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X1
Nomenclature and symbols
The following nomenclature and symbols were used in this dissertation.

Notation of parameters related to mathematical modelling is presented in
chapter 7.

Abbreviations

ATP Adenosine triphosphate

ATU Allyl-N-thiourea

BOD Biochemical oxygen demand

BPR Biological phosphorus removal

COD Chemical oxygen demand

EBPR Enhanced biological phosphorus removal
FISH Fluorescence in situ hybridization

GAO Glycogen-accumulating organisms
GLY Glycogen

HAc Acetate

HPr Propionate

HRT Hydraulic retention time

MLSS Mixed liquor suspended solids

MLVSS Mixed liquor volatile suspended solids
N Nitrogen

NADH Nicotinamide adenine dinucleotide
OUR Oxygen uptake rate

P Phosphorus

PAO Polyphosphate-accumulating Organisms
PHA Poly-B-hydroxyalkanoates

PHB Poly-B-hydroxybutyrate

PHV Poly-B-hydroxyvalerate

PH2MV Poly-B-hydroxy-2-methyl-valerate
Poly-P Poly-phosphate

RBCOD Readily biodegradable chemical oxygen demand
SBR Sequencing batch reactor

SBCOD Slowly biodegradable chemical oxygen demand
SRT Solids retention time

T Temperature

VFA Volatile fatty acids

WWTP Wastewater treatment plant
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Symbols

C-mol Carbon-mol units

) ATP/NADH; ratio, ATP aerobically produced per NADH,
oxidized

kgLAYX Maximum glycogen formation rate

kpr Maximum PHA degradation rate

m<., Aerobic ATP maintenance coefficient

Mg Specific oxygen demand for maintenance

mg Specific PHA demand for maintenance

mj;P’G 10 Anaerobic ATP maintenance requirements of GAO

mj;Pj PAO Anaerobic ATP maintenance requirements of PAO

NH, -N nitrogen as ammonium

PO4*-P Phosphorus as orthophosphate

qgf’g 40 Maximum acetate uptake rate of GAO

qgﬁflf; 0 Maximum acetate uptake rate of PAO

SRT Ajf]\f GAO Minimum aerobic solid retention time of GAO

SRT, Af,fvlf rso  Minimum aerobic solid retention time of PAO

rery Specific maximum aerobic glycogen formation rate
ro2 Specific oxygen uptake rate
7 pHA Specific maximum aerobic PHA consumption rate
7' PHB Specific maximum aerobic PHB consumption rate
rpHy Specific maximum aerobic PHV consumption rate
rx Specific maximum biomass production rate
Xcuo Active GAO biomass concentration
Xpao Active PAO biomass concentration
0 Temperature coefficient
Yy Maximum yield of biomass production on oxygen
Yo Maximum yield of biomass production on PHA

SX y p

gl Maximum yield of glycogen production on oxygen
Yo Maximum yield of glycogen production on PHA

Yo Maximum yields of biomass production on oxygen

ox
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Summary

The over-enrichment of surface water bodies with nitrogen (N) and
phosphorus (P) compounds present in non-treated and treated wastewater,
can lead to the excessive growth of algae (e.g. cyanobacteria) and other
photosynthetic organisms. This process, known as eutrophication, results in
reduced transparency, reduced photosynthetic activity, depletion of oxygen,
production of toxic compounds and loss of plant and animal species.

Since phosphorus discharges from municipal wastewater systems are in
general higher than from any other point source and phosphorus is the most
limiting nutrient for biological growth in natural waters, the operation of
efficient phosphorus removal processes in wastewater treatment systems is
of major importance to control and prevent eutrophication.

Due to high removal efficiency, economy, environmentally-friendly
operation, and potential phosphorus recovery, enhanced biological
phosphorus removal (EBPR) in activated sludge processes is a popular and
widespread technology in wastewater treatment systems. EBPR can be
implemented in activated sludge systems by promoting the enrichment of the
system with polyphosphate-accumulating organisms (PAO). This can be
achieved by recirculating sludge through anaerobic and anoxic/aerobic
conditions, and directing the influent, usually rich in volatile fatty acids
(VFA) such as acetate (HAc) and propionate (HPr), to the anaerobic stage.

The main disadvantage of the EBPR process is its apparent instability and
unreliability. It is known that EBPR treatment plants may experience process
upsets, deterioration in performance and even failure, exceeding the
maximum permissible effluent concentrations for phosphorus. Among other
factors, the appearance of glycogen-accumulating organisms (GAO), which
compete for substrate (VFA) with PAO under anaerobic conditions, has been
hypothesised to be the main cause of the deterioration of the EBPR process
performance. Therefore, from an EBPR process perspective, GAO are seen
as undesirable microorganisms because they compete with PAO for VFA
and do not contribute to the biological phosphorus removal.

With a clear need to reduce the phosphorus loads discharged into surface
water bodies, and recover and preserve our surrounding ecosystems, it
becomes extremely important to find and suggest strategies and control
measures to favour the development of PAO and suppress the growth of
GAO in EBPR activated sludge systems.

In the present thesis, the effects of key environmental and operating
conditions influencing the PAO-GAO competition (such as temperature,
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types and fractions of volatile fatty acids and pH levels) were addressed
from different perspectives through undertaking different studies at both lab-
and full-scale and by applying mathematical modelling.

At both short- (Chapters 2 and 3) and long-term temperature effect studies
(Chapter 4), GAO (Competibacter a known GAQO) showed to be able to
compete with PAO for substrate only at temperatures higher than 20 °C.
Below this temperature, GAO did not show metabolic advantages over PAO.
Moreover, at temperatures lower than 20 °C (e.g. 10 °C), the anaerobic
metabolism of GAO was inhibited limiting the substrate uptake rate and,
therefore, the growth of these microorganisms. In general, GAO had a lower
biomass growth rate than PAO, requiring longer SRT, particularly below 20
°C. At 10 °C, a complete switch in the dominant microbial populations from
an enriched GAO to an enriched PAO culture confirmed that GAO cannot
adapt to low temperatures.

In full-scale systems (Chapter 5), the occurrence of PAO (Accumulibacter)
was positively correlated with pH values, suggesting that high pH levels are
favorable for these microorganisms at full-scale systems. The appearance of
PAO was also influenced by the operation of well-defined denitrification
stages that, furthermore, also stimulated the development of denitrifying
PAO (DPAO). Quantified GAO populations (Competibacter) were only
correlated with the organic matter concentrations implying that, according to
the conditions of this survey, these microorganisms are only able to grow on
the excess of organic matter (or substrate) in the system. Defluviccocus-
related microorganisms and Sphingomonas (presumably GAO) were not
observed or only seen in negligible fractions (< 1%) in a few plants
indicating that these organisms could be rarely present in municipal EBPR
WWTP and, thus, may not be the main competitors of PAO.

In order to monitor the performance of EBPR plants, a practical method was
developed wusing highly enriched PAO (Accumulibacter) and GAO
(Competibacter) cultures which showed to be potentially suitable for the in
situ quantification of PAO and GAO populations at full-scale systems
(Chapter 6). The method relies on the execution of an anaerobic batch test
and the measurement of commonly determined parameters such as acetate,
orthophosphate and mixed liquor suspended solids.

Using a (mechanistic) mathematical model that incorporated the carbon
source, temperature and pH-dependences of PAO (Accumulibacter) and
GAO (Competibacter and Alphaproteobacteria-GAQO) the influence of key
operating and environmental conditions on the PAO-GAO competition was
evaluated (Chapter 7). At low temperature (10 °C), PAO were the dominant
microorganisms independently upon the pH or carbon source provided. At
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moderate temperature (20 °C), the simultaneous presence of acetate and
propionate (e.g. 75-25 or 50-50 % acetate to propionate ratios) favoured the
growth of PAO over GAO, regardless of the applied pH. However, when
either acetate or propionate is supplied as sole carbon source, PAO was only
favoured when a high pH (7.5) was applied. At higher temperature (30 °C),
GAO tended to proliferate. Nevertheless, an adequate acetate to propionate
ratio (75 — 25 %) and a pH not lower than 7.0 could be used as potential
tools to suppress the proliferation of GAO at high temperature (30 °C).

This research contributed to get a better understanding about the factors
affecting the PAO-GAO competition and, thus, the stability and reliability of
the EBPR process in activated sludge systems. The findings obtained in this
research may prove useful towards optimization of full-scale EBPR plants.
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Samenvatting

De verrijking van oppervlaktewater met stikstof en fosfaat aanwezig in
onbehandeld en behandeld afvalwater, kan leiden tot overmatige groei van
algen (b.v. cyanobacterieén) en andere fototrofe organismen. Dit proces,
bekend als eutrofiéring, resulteert in verminderde lichtdoorlaatbaarheid,
verminderde fotosyntheseactiviteit, zuurstoftekort, vorming van toxische
componenten en verlies van verschillende planten- en diersoorten.

Aangezien fosfaat lozingen van communale afvalwaterzuiveringen over het
algemeen groter zijn dan van enige andere puntbron en fosfaat de meest
beperkende voedingsstof is voor biologische groei in oppervlaktewater, is
het  belangriik om  efficiénte  fosfaatverwijderingprocessen  in
afvalwaterzuiveringsinstallaties te hebben ter voorkoming van eutrofiéring.

Wegens het hoge verwijderingrendement en een milieuvriendelijke manier
van bedrijven en tevens de mogelijkheid tot fosfaat hergebruik, is
biologische fosfaatverwijdering in actief slib processen een populaire en
wijd verbreide technologie voor afvalwaterzuiveringssystemen. Biologische
defosfatering kan worden geimplementeerd in actief slibsystemen door
middel van het ophopen van polyfosfaat accumulerende organismen (PAO)
op basis van hun ecofysiologische karakteristicken. Dit kan worden bereikt
door middel van slibrecirculatie door anaérobe en anoxische/aérobe zones,
en het leiden van het influent, meestal rijk in vluchtige vetzuren zoals acetaat
en propionaat, naar de anaerobe stap.

Het belangrijkste nadeel van het biologische defosfatering is de
veronderstelde of schijnbare instabiliteit en onbetrouwbaarheid. Het is
bekend dat in biologisch defosfaterende installaties procesverstoringen
voorkomen die in het ergste geval leiden tot het niet meer werken van de
biologische fosfaatverwijdering, waardoor de maximaal toelaatbare
effluentconcentraties voor fosfaat worden overschreden.

Een van de factoren is het ophopen van glycogeen-accumulerende
organismen (GAQO), die onder ana€robe omstandigheden concurreren om
substraat met PAO. Daarom worden, vanuit een EBPR proces perspectief,
GAO gezien als ongewenste micro-organismen, omdat ze concurreren met
PAO voor vetzuren, maar niet bijdragen aan de biologische
fosfaatverwijdering.

Met een duidelijke behoefte om de fosfaatbelasting in oppervlaktewater te
verminderen en om onze ecosystemen te behouden, is het zeer belangrijk om
strategieén en maatregelen te vinden ter bevordering van de ontwikkeling
van PAO in actief slib en om de groei van GAO te onderdrukken.
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In dit proefschrift worden de effecten van de belangrijkste milieu- en
operationele omstandigheden besproken die van invloed zijn op de PAO-
GAO concurrentie (zoals temperatuur, types en fracties van vluchtige
vetzuren en pH niveaus). Het onderzoek werd verricht vanuit verschillende
perspectieven en middels het uitvoeren van verschillende studies op zowel
laboratorium- en praktijkschaal, en ondersteund door wiskundige modellen.

In zowel korte- (hoofdstukken 2 en 3) als lange termijn temperatuur-effect
studies (hoofdstuk 4), bleken GAO (m.n. Competibacter een bekende GAO)
te kunnen concurreren met PAO voor substraat bij temperaturen hoger dan
20°C. Onder deze temperatuur toonde GAO geen metabole voordelen ten
opzichte van PAO. Bij temperaturen lager dan 20° C, werd het anaerobe
metabolisme van GAO geremd met beperking van de substraat
opnamesnelheid waarmee indirect de groei van deze micro-organismen werd
beperkt.

In het algemeen had GAO een lagere biomassaproductie dan PAO, in het
bijzonder onder 20°C. Bij 10°C werd een complete omschakeling in de
dominante microbiéle populaties van een verrijkte GAO naar een verrijkte
PAO cultuur bevestigd. GAO kunnen zich blijkbaar niet aanpassen aan lage
temperaturen.

In praktijkwaterzuiveringen (hoofdstuk 5), werd het vooérkomen van PAO
(Accumulibacter) positief gecorreleerd met hogere pH-waarden, hetgeen
suggereerd dat hoge pH-niveaus gunstig zijn voor deze micro-organismen.
Het voorkomen van PAO werd ook gunstig beinvloed door de werking van
goed gedefinieerde denitrificatie zones in de waterzuivering, deze zorgden
bovendien ook voor de ontwikkeling van denitrificerende PAO (DPAO).
Signifficante GAO populaties (Competibacter) werden alleen gecorreleerd
met hoge organische stof concentraties implicerend dat, in de onderzochte
systemen, deze micro-organismen zich kunnen handhaven dankzij een
overschot aan substraat. Defluviccocus-gerelateerde micro-organismen en
Sphingomonas (vermoedelijk GAO) werden niet waargenomen of slechts in
verwaarloosbare fracties (<1%) in een paar installaties die aangaven dat deze
organismen zelden aanwezig kunnen zijn in de huishoudelijke
waterzuivering met EBPR, en dus wellicht niet de belangrijkste concurrenten
zijn van PAO.

Een praktische methode werd ontwikkeld met behulp van sterk verrijkte
PAO (Accumulibacter) en GAO (Competibacter) cultures die potentieel
geschikt is voor de in situ kwantificering van PAO en GAO populaties in
praktijksystemen (hoofdstuk 6). De methode berust op de uitvoering van een
anaérobe batch test en de meting van parameters zoals acetaat, orthofosfaat
en droge stof.
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Met behulp van een (mechanistich) wiskundig model dat het effect van de
koolstof-bron, de temperatuur en pH-afhankelijkheid van PAO
(Accumulibacter) en de GAO (Competibacter en Alphaproteobacteria-GAO)
beschrijft, werd de invloed van belangrijke bedrijfs-en omgevingsfactoren op
de PAO-GAO competitie geévalueerd (hoofdstuk 7). Bij lage temperatuur
(10°C) zijn PAO de dominante micro-organismen, onathankelijk van de pH
of koolstofbron. Bij gematigde temperatuur (20°C), begunstigd de
gelijktijdige aanwezigheid van acetaat en propionaat de groei van PAO t.o.v.
GAO, ongeacht de toegepaste pH. Echter, wanneer acetaat of propionaat de
enige koolstofbron is, dan zijn PAO alleen in het voordeel bij een hoge pH
(7,5). Bij hogere temperatuur (30°C) had GAO vrijwel altijd het voordeel.
Toch kan een geschikte acetaat-propionaat ratio (75 - 25%) en een pH niet
lager dan 7,0 gebruikt worden als hulpmiddel om de proliferatie van GAO
bij hoge temperatuur (30°C) te onderdrukken.

Dit onderzoek heeft bijgedragen tot een beter inzicht in de factoren die de
PAO-GAO concurrentie beinvloeden en zo ook de stabiliteit en de
betrouwbaarheid van het proces in EBPR actief slib systemen. De verkregen
bevindingen in dit onderzoek zijn nuttig bij het optimaliseren van EBPR
installaties zeker in het geval het afvalwater een hogere temperatuur heeft
zoals bij de industrie en in tropische gebieden.






1
Chapter

Introduction

Content
1.1, Back@round..........ccoeeciiieiiiiiiieciie ettt s e e e seaeenere e 3
1.1.1. Biological wastewater treatment ...........ccecveevvereereerrencvenieeereeenneens 3
1.1.2. Importance of phosphorus removal for aquatic ecosystems............. 4
1.2. Enhanced biological phosphorus removal (EBPR) in activated sludge
A1 15311 OO O PO PR R U PPPPP 5
1.2.1. Activated sludge wastewater treatment SyStems ............ccceceeeeveeneene 5
1.2.2. Enhanced biological phosphorus removal (EBPR) .......................... 6
1.2.3. Advantages of the EBPR process..........ccecveeivevienienienienieeieeiens 8
1.2.4. EBPR process upsets and deterioration...........cocceeveervereenrieerieennenns 8
1.3. Glycogen accumulating organisms (GAO)........cccevveevcveeeiieenieeeireeeieens 9
1.4. Microbial identification ............ccoceeirrieienieieee e 11
1.4.1. Identification of PAO ......ccccooiiiiiiiiieeeee e 11
1.4.2. Identification of GAO.......cccoeovieiiieiiieieeeeeee e 12
1.4.3. Other methods for the identification of PAO and GAO................. 14
1.5. Factors affecting the PAO-GAO competition..........cccceeeereereeneeneeeenne. 14
1.5.1. Temperature effects .........coceeveririerinieienieetee e 14
1.5.2. The effect of the carbon SOUICES..........cccoeereiriiiiiieiieeeneeeie e 15
1.5.3. The effect Of PH...oocvvieeiieeieeeeee e 16
1.5.4. Other factors affecting the PAO-GAO competition.............c........ 17
1.6. Mathematical modelling of the PAO-GAO competition....................... 19
1.7. Motivation and scope of the thesis........c.cceccvveviiieciiencie e, 19
1.8, ODBJECHIVES .vvveuvieiieieiieieeteesieesieesreseresseesseesseesseesssessseesseesseesseesssesssennns 21
1.9. Outline of the thesis .......ccccverierierieeir et 21

110, RETEIEIICES . ..vvvveeeeieieeeieeeeeeeee ettt eaee e eaeaeeeaeaeaeaeseaeaesasesasesesessseseseseaeas 22



The PAO-GAO competition




Introduction 3

1.1. Background

1.1.1. Biological wastewater treatment
th
In the 19 Century, domestic wastewaters were discharged, through sewers,

into rivers and other surface water bodies to convey them to the sea. Rapid
urbanization and industrialization exacerbated the problem. The surface
water bodies became extremely polluted because the discharged organic
compounds served as substrate for bacterial growth, resulting in the
utilization and eventual depletion of oxygen, and subsequent death of animal
and plant life. As a consequence, the aquatic systems were seriously affected
leading to severe environmental issues. Also, due to spreading of pathogens,
water borne diseases raised, causing severe public health problems. The first
reaction in certain western European countries was the implementation of
specific regulations dealing with wastewater treatment and discharge. This
action promoted the construction and operation of wastewater treatment
plants and the development of wastewater treatment technologies.

Sewage or wastewater treatment is the process of removing contaminants
from wastewater by physical, chemical or biological processes. Among
them, biological processes, such as aerobic (i.e. activated sludge, trickling
filters) and anaerobic systems (i.e. upflow anaerobic sludge blanket reactors,
lagoons), were the preferred choice due to their relatively high removal
efficiency (which can be even higher than 90 %) and economy compared to
physical and chemical processes. Biological treatment systems are based on
microbiological processes occurring in nature, but promoting a higher
degradation activity and, therefore, removal, by increasing the bacterial
concentration. Since wastewater treatment processes depend on the
concentration of certain biomass in the systems, the design and operating
guidelines of biological wastewater treatment systems have been developed
in such a way that they tend to enhance the enrichment of the treatment
plants with the desired type and concentration of microorganisms. This
manipulation is done because, usually, wastewaters are very diluted and
contain neither the required concentration nor the specific types of bacteria
needed for the removal of organic and inorganic compounds. Because some
of the essential bacteria involved in waste removal are slow growing
organisms, the necessary concentrations can often only be reached through
the retention of biomass. Meanwhile, the different environments or
(biochemical) stages developed within the treatment process are, most of the
time, stressing factors whose main objective is to create a metabolic
selection to promote the growth and development of the required types of
bacteria.
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1.1.2. Importance of phosphorus removal for aquatic
ecosystems

The first aim of the biological wastewater treatment technology was the
removal of biodegradable organic matter, usually quantified in terms of the
biochemical or chemical oxygen demand (BOD and COD, respectively).
However, the over-enrichment of surface water bodies with nitrogen (N) and
phosphorus (P) compounds present in non-treated and treated wastewater,
tended to stimulate the growth of algae (e.g. cyanobacteria) and other
photosynthetic organisms. This process, known as eutrophication, results in
reduced transparency, reduced photosynthetic oxygen generating activity,
depletion of oxygen, production of toxic compounds, production of tastes
and odours that make the water unsuitable for water supply, loss of plant and
animal species, and reduced recreational aesthetics (Gijzen and Mulder,
2001; Seviour et al., 2003; EEA, 2005). Thus, in the last decades, issues like
eutrophication and the need to adopt sustainable water and wastewater
systems strongly supported the promulgation of specific legislation to limit
nutrient discharges (e.g. ammonia and phosphorus) into surface water bodies
in Europe (EEC, 1991).

Phosphorus and nitrogen are often the limiting factors for biological growth
in natural waters. However, phosphorus is more critical, because
cyanobacteria are capable of fixing molecular nitrogen from the atmosphere,
thus eliminating the requirement for ammonia (NH;-N) or nitrate (NO;™-N)
(Seviour et al., 2003). Experiments with large water reservoirs have shown
that no eutrophication occurs when the phosphorus concentration is reduced
to 8-10 pg P/L, even at nitrogen concentrations as high as 4-5 mg N/L
(Korstee et al., 1994).

Phosphorus is an essential (macro) nutrient to the growth of biological
organisms (Metcalf and Eddy, 2003). Since nearly every cellular process that
uses energy obtains it in the form of adenosine-5’-triphosphate (ATP), it is a
key element in all known forms of life. Moreover, phosphorus is also a vital
component of biological molecules such as deoxyribonucleic acid (DNA),
ribonucleic acid (RNA) and phospholipids in the cell membrane.

In Europe, nutrient discharges from municipal wastewater systems are in
general higher than from any other point source, accounting for more than
70% of the total phosphorus discharged into surface water bodies through
the sewerage (Table 1.1). Other activities, like agriculture, industry and
aquaculture are responsible for the rest of the phosphorus load released to
the environment. This points out wastewater treatment plants as key players
concerning the major point sources for phosphorus (Seviour et al., 2003) and
underlines the importance of the operation of efficient phosphorus removal



Introduction 5

processes in these treatment systems. Therefore, in practice, eutrophication
and, consequently, the excessive algal bloom, could be controlled and
prevented through reducing the maximum permissible phosphorus
concentration discharged into the surface water bodies by wastewater
treatment plants. Within this context, the effluent discharge requirements
range from 1 to 2 mg/L of total phosphorus depending on plant size, location
and potential impact on receiving waters (EEC, 1991; Metcalf and Eddy,
2003). In contrast, the effluent requirement for total nitrogen ranges from 10
to 15 mg/L.

Table 1.1. Percentage split of point source discharges to the Baltic, North Sea and
Danube Basin (source: EEA, 2005).

Point source discharges of phosphorus to the Baltic (2000)

Point source Inland waters Direct
Municipal wastewater 85 81
Industry 14 14
Fish farms 1 4
Point source discharges of phosphorus to the North Sea (2000)
Sewage treatment works 75 68
Households not connected 10 15
to sewage treatment works
Industry 14 16
Aquaculture 1 1
Point source discharges of phosphorus to the Danube Basin (1996-1997)
Municipal 73 78
Industrial 19 15
Agricultural 8 7

1.2. Enhanced biological phosphorus removal (EBPR) in
activated sludge systems

1.2.1. Activated sludge wastewater treatment systems

The activated sludge process represents the most widespread technology for
wastewater treatment and is a component of the largest biotechnology
industry in the world (Seviour and Blackall, 1999). Because of its reliability,
flexibility and adaptability it could be considered the most common and
popular wastewater treatment process.

Presently, several configurations for the activated sludge process have been
developed. However, all of them consist, at least, of two basic stages: an
aeration tank and a secondary clarifier. The two phases can be placed in
separate units (conventional activated sludge system) or in the same unit like
in sequencing batch reactors (SBR) (Wilderer et al., 2001). In the aeration
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tank, mixed cultures, which form the activated sludge, grow in suspension as
three-dimensional aggregated communities called flocs. In the secondary
clarifier, quiescent conditions are needed to allow the settling and further
removal of the flocs, in order to produce an effluent low in suspended solids.
Part of the settled solids is recycled from the secondary clarifier to the
aerobic tank (return activated sludge) aiming at keeping certain biomass
concentration in the aerated stage, meanwhile, excess of solids is wasted
(waste activated sludge).

