the batch testsareillustrated in Fig. 15.
For analysis purposes, the change in nitrate concentration is di-
vided into approximately linear sections and the progressively
increasing rates of nitrate reduction in any one test are labelled
K osr Koyosr @Nd K3, o, and the nett rate of nitrite reduction is
labelledk!, ., .[Note: Thek!, ., K, andk® . ratestoindicatethe
first, second and third rates of nitrate reduction must not be
confused with thefirst, second and third rates of nitrate reduction
K,, K, K,or K , K, K, employed in wastewater research to
denote nitrate reduction with RBCOD, SBCOD in the primary
anoxic reactor and endogenous SBCOD in the secondary anoxic
reactor respectively andthereforearegivenlower casek symbols].
Theincreasein nitrate concentration during thefirst 20 min of each
test is attributed to nitrate mixing problems after the addition of
nitrate at the same time as addition of substrate. The variationsin
k. . andk* _ fromDBT1ltoDBT4areplottedinFig. 16 and are

NO3- NO2-

discussed below.

Nitratereduction: For sludgedevel oped under aerobic conditions,
theinitial ratesof nitratereduction (k' ., ) werevery low for DBT1
(1.15mgN/gV SSh) and DBT2 (0.88 mgN/gV SS-h). On Day 352,
System 1 was made anoxic, and the value of k', ., increased from

0.88 mgN/gV SS:h to 4.33 mgN/gV SS:h after 3 d of anoxic condi-
tions, and to 11.68 mgN/gV SS:h after 15 d. This resulted from
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increased synthesis of nitrate reductase with exposure to anoxic
conditions.

Nitritereduction: Figurel16illustratesthat similar resultsto those
described for nitrate reduction were measured also for nitrite
reduction under aerobic and anoxic conditions. The true rate of
nitrite reduction (k' ,, ) was cal culated by subtracting the average
of the first two rates of nitrate reduction (which egquals the rate of
formation of NO,), from the measured rate of nitrite formation
duringthesameperiod. Under continuousaerobic conditions, rates
of nitrite reduction were very low for DBT1 (k%,,, = 0.36 mgN/
gvVSSh)andDBT2 (K, 5, =0.50mgN/gVSSh). Thisisaresult of
the non-synthesis of nitrite reductase under aerobic conditions.
Under anoxic conditions, the nitrite denitrification rate k',
increased from 0.50 mgN/gV SS:hto 3.10 mgN/gV SS-h after 3d of
anoxicconditionsandto 10.72mgN/gV SS-h after 15d. A notewor-
thy feature of Fig. 15 is that for sludge grown under anoxic
conditions and subjected to anoxic batch tests (DBT3 and DBT4),
nitrite production from nitrate reduction was considerably greater
3 d after achange from aerobic to anoxic conditions (3.7 mgNO,’
-N/gvVSShinDBT3) thanitwas 12 d after thechange (1.1 mgNO,
-N/gVSS-hin DBT4). Thisindicated that after changing System 1
from aerobic to anoxic conditions, nitrate reductase synthesis was
initially more rapid than nitrite reductase synthesis and nitrite
accumulated, but as nitrite reductase synthesis increased, nitrite
was reduced more rapidly and did not accumulate to the same
extent. Theresultsarein agreement withthe proposalsof themodel
inwhich sequential formation of the nitrogen oxide reductases (in
the order, nitrate-, nitrite-, nitric oxide- and nitrous oxide reduct-
ase) under anoxic conditionsfollowing steady-state aerobic condi-
tions, resultsin sequential formation of nitrate, nitrite, nitric oxide
and nitrous oxide.

Closure

In Section | of this paper, aconceptual model was outlined for the
major biochemical respiratory mechanisms mediated when a
heterotrophic facultative organism (representing the heterotrophic
facultative mass of activated sludge) is subjected to steady-state
aerobic, steady-state anoxic and changes between steady-state
aerobic and steady-state anoxic conditions. In Section Il of this
paper the major proposals and implications of the model were
tested with activated sludgein aerobic batch test procedureswhich
examined the effect on aerobic respiration of anoxic and anaerobic
pre-test conditions, nitrite and nitrate concentrations under anoxic
conditions, readily and slowly biodegradable substrate, and syn-
thesis of aerobic and denitrifying enzymes under anoxic and
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aerobic conditions. Anoxic batch tests examined the effect of
aerobicand anoxic conditionson thedenitrifying enzymes, nitrate-
and nitritereductase. Theexperimental resultsprovidesubstantive
evidence that supports the conceptual biochemical model for
facultative organism respiration.
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