Aeration tank Secondary clarifier
Effluent
Influent
Waste
! - Activated
Return Activated Sludge (RAS) Sludge
(WAS)

Figure 1.1. Simplified scheme of an activated sludge wastewater treatment system.

1.2.2. Enhanced biological phosphorus removal (EBPR)

Due to its popularity and widespread application around the world, the
activated sludge process was one of the preferred treatment systems for the
implementation of phosphorus removal technologies by biological or
chemical precipitation means (using calcium, aluminum or iron salt addition)
or through combined biological removal/chemical precipitation systems.

In particular, enhanced biological phosphorus removal (EBPR) can be
relatively easy implemented in activated sludge wastewater treatment
systems. EBPR is achieved by recirculating sludge through anaerobic and
anoxic/aerobic conditions, and directing the influent, usually rich in volatile
fatty acids (VFA) such as acetate (HAc) and propionate (HPr), to the
anaerobic stage (Figure 1.2). This promotes the enrichment of the system
with polyphosphate-accumulating organisms (PAO) (Mino et al., 1998).

In the anaerobic stage, PAO store the VFA present in the influent as poly-3-
hydroxyalkanoates (PHA). Depending on the type of VFA supplied (e.g.
HAc or HPr), the PHA stored under anaerobic conditions could be
comprised by poly-B-hydroxybutyrate (PHB), poly-p-hydroxyvalerate
(PHB) or poly-B-hydroxy-2-methylvalerate (PH,MV) (Smolders et al.,
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1994a; Oehmen et al., 2005¢). Most of the energy required for the transport
of VFA through the cell membrane and further storage as PHA is provided
by the hydrolysis of internally stored poly-phosphate (poly-P) (Mino et al.,
1998). Meanwhile, it is assumed that glycogen provides the reducing power
necessary for PHA storage (Smolders et al., 1994a; Mino et al., 1998). poly-
P hydrolysis also supplies the energy required to cover the anaerobic
maintenance requirements (Smolders et al., 1994a). As consequence of poly-
P hydrolysis, orthophosphate (PO4*-P) is released into the bulk liquid under
anaerobic conditions (Figure 1.2).

In the aerobic (or anoxic) phase, PAO utilize the PHA stored under
anaerobic conditions as carbon and energy source to take up higher amounts
of orthophosphate than those released in the anaerobic stage (Smolders ef al.,
1994b). The intracellular stored PHA is also used for (Smolders et al., 1995):
(i) the replenishment of the intracellular glycogen pool, (ii) biomass growth,
and (iii) to cover the aerobic maintenance needs. Net P-removal from the
wastewater is achieved through removal of waste activated sludge (WAS) in
the end or after the aerobic phase, when sludge contains a high poly-P
content (Figure 1.2).
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Figure 1.2. Conceptual scheme of an EBPR plant illustrating the activity of PAO.
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1.2.3. Advantages of the EBPR process

When operated successfully, the EBPR process is a relatively inexpensive
and environmentally sustainable option for P-removal (Oehmen et al., 2007).
The advantages of EBPR compared to chemical P-removal are (Korstee et
al., 1994; van Loosdrecht et al., 1997; Jansen et al., 2002; Metcalf and Eddy,
2003; Barat and van Loosdrecht, 2006):

a. High removal efficiency. EBPR is capable of achieving P effluent
concentrations of less than 1 mg/L, whereas, to achieve a similar
effluent concentration, chemical P-removal may usually require high
chemical dosages depending upon wastewater characteristics and
operating conditions.

b. No increase on sludge production. Due to the absence of chemicals
for P precipitation, there is not generation of chemical sludge that
may increase the total sludge production.

c. Economic. Since there is not an increase on the total sludge
production the sludge treatment, disposal and management costs are
lower. Moreover, chemical sludge may be more difficult to dewater,
increasing the dewatering costs.

d. Environmentally-friendly. No downstream ecological effects due to
the absence of aluminum, iron and other presumably harmful
residuals in the treated effluent.

e. Potential P-recovery. The EBPR process offers the opportunity to
recover the P present in the sewerage through the implementation of
side-stream processes.

1.2.4. EBPR process upsets and deterioration

The main disadvantage of the EBPR process is its apparent instability and
unreliability. It is known that EBPR plants may experience process upsets,
deterioration in performance and even failure, exceeding the maximum
permissible effluent concentrations (Seviour et al., 2003; Thomas et al.,
2003; Oehmen et al., 2007). According to diverse reports in literature, EBPR
is affected by a number of environmental and operating factors.

Excessive aeration after heavy rainfalls and weekends may decrease the level
of intracellular stored polymers (PHA and glycogen), affecting the
phosphorus removal performance (Brdjanovic et al., 1998b; Lopez et al.,
2006). The intrusion of nitrate or nitrite (NO;™-N and NO, -N, respectively)
in the anaerobic zone has also been associated to the deterioration of the
EBPR activity. The simultaneous presence of NO;™-N or NO,-N and VFA
induces anoxic conditions, favouring the consumption of VFA for
denitrification processes by both ordinary heterothoph organisms (OHO) and
PAO (Kuba et al., 1994; Puig et al., 2007), decreasing the phosphorus
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removal efficiency. Moreover, van Niel ef al. (1998) and Saito et al. (2004)
described the inhibitory effect that NO3;-N and NO,-N could have on the
EBPR process. The proper installation and operation of on-line sensors
coupled to the aeration systems and internal recirculation rates has helped to
keep better operating conditions avoiding excessive aeration periods and
reducing the intrusion of NO;-N and NO,™-N (Jansen ef al., 2002; Olsson,
2006).

Regarding the applied anaerobic hydraulic retention time (HRT), Matsuo
(1994) observed an improvement on the P-removal performance after the
anaerobic HRT was extended. At full-scale systems (Jansen et al., 2002),
limited P-removal capacity is usually observed in those plants where a short
anaerobic HRT is applied (e.g. shorter than 0.50 hours), particularly during
winter. This underlines the importance of the length of the anaerobic stage
on the EBPR process. Contrary to the growth of OHO, the EBPR is not
limited by the total solid or sludge retention time (SRT), but by the length of
the aerobic SRT (Brdjanovic et al., 1998¢), which should be long enough to
oxidize the PHA stored in the anaerobic stage. By incorporating the
temperature dependencies of PAO reported in literature (Brdjanovic et al.,
1998a; Henze et al., 2000; Jansen et al., 2002) on the design guidelines for
EBPR wastewater treatment plants, these operational limitations have been
reduced.

In other cases, the appearance of glycogen-accumulating organisms (GAO),
which compete for VFA with PAO, has been hypothesised to be the main
cause of the deterioration of the EBPR process performance (Cech et al.,
1993; Satoh et al., 1994; Liu et al., 1994, 1996; Filipe et al., 2001a; Thomas
et al., 2001; Ochmen et al., 2007). However, to present, the mechanisms that
influence the occurrence of GAO have not been fully addressed.

1.3. Glycogen accumulating organisms (GAO)

GAO, likewise PAO, are also able to store VFA as PHA under anaerobic
conditions. However, since they do not store poly-P, intracellular stored
glycogen is used as both energy and carbon source for VFA uptake without
exhibiting the typical anaerobic P-release and subsequent aerobic P-uptake
from PAO (Mino et al., 1998; Filipe et al., 2001a; Zeng et al., 2002, 2003a;
Oehmen et al., 2006b) (Figure 1.3). In the aerobic phase (Zeng et al., 2003a;
Ochmen et al., 2006b), GAO utilize the PHA previously stored in the
anaerobic stage for: (i) replenishment of glycogen, (ii) biomass growth, and
(iii) to cover the aerobic maintenance requirements (Figure 1.3). At lab- and
full-scale plants, different reports have described how the presence and
proliferation of GAO led to sub-optimal and deteriorated EBPR performance



10 The PAO-GAO competition

(Saunders et al., 2003; Thomas et al., 2003; Gu et al., 2005) and, in extreme
cases, failure (Satoh et al., 1994; Filipe et al., 2001a). Therefore, from an
EBPR process perspective, GAO are seen as undesirable microorganisms
because they compete with PAO for VFA and do not contribute to the
biological phosphorus removal.
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Figure 1.3. Conceptual scheme of an EBPR plant illustrating the activity of GAO.
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Minimizing the growth of GAO in EBPR plants could increase the cost-
effectiveness of the process; however, assessing the microbial dynamics that
takes place in such systems (e.g. the PAO-GAO competition) has been a
recent development that is still expanding (Oehmen et al., 2007). Further
research is required to increase our knowledge about which and how
different environmental and operating factors affect the metabolisms of PAO
and GAO in order to get a better understanding about the PAO-GAO
competition. This could provide important information to comprehend the
EBPR process performance under different conditions, which may lead to
the proposal of control measures to improve its stability and reliability.
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1.4. Microbial identification

1.4.1. Identification of PAO

In spite of the difficulty in the isolation of PAO (Mino et al., 1998; Seviour
et al., 2003; Oehmen et al., 2007), this group of microorganisms has been
identified in EBPR systems with the help of molecular techniques such as
fluorescence in situ hybridization (FISH), 16S rRNA-based clone libraries or
denaturing gradient gel electrophoresis (DGGE) (Seviour et al., 2003).
Using FISH (Amann, 1995), Wagner et al. (1994) showed that the originally
proposed PAO, Acinetobacter, had little significance in full-scale EBPR
plants. Applying the same molecular technique, Bond ef al. (1999) observed
that organisms from the subclass 2 Betaproteobacteria closely related to
Rhodocyclus were dominant in EBPR systems exhibiting a good P-removal.
Hesselman et al. (1999) named these microorganisms as “Candidatus
Accumulibacter Phosphatis”, often abbreviated to Accumulibacter. In
different lab- and full-scale studies, Accumulibacter exhibited the
characteristic PAO phenotype: anaerobic/aerobic cycling of poly-P and PHA
coupled to anaerobic P-release and aerobic P-uptake, supporting the
hypothesis that the Accumulibacter group are PAO (Hesselman et al., 1999;
Crocetti et al., 2000). Different FISH probes for Accumulibacter that target
the organisms at different areas of the 16S rRNA have been developed
(Table 1.2), becoming a useful tool for the identification and quantification
of Accumulibacter.

While other studies suggest that there may be various groups of PAO (Zilles
et al., 2002; Wong et al., 2005), research carried out at lab- and full-scale,
regarding physiological and biomass activity tests, support the hypothesis
that Accumulibacter appears to be the only known PAO group (Oehmen et
al., 2007). Kong et al. (2005) showed that two morphotypes of
Actinobacteria (related to Tetrasphera) were abundant in different EBPR
plants, being able to remove phosphorus aerobically after consuming
aminoacids under anaerobic conditions. However, due to a lack of data
concerning their biochemical mechanisms and biomass activity, the
contribution of these microorganisms to the EBPR process performance has
not been defined.
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Table 1.2. 16S rRNA-targeted probes used for FISH detection of (potential) PAO
(Oehmen et al., 2007).

Probe Sequence 5°-3° Specificity Reference
PAO462 CCGTCATCTACWCAGGGTATTAAC M"?t Crocetti et al. (2000)
Accumulibacter
PAO651 CCCTCTGCCAAACTCCAG M"?t Crocetti et al. (2000
Accumulibacter
PAO846 GTTAGCTACGGCACTAAAAGG Most Crocetti et al. (2000
Accumulibacter
RHC439 CNATTTCTTCCCCGCCGA Rhodocyclus and |y oo1ann et al. (1999)
Accumulibacter
RHC175 TGCTCACAGAATATGCGG Most Hesselmann et al. (1999)
Rhodocyclaceae
PAO462b | CCGTCATCTRCWCAGGGTATTAAC Most Zilles et al. (2002a)
Accumulibacter
PAOS46b GTTAGCTACGGYACTAAAAGG Most Zilles et al. (2002a)
Accumulibacter
. a Actinobacteria
Actino-221 CGCAGGTCCATCCCAGAC (potential PAO) Kong et al. (2005)
. a Actinobacteria
Actino-658 TCCGGTCTCCCCTACCAT (potential PAO) Kong et al. (2005)

?. Requires competitor or helper probes.

1.4.2. Identification of GAO

The term GAO defines the phenotype of microorganisms that store glycogen
aerobically and consume it anaerobically as their main carbon and energy
source for taking up carbon sources and store them as PHA (Mino et al.,
1995; Oehmen et al., 2007). Similar to Accumulibacter, several difficulties
have been faced up when trying to isolate GAO (Mino ef al., 1998; Oechmen
et al., 2007). Nevertheless, through applying DGGE of PCR-amplified
methods and developing 16S r-RNA clone libraries, FISH probes to target
the dominant microorganisms from a deteriorated EBPR sludge were
designed (Table 1.3) (Nielsen ef al., 1999; Crocetti et al. 2002). These
microorganisms, which belonged to the Grammaproteobacteria, showed the
typical GAO phenotype (Nielsen et al., 1999; Crocetti et al., 2002). Based
on an EBPR process perspective, Crocetti et al. (2002) named these
organisms as “Candidatus Competibacter Phosphatis” often abbreviated as
Competibacter, or also known as the GB lineage. Kong et al. (2002)
designed additional FISH probes to target a novel group of GAO, which was
observed in lab- and full-scale studies, providing a more robust molecular
tool for the identification of Competibacter (Table 2).

In recent years, other types of GAO have been observed mainly in lab-scale
but also at full-scale studies, although usually in low abundance (Beer et al.,
2004; Wong et al., 2004; Meyer et al., 2006; Burow et al., 2007). Beer et al.
(2004) designed FISH probes to target a group of bacteria related to the
Sphingomonadales, from Alphaproteobacteria, which had been observed in
a deteriorated EBPR lab-scale reactor (Table 2). Using rRNA-based stable
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isotope probing followed by full-cycle rRNA analysis, Meyer et al. (2006)
identified two clusters of Alphaproteobacteria that performed the typical
GAO phenotype in a HPr-fed lab-scale reactor. Interestingly, Cluster 1 was
similar to that observed by Wong et al. (2004) while two new FISH probes
were designed to target cluster 2 (Meyer et al., 2006). However, there appear
to exist other GAO belonging to the Alphaproteobacteria group as Oehmen
et al. (2006b) observed that not all the microorganisms performing the GAO
phenotype bind the currently available FISH probes.

Table 1.3. 16S rRNA-targeted probes used for FISH detection of (potential) GAO
(Oehmen et al., 2007).

Probe Sequence 5°-3° Specificity Reference
Gam1019 GGTTCCTTGCGGCACCTC Some | Nielsen et al. (1999)
Gammaproteobacteria
Gam1278 ACGAGCGGCTTTTTGGGA Some | Nielsen et al. (1999)
Gammaproteobacteria
GAOQ431 TCCCCGCCTAAAGGGCTT Some Competibacter Crocetti et al. (2002)
GAOQ989 TTCCCCGGATGTCAAGGC Some Competibacter | Crocetti et al. (2002)
GB CGATCCTCTAGCCCACT Competibacter Kong et al. (2002b)
(GB group)
GB GI* -
(GAOQI89) TTCCCCGGATGTCAAGGC Some Competibacter Kong et al. (2002b)
GB G2° TTCCCCAGATGTCAAGGC Some Competibacter Kong et al. (2002b)
GB 1and?2 GGCTGACTGACCCATCC Some Competibacter Kong et al. (2002b)
GB 2 GGCATCGCTGCCCTCGTT Some Competibacter Kong et al. (2002b)
GB 3 CCACTCAAGTCCAGCCGT Some Competibacter Kong et al. (2002b)
GB 4° GGCTCCTTGCGGCACCGT Some Competibacter Kong et al. (2002b)
GB 5 CTAGGCGCCGAAGCGCCC Some Competibacter Kong et al. (2002b)
GB 6 .
(Gami019) GGTTCCTTGCGGCACCTC Some Competibacter Kong et al. (2002b)
GB 7° CATCTCTGGACATTCCCC Some Competibacter Kong et al. (2002b)
Sphingomonas-related
SBR9-1a AAGCGCAAGTTCCCAGGTTG organisms Beer et al. (2004)
(potential GAO)
Sphingomonas-related
SBR9-1b TGTTAGGGGCTTAGACCT organisms Beer et al. (2004)
(potential GAO)
Sphingomonas-related
SBR8-4 CACCGAAGCACTAAGTGCCC organisms Beer et al. (2004)
(potential GAO)
TFO DF218 | GAAGCCTTTGCCCCTCAG | Deflaviicoccus-related | vy 0/ ) 2004
organisms (cluster 1)
TFO_DF618 GCCTCACTTGTCTAACCG Defluviicoccus-related |y, 0 001 2004)
organisms (cluster 1)
DF988' | GATACGACGCCCATGTCAAGGG | Pe/lwviicoccus-related 10/ 01 2006)
organisms (cluster 2)
DF1020° CCGGCCGAACCGACTCCC Defluviicoccus-related |-y po0 o or 01 (2006)
organisms (cluster 2)

*. Requires competitor or helper probes.



14 The PAO-GAO competition

1.4.3. Other methods for the identification of PAO and GAO

FISH (Amann, 1995) has become a standardized and reliable technique not
only for microorganism identification but also to estimate the biomass
fractions. However, this technique requires sophisticated and costly
equipment (e.g. a specialized equipped microscope), which limits a wider
use. Brdjanovic et al. (1999) proposed a bioassay to estimate the GAO to
PAO ratio in activated sludge. The method was based on HAc and PO,>-P
measurements, with and without depletion of the poly-P pool, but it was not
experimentally validated on activated sludge. Later, Filipe et al. (2001d) and
Schuler and Jenkins (2003) proposed other simple methods to estimate the
PAO and GAO dominance, based on the observed EBPR activity. Filipe et
al. (2001d) proposed to evaluate the possible presence of GAO, by executing
two anaerobic batch tests at different pH values (6.5 and 8.0) and measuring
the consumed glycogen and accumulated PHA. Schuler and Jenkins (2003)
suggested using either the anaerobic P released to HAc consumption ratio, or
the glycogen degradation to HAc consumption ratio. However, these assays
provide a means of determining the relative PAO and GAO populations or
activities, but they do not, by themselves, provide an estimate of the PAO
and GAO fractions of the total biomass. Moreover, the applicability of these
methods could be limited, since, PHA and glycogen are parameters difficult
to determine in situ at full-scale wastewater treatment plants.

As hypothesized by Brdjanovic and colleagues (1999), a simple and practical
method to quantify the PAO and GAO populations at lab- and full-scale
systems, only based on commonly measured and reliable analytical
parameters (such as HAc and PO,>-P) could be an useful and fast tool to
control and monitor the EBPR process performance, even in small
wastewater treatment plant facilities.

1.5. Factors affecting the PAO-GAO competition

Diverse studies have been undertaken aiming at getting a better
understanding about the influence of different environmental and operating
conditions on the PAO-GAO competition. The effects of temperature, types
of influent carbon sources, pH and influent P/VFA ratio, among other
parameters, have been observed to play an important role on the competition
between PAO and GAO.

1.5.1. Temperature effects

Most of the lab-scale studies carried out to address the effects of temperature
on the PAO-GAO competition agree on the statement that, at wastewater
temperatures higher than 20 °C, the activity of the BPR process tends to
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deteriorate and GAO become the dominant microorganisms (Panswad et al.,
2003; Erdal et al., 2003; Whang and Park, 2002, 2006). However, the
underlying mechanisms of the EBPR process deterioration and actual
temperature effects on the metabolism of PAO and GAO remain unclear
since all those studies were not performed using enriched PAO and GAO
cultures. At full-scale systems, different studies have described the
dominance of GAO and the EBPR performance deterioration of wastewater
treatment plants handling warm effluents (where sewage temperature is
higher than 20 °C) (Grady and Filipe, 2000; Park et al., 2001; Jobaggy et al.,
2002; Gu et al., 2005; Barnard and Steichen, 2006). These corroborate the
conclusions withdrawn from lab-scale studies.

Brdjanovic et al. (1997, 1998a) carried out a systematic study on an enriched
PAO culture in order to understand the short- and long-term temperature
effects on the EBPR process. On the contrary, analogous systematic studies
with an enriched GAO culture have not been reported yet. Since PAO and
GAO compete for substrate under anaerobic conditions, the effects of
temperature on their anaerobic metabolisms play a crucial role. Moreover,
despite the fact that biomass production and glycogen storage take place
under aerobic conditions, limited attention has been paid to the effects of
temperature on the aerobic metabolism of GAO. A systematic study on an
enriched GAO culture could provide important information to understand the
occurrence of these microorganisms at full-scale wastewater treatment plants
(WWTP). Furthermore, the anaerobic and aerobic temperature dependencies
of GAO could be combined to model the interaction between PAO and GAO
at different temperatures, which may furthermore help to comprehend the
stability of the EBPR process at different weather conditions. Therefore,
there is a clear need for studying and determining the temperature
dependencies of the metabolism of GAO.

1.5.2. The effect of the carbon sources

Distinct carbon sources, mostly VFA but also non-VFA, such as glucose and
ethanol, have been observed to have a strong influence on the EBPR
microbial communities. Since HAc and HPr are the dominant carbon sources
present in the influent of full-scale treatment plants (Mino et al., 1998;
Meijer et al., 2002; Oehmen et al., 2007), most of the research has focused
on the effect of VFA on the PAO-GAO competition and, therefore, on the
EBPR stability. Either stable (Kuba et al., 1994; Smolders et al., 1995;
Brdjanovic et al., 1998a) or unstable EBPR processes (Filipe et al., 2001a;
Satoh et al., 1994; Oehmen et al., 2007) have been reported when using HAc
as sole carbon source. Whereas, stable EBPR systems appear to be achieved
when HPr is supplied (Chen et al., 2004; Pijuan et al., 2004; Oehmen et al.,
2006a, 2007). However, when studying the VFA effects on the metabolisms
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of the EBPR microbial communities, the use of either HAc or HPr as sole
carbon source does not seem to ensure the dominance of PAQO. According to
Ochmen et al. (2005b,c, 2006a), Accumulibacter are able to take up HAc
and HPr with the same efficiency and at a similar kinetic rate (around 0.20
C-mol/C-mol/h). Meanwhile, the currently known GAO (Competibacter and
Alphaproteobacteria-GAO) have different carbon source preferences. While
Competibacter can take up HAc at the same rate like Accumulibacter (at
about 0.20 C-mol/C-mol/h), their HPr uptake is practically negligible
(Oehmen et al., 2005b, 2006a). On the other hand, Alphaproteobacteria-
GAO can compete with Acumulibacter for HPr because their HPr uptake rate
is similar, but they are not able to compete for HAc because they take up
HAc at a lower rate (approximately 50 %) than PAO (Oehmen et al., 2005b,
2006a,b; Dai et al., 2007). The high preference of Accumulibacter for both
HAc and HPr led to the development of a control strategy, which consists of
periodically alternate the carbon feed between HAc and HPr, to minimize
the growth of GAO (Lu et al., 2006). Despite that this strategy seems to be
promising, to periodically alternate these two VFA may face up operating
limitations at full-scale systems. Nevertheless, taking into account that the
known GAO strains are not able to take up HAc and HPr as efficiently as
PAO, it appears that in order to suppress the proliferation of GAO these
VFA should be supplied following certain HAc to HPr ratios. Moreover, in
full-scale EBPR systems, Thomas et al. (2003) and Zeng et al. (2006)
observed that the HAc to HPr ratio can be controlled through adjusting the
operational conditions of the prefermenters. Thus, to define a proper HAc to
HPr ratio to favour PAO over GAO could lead to more stable and reliable
EBPR processes at both lab- and full-scale systems.

1.5.3. The effect of pH

Several studies have postulated that a pH higher than 7.25 is necessary to
keep a good EBPR process performance (Filipe et al., 2001c; Schuler and
Jenkins, 2002; Oehmen et al., 2005a). The main reason appears to be that,
assuming that the intracellular pH is kept constant, an increase in the pH in
the water phase creates a higher pH gradient and an increase in the electrical
potential difference across the cell membrane (Smolders et al., 1994a; Filipe
et al., 2001a, 2001d). This results in a higher energy requirement for HAc
transport through the cell membrane and maintenance at higher pH levels. In
the case of PAO, the higher energy needs lead to higher poly-P degradation
and, consequently, to a higher anaerobic P-release (Smolders et al., 1994a).
The rest of the anaerobic metabolic processes of PAO, including their HAc
uptake rate, seem to be independent upon pH changes (Smolders et al.,
1994a; Filipe et al., 2001d). To the contrary, GAO lose competitive
advantages over PAO since their HAc uptake rate decreases as pH rises
(Filipe et al., 2001a). A possible explanation could be that PAO rely on two
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energy sources (poly-P and glycogen), wherecas GAO only on the
intracellular glycogen. Thus, as the pH level increases, the anaerobic
glycolysis seems to be affected and becomes unable to provide the energy
required to cover both the energy necessary for HAc uptake and anaerobic
maintenance (Filipe et al., 2001a).

Smolders et al. (1994a) and Filipe et al. (2001a, 2001d) proposed linear
expressions concerning the pH dependency of the anaerobic stoichiometry of
PAO and GAO for the case of HAc through the ¢ parameter, which
represents the energy (ATP) necessary for the transport of substrate over the
cell membrane. Furthermore, Filipe et al. (2001a) developed a Monod-type
expression to describe the pH-effect on the anaerobic substrate uptake rates
of GAO. Regarding the PAO and GAO cultures cultivated on HPr, Oechmen
et al. (2005c) observed a non-linear pH-dependency of the anaerobic
stoichiometry of PAO, meanwhile the anaerobic metabolism of GAO
appeared to be not affected by pH fluctuations (Oehmen et al., 2006b).

1.5.4. Other factors affecting the PAO-GAO competition

While most of the research regarding the PAO-GAO competition has been
mainly focused on the effect of carbon source, pH and temperature, other
factors, such as the influent P/VFA ratio (Liu et al., 1997; Mino et al., 1998;
Schuler and Jenkins, 2003), SRT (Rodrigo et al. 1999; Whang and Park,
2006; Whang et al., 2007) and the origin of the inoculum to seed lab-scale
EBPR systems (Matsuo et al., 1982; Satoh et al., 1994; Mino et al., 1998),
have been also hypothesized to affect the competition between PAO and
GAO.

The influent P/VFA ratio is considered to be an important parameter that
affects the PAO-GAO competition (Liu et al., 1997; Mino et al., 1998;
Schuler and Jenkins, 2003). All those studies agree that a high influent
P/VFA ratio (above 0.12 P-mol/C-mol) tends to favour the activity of PAO;
whereas, influent P/VFA ratios lower than 0.02 P-mol/C-mol create P
limiting conditions that, due to a lack of P, suppress the growth of PAO,
resulting beneficial for GAO. Thus, in lab-scale studies, enriched PAO
cultures have been cultivated by using high P/VFA ratios (Liu et al., 1997,
Schuler and Jenkins, 2003); meanwhile, enriched GAO cultures have been
obtained through applying low influent P/VFA ratios (Zeng et al. 2003a;
Oehmen et al., 2006b; Dai et al., 2007). Nevertheless, enriched PAO
cultures have been also achieved at (relatively) low P/VFA ratios of about
0.04 P-mol/C-mol (Smolders et al., 1995; Kuba et al., 1996, Brdjanovic et
al., 1998a) and GAO at P/VFA ratios higher than 0.10 P-mol/C-mol (Satoh
et al., 1994; Filipe et al., 2001a). These observations imply that the influence
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of other factors, besides the influent P/VFA ratio, may have a higher effect
on the PAO-GAO competition.

Concerning the SRT-effects, Rodrigo er al. (1999) concluded that shorter
SRT are beneficial for PAO after observing that the EBPR biomass activity
decreased as the SRT was extended, suggesting that GAO may tend to
dominate at longer SRT. In an acetate-fed lab-scale reactor operated at 30 °C
and pH 7.5, Whang and Park (2006) observed the switch in the dominant
microbial population from an enriched-GAO to an enriched-PAO culture
when lowering the applied SRT from 10 to 3 d. Whang et al. (2007), through
a model-based analysis, inferred that, under the operating conditions applied
by Whang and Park (2006), GAO had a lower net biomass growth rate than
PAO and, therefore, were outcompeted after the SRT was shortened.
However, those studies do not provide further details related to the effect of
the operating and environmental conditions in order to get a better
understanding about the involved microbial mechanisms. Moreover,
considering the temperature applied by Whang and Park (2006) of 30 °C,
their observations tend to partially contradict previous hypotheses regarding
the effect of higher temperatures on the PAO-GAO competition. Although
studies regarding the minimum anaerobic and aerobic SRT of PAO are
available in literature (Mamais and Jenkins, 1992; Matsuo, 1994; Brdjanovic
et al., 1998c¢), no data concerning the effect of SRT on GAO cultures have
been reported. To evaluate the SRT effects on GAO, which, like those of
PAO, may be highly dependent upon temperature (Brdjanovic et al., 1998¢),
could provide an important insight not only into the influence of the SRT but
also into the net effects of temperature on the PAO-GAO competition.

The influence of the inoculum to seed lab-scale EBPR systems appears to
play also a role on the competition between PAO and GAO. Matsuo et al.
(1982), cited by Satoh et al. (1994) and Mino et al. (1998), started up two
parallel SBR and, apparently due to the origin of the seeded sludge, one
succeed while the other failed to achieve EBPR activity. In another study,
Filipe et al. (2001a) started up an EBPR SBR with activated sludge from a
municipal plant. Whereas in similar experiments enriched PAO cultures
were cultivated through applying practically identical operating and
environmental conditions (Smolders et al., 1994a; Brdjanovic et al., 1997),
Filipe et al. (2001a) could not succeed to achieve full biological P-removal.
As hypothesized by Satoh et al. (1994), the original microbial population in
the activated sludge may also be an important factor to achieve a satisfactory
PAO culture when operating lab-scale EBPR systems.



Introduction 19

1.6. Mathematical modelling of the PAO-GAO competition

In the last decade, mathematical modelling of activated sludge systems has
become an integral part of biological wastewater treatment (Henze et al.,
2000), often for optimization and prediction of process performance, and as
a supporting tool for design (Henze et al,. 2000; Brdjanovic et al., 2000;
Meijer et al., 2002; Gernaey et al., 2004). In recent years, diverse modelling
techniques have also been applied to get a better assessment about the
microbial population dynamics that takes place in activated sludge systems
(Oehmen et al., 2007). Within the context of the PAO-GAO competition,
several authors have developed mathematical models with the objective of
getting a better understanding of the interaction between these two types of
microorganisms (Manga et al., 2001; Zeng et al., 2003b; Yagci et al., 2003,
2004; Whang et al., 2007; Zhang et al., 2008). Although these models are
important tools that have helped to increase our knowledge, they have been
built up based on a relatively narrow range of operational and/or
environmental conditions, and the impact of one parameter on the PAO-
GAO competition is evaluated independently of other factors. Thus, there is
an increasing need to extend those models in order to be able to study and
evaluate the combined effects of key factors that influence the PAO-GAO
competition (such as the carbon source, pH and temperature). An integrated
mathematical model, which takes into account the effect, dependence and
influence of these factors on the metabolisms of PAO and GAO, may be an
important, flexible and useful tool towards the optimization of the EBPR
process through improving the understanding of the interaction among
bacterial populations under different environmental and operational
conditions.

1.7. Motivation and scope of the thesis

Because GAO compete for substrate with PAO, their presence and
proliferation have been linked to the instability, suboptimal operation and
deterioration of the EBPR process. The PAO-GAO competition has attracted
the attention of scientists, engineers and treatment plant practitioners, and a
considerable big effort has been paid to get a better understanding about the
factors affecting the interaction between these two types of microorganisms.
However, it is still not totally known how certain environmental and
operating conditions affect their competition, influencing the stability and
reliability of the EBPR systems. With a clear need to keep efficient and well-
operated biological phosphorus removal processes in order to reduce the
phosphorus loads discharged into surface water bodies (EEC, 2005), and
recover and preserve our surrounding ecosystems, it becomes extremely
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important to find and suggest strategies and control measures to favour the
development of PAO and suppress the growth of GAO in EBPR activated
sludge systems.

Despite that temperature has been identified as an important environmental
factor affecting the PAO-GAO competition, limited attention has been paid
to the (short- and long-term) effects of temperature on the stoichiometry and
kinetics of the anaerobic and aerobic metabolisms of GAO. Moreover,
temperature has a strong influence on the biomass growth rate influencing
the minimum required aerobic SRT. To execute short-term tests is important
in order to evaluate the temperature effects on the metabolic rates without
the influence of bacterial population changes that might occur with long-
term studies. Meanwhile, long-term temperature effect tests should be
carried out to account for potential population changes and adaptations that
may occur from the continuous exposure of the microorganisms to certain
temperature. Mostly based on lab-scale studies, the types and fractions of
volatile fatty acids, temperature and pH have been observed to have an
important effect on the PAO-GAO competition and, therefore, on the EBPR
process reliability and stability. However, little is known about whether (and
how) these factors affect the EBPR microbial populations at full-scale
activated sludge systems. The current molecular techniques used for the
identification of PAO and GAO, important for the operation of EBPR
systems, require sophisticated and relatively expensive equipment, which
limits a wider use, particularly in small wastewater treatment plants. In
addition, most of the (lab-scale) research regarding the PAO-GAO
competition has been carried out focusing on the single effect of one
parameter without evaluating the combined effect of different (key) factors,
what could be assessed potentially faster and more economically through
mathematical modelling. Thus, the following questions arise:

a. How does temperature affect the kinetics and stoichiometry of the
anaerobic and aerobic metabolisms of GAO at short- and long-term?

b. What are the factors affecting the PAO and GAO microbial
populations in full-scale EBPR activated sludge systems?

c. How could a practical method be developed for the quantification of
PAO and GAO based on relatively simple analytical methods (such
as orthophosphate and acetate)?

d. How could mathematical modelling be used to study and evaluate
the combined effect of key environmental and operating factors
(such as temperature, the influent propionate to acetate ratios and pH
levels) on the PAO-GAO competition?
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1.8. Objectives

The main objective of the present PhD thesis is to evaluate the effect of key
environmental and operating conditions (such as temperature, types and
fractions of wvolatile fatty acids and pH levels) on the PAO-GAO
competition, at lab- and full-scale systems and through mathematical
modelling, in order to suggest potential strategies and control measures for
the design and operation of more stable and reliable EBPR activated sludge
systems.

The particular objectives are:

a. To determine the short- and long-term temperature effects and
dependencies on the anaerobic and aerobic metabolisms of glycogen
accumulating organisms, regarding their stoichiometry and kinetics.

b. To evaluate which environmental and operating conditions (factors)
affect the PAO and GAO microbial populations at full-scale EBPR
activated sludge systems in The Netherlands.

c. To develop a practical method, based on relatively common and
reliable analytical techniques (such as acetate and orthophosphate),
for the quantification of PAO and GAO populations at activated
sludge wastewater treatment plants.

d. To study the combined effect of key environmental and operating
conditions (like temperature, types and fractions of volatile fatty
acids like acetate and propionate, and pH levels) on the PAO-GAO
competition using mathematical modelling.

1.9. Outline of the thesis

The present dissertation comprises eight chapters. In the current chapter
(chapter No. 1), a brief literature review has been presented concerning the
PAO-GAO competition. In chapters 2 and 3, systematic studies regarding
the effects of temperature on the anaerobic (chapter 2) and aerobic (chapter
3) metabolisms of an enriched GAO culture are provided. In those chapters,
the temperature dependencies of the different involved metabolic processes
are presented as well. The long-term temperature effects on the metabolism
of an enriched GAO culture, required to evaluate potential population
changes and adaptations, are discussed in chapter 4. Moreover, the
temperature effects on the minimum aerobic SRT of GAO are also
determined. Since most of the research concerning the PAO-GAO
competition has focused on lab-scale studies, chapter 5 presents a full-scale
survey undertaken to determine which factors could affect the PAO and
GAO microbial populations at full-scale EBPR activated sludge systems in
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the Netherlands. In chapter 6, using highly enriched PAO and GAO cultures
cultivated in two different lab-scale reactors, a practical method for the
quantification of PAO and GAO is developed. In order to study and evaluate
the combined effect of (key) environmental and operating conditions on the
PAO-GAO competition, a mechanistic integrated metabolic model for PAO
and GAO, which incorporates their temperature, carbon source (as acetate
and propionate) and pH dependences, is presented in chapter 7. In the last
chapter (chapter 8), overall conclusions, recommended strategies and control
measures for the design and operation of EBPR activated sludge systems, as
well as comments and ideas for further research, are discussed.
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Abstract

The effects of temperature on the anaerobic metabolism of GAO were studied in a
broad temperature range (from 10 to 40 °C). Additionally, maximum acetate uptake
rate of PAQ, between 20 and 40 °C, were also evaluated. It was found that GAO had
clear advantages over PAO for substrate uptake at temperature higher than 20 °C.
Below 20 °C, maximum acetate uptake rates of both microorganisms were similar.
However, lower maintenance requirements at temperature lower than 30 °C give
PAO metabolic advantages in the PAO-GAO competition. Consequently,
Polyphosphate-accumulating organisms could be considered to be psychrophilic
microorganisms while glycogen-accumulating organisms appear to be mesophilic.
These findings contribute to understand the observed stability of the EBPR process
in wastewater treatment plants operated under cold weather conditions. They may
also explain the proliferation of GAO in wastewater treatment plants and thus,
EBPR instability, observed in hot climate regions or when treating warm industrial
effluents. It is suggested to take into account the observed temperature dependencies
of PAO and GAO in order to extend the applicability of current activated sludge
models to a wider temperature range.

2.1. Introduction

Most of the reports that describe the EBPR process deterioration and the
dominance of GAO at full-scale wastewater treatment plants (Grady and
Filipe, 2000; Crocetti et al., 2002; Saunders et al., 2003; Thomas et al.,
2003; Wong et al., 2005; Barnard and Steichen, 2006) are from regions
where usually the average yearly atmospheric temperature is around or
higher than 25 °C. Therefore, higher wastewater temperature could be
expected (> 20 °C). Besides, the dominance of GAO has also been reported
in wastewater treatment plants handling warm industrial effluents (where
wastewater temperature is higher than 27 °C) (Park et al., 2001; Jobaggy et
al., 2002). At lab-scale, different researchers have studied the temperature
effects on the biological phosphorus removal (BPR) process to explain the
effects of temperature on the PAO-GAO competition (Panswad et al., 2003;
Erdal et al., 2003; Whang and Park, 2002, 2006). In general, these reports
agree on the statement that, at higher temperature (> 20 °C), the activity of
the BPR process tends to deteriorate and GAO become the dominant
microorganisms. However, since these studies were not performed with
enriched PAO and GAO cultures, the underlying mechanisms of the EBPR
process deterioration and actual temperature effects on the metabolism of
PAO and GAO remain unclear. It is still unknown whether the EBPR
deterioration occurred because: a) PAO are not able to adapt to higher
temperature levels (>20 °C) giving GAO the chance to proliferate, b) GAO
have metabolic advantages over PAO at high temperatures, or c) a
combination of both previous causes.

Brdjanovic ef al. (1997, 1998a) carried out a systematic study on an enriched
PAO culture in order to understand the short- and long-term temperature
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effects on the EBPR process from 5 to 30 °C. According to their
observations, the observed temperature dependencies at short- (a few hours)
and long-term (weeks) were well described by applying the Arrhenius
temperature coefficients calculated in that research. The Arrhenius
coefficients obtained at short- and long-term were similar but not applicable
for the whole temperature interval of that study (Brdjanovic et al., 1998a).
Although the overall aerobic Arrhenius temperature coefficient was valid for
their whole studied temperature range (from 5 to 30 °C), the overall
anaerobic temperature coefficient was found to be only valid up to 20 °C. An
analogous study with an enriched GAO culture has not been reported yet.
Since substrate uptake and, therefore the PAO-GAO competition, occurs
under anaerobic conditions then the effects of temperature on their anaerobic
metabolisms play a crucial role.

The aims of this study were: 1) to evaluate the short-term (hours)
temperature effects on the anaerobic metabolism, regarding stoichiometry
and kinetics, of an enriched GAO culture within a relatively broad
temperature range (from 10 to 40 °C); and, 2) to partially repeat (from 20 to
30 °C) and extend (up to 40 °C) the short-term tests carried out by
Brdjanovic et al. (1997) on the anaerobic acetate uptake rate of PAO.
Consequently, the PAO-GAO competition was also studied based on the
temperature effects on their anaerobic acetate uptake rates and anaerobic
maintenance requirements. These could provide important information to
understand the behaviour of PAO and GAO, the mechanisms of their
competition and, consequently, the EBPR stability, within an ample
temperature interval (from 10 to 40 °C) that covers the operating temperature
range of most of the domestic and industrial wastewater treatment plants.

2.2. Materials and methods

2.2.1. Continuous operation of the sequencing batch reactors

GAO and PAO cultures were enriched in two separate double-jacketed lab-
scale sequencing batch reactors (SBRs). Each SBR had a working volume of
2.5 L. Activated sludge from domestic wastewater treatment plants (Hoek
van Holland and Haarlem Waarderpolder, The Netherlands) was used as
inoculum. SBRs were operated at 20 + 0.5 °C in cycles of 6 hours (2.25 h
anaerobic, 2.25 h aerobic and 1.5 h settling phase) following the same
operating conditions applied in previous reports (Smolders ef al., 1994a;
Brdjanovic et al., 1997). pH was maintained at 7.0 £ 0.1 by dosing 0.3 M
HCI and 0.2 M NaOH. In order to create the anaerobic conditions, nitrogen
gas was supplied in the anaerobic phase at a flow rate of 30 L/h while air
was provided during the aerobic stage at a flow rate of 60 L/h. The cycle
started with the supply of nitrogen gas for 5 minutes in order to remove
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oxygen remaining from the previous cycle and feed the medium under no
oxygen presence. Therefore, after the first 5 minutes of the cycle, 1.25 L of
synthetic medium was fed to the SBRs over a period of 5 minutes. 250 mL
of mixed liquour were removed on a daily basis (62.5 mL per cycle) from
the SBRs, resulting in a sludge retention time (SRT) of approximately 10 d.
The sludge waste was weekly corrected due to biomass loss through the
effluent. At the end of the settling period 1.19 L of supernatant was pumped
out from the reactors, resulting in a hydraulic retention time (HRT) of 12 h.
The reactors were constantly mixed at 500 rpm except during settling and
decant phases. Anaerobic batch experiments at different temperatures were
performed in a separate reactor after the biomass activity reached steady-
state conditions. Thus, the two SBRs were used only as sources of enriched
GAO and PAO biomass.

2.2.2. Operation of the batch reactor

A double-jacketed laboratory fermenter with a maximal volume of 0.5 L was
used for the execution of the anaerobic batch experiments. The experiments
were performed at controlled temperature and pH (7.00 + 0.05). pH was
maintained by dosing 0.2 M HCl and 0.2 M NaOH. At the beginning of each
experiment, enriched GAO or PAO sludge (according to the corresponding
experiment) was manually transferred from the respective SBR to the batch
reactor. The amount of transferred sludge was 250 mL, which is the amount
of sludge daily wasted from each SBR, to avoid disturbing the continuous
operation and steady-state conditions of the two main SBRs. The sludge
used in the batch tests was not returned to the SBRs. N, gas was
continuously introduced to the reactor during the whole test at a flow rate of
30 L/h. During the anaerobic batch experiments, the sludge in the batch
reactor was constantly stirred at 500 rpm.

2.2.3. Synthetic media

The main difference between the operating conditions of the GAO and PAO
SBRs was the phosphorus content in the synthetic medium supplied to each
reactor. Phosphorus concentration in GAO SBR influent was limited to 2.2
mg PO4*-P/L (0.07 P-mmol/L) (Liu et al., 1997). While synthetic medium
used for PAO SBR contained 15 mg PO,*-P/L (0.48 P-mmol/L) (Smolders
et al., 1994a). Besides the different phosphorus concentration, synthetic
media contained per litre: 850 mg NaAc-3H,0 (12.5 C-mmol, approximately
400 mg COD/L) and 107 mg NH,4CI (2 N-mmol). 0.002 g of allyl-N thiourea
(ATU) were added to inhibit nitrification. This concentration has shown to
be sufficient to inhibit the growth of nitrifying organisms in lab-EBPR
systems (Zeng et al., 2003) likely because the SBR operating conditions do
not favor nitrification and due to the continuous ATU addition. The rest of
minerals and trace metals present in the synthetic media were prepared as
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described by Smolders et al., (1994a). Prior to use, synthetic media were
autoclaved at 110 °C for 1 h.

2.2.4. Analyses

The performance of the GAO and PAO SBRs was regularly monitored by
measuring orthophosphate (PO,>-P), mixed liquor suspended solids (MLSS)
and mixed liquor volatile suspended solids (MLVSS). In batch experiments,
orthophosphate (PO4>P), acetate (HAc), MLSS, MLVSS, poly-hydroxy-
butyrate (PHB), poly-hydroxy-valerate (PHV), glycogen (Gly) and
ammonium (NH*"-N) concentrations were measured. Orthophosphate (PO 4>
-P) was determined by the ascorbic acid method, ammonia and nitrate were
measured spectrophotometrically. All analyses, including the MLSS and
MLVSS determination, were performed in accordance with Standard
Methods (APHA, 1998). The PHA content (as PHB and PHV) of the freeze
dried biomass was determined according to the method described by
Smolders et al. (1994a). Glycogen was also determined following the
method described by Smolders ef al. (1994a) but extending the digestion
phase at 100°C from 1 to 5 h.

Fluorescence in situ Hybridization (FISH) was performed as described in
Amman (1995). The EUBMIX probe (mixture of probes EUB 338,
EUB338-1I and EUB338-III) to target the entire bacterial population,
PAOMIX probe (mixture of probes PAO462, PAO651 and PAO 846) to
target Accumulibacter (Crocetti et al., 2000) and GAOMIX probe (mixture
of probes GAOQ431 and GAOQ989) to target Competibacter (Crocetti et
al., 2002) were used to determine the microbial population distribution of the
GAO culture. Hybridization conditions of the FISH samples were performed
according to Crocetti et al. (2000, 2002).

The quantification of the population distribution was carried out using the
MATLAB image processing toolbox (The Mathworks, Natick, MA). 8-bit
images for each of the color channels (red for GAO, green for PAO and blue
for EUB) were converted into binary format using direct thresholding at a
graylevel determined using the Otsu method (Otsu, 1979), where pixels with
value below the threshold level represent the background. Image coverage
was computed by dividing the number of pixels corresponding to the object
with the total number of pixels of the image.

2.2.5. Anaerobic stoichiometry and acetate uptake rate of GAO

As previously described, at the end of the aerobic phase 250 mL of the GAO
culture enriched at 20 °C were manually transferred to the batch reactor. The
working temperature of the batch reactor (10, 15, 20, 25, 30, 35 and 40 °C)
was set 1 h before the sludge transfer as well as the temperature of the
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synthetic medium. In order to adjust the microorganisms to the new
temperature, the sludge was stirred and aerated for 1 h before starting the
anaerobic batch test. N, gas was supplied during the whole experiment to
keep anaerobic conditions. After exposing the sludge to anaerobic conditions
for 5 minutes, synthetic medium was added to the reactor in a pulse mode.
The amount of acetate in the synthetic medium previously described was
adjusted according to the set temperature in order to obtain a full HAc-
uptake without changing the 2 h length and considering the biomass
concentration dilution due to the addition of medium. Therefore, the initial
HAc concentration in the first batch tests (20 and 25 °C) was reduced from
the initial HAc concentration in the SBR of 6.25 C-mmol/L to 3.10 C-mmol
HAc/L. However, as the studied temperature increased, GAO exhibited a
higher HAc uptake rate. Consequently, at 30, 35 and 40 °C the initial HAc
concentration was increased to 6.25 (30 °C) and 9.38 C-mmol/L (35 and 40
°C) to allow sufficient time for an accurate determination of the maximum
HAc uptake rate. An extensive characterization of both liquid phase and
biomass was performed during the anaerobic batch tests.

Glycogen hydrolysis and PHB and PHV production per HAc consumed
(Gly/HAc, PHB/HAc, PHV/HAc ratios, respectively) were the
stoichiometric parameters of interest in this study. These parameters were
calculated taking into account the initial HAc concentration and biomass
composition (as MLSS, MLVSS, Gly, PHB and PHV) at the beginning and
end of each batch experiment.

The maximum acetate consumption rate qﬁﬁ’g 4o for the different studied

temperatures, was determined considering the HAc consumption profile and
active biomass concentration at the beginning of the corresponding batch
experiment. Specific acetate uptake rates were expressed in C-mol/C-mol
Biomass/h units. The active biomass was determined as total volatile
suspended solids concentration but excluding PHB, PHV and glycogen
contents (active biomass = MLVSS — PHB — PHV — Glycogen). Active
biomass was used in order to distinguish between biomass and organic and
inorganic storage products since biomass (either PAO or GAO) can be made
up for 50 % of internal storage products. In addition, fractions of PHB, PHV
and Glycogen change strongly due to dynamics in the anaerobic and aerobic
phase.

In order to calculate the specific rates, active biomass concentration was
expressed in C-mol units by taking into account the GAQO biomass
composition (CH;g4005Ng19) experimentally determined by Zeng et al.
(2003).
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2.2.6. Anaerobic ATP maintenance coefficient of GAO

At the end of the aerobic phase, 250 mL of enriched culture at 20 °C was
manually transferred from the GAO SBR to the batch reactor. A working
temperature in the batch reactor (10, 20, 25, 30, 35 and 40 °C) was set 1 h
before the sludge transfer. Sludge was exposed to anaerobic conditions
without substrate addition for 7 hours and PHB, PHV and glycogen were
measured every 30 minutes.

The energy required to covering the anaerobic maintenance needs, as
adenosine triphosphate (ATP) per active biomass per hour, is expressed in

terms of the specific anaerobic maintenance coefficient my, ;,, (in mol

ATP/C-mol biomass/h units). In previous reports (Filipe et al., 2001a; Zeng
et al., 2003), it was proposed that glycogen is hydrolyzed to provide the
required energy for anaerobic maintenance and is directly converted to PHB

and PHV (Equation 2.1). Therefore, mjy, ;,, Was determined, for each

temperature, considering the anaerobic glycogen hydrolysis rate of each
batch experiment and assuming that 1 C-mol of glycogen hydrolyzed
produces 0.5 mol ATP (Zeng et al., 2003). Corresponding glycogen
hydrolysis rates were calculated based on the slope of the glycogen depletion
profile observed in each batch test carried out without substrate addition.
The active GAO biomass concentration, calculated as previously described,
was used to calculate the specific rates. Hydrolysis rates were confirmed
based on the PHB and PHV production profiles.

1 Cmol Glycogen ——> éPHB+%PHV+%PH2MV+éCOZ 2.1)

2.2.7. Anaerobic acetate uptake rate of PAO

Four independent anaerobic batch experiments were performed to determine
the short-term temperature effects on the anaerobic acetate uptake rate of

PAO ¢, 'n;0 (in C-mol/C-mol biomass/h units) at 20, 25, 30 and 35 °C. The

anaerobic batch experiments with the PAO culture, enriched at 20 °C, were
carried out following the same procedure previously described for the GAO
biomass. The initial HAc concentration for the PAO anaerobic batch tests
was kept constant at 6.25 C-mmol/L. Active biomass concentration was used
for the determination of the specific rates and expressed in C-mol units by
considering the PAO biomass composition (CHj090054No20P0.015)
determined by Smolders et al. (1994b).
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2.2.8. Temperature coefficients

The effect of temperature on a constant rate relative to a standard
temperature (here 20 °C) can be expressed by the simplified Arrhenius
equation:
7-20
=Ty 07 (2.2)

Where the r7 is the reaction at the temperature 7, T is the temperature in °C
and 6, is the temperature coefficient.

In this study the simplified Arrhenius equation is used. It allows comparing
results with the temperature coefficients of different processes considered in
mathematical models (Henze ef al., 2000). Furthermore, the equation is also
well suited for fitting the results. In order to describe the kinetics of GAO for
the whole experimental temperature range (from 10 to 40 °C), the simplified
Arrhenius equation (Equation 2.2) was extended by including an additional
mathematical term, which includes an extra Arrhenius coefficient (6,) to
describe the declination in activity at superoptimal temperatures (modified
from Bazin and Prosser, 2000). The extended Arrhenius equation is:

=1y 077 [1 - .92“"““)] (2.3)

Where the 77 is the reaction at the temperature 7, T is the temperature in °C,
0, is the temperature coefficient & calculated from Equation 2.2, Ty is the
temperature at which the microbial activity ceases, and &, is a second
temperature coefficient used to describe the declination in activity of the
microorganisms.

2.3. Results

2.3.1. Performance of GAO SBR

The GAO SBR was continuously operated for more than 100 days before the
measurements started. The biomass activity reached steady-state conditions
within the first 50 days of operation. MLSS and MLVSS concentrations, at
the end of the aerobic phase, were 3190 and 2879 mg/L, respectively,
resulting in an average MLVSS/MLSS ratio of 0.90. High MLVSS/MLSS
ratio indicated low inorganic matter storage, such as poly-P, which
suggested that GAO were the dominant microrganisms. Cycle measurements
carried out to determine the biomass activity showed the typical carbon
profiles found in GAO enriched cultures (Figure 2.1): HAc uptake under
anaerobic conditions associated by the consumption of glycogen, PHA
production (as PHB and PHV) and a practically negligible anaerobic P/HAc
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ratio (0.01 P-mol/HAc C-mol) compared to typical ratios of enriched PAO
cultures (0.50 P-mol/HAc C-mol, Smolders et al., 1994a). Under aerobic
conditions, the PHA previously stored in the anaerobic phase was oxidized
and glycogen was produced. FISH analysis confirmed that GAO were the
predominant microorganisms (Figure 2.2). A quantification of the microbial
population distribution shown in Figure 2.2 indicated that, approximately,
GAO were 75 % and PAO around 20 % of the total microbial population
present in the GAO SBR and other bacteria 5 %. Based on the low ash
content (through a high MLVSS/MLSS ratio), biomass activity, and
confirmed with the FISH technique, it can be concluded that GAO were the
dominant microorganisms in GAO SBR.
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Figure 2.1. Cycle profiles observed in the enriched Glycogen Accumulating
Organisms culture at 20 °C: acetate (©), glycogen (o), PHB (m), PHV (0O0) and
phosphate (A).
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10 pm

PAQO mix FLUOS

Figure 2.2. Bacterial population distribution in the enriched culture of Glycogen
Accumulating Organisms by applying Fluorescence in sifu Hybridization techniques
(bar indicates 10 um; blue: Eubacteria, red: Glycogen Accumulating Organisms and
green: Polyphosphate Accumulating Organisms).

2.3.2. Anaerobic stoichiometry of GAO

The anaerobic conversions of relevant compounds were evaluated for each
studied temperature. In particular, the anaerobic parameters determined at 20
°C were compared with other reports carried out with enriched GAO and
PAO cultures since all of them were performed at the same temperature.
Table 2.1 shows that most of the observed parameter values of this study
(glycogen hydrolysis and PHA formation per HAc consumed as well as the
PHV/PHB ratio) are in the range of previously reported ratios for GAO
cultures and differ from reported anaerobic ratios for enriched PAO cultures.
The glycogen/HAc uptake (Gly/HAc) ratio of this study (-1.20 = 0.19 C-
mol/C-mol) is similar to the theoretical ratio (-1.12 C-mol/C-mol) of the
GAO anaerobic model proposed by Zeng et al. (2003). This theoretical
anaerobic metabolic model was built up based on known biochemical
pathways and experimentally validated with an enriched GAO culture. The
PHA (PHA/HAc), PHB (PHB/HAc) and PHV (PHV/HACc) production ratios
also follow similar trends when they are compared with the same reports.
These results confirm that GAO were the dominant microorganisms in the
enriched culture.
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Table 2.1. Comparison between the anaerobic stoichiometric parameters observed in
the present study on the culture of Glycogen Accumulating Organisms and other
reports at 20 °C.

Enriched Enriched GAO cultures
PAO
. culture |Anaerobic
Parameter Units Smolders| model Liu Filipe | Zeng This
et al. Zeng etal. etal. | etal study
(1904) | etal. (1994) | (2001a) | (2003)
(2003)
SRT d 8.0 7.0 75-8.0 70 | 66 10.0
pH 7.0 7.0 7.0-8.0 70 | 7.0 7.0
Acetate C-mol -1.00 -1.00 -1.00 4100 | -1.00| -1.00
consumed
Gly/HAc  |C-moliC-mol| -0.50 412|111 - -125| 083 | -1.20 |-1.20%0.19
PHAHAc |C-mol/C-mol|  1.33 185 | 176 -191 | 165 | 1.91 | 1.97+0.13
PHB/HAc |C-mol/C-mol| 1.21 1.36 117 126 | 1.39 |1.28+0.06
PHV/HAc |C-mol/C-mol|  0.12 0.46 0.68 038 | 052 |0.69%0.07
P"'r‘e";'i’oHB C-mol/C-mol|  0.10 0.34 0.58 031 | 038 |0.54+004

Figure 2.3 presents the stoichiometric ratios measured during the short-term
batch tests performed from 10 to 40 °C. Between 15 and 35 °C,
stoichiometric ratios were essentially constant. In addition, average

stoichiometric values (1.36 + 0.16 Gly/HAc, 1.32 + 0.07 PHB/HAc; 0.60 *

0.06 PHV/HAc; and, 0.45 = 0.05 PHV/PHB, in C-mol/C-mol units) are

within the ranges observed in other reports (see Table 2.1). However, at 10
°C, the observed ratios were significantly lower (in some cases even 70 %)
than the stoichiometric values measured in the rest of the temperature
interval. 40 °C seemed to cause a complete collapse of activity since no
acetate uptake was observed at this temperature.

Based on results presented on Figure 2.3, it can be concluded that GAO
anaerobic stoichiometry is insensitive to temperature changes from 15 to 35
°C. However, it is significantly affected at low temperature (10 °C)
meanwhile 40 °C was above the maximal temperature where GAO were able
to survive.
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Figure 2.3. Stoichiometric parameters of the anaerobic metabolism of Glycogen
Accumulating Organisms as function of temperature: a) Glycogen/Acetate ratio; b)
PHB/Acetate ratio; ¢) PHV/Acetate ratio; and, d) PHV/PHB ratio. Error bars
indicate standard deviations of measurements.
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2.3.3. Maximum anaerobic acetate uptake of GAO

The maximum anaerobic acetate uptake rate (qgfgw) of GAO at the

different studied temperatures is presented in Figure 2.4. qgffg 40 at 20 °C

(0.20 C-mol HAc/C-mol biomass/h) is in the range of previous observed
rates reported by Zeng et al. (2003) and Filipe et al. (2001a) (0.16 - 0.18 and
0.24 C-mol/C-mol biomass/h, respectively). However, these values differ
from the acetate uptake rates measured by Sudiana et al. (1999), Liu et al.
(1997) and Schuler and Jenkins (2003) who reported rates of about 0.04 -
0.08 C-mol/C-mol biomass/h. A direct explanation to this difference cannot
be found on the basis of the reported data but a possible reason on the
different pH applied. According to Filipe et al. (2001a) and Schuler and

Jenkins (2002), qgﬁf‘g 0 decreases as pH increases. Therefore, it seems that a

lower pH value applied in this study (pH 7.0 £ 0.05) compared to the higher
pH used by Schuler and Jenkins (2003) (from pH 7.15 to 7.25) and by
Sudiana et al. (1999) and Liu et al. (1997) (pH 7.0 - 8.0) helps to partially

explain the higher qﬁf}é( 0 observed in this research. Filipe et al. (2001a) and

Zeng et al. (2003) used similar pH levels (pH 6.8 - 7.1 and 6.85 — 7.05,
respectively) and also observed higher rates. Nevertheless, due to the
considerable difference in acetate uptake rates for a small pH variation it can
be concluded that pH cannot be the sole explanation to this result.

0.50
MAY MAY (T-20) (F-40)
0.45 4 Qsaca0 = 0.815 Gy G020 -0 {1_92 }

0.40 161 = 1.054, 6, = 1.447
035 |R*=0.96
0.30 -
> 0.25
0.20 ©
0.15 -
0.10 -
0.05 -

0.00 T T T T T T T 3
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Figure 2.4. Effect of temperature on the maximum acetate uptake rate of Glycogen
Accumulating Organisms. Error bars indicate standard deviations of measurements.
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51040 increased as temperature rose from 10 to 35 °C and, at 35 °C, the

optimal maximum acetate uptake was observed (0.30 C-mol HAc/C-mol
biomass/h). GAO activity experienced a sudden declination above 35 °C and

at 40 °C acetate uptake ceased. qgfg o Was satisfactorily described (R* =

0.96) using a double Arrhenius expression (¢, = 1.054 and &, = 1.447).

2.3.4. Anaerobic ATP maintenance coefficient
During anaerobic batch tests to determine %, ¢, » the glycogen depletion

profile did not level off and, moreover, it was not depleted in any experiment
(data not shown). Figure 2.5 shows the effect of temperature on the specific

. . . an 0 an
anaerobic maintenance coefficient of GAO, m p 40 - At 20 °C, a myzp 640

of 3.3 + 0.20 x 10~ mol ATP/C-mol Biomass/h was observed which was
slightly higher than the values reported for other GAO cultures (2.4 to 2.7 x
107) (Filipe et al., 2001a; Zeng et al., 2003).

m* =0.879-mi' -T2
6=1.028

R?*=0.92

m*" ae x 10°

[mol ATP/C-mol Biomass/h]
N WA O
L Il 1 L

0 T T T T T 1

5 10 15 20 25 30 35 40
Temperature [°C]

Figure 2.5. Temperature effects on the anaerobic maintenance coefficient of
Glycogen Accumulating Organisms. Error bars indicate standard deviations of
measurements.

Due to unknown reasons, My ;.o at 25 °C clearly differs from the

trendline of the rest of maintenance coefficients observed at 10, 20, 30 and
35 °C. Therefore it was not considered to calculate the simplified Arrhenius
expression (Figure 2.5). The 40 °C maintenance value was also discarded
because of, as previously mentioned, the complete collapse of activity. The
temperature effects on maintenance coefficients (from 10 to 35 °C) are well
predicted with a simplified Arrhenius equation (factor = 0.879, 6= 1.028, R?
=0.92).
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A comparison between the temperature effects on anaerobic maintenance
requirements of PAO and GAO as well as other coefficients for PAO and
GAO cultures reported by other authors are shown in Figure 2.6.

m*" A x 10°
[mol ATP/C-mol Biomass/h]

0 T T T T T T 1

5 10 15 20 25 30 35 40
Temperature [°C]

Figure 2.6. Comparison of temperature effects on anaerobic maintenance of
Polyphosphate Accumulating Organisms (gray line: trendline, A: Brdjanovic et al.,
1997; A: Smolders ef al., 1994) and Glycogen Accumulating Organisms (black line:
trendline; m: this study; o: Filipe ef al., 2001a; o: Zeng et al., 2003).

Despite the slightly higher m, ;,, measured in the present study when the

temperature dependency of m %y, ., (Brdjanovic et al., 1997) and m7, ¢40

(this study) are compared (Figure 2.6) two different trends are observed. It
seems that especially at low temperature (below 30 °C) the anaerobic
maintenance requirements of PAO are lower than those of GAO whereas,
based on extrapolation of the temperature dependency of PAO, the opposite
occurs as temperature increases above 30 °C (Figure 2.6).

2.3.5. Performance of PAO SBR

The PAO SBR was continuously operated for more than 90 days. It reached
steady-state conditions in the first 50 days of operation. Cycle measurements
were carried out, after the SBR reached steady-state conditions, to determine
the biomass activity. A typical cycle profile of a SBR enriched with PAO is
presented in Figure 2.7. It exhibits anaerobic HAc consumption, significant
anaerobic P-release (PO, -P), PHA storage (as PHB and PHV) and
glycogen consumption. Under aerobic conditions, full-aerobic P-uptake,
PHA oxidation and glycogen production were observed. Average MLSS and
MLVSS concentrations at the end of aerobic phase were 2980 and 2105
mg/L, respectively, resulting in an average MLVSS/MLSS ratio of 0.71. The
low observed MLVSS/MLSS ratio indicated high storage of inorganic
matter, presumably poly-P. Anaerobic P-released/HAc uptake (P/HAc) ratio
was 0.39 PO,*-P mol/HAc C-mol. Observed biomass activity showed the
typical pattern of lab-scale systems enriched with PAO (Smolders et al.,
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1994a; Brdjanovic et al., 1997, 1998a; Filipe et al., 2001¢). Furthermore,
Figure 2.8 presents a FISH analysis of the population distribution in PAO
SBR showing that PAO were the dominant organisms. The dominance of
PAO was confirmed by a quantification of the population distribution shown
in Figure 2.8, which showed that PAO comprised about 85 % of the total
population, GAO 12 % and other bacteria 3 %.
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Figure 2.7. Cycle profiles observed in the enriched Polyphosphate Accumulating
Organisms culture: acetate (0), glycogen (o), PHB (m), PHV (O) and phosphate (A ).

Figure 2.8. Bacterial population distribution
Polyphosphate Accumulating Organisms by

in the enriched culture of
applying Fluorescence

in situ

Hybridization techniques (bar indicates 10 um; blue: Eubacteria, red: Glycogen
accumulating organisms and green: Polyphosphate-accumulating organisms).



46 The PAO-GAO competition

2.3.6. Maximum anaerobic acetate uptake of PAO and GAO
cultures

Brdjanovic et al. (1997, 1998a) studied in detail the effects of temperature
on PAO from 5 to 30 °C. In the present study, the short-term temperature

effects on the maximum acetate uptake rate of PAO (( QAAA’\;(AO) were studied

from 20 to 40 °C in order to compare the temperature effects on PAO and
GAO. Figure 2.9 displays, simultaneously, the acetate uptake rates of PAO
observed by Brdjanovic et al., (1997) and the rates measured in the present
study for the PAO culture. Additionally, the acetate uptake rates of GAO are
included to compare the temperature effects on the rates of both types of
microorganisms.
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0.20
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0.10
0.05
0.00

Acetate uptake rate
[C-mol/C-mol/h]
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Temperature [°C]

Figure 2.9. Comparison between the temperature effect on the maximum acetate
uptake rates of Polyphosphate Accumulating Organisms (black line: trendline; m:
Brdjanovic et al., 1997; o: this study) and Glycogen Accumulating Organisms (gray
line: trendline; o: this study).

For the PAO culture, the (g o, observed in this study at 20 °C (0.17 C-mol

HAc/C-mol biomass/h) was similar to the rates observed by previous authors
(0.17-0.19 C-mmol/C-mmol Biomass/h) (Brdjanovic et al., 1997; 1998a;
Filipe et al., 2001c). However, it was significantly lower than the value
reported by Smolders et al. (1994a) (0.43 C-mol HAc/C-mol biomass/h).

From 20 to 35 °C, qQAA/f;(AO remained constant (0.17 C-mol HAc/C-mol
biomass/h) which agrees with previous research (Brdjanovic et al., 1997). As

observed previously with GAO, PAO did not show activity at 40 °C. qg"Af\,),( AO

profile could not be fitted to a double Arrhenius expression (Equation 2.3) as
GAO acetate uptake kinetics. PAO did not show a sudden activity
declination immediately after reaching their optimal temperature level. On
the opposite, above 20 °C and up to 35 °C, the kinetic rate remained constant
and declined between 35 and 40 °C. The double Arrhenius expression could
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not be applied to qg"A/?;,(AO profile because of the constant range observed
from 20 to 35 °C.

2.4. Discussion

2.4.1. Enrichment of the GAO culture

Although phosphorus concentration in the influent was reduced to a
minimum level to suppress PAO growth (Liu et al., 1997), according to a
quantification of the population distribution (Figure 2.2) GAO and PAO
comprised around 75 % and 20 % of total microbial population, respectively.
Based on the experimental observations, PAO population seemed larger than
expected. This means that about 20 % of the total C-source (as acetate) fed
to the GAO SBR might have been consumed by PAO and, according to
Smolders et al. (1994a), should have led to an approximate net P-release of
18 mg/L and an observed P/HAc ratio of 0.10 P-mol/HAc C-mol. However,
after GAO SBR reached steady-state conditions, the observed P-release
remained always below 3 mg/L. Therefore, the contribution of PAO to the
observed biomass activity was negligible based on the low P/HAc ratio
measured under anaerobic conditions (0.01) during the whole experimental
phase. The latter indicates that PAO, due to the low influent P-concentration,
did not store poly-P (as the high MLVSS/MLSS ratio indicates) and, thus,
their activity was effectively suppressed. Furthermore, it has been observed
that PAO are not able to take up acetate when their poly-P content is
depleted (Brdjanovic et al., 1998b). Nevertheless, due to unclear reasons the
bacterial population quantification indicated that PAO were not totally
washed out but, according to SBR performance, remained inactive in the
SBR. These observations indicate that there was a discrepancy between the
FISH technique and the experimental data. Therefore, since the experimental
results of this study are within the ranges of previous reported values (Table
2.1) it may be concluded that the results of the bacterial population
quantification of the GAO SBR, via the FISH image (Figure 2.2), do not
reflect the typical microbial population during the experimental period.
Deviations resulting from FISH analysis might have led to an overestimation
of the PAO population. It could not be discarded that FISH probes were not
specific enough to target the actual bacterial populations.

2.4.2. Temperature effects on anaerobic conversions

In the present work, the observed anaerobic stoichiometric ratios of GAO
were in the range of previous reported values (Table 2.1) and remained
insensitive to temperature changes from 15 to 35 °C (Figure 2.3). However,
temperature had an important effect on GAO stochiometry at 10 and 40 °C.
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Stoichiometric ratios at 10 °C were lower than ratios measured in the rest of
the studied temperature interval (Gly/HAc ratio was even 70 % lower). To
some extent it seemed that, at 10 °C, GAO suffered a partial inactivation,
inhibition or modification of their metabolic pathways that led to lower
glycogen consumption (0.43 C-mo/C-mol), and PHB and PHV production
per acetate consumed (1.13 and 0.32 C-mol/C-mol, respectively). Zeng et al.
(2002) proposed that, for PAO, the required ATP (0.50 + ) for acetate
transport is produced by glycogen hydrolysis (1+2a C-mol Gly/C-mol HAc).
Where « is the energy necessary for HAc transport through the cell
membrane. At pH 7.0 and 20 °C, « is approximately 0.06 mol ATP/C-mol
HAc (Filipe et al., 2001a) which leads to 0.56 mol ATP/C-mol HAc and
1.12 C-mol Gly/C-mol HAc. In consequence, it is not clear how GAO were
able to produce the required ATP to cover their energy requirements at 10
°C. Even if it is assumed that no energy is needed for HAc transport through
cell membrane (¢ = 0) 1 C-mol Gly/C-mol HAc would still be needed.
Similar results are obtained when another GAO model is used (Filipe et al.,
2001a). Therefore, ATP might have been produced through another
metabolic pathway where glycogen and poly-P are not involved. In
consequence, no firm conclusions can be drawn regarding the rest of the
ratios measured at 10 °C. Further research is needed to clarify the
temperature effect on GAO at 10 °C. But, it should be noticed that PAO’s
anaerobic stoichiometry remained stable at 10 and even 5 °C (Brdjanovic et
al., 1997).

No acetate uptake was observed at 40 °C. Based on the qg"A/féAO profile

(Figure 2.4), it can be stated that an irreversible enzymatic inactivation
caused by exposition to high temperature may have been the main cause of
activity collapse (Bazin and Prosser, 2000).

It can be concluded that GAO anaerobic stoichiometry, as reported before
for PAO (Brdjanovic et al., 1997), is insensitive to short-term (hours)
temperature changes in a broad temperature range (from 15 to 35 °C). At 10
°C, GAO cultures have a clear shift in their metabolism whereas PAO still
have their normal conversions. At 40 °C, both microorganisms suffered a
collapse of activity.

Regarding the anaerobic kinetics, GAO anaerobic acetate uptake rates (from
10 to 40 °C) showed a moderate temperature dependency. The first
Arrhenius coefficient &, (1.054) is lower than the coefficient found by
Brdjanovic et al. (1997) for PAO cultures (& = 1.078) and coefficients
suggested for nitrification and fermentation processes (1.120 and 1.070,
respectively) (Henze et al., 2000).
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It is suggested to take into account the found temperature dependencies of
PAO and GAO, through their corresponding Arrhenius coefficients, to
extend the applicability range of current activated sludge models (Henze et
al., 2000) to a wider temperature range.

2.4.3. Anaerobic maintenance coefficient
A slightly higher mzq'P,GAO was found in this study at 20 °C than in other

reports (Filipe et al., 2001a; Zeng et al., 2003). Nevertheless, Figure 2.6
shows that, at 20 °C, the predicted value of the trendline that describes the
temperature dependency of the anaerobic maintenance coefficient of GAO is
in the range of previous reported coefficients.

Mt cro at 20 °C was 36% higher than most of the values reported in the

literature for PAO cultures (1.47 to 2.5 x 10°) (Smolders et al., 1995;
Brdjanovic et al., 1997; Filipe et al., 2001c¢). This higher mzq'P,GAO partially

explains the results of Matsuo (1994) who observed better P-removal
performance when the anaerobic SRT was increased. It is possible that a
longer anaerobic SRT created favorable conditions for PAO because of the
higher anaerobic maintenance requirements of GAO.

2.4.4. Competition between PAO and GAO cultures
There was a clear difference between the effects of temperature on the

anaerobic metabolism of PAO and GAO. Figure 2.9 shows that both

microorganisms present similar maximum anaerobic acetate uptake rates

below 20 °C. At higher temperature (> 20 °C), qg"A/f;(Ao is insensitive to

temperature changes (0.17 C-mol HAc/C-mol Biomass/h) and remains
constant up to 35 °C. Meanwhile qéV'A/féAO increases from 20 °C and reaches

an optimal value around 35 °C (0.30 C-mol HAc/C-mol Biomass/h) which is
almost two times the qgfféAo value.

The energy source for acetate uptake seems to be the main metabolic
difference between PAO and GAO. For PAO, poly-P hydrolysis produces
the required energy for acetate uptake while GAO obtain the energy from
glycogen hydrolysis. Thereupon, poly-P hydrolysis could be the limiting
pathway of PAQO’s metabolism above 20 °C.

Temperature effects on anaerobic maintenance requirements of PAO and
GAO (Figure 2.6) might be also a decisive factor in the PAO-GAO
competition. In the present study, similar acetate uptake rates for PAO and
GAO were found below 20 °C. Additionally, comparable aerobic yields and
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acrobic maintenance requirements have been reported for both
microorganisms (Filipe et al., 2001b; Zeng et al., 2003). These findings
indicate that PAO and GAO might coexist at medium and lower temperature
ranges (< 20 °C) and this could be detrimental for the EBPR process.
However, successful EBPR performance has been reported at temperatures
below 20 °C in full-scale wwtp (van Veldhuizen et al., 1999; Ybstebd et al.,
2000; Meijer et al., 2002b; Tykesson et al., 2005). The latter could be
partially explained based on the higher maintenance requirements of GAO
observed in the present study at lower temperature. Higher maintenance
requirements lead to higher energy consumption and lower net yield
coefficients, therefore since GAO spent more energy on maintenance lower
net yield coefficients of GAO than PAO are expected at temperature below
20 °C.

Higher acetate uptake rates observed at higher temperature (> 20 °C) and a
possibly inhibition at lower temperature (around and below 10 °C) indicate
that GAO appear to be mesophilic microorganisms. On the other hand,
acetate uptake rate limitation at higher temperature (>20 °C) might suggest
that PAO could be considered psychrophilic.

In general, the effects of temperature regarding the maximum acetate uptake
rates and anaerobic maintenance coefficients found in the present study help
to explain the proliferation of GAO at higher temperature and consequently
the EBPR instability reported in wwtp when treating warm effluents.
However, there might be more factors than competition for substrate and
energy maintenance requirements that limit the proliferation of GAO at full-
scale plants. How GAO metabolism is affected by environmental and
operating conditions may play a major role on their appearance, coexistence
or absence at full-scale treatment plants at low and moderate temperatures (<
20 °C). Besides, at 20 °C, the usual applied temperature for lab-scale plants,
the PAO-GAO competition takes place in a narrow range due to their low
metabolic differences. Therefore, the possible impact of the inoculum and
wastewater origin, that determines the initial PAO-GAO populations, might
have a significant influence on their competition as observed by Matsuo et
al. (1982) (cited by Satoh et al., 1994).

The findings of the present study are important to get a better understanding
about the interaction between PAO and GAO. However, since short-term
temperature tests are performed for a few hours neither changes nor
adaptations of bacterial populations can be expected. Long-term temperature
effect tests should be carried out to account for potential population changes
and adaptations. Brdjanovic et al. (1997, 1998) found similar temperature
dependencies for PAO from short- and long-term temperature tests. Thus,
likely, similar results from short-term experiments would be obtained at
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long-term for GAO. In addition, long-term experiments could help to
elucidate unexplained observations that remained in this research.

2.5. Conclusions

The effects of temperature on Polyphosphate Accumulating Organisms
(PAO) and Glycogen Accumulating Organisms (GAO) cultures indicate that
GAO have clear advantages over PAO for substrate uptake at temperature
higher than 20 °C. Below 20 °C, maximum acetate uptake rates of both
microorganisms were similar. However, lower maintenance requirements at
temperature lower than 30 °C give PAO metabolic advantages in the PAO-
GAO competition. In consequence, Polyphosphate Accumulating Organisms
could be considered to be psychrophilic microorganisms while Glycogen
Accumulating Organisms appear to be mesophilic. These findings contribute
to understand and support the practical observations related to the stability of
the Enhanced Biological Phosphorus Removal process at wastewater
treatment plants operated under cold weather conditions. They also explain
the proliferation of Glycogen Accumulating Organisms, which leads to
instability of the biological phosphorus removal process, in treatment plants
from hot regions or treating high-temperature industrial effluents. It is
suggested to consider the observed temperature dependencies of PAO and
GAO in order to extend the applicability of current activated sludge models
to a wider temperature range.
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Abstract

Short-term temperature effects on the aerobic metabolism of GAO were investigated
within a temperature range from 10 to 40 °C. Candidatus Competibacter Phosphatis,
known GAO, were the dominant microorganisms in the enriched culture comprising
93 £+ 1% of total bacterial population as indicated by Fluorescence in situ
Hybridization (FISH) analysis. Between 10 and 30 °C, the aerobic stoichiometry of
GAO was insensitive to temperature changes. Around 30 °C, the optimal
temperature for most of the aerobic kinetic rates was found. At temperatures higher
than 30 °C, a decrease on the aerobic stoichiometric yields combined with an
increase on the aerobic maintenance requirements were observed. An optimal
overall temperature for both anaerobic and aerobic metabolisms of GAO appears to
be found around 30 °C. Furthermore, within a temperature range (10 to 30 °C) that
covers the operating temperature range of most of domestic wastewater treatment
systems, GAO’s aerobic kinetic rates exhibited a medium degree of dependency on
temperature (0 = 1.046 to 1.082) comparable to that of PAO. We conclude that GAO
do not have metabolic advantages over PAO concerning the effects of temperature
on their aerobic metabolism, and competitive advantages are due to anaerobic
processes.

3.1. Introduction

Among several studies regarding the influence of environmental and
operating conditions on the EBPR process, different authors have underlined
temperature as one of the determinant factors to understand the competition
between PAO and GAO (Panswad et al., 2003; Erdal et al., 2003; Whang
and Park, 2006; Lopez-Vazquez et al., 2007). These researchers agreed that
temperature has a major influence on the maximum anaerobic substrate
uptake rates of these microorganisms providing important insights to
improve the understanding of the PAO-GAO interaction and competition.

Despite the fact that biomass production and glycogen storage take place
under aerobic conditions, limited attention has been paid to the effects of
temperature on the aerobic metabolism of GAO as opposite to PAO where
Brdjanovic et al. (1997, 1998) performed a systematic study concerning the
temperature effects on the biological phosphorus removal. In that study, they
were able to describe the temperature dependencies of the different processes
involved in PAO’s aerobic metabolism from 5 to 30 °C. A similar systematic
study regarding the temperature effects on the different processes involved
in the aerobic metabolism of a GAO culture has not been reported yet. Such
a study could provide important information to understand the occurrence of
these microorganisms at full-scale wastewater treatment plants (WWTP).
Furthermore, the aerobic temperature dependencies of GAO could be
combined with their anaerobic temperature dependencies (Lopez-Vazquez et
al., 2007) to model the interaction between PAO and GAO at different
temperatures. This may furthermore lead to better understanding of the
PAO-GAO competition helping to comprehend the stability of the EBPR
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process at different temperature. Therefore, there is a clear need for studying
and determining the temperature dependencies of the aerobic metabolism of
GAO.

The temperature effects on (1) the aerobic stoichiometry and (2) the aerobic
kinetics of GAO were evaluated using a lab-enriched culture. Since the main
objective was to investigate the effects on the metabolism of these
microorganisms, short-term temperature changes on sludge cultivated at 20
°C were studied. The research was carried out by executing aerobic batch
tests within a temperature range from 10 to 40 °C that covers the operating
temperature interval of most of domestic and industrial activated sludge
wastewater treatment plants.

3.2. Materials and methods

3.2.1. Continuous operation of the sequencing batch reactor

A GAO culture was enriched in a double-jacketed lab-scale sequencing
batch reactor (SBR) as described in chapter 2 (section 2.2.1). The SBR had a
working volume of 2.5 L. Activated sludge from a domestic WWTP
(Nieuwe Waterweg, Hoek van Holland, The Netherlands) was used as
inoculum. The SBR was operated at 20 = 0.5 °C in cycles of 6 hours (2.25 h
anaerobic, 2.25 h aerobic and 1.5 h settling phase). pH was maintained at 7.0
+ 0.1 by dosing 0.3 M HCl and 0.2 M NaOH. At the beginning of the cycle,
1.25 L of synthetic medium was fed to the SBRs over a period of 5 minutes.
The SBR was operated with a solids retention time (SRT) of 10 days and a
hydraulic retention time (HRT) of 12 h. Further details regarding the
operating conditions of the SBR can be found elsewhere (section 2.2.1. of
this thesis).

The aerobic batch experiments at different temperatures were performed in a
separate reactor after the biomass activity reached steady-state conditions.
Thus, the SBR was only used as a source of enriched GAO biomass.

3.2.2. Operation of the batch reactor

A double-jacketed laboratory fermenter with a maximal volume of 0.5 L was
used for the execution of the aerobic batch experiments. The experiments
were performed at controlled temperatures and pH (7.00 £ 0.05). pH was
maintained by dosing 0.2 M HCl and 0.2 M NaOH. At the beginning of each
experiment, enriched GAO sludge was manually transferred from the parent
SBR to the batch reactor. The amount of transferred sludge was 450 mL,
which was higher than the amount of sludge wasted daily from the SBR. In
order to avoid major disturbances on the continuous operation and steady-
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state conditions of the parent SBR, the waste of sludge was stopped for
almost 2 days after the execution of any of the aerobic batch tests to
compensate for the sludge transfer. The sludge used in the batch tests was
not returned to the SBR. A double-jacketed respirometer with a working
volume of 10 mL was connected to the batch reactor for the online
measurement of the oxygen uptake rate (OUR). Due to the fast respirometric
activity observed within the first minutes of the aerobic batch test, sludge
was pumped (circulated) from the batch reactor to the respirometer in cycles
of 3 minutes in the first 30 - 40 minutes (1 min pumping then the
recirculation was stopped and the oxygen depletion was measured for 2 min)
and in cycles of 6 minutes during the rest of the assay (1 min pumping and
the oxygen depletion was measured for 5 min) as described by Brdjanovic et
al. (1997). For the determination of the oxygen requirements for aerobic
maintenance processes, the length of the cycle was 25 min (5 min pumping
per cycle and 20 min recording the oxygen depletion). Measured data were
continuously stored in a computer. Minimum oxygen concentration in the
double-jacketed respirometer was always kept above 2 mg/L.

3.2.3. Synthetic media

Synthetic media supplied to the GAO SBR at the beginning of the cycle
contained 850 mg/L of NaAc:3H,O (12.5 C-mmol/L, approximately 400 mg
COD/L) and 107 mg/L of NH,CI (2 N-mmol, 28 mg NH,"-N/L) as carbon
and nitrogen sources, respectively. In order to suppress the growth of PAO
and favor the development of an enriched GAO culture, phosphorus
concentration in GAO SBR influent was limited to 2.2 mg PO4>-P/L (0.07
P-mmol/L) leading to a P/COD influent ratio of about 1/200 (weight/weight)
(Liu et al., 1997). 2 mg/L of allyl-N-thiourea (ATU) were added to inhibit
nitrification. The rest of minerals and trace metals present in the synthetic
media were prepared as described by Smolders ef al., (1994). Prior to use,
synthetic media were autoclaved at 110 °C for 1 h.

3.2.4. Analyses

The performance of the GAO SBR was regularly monitored by measuring
orthophosphate (PO,*"-P), mixed liquor suspended solids (MLSS) and mixed
liquor volatile suspended solids (MLVSS). In batch experiments,
orthophosphate (PO, P), oxygen uptake rate (OUR), MLSS, MLVSS, poly-
hydroxy-butyrate (PHB), poly-hydroxy-valerate (PHV), glycogen and
ammonium (NH,"-N) concentrations were measured. All off-line analyses of
orthophosphate, MLSS, MLVSS and ammonium were determined in
accordance with Standard Methods (A.P.H.A., 1995). The OUR profiles
were calculated based on the oxygen depletion (respirometric) profiles
measured in the 10 mL-respirometer using linear regression and taking into
account that the solubility of oxygen in water varies with temperature. The
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PHA content (as PHB and PHV) of the freeze-dried biomass was determined
according to the method described by Smolders et al. (1994). Glycogen was
also determined following the method described by Smolders et al. (1994)
but extending the digestion phase at 100°C from 1 to 5 h.

Fluorescence in situ Hybridization (FISH) was performed as described in
Amman (1995). In order to determine the microbial population distribution
in the GAO SBR, FISH probes used in this study were EUBMIX (mixture of
probes EUB 338, EUB338-1I and EUB338-1II) to target the entire bacterial
population (Amman et al., 1995; Daims et al., 1999); PAOMIX (mixture of
probes PAO462, PAO651 and PAO 846) to target the Betaproteobacteria
Accumulibacter spp. (Crocetti et al., 2000); GAOMIX (equal amounts of
GAOQ989 and GB_G2) for the Gammaproteobacteria Competibacter spp.
(Crocetti et al., 2002; Kong et al, 2002); DFIMIX (TFO_DF218 plus
TFO_DF218) for the Alphaproteobacteria from Cluster 1 Defluviicoccus
spp. (Wong et al., 2004); DF2MIX (DF988, DF1020 together with helper
probes H966 and H1038) for Cluster 2 Defluviicoccus spp. (Meyer et al.,
2006); and, SBR9-1a for the Alphaproteobacteria Sphingomonas spp. (Beer
et al., 2004). Large aggregates were avoided by mild sonication (5W, 30 s).
The quantification of the population distribution was carried out using the
MATLAB image processing toolbox (The Mathworks, Natick, MA) as
described in Lopez-Vazquez ef al. (2007). Around fifteen separate randomly
chosen images were evaluated with final results reflecting the average
fractions of Accumulibacter, Competibacter, Defluviicoccus Cluster 1 and 2
and Sphingomonas present in corresponding activated sludge samples.
Microbial population fractions were expressed as percentage of EUB. The
standard error of the mean (SEM) was calculated as the standard deviation of
the area percentages divided by the square root of the number of images
analysed.

3.2.5. Aerobic batch test experiments

One hour before the end of the anaerobic phase, 450 mL of the GAO culture
enriched at 20 °C in the parent SBR were manually transferred to the batch
reactor. At this time, all HAc supplied at the beginning of the cycle had been
totally taken up. The working temperature of the batch reactor (10, 20, 25,
30, 35 and 40 °C) was set 1 h before the sludge transfer. Once the sludge was
transferred to the batch reactor, the sludge was stirred and kept under
anaerobic conditions for 1 - 1.5 h before starting the corresponding aerobic
batch test in order to adjust the microorganisms to the new temperature.
During this period, N, gas was continuously sparged to keep anaerobic
conditions and to avoid oxygen intrusion. After this acclimation period, the
sludge was exposed to aerobic conditions. Air was continuously introduced
into the reactor at a flow rate of 60 L/h and the sludge was constantly stirred
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at 500 rpm during the whole batch test. All acrobic batch tests experiments
had a 2 h length. Once the aerobic conditions started, an extensive
characterization of both liquid phase (orthophosphate, ammonium and OUR)
and biomass (PHB, PHV, glycogen, MLSS and MLVSS) was performed
throughout the 2-h aerobic batch tests.

3.2.6. Aerobic ATP maintenance coefficient of GAO

This experiment followed the experiment on aerobic stoichiometry and
kinetics. As the sludge was already exposed to the aerobic environment for 2
h, the experiment continued by extended aeration for 24 h without substrate
addition. A steady respiration rate in the absence of substrate indicated the
oxygen requirements for cell maintenance or mgs (the specific oxygen
demand for maintenance, in mol O2/C-mol biomass/h). The energy required
to cover the aerobic maintenance needs, as adenosine triphosphate (ATP),

. . . . 19) .
was expressed in terms of the aerobic maintenance coefficient m ., (in mol

ATP/C-mol biomass/h units). For each aerobic batch test, the m9,

coefficient was calculated based on the observed m s and according to the
metabolic model of GAO (Zeng et al., 2003).

3.2.7. Aerobic stoichiometry and Kinetics

Glycogen production (rgry), OUR (7p;), and PHA (rpgy), PHB (rpyp) and
PHV (7pyy) consumption, biomass production (ry) and the oxygen consumed
(O,) per active biomass ratio (O,/active biomass) were the kinetic rates of
interest in this study. The maximum specific kinetic rates at the different
studied temperatures were determined by linear regression based on the
carbon profiles measured from the corresponding batch experiments.
Maximum specific kinetic rates were expressed in C-mol/C-mol active
biomass/h units. The active biomass was determined as the volatile
suspended solids concentration excluding the PHB, PHV and glycogen
contents (active biomass = MLVSS — PHB — PHV — glycogen). In order to
calculate the specific rates, active biomass concentrations were expressed in
C-mol units by taking into account the GAO biomass composition
(CH84005Ny.19) determined by Zeng et al. (2003).

Following the approach suggested by Zeng et al. (2003), biomass production
(ry) from each batch experiment was calculated based on the aerobic
ammonium consumption measured during the aerobic tests considering that
nitrification was inhibited due to the continuous addition of ATU in the
influent. The O,/active biomass ratio (in mol O,/C-mol biomass units) was
obtained by quantifying the total amount of oxygen consumed in each
aerobic batch test (area below the OUR profile curve) excluding the oxygen
requirements for maintenance.
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The aerobic stochiometry was calculated based on the measured aerobic
kinetic rates and using the overall equations for the conversion of PHA
(rpu4) and oxygen (rp;) (Zeng et al., 2003):

1 1

—Fpuy = y s Ty T y e ry +mg-Xe,0 (3.1)
sgly sx
1 1

—Vor = y s Ty T y s ry Mg - Xa0 (3.2)
ogly ox

Where, rpy, is the PHA degradation profile observed in the aerobic batch
test (Fpya = Fpup + ¥puy); 7oz 1S the OURs profile computed during the 2-h

aerobic test; Y "and Y™ are the maximum yields of glycogen and

biomass production on PHA, respectively; mg is the specific PHA demand

. . max max . .
for maintenance; Yog,y and Y ™ are the maximum yields of glycogen and

biomass production on oxygen, respectively; mos is the specific oxygen
demand for maintenance; and, Xs40 1s the active biomass concentration.
Theoretically, mg is the energy consumption for maintenance of the cell
integrity (caused by basic metabolic energy requirements such as membrane
potential, renewal of proteins, etc.) that, under the absence of external
substrates, utilizes the internal stored substrate PHA (van Loosdrecht and
Henze, 1999). Meanwhile, m o5 represents the oxygen demand of the cells for
maintenance independently on whether external (HAc) or internal (PHA)
substrates are present. All maximum conversion yields are expressed in C-
mol/C-mol units. mg and mog are in C-mol PHA/C-mol biomass/h and mol
0,/C-mol biomass/h units, respectively.

According to the aerobic metabolic models of PAO and GAO (Smolders et
al., 1994; Murnleitner et al., 1997; Zeng et al., 2003), all maximum aerobic
yields are coupled, and function of the ATP/NADH ratio (8). d is a measure
of the efficiency of the oxidative phosphorylation with a maximal theoretical
value of 3. It indicates the amount of energy, as ATP, produced per
nicotinamide adenine dinucleotide (NADH) oxidized in the oxidative
phosphorylation. At pH = 7.0 and for an acetate-enriched GAO culture, all
maximum yields can be expressed as function of § as (Zeng et al., 2003):

1 _ 20 +1.26 (3.3)
Yo 2296+0.53

sgly
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1 2.136+229

= (3.4)
Y™ 2295 +0.53
0]
m rp
m, = — AP 35
52295 +0.53 (3-5)
1092 (3.6)
Y 2,295 +0.53
1 _ 2057 5.7)
Y™ 2295 +0.53
1.146m°
- 180y (3.8)

m =
5 2295+0.53

If Equations 3.3 — 3.8 are substituted in Equations 3.1 — 3.2 the system is
simplified to 2 equations and 6 variables (pyy4, 702, 6Ly, 7'y, © and m?TP) all

of them, except J, can be directly determined from the aerobic batch tests.
This may simplify the system to 2 equations and 1 variable (5). However,
since fluctuations were observed in the aerobic glycogen profiles rg;y was
also considered as a variable. This led to a system of 2 equations and 2
variables (8 and rg y). AQUASIM (Reichert, 1994) was used to compute &
and rg.y by simultaneously fitting the experimental time variable PHA
concentrations and OUR observed in the aerobic batch tests to the 7py, and
ro; profiles defined by the 2-equation system. The different kinetic
expressions used to calculate o and 7,y are shown in Appendix 3.1.

3.2.8. Temperature coefficients

In this study, the effect of temperature on a constant rate relative to a
standard temperature (here 20 °C) was expressed by the simplified Arrhenius
equation:

=1y 07 (3.9)

Where the r7 is the reaction at the temperature 7, T is the temperature in °C
and 4, is the temperature coefficient. Equation 3.9 proved to be suitable for
fitting the results and allowed to comparing them with the temperature
coefficients of different processes considered in mathematical models
(Henze et al., 2000).
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In order to describe the kinetics of GAO for the whole experimental
temperature range, a double Arrhenius expression was used:

re=ry 60,77 [1 - ez(T’TW’J (3.10)

In Equation 3.10, 7 is the reaction at the temperature 7, 7 is the temperature
in °C, 4, is the temperature coefficient & calculated from Equation 3.9, Tyx
is the temperature at which the microbial activity ceases, and 6, is a second
temperature coefficient used to describe the declination in activity of the

microorganisms at a temperature higher than the optimal (Bazin and Prosser,
2000).

3.3. Results

3.3.1. Enrichment of the GAO culture

The SBR was operated for more than 100 days before the aerobic batch tests
were performed. It reached steady-state conditions within the first 50 days of
operation. The biomass activity observed under steady-state conditions in the
SBR displayed the characteristic phenotype of an enriched GAO culture
(Figure 3.1a): complete anaerobic HAc uptake associated with glycogen
consumption and PHA production (as PHB and PHV) and an anaerobic P-
release less than 2 mg/L. Aerobically, the previously stored PHA was
oxidized, glycogen was produced and ammonium was consumed. Nitrate
and nitrite were not detected during the operation of the SBR. Average
MLSS and MLVSS concentrations at the end of the aerobic phase were 2834
and 2653 mg/L, respectively. The MLVSS/MLSS ratio of 0.94 implied that a
very low inorganic fraction (e.g. poly-phosphate) was stored. A
quantification of the biomass population distribution obtained by FISH
analysis indicated that Competibacter comprised around 93 + 1 % of total
bacterial population (as EUB) whereas Accumulibacter and Defluviicoccus
were present in relatively low fractions (< 1 %) and Sphingomonas were not
detected (Figure 3.1b). Other microorganisms, likely ordinary heterotrophs
growing on lysis products, made up the rest of the microbial community (5 +
1 %). Based on the biomass activity, low ash content and FISH results, it can
be concluded that GAO were the dominant microorganisms present in the
parent SBR.
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Figure 3.1. Glycogen Accumulating Organisms enriched in the parent sequencing
batch reactor at 20 °C, pH 7.0 £ 0.1 and 10 d SRT: (a) cycle profiles observed in the
enriched culture under steady state conditions: acetate (¢), glycogen (o), PHB (m),
PHV (o) orthophosphate (A) and ammonium (X); and (b) bacterial populations
distribution by applying Fluorescence in situ Hybridization (bar indicates 10 pum,
EUBacteria: blue, Competibacter: red, and Accumulibacter green. Competibacter
appear violet due to superposition of EUBmix and GAOmix probes.

3.3.2. Aerobic stoichiometry of GAO

The temperature effects on the aerobic stoichiometry of GAO were evaluated
considering that all aerobic metabolic processes are coupled and a function
of the ATP/NADH ratio (8) (Zeng et al., 2003). Substituting Equations 3.3
to 3.8 in Equations 3.1 to 3.2, and employing the kinetic rates directly
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quantified from the results of the aerobic batch tests (rpy4, ¥y and meP ),

led to a system of two equations with two unknown variables (& and 7¢.y).
Using the parameter estimation toolbox of Aquasim (Reichert et al., 1994)
the 2-equation system was solved for each corresponding temperature by
simultaneously fitting the experimental PHA and OUR profiles to the
profiles calculated with the modified Equations 3.1 and 3.2. Figure 3.2
shows the experimental and fitted PHA, glycogen and OUR profiles from
the aerobic batch test executed at 20 °C.
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Figure 3.2. Measured and fitted aerobic carbon and OUR profiles observed in the
aerobic batch test executed at 20 °C: (a) PHA (m) and glycogen (o) profiles; (b)
measured OUR (o).

In average, the COD balances from the different acrobic batch tests closed to
97 £ 2 %. In order to verify the stoichiometry of the aerobic metabolic
processes used in the current study, the different aerobic and anaerobic
processes were integrated in a metabolic model for GAO (Lopez-Vazquez et
al., in preparation). At steady-state conditions (reached around 30 days), the
GAO integrated metabolic model predicted an active biomass concentration
of 87 C-mmol/L which is close to the average concentration of 96 + 4 C-
mmol/L observed in the GAO SBR (approximately 9 % difference).

The different estimated d-values are shown in Figure 3.3. An average -
value of 1.73 + 0.37 was observed from 10 to 40 °C. This ratio is identical to
the &-value of 1.73 applied by Zeng ef al. (2003) and in the range of the o
experimentally calculated by Smolders et al. (1994) (6 = 1.85) for PAO.
Nevertheless, two distinctive trends were identified: from 10 to 30 °C an
average O of 1.95 £+ 0.19 was measured while above 30 °C the average
d—value was 1.28 = 0.03.

The maximum aerobic yields for each evaluated temperature were calculated
using the different d-values previously estimated and Equations 3.3, 3.4, 3.6
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and 3.7. Table 3.1 presents the different maximum aerobic yields computed
for the temperature interval of study. Regardless the different 6 ratios
observed from 10 to 40 °C, the aerobic stoichiometry seemed to be
insensitive to temperature fluctuations when comparing the average yields
from this study with the stoichiometric yields found by Zeng et al. (2003).

Indeed, Ysg};’( and Y™ were insensitive to temperature. However,
temperature had a slight influence on Y;;* and Y™ showing a decrease of

about 30 % in the aerobic yields at temperatures higher than 30 °C compared
to the trend observed below 30 °C (Table 3.1).
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Figure 3.3. &-ratios as function of temperature. Error bars indicate the standard
deviation of the estimations.

Table 3.1. Aerobic stoichiometric parameters observed in this study.

Tem?(?ée]lture 5@ Ys'glay" ®) st:ax © Y;’;y" @ Yomxax © | Reference
10 2.09 0.98 0.79 5.78 2.72
20 1.70 0.96 0.75 4.96 2.27
25 2.10 0.98 0.79 5.88 2.74
30 1.90 0.98 0.78 5.57 2.53 This study
35 1.26 0.92 0.69 3.86 1.74
40 1.30 0.92 0.70 3.92 1.78
Average 1.73+0.37 | 0.95+0.03 | 0.75+0.04 | 4.99+£0.91 | 2.30 £ 0.45
Zeng
20 1.73 0.95 0.75 4.89 2.18 et al.
(2003)

@ ATP/NADH ratio; ® In: C-mol GLY/C-mol PHA units; © In: C-mol X/C-mol
PHA units; @ In: C-mol GLY/mol O, units; and, © In: C-mol X/ mol O, units.
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3.3.3. Aerobic kinetics of GAO

Figure 3.4 displays the aerobic kinetic parameters measured in the different
aerobic batch tests. In general, 7.y, 7pua, ¥pup and rpyy (Figures 3.4a — 3.4d)
increased gradually as temperature rose from 10 to 30 °C finding their
optimal temperature at around 30 °C. Above 30 °C, bacterial activity
declined but, even at 40 °C, it did not cease. As Table 3.2 shows, the rgry
and rpyy observed in this study at 20 °C are similar to the kinetic rates
reported by Filipe et al. (2001b) but differ from the values presented by
Zeng et al. (2003). Interestingly, the rpyy reported by Smolders et al.
(1995b) and Brdjanovic et al. (1997), which corresponds to an enriched PAO
culture, resembles the 7py4 found in this paper at 20 °C; however, the r¢; y for
PAO is lower likely due to the lower glycogen requirements of these
organisms.

On the other hand, biomass production rates appeared to be insensitive to
temperature from 20 to 35 °C meanwhile, at 10 and 40 °C, no biomass
production was detected (Figure 3.4e). Unlike the other kinetic parameters,
the O,/biomass ratio increased continuously up to 40 °C without exhibiting
any decline in activity (Figure 3.4f).

Table 3.2. Maximum aerobic kinetic rates at 20 °C and pH 7.0 observed in the
present study and in other reports.

Organism Tpha @ rgy ® Reference
0.08 0.05 Zeng et al. (2003)'
GAO 0.14 + 0.01 0.14 + 0.04 Filipe et al. (2001b)
0.12+0.01 0.13+0.02 This study
0.09 - Brdjanovic et al. (1997)
PAO
0.12 0.04 Smolders et al. (1995b)

! Kinetic rates calculated based on figures and data provided
@ 7pha in C-mol PHA/C-mol X-h units; ® 7 gy in C-mol GLY/C-mol X-h units.

Excluding the O,/biomass ratio, whose temperature coefficient was 1.046,
the temperature coefficients up to 30 °C for the different kinetic parameters
fluctuated between 1.077 and 1.090. Accordingly, the aerobic processes
involved in the metabolism of GAO appear to have a medium degree of
dependency on temperature (Henze ef al., 2000).
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Figure 3.4. Effects of temperature on the aerobic kinetic rates of Glycogen
Accumulating Organisms: (a) rgry, glycogen formation rate; (b) rpys, PHA
formation rate; (c) 7pyp, PHB formation rate; (d) 7pyy, PHV formation rate; (e) 7y,
biomass production rate; and, (f) O,/active biomass ratio.

3.3.4. Aerobic ATP maintenance coefficient

mffTP was moderately affected by temperature (6 = 1.081) (Figure 3.5). In

particular, the m¢,, observed at 20 °C (0.013 mol ATP/C-mol biomass/h)

was in the range of values reported elsewhere for PAO and GAO enriched
cultures (0.012 — 0.019 mol ATP/C-mol biomass/h) (Smolders et al., 1995b;
Brdjanovic et al., 1997; Zeng et al., 2003).
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Figure 3.5. Temperature effects on the aerobic maintenance coefficient (mgTP) of
Glycogen Accumulating Organisms.

3.4. Discussion

3.4.1. Temperature effects on the aerobic stoichiometry

A series of aerobic batch tests from 10 to 40 °C were executed to address the
temperature effects on the aerobic stoichiometry and kinetics of GAO. The
short-term effects were studied in order to be able to evaluate the
temperature effect on the metabolic rates without an influence of bacterial
population changes that might occur with long-term studies. The average o-
value observed from 10 to 30 °C (1.95 £ 0.19) was in the range of different
ratios found elsewhere (Table 3.3). However, the o-values calculated at
temperatures higher than 30 °C (1.28 + 0.03) clearly differed from the
reported ratios. A lower 0 ratio suggests that the oxidative phosphorylation
was less efficient as temperature increased over 30 °C. This was reflected in
lower aerobic maximum yields (Table 3.1) and resulted in higher PHA and
oxygen requirements for glycogen production, biomass growth and
maintenance. In addition, as temperature raised above 30 °C a decline in 7pyy

. . . o
and rgy was observed (Figure 3.4) as well as a continuous increase on 7 ;.

(Figure 3.5). This is in accordance with Tijhuis ef al. (1993) who concluded
that temperature has a major influence on the maintenance requirements of
microorganisms at temperatures higher than 30 °C, affecting the biomass
growth rates. Correspondingly, Krishna and van Loosdrecht (1999a, 1999b)
observed lower polymer transformation rates and higher maintenance
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requirements as temperature rose from 15 to 35 °C leading to lower biomass

growth yields.
Table 3.3. Comparison between different 3-ratios reported in the literature.
(a) Calculation
System 5 method Reference
Aerobic . .
activated 1.60 Estimated based on biomass Beun et al. (2000)
activity and metabolic pathways
sludge
Aerobic . .
activated | 2.56+0.08 | CStmated based on biomass Sin et al. (2005)
activity
sludge
Pure culture Estimated based on biomass van Aalst-van Leewen
(Paracoccus 1.84 - .
activity and metabolic pathways | et al. (1997)
pantotrophs)
Aerobic . .
activated 140-1.80 | Estimated based on biomass Dircks et al. (2001)
activity and metabolic pathways
sludge
Enriched . o
PAO culture 1.85 Directly quantified Smolders et. al (1994)
Enriched . e . .
PAO culture 1.46 Directly quantified Brdjanovic et al. (1997)
Enriched Estimated based on biomass -
GAO culture 1.74 activity and metabolic pathways Filie et al. (2001d)
Average é-ratio from
Enriched Beun et al. (2000),
GAO culture 1.73 Smolders et al. (1994) and Zeng et al. (2003)
Dircks. et al. (1997)
Enriched 1734037 Estimated based on biomass Average ratio observed
GAO culture T activity and metabolic pathways | in this study
@ ATP/NADH ratio.

On the basis of the short-term temperature experiments executed in the
present study, we conclude that the aerobic stoichiometry of GAO is
insensitive to temperature changes from 10 to 30 °C whereas temperature
causes a major effect on the aerobic stoichiometric parameters of GAO as it
increases above 30 °C. Long-term cultivation studies need to be carried out
to assess whether a GAO population can adapt to these temperatures.

3.4.2. Temperature effects on the aerobic kinetics

Observed rg.y as well as rpy, were different from the rates reported by Zeng
et al. (2003) (Table 3.2). On the basis of this study a direct explanation could
not be found. It could possibly be related to the PHA content of the cells
(/™). For PAO cultures, /", which is dependent on the substrate feed to
the system and biomass content, determines the reaction rates of the aerobic
processes (Smolders er al., 1995a). Zeng et al. (2003) applied an aerobic
HRT of 12 h (6 cycles of 4 h per day with a 2 h aerobic phase per cycle)
while in this study, likewise Filipe et al. (2001b), an aerobic HRT of 9 h was
used (4 cycles of 6 h per day with a 2.25 h aerobic stage per cycle). In the
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three lab set-ups, the initial acetate concentration per cycle was similar (6.25
C-mmol/L) and, in combination with the active biomass concentration and
aerobic HRT, resulted in lower initial aerobic /** and PHA load in the
system of Zeng and colleagues (2003) (0.12 C-mol PHA/C-mol X and 1.4 C-
mol PHA/C-mol X/d, respectively) compared to the fractions and loads
observed in the current study (0.17 C-mol PHA/C-mol X, 1.8 C-mol PHA/C-
mol X/d) and elsewhere (0.20 C-mol PHA/C-mol X, 2.1 C-mol PHA/C-mol
X/d) (Filipe et al., 2001b). This might suggest that aerobic reaction rates
proceed slower as result of lower initial acrobic /** and PHA load.

Despite that the polymer transformation rates suffered a decline in activity at
temperatures higher than 30 °C, temperature seemed not to have caused any
effect on the biomass production rates between 20 and 35 °C (Figure 3.4e).
There is a possibility that a consistent trend was not found due to small
differences in measured values that may lay within the margin of error of the
analytical technique (Brdjanovic et al., 1997). Nevertheless, between 20 and
30 °C, the biomass growth rates were similar and had a relatively low
standard deviation (= 15 %) which suggests that the errors in the analytical
determination technique were not very high.

At 10 and 40 °C, no biomass growth was detected (Figure 3.4¢). Either
GAO’s growth was too low, being difficult to measure, or temperature had
an inhibitory effect restricting their growth at these temperatures. A severe
increase in maintenance requirements, as previously discussed, seemed to be
the reason of the limited growth of GAO at 40 °C. Interestingly, in a
previous report (Lopez-Vazquez et al., 2007), 40 °C had a detrimental effect
on the anaerobic metabolism of GAO. However, in the present study,
aerobic activity was still observed at this temperature (Figure 3.4) although,
as previously mentioned, no biomass growth was observed.

The temperature coefficients found for the different GAO aerobic processes
(6 = 1.046 — 1.082) are in the range of the coefficients reported by
Brdjanovic et al. (1997) for PAO (6= 1.035 — 1.081) indicating that PAO
and GAO have similar aerobic temperature dependencies from 10 to 30 °C.
This implies that the temperature effects on the anaerobic metabolism of
PAO and GAO (Lopez-Vazquez ef al., 2007) have a higher influence on the
PAO-GAO competition than the aerobic temperature effects.

3.4.3. Implications on the PAO-GAO competition

The results of our study suggest that the anaerobic and aerobic metabolisms
of GAO have different temperature dependencies. This may have important
implications on the PAO-GAO competition influencing the stability of the
EBPR process.
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Regarding GAQO’s anaerobic metabolism, GAO have important metabolic
advantages over PAO from 20 to 35 °C (Lopez-Vazquez et al., 2007). Below
20 °C, both microorganisms exhibit similar temperature dependencies
concerning the maximum HAc uptake rate; however, PAO seemed to be
favored since they present lower anaerobic maintenance requirements
(Lopez-Vazquez et al., 2007) and GAO exhibit a low biomass growth rate
(this study). Therefore, taking into account the combined temperature effects
on the anaerobic and aerobic metabolisms, temperatures higher than 20 °C
are more favorable for GAO showing an optimal temperature around 30 °C,
whereas, below 20 °C, PAO have metabolic advantages with an optimal
temperature that seems to lay around 20 °C (Lopez-Vazquez et al., 2007,
Brdjanovic et al., 1997). These findings could help to explain the stability of
the EBPR process in colder regions (air temperature below 20 °C) (van
Veldhuizen et al., 1999; Ybstebd et al., 2000; Meijer et al., 2002; Tykesson
et al., 2005).

Concerning the temperature effects in warm regions (temperature higher
than 20 °C), Panswad et al. (2003), in a long-term study, observed that PAO
were outcompeted by GAO in an EBPR SBR operated at 30 °C and 10 d
SRT. However, the GAO culture could not be sustained when switching the
temperature from 30 to 35 °C. The dominance and disappearance of GAO
could be explained on the basis of the temperature dependencies observed in
the present study: (a) the optimal temperature for GAO around 30 °C, and (b)
the lower aerobic maximum yields and higher maintenance requirements as
temperature rises above 30 °C.

In a similar study, Whang and Park (2006) observed a population shift from
an enriched-GAO to an enriched-PAO culture at 30 °C when decreasing the
SRT from 10 to 3 d at pH 7.5. Whang et al. (2007) hypothesized that a lower
GAO biomass yield on PHA than that of PAO might cause the change in
population when the SRT was shortened. However, according to the present
study, the optimal temperature of GAO seems to be found around 30 °C, a
reduction in the maximum aerobic yields was only observed above 30 °C,
and biomass growth rates appear to be independent of temperature changes
from 20 to 35 °C. At the applied operating conditions (3 d SRT and pH 7.5),
the observations of Whang and Park (2006) imply that GAO have a higher
minimum SRT than PAO. Likely, other factors besides temperature, such as
the higher pH (7.5) applied in the study of Whang and Park (2006), might
have also played an important role favoring the metabolism of PAO as
described by Filipe et al. (2001c¢).

A long-term (weeks) study should be beneficial not only to help to elucidate
the temperature effects on actual biomass production rates as consequence of
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the thermal effects on the different aerobic metabolic processes (among other
unexplained observations that remained in this research), but also to confirm
the temperature dependencies of GAO. Moreover, in a long-term study,
potential population changes and adaptations that cannot be accounted for
with short-term studies may be expected.

The present study was carried out using an enriched GAO culture where
Candidatus Competibacter Phosphatis were the dominant microorganisms
(93 + 1 % with respect to total bacterial population). Therefore, on the basis
of the current study it can not be concluded whether or not other groups of
GAO would display a similar temperature dependence.

3.5. Conclusions

The aerobic stoichiometry of GAO was insensitive to temperature changes
between 10 and 30 °C whereas it was affected at 35 and 40 °C. An overall
optimal temperature for both anaerobic and aerobic metabolism of GAO
appears to be found around 30 °C. The kinetic processes involved in the
aerobic metabolism of GAO had a medium degree of dependency on
temperature from 10 to 30 °C (6 = 1.046 — 1.082) comparable to those of
PAO. Within a broad temperature interval that covers the operating range of
most of domestic WWTP (from 10 to 30 °C, and perhaps even at higher
temperatures), we conclude that GAO do not have aerobic metabolic
advantages over PAQO, and that competitive advantages are due to anaerobic
processes.
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Appendix 3.1.

Stoichiometric matrix and kinetic expressions used in the present study.
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Abstract

The long-term temperature effects on the anaerobic and aerobic stoichiometry and
conversion rates on adapted enriched cultures of Competibacter (a known GAO)
were evaluated from 10 to 40 °C. The anaerobic stoichiometry of Competibacter was
constant from 15 to 35 °C, whereas the aerobic stoichiometry was insensitive to
temperature changes from 10 to 30 °C. At 10 °C, likely due the inhibition of the
anaerobic conversions of Competibacter, a switch in the dominant bacterial
population to an enriched Accumulibacter culture (a known PAQO) was observed. At
higher temperatures (35 and 40 °C), the aerobic processes limited the growth of
Competibacter. Due to the inhibition or different steady-state (equilibrium)
conditions reached at long-term by the metabolic conversions, the short- and long-
term temperature dependencies of the anaerobic acetate uptake rate of
Competibacter differed considerably between each other. Temperature coefficients
for the various metabolic processes are derived, which can be used in activated
sludge modeling. Like for PAO cultures: (i) the GAO metabolism appears oriented
at restoring storage pools rather than fast microbial growth, and (ii) the aerobic
growth rate of GAO seems to be a result of the difference between PHA
consumption and PHA utilization for glycogen synthesis and maintenance. It
appears that the proliferation of Competibacter in EBPR systems could be
suppressed by adjusting the aerobic solids retention time while, aiming at obtaining
highly enriched PAO cultures, EBPR lab-scale reactors could be operated at low
temperature (e.g. 10 °C).

4.1. Introduction

Different operating and environmental conditions have been identified as
determinant factors to understand the competition between PAO and GAO
(Oehmen et al., 2007). Among them, temperature appears to play an
important role on the interaction between these two types of microorganisms
(Panswad et al., 2003; Erdal et al., 2003; Whang and Park, 2006; Lopez-
Vazquez et al., 2007, 2008). All these studies agree that PAO have important
advantages over GAO at low and moderate temperatures (below 20 °C),
while higher temperatures (higher than 20 °C) are more beneficial for GAO.
However, those studies were carried out either without using a highly
enriched GAO culture or for short-term periods. Thus, although relevant
conclusions regarding the temperature effects on GAO have been obtained,
there is a clear need to study the long-term (weeks) temperature effects on
their metabolisms in order to evaluate possible biomass adaptations and
bacterial population changes that only can be observed at long-term.
Moreover, the execution of long-term experiments could help to address and
elucidate unexplained observations that remained from previous studies
(Panswad et al., 2003; Whang and Park, 2006; Lopez-Vazquez et al., 2007,
2008).

In the current chapter, the long-term (weeks) temperature effects on (1) the
anaerobic and (2) aerobic metabolisms of GAO, regarding their
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stoichiometry and kinetics, were evaluated. The research was carried out
using a lab-enriched GAO culture within a temperature interval (10 to 40 °C)
that covers the operating temperature of most of the wastewater treatment
plants. The temperature coefficients obtained in this study can be
incorporated into activated sludge models to describe the activity of GAO.
This could help to improve our understanding about the occurrence of GAO
at different temperatures aiming at the optimization of the EBPR process
operation under different weather conditions.

4.2. Materials and methods

4.2.1. Continuous operation of the parent sequencing batch
reactor (SBR1)

A GAO culture was enriched in a double-jacketed lab-scale sequencing
batch reactor (SBR). This SBR, hereafter referred to as SBR1 or parent
reactor, had a working volume of 2.5 L. The SBR1 was operated at 20 + 0.5
°C and pH 7.0 + 0.1 in cycles of 6 hours (2.25 h anaerobic, 2.25 h aerobic
and 1.5 h settling phase). At the beginning of each cycle, 1.25 L of synthetic
medium was fed to the parent reactor over a period of 5 minutes. 312.5 mL
of mixed liquor were removed on a daily basis (about 78 mL per cycle) from
SBRI, resulting in a solids retention time (SRT) of approximately 8 days.
Further details regarding the operation of SBR1 can be found in Chapter 2.
The long-term temperature effect tests were performed in a separate SBR
(SBR2). Thus, SBR1 was continuously operated during the whole
experiment and only used as source of enriched GAO biomass.

4.2.2. Operation of the parallel sequencing batch reactor (SBR2)

In order to evaluate the long-term temperature effects on the anaerobic and
aerobic metabolism of GAO, a separate SBR (SBR2) was used. SBR2 was
physically identical to SBR1 and also operated under similar conditions: a 6
hour-cycle (2.25 h anaerobic, 2.25 h aerobic and 1.5 h settling phase) and at
a pH 7.0 £ 0.1. For the execution of the long-term experiments, the
temperature of SBR2 was set according to the desired temperature of study
(10, 15, 30, 35 or 40 °C). In order to avoid temperature fluctuations, prior to
filling up the reactor, the temperature of the synthetic influent was adjusted
to that of study in a third double-jacketed batch reactor equipped with a
water bath.

4.2.3. Long-term temperature effect tests

The long-term temperature effect tests were carried out in SBR2 using the
GAO culture cultivated in the parent reactor (SBR1). Figure 4.1 displays a
schematic diagram of the execution of the five long-term temperature effect
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tests performed in the current study (at 10, 15, 30, 35 and 40 °C). As
displayed in Figure 4.1, first, the enriched GAO culture was cultivated in
SBR1. Once the GAO biomass reached steady-state conditions, it was
transferred from SBR1 to SBR2 and acclimatized for at least 8 days at 20 °C
using a SRT of 8 days. Meanwhile, after the sludge transfer, SBR1 was
reinoculated with mixed liquor that had been previously removed (waste of
sludge) to control the SRT. After the biomass activity of SBR2 reached
steady-state conditions, the temperature was switched to any of the evaluated
temperatures (10, 15, 30, 35 and 40 °C). Measurements of the first cycles
were carried out immediately after the temperature was switched aiming at
determining the temperature effects on the enriched biomass in the first cycle
and comparing them with previous short-term studies (Lopez-Vazquez et a!.,
2007, 2008). The initial SRT of the SBR2 was set at 8 days. Each long-term
test was carried out for a time period equivalent to 3 times the SRT, or
longer, until the biomass activity reached steady-state conditions. During the
execution of certain long-term tests, the SRT had to be increased in order to
keep the GAO enriched culture. In those tests where the SRT was modified,
the operation of SBR2 was extended for an equivalent period of 3 times the
adjusted SRT, or until reaching steady-state conditions. After concluding
with the evaluation of any of the studied temperatures, the SBR2 was
thoroughly cleaned before executing other temperature effect test.

4.2.3. Synthetic media

In order to suppress the growth of PAO, phosphorus concentration in the
synthetic media supplied to both SBR1 and SBR2 was limited to 2.2 mg
PO,>-P/L (0.07 P-mmol/L) (Liu e al., 1997). The synthetic media also
contained per litre: 850 mg NaAc-3H,0 (12.5 C-mmol, approximately 400
mg COD/L) and 107 mg NH4Cl (2 N-mmol). 0.002 g of allyl-N-thiourea
(ATU) were added to inhibit nitrification. The rest of minerals and trace
metals present in the synthetic media were prepared as described by
Smolders et al., (1994). Prior to use, synthetic media were autoclaved at 110
°C for 1 h.
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Figure 4.1. Experimental design followed in the present study for the execution of
the long-term temperature tests.

4.2.4. Analyses

The performance of SBR1 and SBR2 was regularly monitored through the
determination of orthophosphate (PO,>-P), mixed liquor suspended solids
(MLSS) and mixed liquor volatile suspended solids (MLVSS). During cycle
measurements, orthophosphate (PO4>P), acetate (HAc), MLSS, MLVSS,
poly-hydroxy-butyrate (PHB), poly-hydroxy-valerate (PHV), glycogen and
ammonium (NH,"-N) concentrations as well as oxygen uptake rates (OUR)
were measured. All off-line analyses were performed in accordance with
Standard Methods (A.P.H.A., 1995). The OUR, and PHA (as PHB and
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PHV) and glycogen contents were determined as described elsewhere
(Lopez-Vazquez et al., 2007, 2008).

In order to determine the microbial population distributions in the different
long-term tests, Fluorescence in situ Hybridization (FISH) was performed as
described in Amman (1995). FISH probes used in this study were EUBMIX
(mixture of probes EUB 338, EUB338-I1 and EUB338-III) to target the
entire bacterial population (Daims et al, 1999); PAOMIX (mixture of
probes PAO462, PAO651 and PAO 846) to target the Betaproteobacteria
Accumulibacter spp. (Crocetti et al., 2000); GAOMIX (equal amounts of
GAOQ989 and GB_G2) for the Gammaproteobacteria Competibacter spp.
(Crocetti et al., 2002; Kong et al., 2002); DFIMIX (TFO_DF218 plus
TFO_DF218) for the Alphaproteobacteria from Cluster 1 Defluviicoccus
spp. (Wong et al., 2004); and, DF2MIX (DF988, DF1020 together with
helper probes H966 and H1038) for Cluster 2 Defluviicoccus spp. (Meyer et
al., 2006). Large aggregates were avoided by mild sonication (5W, 30 s).
The quantification of the population distribution was carried out as described
in Lopez-Vazquez et al. (2008).

4.2.5. Anaerobic stoichiometry and kinetics

Net P-released, glycogen hydrolysis and PHB and PHV production per HAc
consumed (P/HAc, glycogen/HAc, PHB/HAc, PHV/HAc ratios,
respectively) were the anaerobic stoichiometric parameters of interest in this
study. These parameters were calculated taking into account the initial HAc
concentration and biomass composition (as MLSS, MLVSS, glycogen, PHB
and PHV) at the beginning and end of the anaerobic phase.

The maximum acetate consumption rate (qg/fé( 10) at the different studied

temperatures was determined considering the HAc consumption profile and
the biomass concentration at the beginning of the corresponding experiment.

Like all kinetic rates in the present study, qgflgw was expressed in C-

mol/(C-mol /h) units, as described elsewhere (Lopez-Vazquez et al., 2007).

4.2.6. Aerobic stoichiometry and kinetics

Glycogen production (rg.y), OUR (rp;), the consumption rates of PHA
(rpu4), PHB (rpyp) and PHV (rpyy), and the biomass production (ry) were
the aerobic rates of interest. The maximum specific rates at the different
studied temperatures were determined by linear regression based on the
carbon profiles observed at the corresponding cycle measurements and
expressed in C-mol/C-mol/h units (Lopez-Vazquez et al., 2008). ry was
calculated based on the aerobic ammonium consumption measured during
the aerobic tests considering that nitrification was inhibited due to the
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continuous addition of ATU in the influent (Zeng et al., 2003). The net
biomass growth rate was also determined based on the average biomass
concentration and considering the amount of mixed liquor daily wasted to
control the SRT.

The aerobic stoichiometric ratios of interest were: the maximum yields of

glycogen and biomass production on PHA (Y " and Y™, respectively);

and, the maximum yields of glycogen and biomass production on oxygen
(Y and Y, respectively). The specific PHA and oxygen demands for

ogly

maintenance (mgs and m g, respectively) were not experimentally determined
in the present study. Instead, the values calculated in a previous study were
used for the calculation of the aerobic yields (Lopez-Vazquez et al., 2008).
All maximum conversion yields are expressed in C-mol/C-mol units,
whereas mg and mos in C-mol PHA/(C-mol biomass-h) and mol O,/(C-mol
biomass-h) units, respectively. According to the aerobic metabolic models of
PAO and GAO (Smolders et al., 1995; Murnleitner et al., 1997; Zeng et al.,
2003), all maximum aerobic yields are coupled, and function of the
ATP/NADH, ratio (8), which is a measure of the efficiency of the oxidative
phosphorylation. Following the same approach like in a previous study
(Lopez-Vazquez et al., 2008), the maximum aerobic stoichiometric yields of
the different long-term temperature tests were calculated through the
determination of the &-ratio using AQUASIM (Reichert, 1994).

4.2.7. Temperature coefficients

The simplified Arrhenius expression was used to describe the effect of
temperature on the conversion rates of biomass:

1y =1y 070 (4.1

In Equation 4.1, rr is the reaction at the temperature 7, T is the temperature
in °C and @is the temperature coefficient.

Whenever possible, the kinetics of GAO for the whole experimental
temperature range (from 10 to 40 °C) was described using an extended
Arrhenius equation (modified from Bazin and Prosser, 2000):

e =071 0T 4

Where 6, is the temperature coefficient @ calculated from Equation 1, Ty
is the temperature at which the microbial activity ceases, and 6, is a second
temperature coefficient used to describe the decline in biomass activity at
temperatures higher than the optimal.
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4.3. Results

4.3.1. Enrichment of the GAO culture

The biomass activity from SBR1 (or parent reactor) was already under
steady-state conditions for more than 100 days when the present study
started (Lopez-Vazquez et al., 2008). It showed the typical phenotype of an
enriched GAO culture (Figure 4.2): complete HAc uptake associated with
glycogen consumption, PHA production and a low anaerobic P-
released/HAc uptake ratio in the anaerobic stage (0.03 P-mol/C-mol) and,
under aerobic conditions, glycogen replenishment and PHA degradation.
According to FISH analyses, Competibacter made up to 93 £ 1 % (relative to
EUBMIX) and Accumulibacter about 3 + 1 % of the total bacterial
population in SBR1. Defluvicoccus were present in negligible fractions (< 1
%). Other microorganisms, likely ordinary heterotrophs, comprised the rest
of the microbial community (3 = 1 %). The quantification of the bacterial
populations, together with the observed biomass activity, confirmed that
SBR1 was highly enriched with GAO, being Competibacter the dominant
microorganisms.
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Figure 4.2. Cycle profiles observed in the enriched culture of glycogen
accumulating organisms (Competibacter) cultivated in the parent sequencing batch
reactor (SBR1) at 20 °C, pH 7.0 = 0.1 and 8 days SRT under steady state conditions:
acetate (0), glycogen (o), PHB (m), PHV (O) orthophosphate (A) and ammonium

(K).
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As previously mentioned, the sludge cultivated in SBR1 was only used as a
source of enriched GAO biomass to perform the long-term temperature
effect tests in the parallel reactor (SBR2). Therefore, SBR1 was
continuously operated during the whole experimental period (for more than
400 days) exhibiting a stable activity (data not shown).

4.3.2. Cultivation of the enriched GAO culture at different
temperatures

As indicated in Figure 4.1, during the execution of the long-term temperature
effect tests, the SRT of SBR2 were extended, due to the lower unexpected
biomass growth rates, from the initially proposed SRT of 8 days to 16, 24
and even 36 days (Figures 4.1b, e and i). The SRT length was increased
when the biomass was unable to take up the entire carbon source in the
anaerobic stage for more than 12 cycles (72 h). However, as described later,
the GAO enriched culture could not be cultivated at certain temperatures
despite that a longer SRT was applied.

The biomass activities measured in the first cycle, just after switching the
temperature from 20 °C to the studied temperatures, as well as the long-term
biomass activities, are shown in Appendix A (Figures 4.Aa, d, f, h and j).
Competibacter were satisfactorily cultivated at 15, 30 and 35 °C (Figures
4.Ae, g, and i), but not at 10 and 40 °C (Figures 4.Ab and j) since the
metabolism of GAO was severely affected.

At 10 °C and despite that a relatively low influent P/HAc ratio was supplied
(0.006 P-mol/C-mol), the inhibitory temperature effects on GAO resulted
favorable for the proliferation of PAO (Accumulibacter). At 10 °C and 16
days SRT (Figure 4.1a), HAc started to leak into the aerobic stage just 5
days after the long-term experiment started. Thereupon, the sludge wastage
was stopped in order to extend the SRT, which increased from 16 to
approximately 36 days. 16 days later, HAc continued to leak into the aerobic
phase, meanwhile the anaerobic P/HAc ratio rose from 0.05 P-mol/C-mol
(first cycle, Figures 4.1a and Aa) to 0.13 P-mol/C-mol (Figures 4.1b and
4.Ab) indicating that PAO started to proliferate growing on the carbon
source that was not consumed by GAO. Interestingly, also a considerable
accumulation of glycogen and PHA was observed implying that these two
polymers were not being consumed (Figure 4.Ab). The Competibacter and
Accumulibacter fractions changed from 93 £ 1 % and 3 = 1 %, respectively
(estimated in the first cycle, Figure 4.3a), to 43 = 2 % Competibacter and 8 +
1 % Accumulibacter after 16 days (Figure 4.3b). The low EBPR biomass
activity implied that PAO were being suppressed by the low influent P
concentration (Figure 4.Ab). On day 16", aiming at evaluating whether PAO
could grow under these conditions and outcompete Competibacter, the
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influent P concentration was increased to 15 mg/L (0.48 P-mol) (Smolders et
al., 1994) and the SRT re-adjusted to 16 days (Figure 4.1c). On day 32",
Accumulibacter comprised around 37 + 2 % of total biomass, whereas
Competibacter made up to 12 + 1 % (Figure 4.3c). On day 64", the biomass
activity was already under steady-state conditions showing the typical
phenotype of an enriched PAO culture (Figure 4.Ac): considerable anaerobic
P/HAc ratio (0.56 P-mol/C-mol) as well as complete aerobic P-removal.
FISH analysis confirmed that Accumulibacter were the dominant
microorganisms (79 £ 1 %), meanwhile the Competibacter fraction was
around 18 + 1 % (Figure 4.3d).

a) b)

Figure 4.3. Bacterial population distributions observed in the long-term temperature
effect test carried out at 10 °C by applying Fluorescence in situ Hybridization (bar
indicates 10 um, EUBacteria: blue, Competibacter: red, and Accumulibacter: green):
(a) microbial populations at 20 °C under steady-state conditions before switching the
temperature to 10 °C; (b) on day 16™ after switching the temperature to 10 °C; (c) on
day 32™, and (d) on day 64™. Competibacter appears violet due to superposition of
EUBmix and GAOmix probes, while Accumulibacter light green due to the
superposition of EUBMIX and PAO mix probes.
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After the completion of the long-term experiment at 15 °C (Figure 4.1¢), the
temperature-effect test on GAO at 10 °C was repeated (Figure 4.1f). The
objective was to evaluate whether a GAO culture acclimatized at a lower
temperature (in this case 15 °C) could be cultivated at 10 °C or PAO would
become again the dominant microorganisms. Thereby, after studying the
long-term temperature effects at 15 °C, the temperature was switched to 10
°C and the influent phosphorus concentration increased to 0.48 P-mol (15 mg
PO,*-P/L). The SRT was kept at 24 days. After 1 SRT (24 days) the
anaerobic P/HAc ratio was 0.58 P-mol/C-mol and a complete aerobic P-
removal was observed (data not shown) suggesting that PAO had become
the dominant microorganisms. These results confirmed that Accumulibacter
had considerable metabolic advantages over Competibacter at 10 °C.

At 40 °C (Figures 4.1j and 4.Aj), the activity of Competibacter could not be
kept for more than 6 cycles (less than 2 days). During this period, the
maximum acetate uptake rate rapidly decreased, resulting in acetate leak into
the aerobic stage. After 2 days, the waste of sludge was stopped to extend
the applied SRT; however, the biomass activity was not recovered. Due to
the detrimental effect, the long-term temperature effects on Competibacter
could not be studied at this relatively high temperature (40 °C).

Excluding the changes in populations observed at 10 °C, FISH analyses
indicated that Competibacter were the dominant organisms in all long-term
temperature studies. The average microbial populations observed at 15, 30
and 35 °C, after reaching steady-state conditions, were similar to the
population distributions observed at 20 °C: 94 + 1 % Competibacter, 2 +2 %
Accumulibacter and the rest was comprised by other microorganisms (4 £ 2
%). Defluviicoccus were not observed at 10 °C and only a few cells were
hardly detected at 15, 30 and 35 °C (comprising less than 1 % of the total
bacterial population).

4.3.3. Long-term temperature effects on the anaerobic
stoichiometry

The temperature effects on the anaerobic stoichiometry of Competibacter are
displayed in Table 4.1. In average, all COD balances closed to 95 + 3 %,
suggesting that most of the intracellular compounds involved in the
anaerobic metabolism of GAO were satisfactorily measured. Due to the
switch in bacterial populations from an enriched GAO to an enriched PAO
culture, the stoichiometric ratios from the cycles carried out at 10 °C were
rather different compared to the rest of the temperatures, and even between
each other (Table 4.1). At 10 °C, the anaerobic glycogen hydrolysis seemed
to be inhibited as suggested by the lower measured anaerobic glycogen/HAc
ratio (0.96 C-mol/C-mol). Due to unknown reasons, higher anaerobic ratios
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were measured in the long-term test carried out at 30 °C that considerably
differed from the main trends. The long-term effects at 40 °C could not be
evaluated, since, as previously described, this temperature caused a
detrimental effect on Competibacter. Nevertheless, the anaerobic
stoichiometric parameters from the first cycle were similar to those observed
in other long-term studies (Table 4.1), implying that, likely, the anaerobic
stochiometry of GAO was not inhibited and, therefore, might have not been
the main cause of the deterioration of the activity of Competibacter at 40 °C.
In general, the average anaerobic transformations of intracellular stored
polymers glycogen, PHA, PHB, PHV) per HAc consumed measured in the
first and long-term cycles (Table 4.1) showed that the anaerobic
stoichiometry of Competibacter is rather insensitive to temperature changes
from 15 to 35 °C and comparable to those observed in previous studies
(Zeng et al., 2003; Lopez-Vazquez et al., 2007).

4.3.4. Temperature effects on the maximum acetate uptake rate
The long-term temperature effects on the maximum acetate uptake rates of
Competibacter (qgffé( 40) were studied from 10 to 40 °C. Figure 4.4 shows

the short-term temperature dependency of qgfgw as observed by Lopez-

Vazquez et al. (2007) (Figure 4.4a), the qﬁ/}ng measured in the first cycles

of the long-term tests (Figure 4.4b), and the uptake rates observed in the
long-term studies after reaching steady-state conditions (Figure 4.4c). The
temperature dependencies observed in the short-term and in the first cycles
of the long-term tests were relatively similar (Figures 4.4a and 4.4b), as
indicated by their comparable temperature coefficients (1.054 and 1.074,

respectively). However, the temperature dependency of g ﬁflg .o in the long-
term tests was considerably different (Figure 4.4c): (1) from 10 to 20 °C,
qﬁffg .o increased from a negligible uptake rate of 0.02 to 0.20 C-mol/C-

mol/h, which is similar to that observed by Zeng et al. (2003) and Ochmen e?
al. (2005) at 20 °C; (2) from 20 and 35 °C, the uptake rates appeared to be
relatively constant at about 0.20 C-mol/C-mol/h; and, (3) above 35 °C,

q g/fg 0 suddenly decreased, ceasing at around 40 °C. The differences in the
temperature dependencies of qﬁffg o Clearly indicate that the results from

short- and long-term studies can lead to different conclusions as biomass
adapts or acclimatizes to different temperatures.
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Table 4.1. Anaerobic stoichiometric parameters observed in the present study and in

previous reports.
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Figure 4.4. Temperature effects on the maximum acetate uptake rate of
Competibacter (qg/lAAéAO) observed in: (a) previous short-term temperature effect

tests (Lopez-Vazquez et al., 2007); (b) first cycles of the present study; and, (c)
long-term, under steady-state conditions.
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4.3.5. Long-term temperature effects on the aerobic
stoichiometry

In the long-term temperature effect tests, at 10 °C, the aerobic stoichiometric
coefficients were different because of the change in bacterial populations
from a culture where Competibacter were dominant to an enriched
Accumulibacter culture (Figure 4.3). As consequence, the aerobic
stoichiometric parameters measured in the long-term study carried out at 10
°C (Table 4.2) were similar to those reported for PAO at 20 °C (Smolders et
al., 1995). From 15 to 30 °C, the aerobic stoichiometry of Competibacter
appeared to be insensitive to temperature changes (Table 4.2). This is in
accordance with previous observations (Lopez-Vazquez et al., 2008). At 35
°C, the ATP/NADH], ratio (1.30 + 0.04) determined at long-term was lower
than that observed from 15 to 30 °C (1.73), implying that the oxidative
phosphorylation was less efficient. This was reflected in the lower aerobic
maximum yields. Since the GAO culture could not be cultivated at 40 °C, the
long-term effects on the aerobic stoichiometry of GAO were not evaluated at
this temperature. Nevertheless, the 6-value measured in the first cycle
executed at 40 °C was lower (1.52 + 0.12), which suggested that the
relatively high temperature immediately affected the aerobic stoichiometry
of Competibacter. The decreased energy yield might have limited the
cultivation of Competibacter at 40 °C.

4.3.6. Long-term temperature effects on the aerobic kinetics
As the temperature coefficients indicate, the maximum PHA degradation
rate (Kpips ) measured in the first cycles and long-term studies (Figures 4.5b

and 4.5¢c) showed similar temperature dependencies than those reported for
short-term experiments in a previous study (Figure 4.5a) (Lopez-Vazquez et
al., 2008). The temperature dependencies of the glycogen formation rates
(kg'gx ) were also comparable (Figures 4.5d, e and f). A combined Arrhenius
expression (Equation 2) satisfactorily described the temperature
dependencies of K)o and k% observed in the long-term studies for the

whole studied temperature range (from 10 to 40 °C).
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Table 4.2. Aerobic stoichiometric parameters observed in the present study and in

previous reports.
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Figure 4.5. Temperature effects on the maximum aerobic PHA degradation (kM :

a-c), aerobic glycogen production (kX% : d-f) and biomass production rates (k, : g-i)

of Competibacter observed in previous short-term temperature effect tests (Lopez-
Vazquez et al., 2008), and in the first and long-term cycles of the present study.
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The maximum growth rates (K, ) calculated in the different experiments

(short-term, first cycles and long-term; Figures 4.5g, 4.5h and 4.5i,
respectively) did not show any consistent trend that may help to explain why

different SRT had to be applied in the long-term tests. Moreover, the K,

observed at 15, 20 and 35 °C were relatively similar (Figure 4.51), indicating
that the same SRT could have been used for the cultivation of GAO at these
temperatures whereas, actually, longer SRT had to be applied at 15 and 35
°C (24 and 16 d, correspondingly) compared to that at 20 °C (8 d).
Murnleitner et al (1997) already indicated that the growth rate of PAO is a
resultant of the PHA degradation, and poly-P and glycogen formation.
Therefore, the minimum SRT for PAO had to be calculated from a model
(Brdjanovic et al., 1998b). Likely, the same applies for the case of GAO.

4.4. Discussion

4.4.1. Anaerobic stochiometry of GAO

The temperature effects on the metabolism of GAO are rather complex not
only because most of the involved metabolic reactions take place on
intracellular stored polymers, such as PHA and glycogen, but also due to the
different temperature dependencies of the anaerobic and aerobic processes.

The lower glycogen/HAc ratio measured in the first cycle at 10 °C (0.96 C-
mol/C-mol, Table 4.1) indicated that the glycolysis metabolic pathway was
partially inhibited. This was also observed in a previous study (Lopez-
Vazquez et al., 2007). The inhibition of glycolysis could have affected the
metabolism of GAO, reducing the production of the required energy and
electrons for substrate uptake under anaerobic conditions. This might have
resulted in the lower observed maximal acetate uptake rate (Figure 4.4). The
accumulation of glycogen observed in the intermediate cycle (Figure 4.Ab),
which increased up to 55 C-mol/L, appeared to confirm the inhibition of the
glycolysis pathway. After the influent phosphorus concentration was
increased (Figures 4.1c and 4.Ac), PAO (Accumulibacter) started to
proliferate in the culture. This indicates that PAO are more able to adapt and
grow at low temperatures than GAO. Likely, aiming at obtaining highly
enriched PAO cultures, EBPR lab-scale reactors could be operated at low
temperature (e.g. 10 °C) as a strategy to suppress the growth of GAO.

On the basis of the long-term temperature effect tests carried out in the
present study, it can be concluded that the anaerobic stoichiometry of
Competibacter is insensitive to temperature changes from 15 to 35 °C.
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4.4.2. Maximum acetate uptake rate
In the long-term experiments, the temperature dependency of the maximum
acetate uptake rate (q&féAo ), particularly at temperatures higher than 20 °C

(Figure 4.4c), was rather different than the temperature dependencies
observed in previous short-term tests and in the first cycles of the long-term
tests carried out in the present research (Figures 4.4a and 4.4b). As discussed
above, the lower acetate uptake rate measured in the long-term tests at 10 °C
could be a consequence of the inhibition of the glycolysis metabolic process.
The relatively constant acetate uptake rate (at about 0.19 C-mol/C-mol/h)
observed from 20 to 35 °C can not be explained on the basis of this study.
Taking into account that glycogen is assumed to be utilized as energy and
carbon source for both anaerobic substrate uptake and anaerobic
maintenance (Filipe et al., 2001; Zeng et al., 2002), likely, an increase in the
anaerobic maintenance requirements limited the substrate uptake process
since, as temperature rises, the anaerobic maintenance requirements also
increase and more glycogen should be consumed to cover the anaerobic
maintenance needs leaving less glycogen available for substrate uptake
(Lopez-Vazquez et al., 2007). At 40 °C, the effect of higher maintenance

. . MAX -
requirements could be even more notorious because the (g, goq Observed in

the first cycle (Figure 4.Aj) rapidly decreased during the first eight cycles of
the long-term experiment, leading to HAc leak into the aerobic stage and
complete deterioration of the GAO activity (data not shown). Overall, it
seems that the glycogen conversion rate is the rate limiting process in the
anaerobic metabolism of GAO.

4.4.3. Aerobic stoichiometry of GAO

In order to address the long-term temperature effects on the aerobic
stoichiometry and kinetics of GAO, experiments were executed from 10 to
40 °C. Despite that Competibacter could not be cultivated at 10 °C, the
aerobic parameters measured in the first cycle at 10 °C (Table 4.2) were
similar to those observed by Zeng et al. (2003). This suggests that the
relatively low temperature (10 °C) apparently did not affect the aerobic
stoichiometry of Competibacter and, therefore, this seemed not to have been
the cause that led to the dominance of Accumulibacter. From 15 to 30 °C, the
aerobic stoichiometry of GAO was not influenced by temperature changes
(Table 4.2). At 35 °C, the ATP/NADH, ratio (8-values) calculated from the
long-term study (1.30 = 0.04) was lower, resulting in lower aerobic
maximum yields, and higher PHA and oxygen requirements for glycogen
production and biomass growth (Table 4.2). Correspondingly, Krishna and
van Loosdrecht (1999a, 1999b) and Lopez-Vazquez et al. (2008) observed
lower polymer transformation rates and higher maintenance requirements as
temperature rose above 30 °C, leading to lower biomass growth yields. In a
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similar study (Panswad et al. 2003), a GAO culture could not be sustained
when switching the temperature from 30 to 35 °C using a SRT of 10 days. In
the current long-term study at 35 °C, the SRT needed to be extended from 8
to 16 days in order to keep the enriched Competibacter culture. This
corroborates that, likely, Competibacter had a lower net biomass growth at
35 °C due to an increase in the aerobic maintenance requirements and less
efficient energy generation.

We conclude that the aerobic stoichiometry of GAO is insensitive to
temperature changes from 15 to 30 °C, and likely even from 10 °C, whereas
temperature causes a major effect on the aerobic stoichiometry of GAO as it
increases above 30 °C.

4.4.4. Aerobic kinetics of GAO
Based on the temperature coefficients, the long-term temperature
experiments indicated that k) and kY% (Figures 4.5¢ and 4.5f) have a

medium to high degree of dependency on temperature which is comparable
to that proposed for ordinary heterotroph organisms, fermentation and
nitrification processes (1.07 — 1.12; Henze et al., 2000). The results of the
present study show that temperature effects on the metabolism of GAO are
rather complex because the different aerobic metabolic processes have
different temperature dependencies. This should be taken into account when
studying or modeling the temperature effects on the PAO-GAO competition
and, thus, the occurrence of Competibacter in EBPR systems.

4.4.5. Temperature effects on the PAO-GAO competition

As observed by Zeng et al. (2003), the PAO-GAO competition can take
place (i) in the anaerobic stage, through the competition for substrate, and,
(i) in the aerobic phase, considering that the biomass production takes place
under aerobic conditions. Thus, the organism that can take up substrate faster
in the anaerobic stage and/or have a higher biomass production in the
aerobic phase may have important advantages to lead the competition.

In Figure 4.6, a comparison between the maximum HAc uptake rates of
PAO and GAO (qs“f\f\éAo and quA/?éAO, respectively) observed in previous

(Brdjanovic et al. 1997, 1998a; Lopez-Vazquez et al., 2007) and in the
present short- and long-term studies are displayed. Contrary to the uptake
rates of GAO measured at short- (black line) and long-term (black bold line),
the rates of PAO determined from short- and long-term studies were similar
(gray bold line). Concerning the maximum substrate uptake rates,
Competibacter has important kinetic advantages over PAO at short-term, as
temperature raises over 20 °C. At long-term, PAO had a higher substrate
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uptake at temperatures below 20 °C. Above 20 °C, although the HAc uptake
rate of GAO measured at long-term noticeably decreased compared to that
observed at short-term, it is still around 12 % higher than that of PAO (0.19
and 0.17 C-mol/C-mol/h, respectively), resulting in a kinetic advantage for
Competibacter at temperatures higher than 20 °C. Although the maximum
acetate uptake rate of GAO tends to be similar from 20 to 35 °C, it can not be
discarded that a higher rate might exist around 25 °C as the long-term effect
of this temperature has not been studied on these organisms.

0,35

0,30

MAX
HAe
e e @
- ] o]
(8] =] w
Il Il 1

q
[C-mol/C-mal/h]

0,10 1

0,05 1

0,00 T T T 1
0 10 20 30 40 50

Temperature [°C]
Figure 4.6. Temperature effects on the maximum acetate uptake rates of PAO
(qs“”A’f§Ao) and GAO (q&féAo): (open triangles) short-term effects on PAO,
Brdjanovic et al. (1997); (gray closed triangles) long-term temperature effects on
PAO, Brdjanovic et al., 1998; (black closed triangles) short-term effects on PAO,
Lopez-Vazquez et al. (2007); (open circles) short-term effects on Competibacter;
(gray closed circles) long-term effects on Competibacter, this study. Gray bold line:
trend line from short- and long-term effects of PAO. Black thin line: trend line of the

short-term effects of Competibacter; and, black bold line: trend line of the long-term
temperature effects on Competibacter.

The net biomass production at different temperatures can be assumed to be a
function of (i) the temperature dependency of the biomass production rate
and (ii) the PHA available for biomass growth, which depends upon the
temperature effects on the aerobic metabolic processes (e.g. PHA
degradation, glycogen formation and aerobic maintenance requirements).
Thus, the net biomass production rate appears to be a resultant of the
combination of the temperature effects on the aerobic metabolic processes of
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Competibacter. Brdjanovic et al. (1998b) hypothesized that, for enriched
PAO cultures, the minimum aerobic SRT determines the presence of PAO in
a system since biomass growth takes place under aerobic conditions and
depends on the degradation rate and availability of PHA. Therefore,

Brdjanovic and colleagues (1998b) proposed an expression to determine the

minimum required aerobic SRT (SRT\") of PAO at different temperatures

in terms of (i) the net biomass production observed per cycle per HAc
consumed under steady-state conditions (Y .. ); (ii) the maximum PHA

degradation rate (kgm( ); and, (iii) the PHA availability (accounted for
through the maximum PHA present in the cells, fos , and the anaerobic

PHA production per HAc consumed, Yy 5 a )- Further details can be found

elsewhere (Brdjanovic et al., 1998b). Following a similar approach

(Appendix B), the minimum aerobic SRT of Competibacter (SRTMA,EFTGAO)

was determined from 10 to 40 °C and compared to that of PAO
(SRT i pao ) (Figure 4.7). Since PAO have not been cultivated above 30 °C

MIN,

following a systematic study (Brdjanovic et al., 1998a, 1998b), SRTNA,\,EFTPAO

at temperatures higher than 30 °C could not be computed. The calculated
minimal SRT for Competibacter fitted satisfactorily between the different
successful (closed squares) and unsuccessful attempts (open squares) to
cultivate a GAO culture (Figure 4.7).

In general, PAO require a shorter minimum aerobic SRT than Competibacter
(Figure 4.7). The difference is larger at temperatures lower than 20 °C. This
could be explained based on the aerobic kinetics of Competibacter (Figure
4.5¢ and 4.51): keya and KgLy are so similar below 20 °C that most of the PHA
is utilized for glycogen replenishment rather than for biomass production or
maintenance, limiting the growth of these microorganisms (Figure 4.7). The
glycogen accumulation observed in the long-term studies at 10 and 15 °C
(Figures 4.Ab and 4.Ae, respectively) confirms that the aerobic glycogen
formation was preferred over biomass production. Interestingly, Murnleitner
et al. (1997) observed a similar trend on enriched PAO cultures.

From 20 to 30 °C, the growth of PAO is still larger than that of
Competibacter (Figure 4.7). This suggests that, in lab- and full-scale EBPR
systems, Competibacter could be outcompeted by applying an aerobic SRT

between SRT,V?,',E\,FTPAO and SRT,\;\,EFTGAO. Accordingly, Whang and Park (2006)

observed a switch in the dominant microbial population from an enriched-
GAO to an enriched-PAO culture at 30 °C after shortening the SRT from 10
to 3 days, resulting in a nominal aerobic SRT of 1.8 days. Whang et al.
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(2007) hypothesized that, although GAO had a higher substrate uptake rate,
the lower biomass growth of GAO was the main cause that led to the
dominance of PAO. Potentially, short aerobic SRT could be applied in lab-
scale systems to favor the development of highly enriched PAO cultures.
However, the difference between the minimum aerobic SRT of PAO (1.25
days) and GAO (1.9 days) is likely too small to be effectively used in
practical situations (e.g. full-scale EBPR activated sludge systems).
Furthermore, in full-scale systems performing nitrification, the minimum
SRT of nitrifying bacteria will be likely longer.

AER
SRT MIN,Competibacter

W succesful SRT for Competibacter cultivation

[1: unsuccesful SRT@&R for Compelibacter cultivation

o SRT*Fyunpao

0 10 20 30 40 50

Temperature [°C]

Figure 4.7. Minimum aerobic solid retention times of PAO (SRTNﬁZR,pAo ; gray line)

and GAO (SRTN‘I\IﬁfG 0> black line) as a function of the temperature, as calculated by

Brdjnanovic et al. (1998b) and in the current study, respectively. Closed squares (m)
indicate the successful (long enough) and open squares (O0) the unsuccessful (too
short) aerobic SRT applied for the cultivation of Competibacter. Closed and open
squares refer to the aerobic SRT (y-axis), while numbers next to the squares indicate
the total applied SRT in the experiments.

As previously discussed, due to an increase in the aerobic maintenance
requirements of Competibacter (Krishna and van Loosdrecht, 1999a, 1999b;
Lopez-Vazquez et al., 2008) there appeared to be less PHA available for

biomass growth at temperatures higher than 30 °C, resulting in a lower

. . . AER
biomass production and, as consequence, in a longerSRTy\'cao as

temperature raised over 30 °C (Figure 4.7).
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Considering the lower maximum substrate uptake rate and longer minimum
aerobic SRT of Competibacter observed at temperatures lower than 20 °C
(Figures 4.6 and 4.7), we conclude that this microorganism is not able to
compete with PAO at cold and moderate temperatures (below 20 °C). From
20 to 30 °C, Competibacter can effectively compete with PAO because of
their higher anaerobic acetate uptake rate. However, it has a lower biomass
growth rate, requiring a minimum aerobic SRT longer than PAO.

As the enriched Competibacter culture was exposed for long-term periods
(of at least 3 times the applied SRT) to any of the temperatures of study, the
microbial conversions involved in the metabolism of GAO were affected
depending upon the temperature changes (from 20 °C to 10, 15, 30, 35 and
40 °C). This led to different steady-state conditions when Competibacter was
able to adapt and acclimate to the switch in temperature (at 15, 30 and 35
°C). The differences in the short- and long-term temperature dependencies of
the maximum acetate uptake rate as well as the need to adjust the required
SRT clearly reflect the long-term temperature effects on the microbial
conversions of Competibacter. While the diverse steady-state conditions
shown by Competibacter at long-term are a resultant of the equilibrium
reached among the different anaerobic and aerobic metabolic conversions (e.
g. at 15, 30 and 35 °C), the wash-out of Competibacter indicates that certain
metabolic processes and conversions were severely affected (or even
inhibited) and no equilibrium could be achieved (i. e. at 10 and 40 °C). Even
at 10 °C a complete switch in population to an enriched Accumulibacter
culture was observed. These observations exemplify the importance of the
execution of long-term experiments compared to short-term studies where
potential biomass adaptations and population changes can not be observed.
Nevertheless, short-term studies are required when aiming at studying the
physiology of microorganisms without involving biomass adaptations or
population changes or when evaluating at short-term the potential exposure
of microorganisms to conditions or scenarios different than the usually
expected (e.g. sudden changes in the wastewater characteristics or on the
environmental or operating conditions).

4.5. Conclusions

In the present study, the long-term temperature effects on an enriched GAO
culture (Competibacter) were evaluated within a relatively wide temperature
range (from 10 to 40 °C) that comprises the operating temperature of most of
the municipal and industrial WWTP. The anaerobic stoichiometry of GAO
(Competibacter) was insensitive to temperature changes from 15 to 35 °C.
The anaerobic glycogen conversion appeared to be the limiting metabolic
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process of GAO at low temperature (10 °C). Operation of EBPR lab-scale
reactors at low temperature (e.g. 10 °C) could be used as a strategy to
suppress the growth of GAO aiming at obtaining highly enriched PAO
cultures. At temperatures lower than 35 °C, the acrobic stoichiometry was
also independent of temperature changes. Due to strong increases in the
aerobic maintenance requirements and less efficient energy production
(oxidative phosphorylation activity), the net aerobic growth of GAO was
limited at high temperatures (30 and 40 °C). Short- and long-term estimated
anaerobic substrate uptake rates were different. In adapted cultures, the rate
is independent upon temperature from 20 to 35 °C. Like previously observed
for PAO, the growth rate of GAO is a resultant of the other aerobic
metabolic processes and not an intrinsic property of the bacteria. For the
whole studied temperature range, the computed minimum aerobic solids

retention time of Competibacter (SRTN/?,EFTG 20 ) Was longer than that of PAO

(SRTN/?,E\,F?PAO ), implying that the proliferation of Competibacter in EBPR

systems could be suppressed through adjusting (e.g. shortening) the applied
solids retention time (SRT). Concerning the PAO-GAO competition,
Competibacter cannot compete with Accumulibacter at temperatures below
20 °C because of lower acetate uptake and biomass production rates. Above
20 °C, Competibacter can effectively compete with Accumulibacter due to a
higher acetate uptake rate.
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Appendix A. Cycles measured in the different studied temperatures.
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Appendix B. Determination of the minimal SRT of GAO

Following a similar approach like Brdjanovic et al. (1998b), the minimal
aerobic SRT of GAO (Competibacter) was calculated using the following

expression:

SRTN/I.\lIrE\JFfGAo = [YPHA’HAC /YX’;?c ] ftAER /24) (4.3)

= (128 = LK e |

where,

SRTNA,\IEFTG a0 1s the minimum required aerobic SRT, in days.
Y pria Hac is the PHA produced per HAc consumed in the anaerobic
phase, 1.86 C-mol/C-mol (Zeng et al., 2003).

Yy hac is the net biomass production per HAc consumed

per cycle observed in the long-term experiments
from this study, in C-mol/C-mol units.

taAer is the length time of the 2.25 h aerobic phase, in
days.
fp'\,ﬂ/zx is the maximum PHA fraction present in the

biomass, assumed to be around 0.55 C-mol/C-mol
(Brdjanovic et al., 1998b; Lopez-Vazquez et al.,
2007, 2008).

Ko 0.606 - Kptins - 0 -[1 - 492(T_40)], this study, see

Figure 4.5¢.

The SRT,V?,EFTGAO were calculated for the whole studied temperature range

(from 10 to 40 °C) and are shown in Figure 4.7. The SRTNﬁFpro computed
by Brdjanovic et al. (1998b) are also included in Figure 4.7.
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Abstract

The influence of operating and environmental conditions on the microbial
populations of the Enhanced Biological Phosphorus Removal (EBPR) process at
seven full-scale municipal activated sludge wastewater treatment plants (WWTPs) in
The Netherlands was studied. Data from the selected WWTPs concerning process
configuration, operating and environmental conditions were compiled. The EBPR
activity from each plant was determined by execution of anaerobic-anoxic-aerobic
batch tests using fresh activated sludge. Fractions of Accumulibacter as potential
PAO and Competibacter, Defluviicoccus-related microorganisms and Sphingomonas
as potential GAO were quantified using Fluorescence in situ Hybridization (FISH).
The relationships among plant process configurations, operating parameters,
environmental conditions, EBPR activity and microbial populations fractions were
evaluated using a statistical approach. A well-defined and operated denitrification
stage and a higher mixed liquor pH value in the anaerobic stage were positively
correlated with the occurrence of Accumulibacter. A well-defined denitrification
stage also stimulated the development of Denitrifying Phosphorus Accumulating
Organisms (DPAO). A positive correlation was observed between Competibacter
fractions and organic matter concentrations in the influent. Nevertheless,
Competibacter did not cause a major effect on the EBPR performance. The observed
Competibacter fractions were not in the range that would have led to EBPR
deterioration. Likely, the low average sewerage temperature (12 £ 2 °C) limited their
proliferation. Defluviicoccus-related microorganisms were only seen in negligible
fractions in a few plants (< 0.1 % as EUB) whereas Sphingomonas were not
observed.

5.1. Introduction

In order to identify key factors in the PAO-GAO competition, different lab-
scale studies have been carried out providing insight knowledge that might
ultimately lead to an improved stability and optimization of the EBPR
process. Factors such as type of influent carbon source (e.g. acetate,
propionate, etc.) (Sudiana et al., 1999; Oehmen et al., 2004, 2005), influent
phosphorus to carbon ratio (P/C) (Liu et al., 1997; Schuler and Jenkins,
2003), pH (Filipe et al., 2001b; Schuler and Jenkins, 2002) and temperature
(Whang and Park, 2006; Lopez-Vazquez ef al., 2007) have been pointed out
as determining factors to understand the PAO-GAO competition.

The importance and overall benefits of Denitrifying Phosphorus
Accumulating Organisms (DPAO) in activated sludge systems has also been
widely recognized (Kuba et al., 1996b). Nevertheless, the factors that may
influence the occurrence of DPAO are not well understood and discrepancies
were observed when the DPAQ’s anoxic phosphorus removal activity,
generally defined as a fraction of PAQO’s aerobic activity, was calculated.
Kerrn-Jespersen and Henze (1993), Kuba et al (1996a, 1997a, 1997b),
Meinhold et al. (1999) and Hu et al. (2002) reported different DPAQO’s



114 The PAO-GAO competition

anoxic activities that varied from 15 to even 100 % of the aerobic P-removal
activity. Moreover, some other questions arise related to the potential
contribution of GAO to denitrification processes at full-scale systems. Zeng
et al. (2003b) described that a lab-enriched GAO culture was also able to
denitrify. However, the final product of denitrification was nitrous oxide
(N,0), considered an undesirable greenhouse gas, rather than dinitrogen gas
(N,). This fact might create environmental concerns in cases when
Denitrifying Glycogen-Accumulating Organisms (DGAO) play a major role
in denitrification at full-scale plants.

It should be underlined that practically all studies have been carried out at
lab-scale whereas comparative data and observations from full-scale studies
are still limited. Therefore, there is a clear need to verify and extend the
findings of laboratory-based studies to full-scale operating plants (Seviour et
al., 2003). Since there is a gap between conclusions drawn from lab- and
full-scale research the objective of the present paper is to evaluate which and
how environmental and operating conditions as well as wastewater
characteristics may influence the occurrence of PAO, DPAO, GAO and
DGAO at full-scale EBPR wastewater treatment plants (WWTPs).
Additionally, a particular objective of this study was to evaluate the
microbial communities distributions at low sewage temperature (below 20
°C) considering that temperature lower than 20 °C appears to be more
favorable for PAO than for GAO (Whang and Park, 2006; Lopez-Vazquez et
al., 2007).

In order to achieve the objectives of this study, seven EBPR WWTPs were
surveyed in The Netherlands during winter (November 2005 to April 2006).
For the period of study, data regarding the process plant configuration and
operating and environmental conditions were collected. The EBPR activity
was evaluated by executing anaerobic-anoxic-aerobic batch tests using fresh
activated sludge from each WWTP. Fluorescence in situ Hybridization
(FISH) was used to determine the PAO and GAO fractions present in the
treatment plants subjected to this survey. A statistical analysis was
performed in order to find the most prominent relationships among
operational and environmental data, EBPR activity and quantified PAO and
GAO populations.

5.2. Materials and methods

The survey was carried out from November 2005 to April 2006 under
(Dutch) winter conditions with an average sewage temperature of around 12
°C. Visits to the WWTP were undertaken in the last months of the survey
(March and April 2006) assuming that the microbial populations were
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already stable after the seasonal temperature change and before the
atmospheric temperature increased due to the spring-summer period.

Seven Dutch municipal wastewater treatment plants were selected with the
aim of covering the range of the most common EBPR treatment systems
used in The Netherlands. The study comprised four treatment plants operated
with a Phoredox process plant configuration (Katwoude, Hoek van Holland,
Venlo and Waarde WWTPs), two with a modified UCT process (Hardenberg
and Deventer WWTPs) (BCFS™, van Loosdrecht et al., 1998) and one plant
(Haarlem Waarderpolder WWTP) using an EBPR sidestream P-stripping
process.

5.2.1. Data collection

For the period of study, information related to plant process configurations,
operational, control as well as design aspects of the treatment plants were
directly obtained by reviewing documentation, interviewing practitioners
and plant operators and visiting WWTPs facilities.

Average influent and effluent characteristics were determined based on data
provided by plant operators by calculating the arithmetic mean and standard
deviation concerning the period of study. However, in order to complete the
required data and because certain parameters (such as Volatile Fatty Acids,
VFA), were not measured on a regular basis at the plants, a sampling
campaign was designed and implemented during visits. Additional grab
samples were collected at the influent, start and end of each biochemical
stage (anaerobic, anoxic and aerobic) and at the effluent of the secondary
clarifier. Samples for the determination of soluble parameters, such as
orthophosphate, were immediately filtered through 0.45 pm pore size
disposable filters. After collection, all samples were kept on ice or in a fridge
at 4 °C till the execution of the corresponding analyses (< 24 h).

5.2.2. Batch tests

Activated sludge was collected during the visits to the different surveyed
WWTP. Activated sludge was not collected during peak events, rainy days
or after raining events aiming at minimizing the effects of influent dynamic
conditions on microbial activities. Collected sludge was kept on ice during
transportation and, after arrival to the laboratory and before the execution of
the batch activity tests, at 4 °C in a temperature-controlled room. During
transportation and storage, activated sludge was not aerated since anaerobic
starvation conditions have a lower negative effect on EBPR communities
than aerobic conditions (Lopez et al., 2006). Batch tests to evaluate the
EBPR activities from investigated WWTPs were performed using a 1.5 L
and a 0.5 L double-jacketed laboratory fermentors. 1 L of activated sludge
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collected at the end of the aerobic tank from each WWTP was used to carry
out the corresponding anaerobic-anoxic-aerobic batch tests within 24 h after
collection. Both fermentors were operated at controlled temperature of 20 +
0.5 °C and pH 7.0 + 0.1. N, gas was supplied at a flowrate of 30 L/h during
the anaerobic and anoxic phases to avoid oxygen intrusion, while 60 L/h of
air were provided during the aerobic phase. Prior to execution of the activity
tests, sludge was aerated for at least 1 h in order to acclimatize it to the lab
batch reactor conditions. Batch tests were executed to determine: (a)
maximum acetate uptake rate, (b) anaerobic P-release rate, (c) anaerobic
P/HAc ratio, (d) aerobic P-uptake rate, (e) anoxic P-uptake rate and (f)
anoxic/aerobic P-uptake rate ratio. The description of the experimental
procedure to determine the anaerobic-anoxic-aerobic EBPR activities can be
found elsewhere (Kuba et al., 1997a, 1997b; Wachtmeister ef al., 1997).

During the execution of the batch tests, acetate (HAc), orthophosphate
(PO4*-P), nitrate (NO5™-N), mixed liquor suspended solids and volatile
suspended solids (MLVSS and MLVSS, respectively) were measured.
Synthetic medium used to carry out the batch tests was prepared as described
by Smolders et al. (1994) but diluted in demineralized water in order to
reach an initial acetate concentration at the beginning of the batch tests of 40
mg/L.

5.2.3. Analyses

PO,*-P was determined by the ascorbic acid method. All analyses, including
MLSS and MLVSS determination, were performed in accordance with
Standard Methods (A.P.H.A., 1995). Meanwhile, NO3 -N determination was
carried out with a Dionex ICS-1000 Ion Chromatograph (IC) (Dionex, The
Netherlands) equipped with a AS14A analytical column, AG14A guard
column and using a § mmol Na,COj; plus 1 mmol NaHCOj; solution (3.39 g
NaCO; plus 0.336 g NaHCO; in 4 mL of Milli-Q water) as eluant at a
flowrate of 0.7 mL/min. Temperature of the oven and cell (detector) was 40
°C. Detection limit was 0.01 mg/L for a 10 puL sample injection. Volatile
Fatty Acids (VFA) fractions as acetate (HAc), propionate (HPr), butyrate
(HBr) and valerate (HVr) were determined through Gas Chromatography
(GC) using a Chrompack CP 9001 gas chromatograph (Varian-Chrompack,
Bergen on Zoom, The Netherlands) equipped with a flame ionization
detector (FID) operated at 300 °C, splitter at 175 °C and a wall coated open
tubular (WCOT) fused silica capillary column from Chrompack for free fatty
acids phase chemically bound (CP-FFAP CB) of 25 m x 0.53 mm x 1 mm.
Helium was used as carrier gas at 35 kPa flow pressure. The oven
temperature was kept constant at 115 °C for 13 min. The detection
limit was around 5 mg/L for a 1 uL sample injection.
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5.2.4. FISH analysis

For the quantification of the microbial communities, samples for
Fluorescence in situ Hibridization (FISH) from the seven different treatment
plants were collected. FISH analyses were performed as described in Amann
(1995). FISH probes used in this study were EUBMIX (mixture of probes
EUB 338, EUB338-11 and EUB338-III) for Bacteria (Amman et al., 1995;
Daims et al., 1999); PAOMIX (equal amounts of PAO462, PAO651 and
PAO 846) to target the Betaproteobacteria Accumulibacter spp. (Crocetti et
al., 2000); GAOMIX (equal amounts of GAOQ989 plus GB G2) for the
Betaproteobacteria Competibacter spp. (Crocetti et al., 2002; Kong et al.,
2002); DFIMIX (TFO _DF218 plus TFO _DF218) for the
Alphaproteobacteria from Cluster 1 Defluviicoccus spp. (Wong et al., 2004);
DF2MIX (DF988, DF1020 with helper probes H966 and H1038 in equal
amounts) for Cluster 2 Defluviicoccus spp. (Meyer et al., 2006), and SBR9-
1a for the Alphaproteobacteria Sphingomonas spp. (Beer et al., 2004). Large
aggregates were avoided by mild sonication (5W, 30 s). FISH preparations
were visualized with a Zeiss Axioplan 2 microscope.

Quantifications of population distributions were carried out using the
MATLAB image processing toolbox (The Mathworks, Natick, MA) as
described elsewhere (Lopez-Vazquez et al., 2007). Around twenty separate
randomly chosen images were evaluated with final results reflecting the
average fractions of Accumulibacter, Competibacter, Cluster 1
Defluviicoccus spp., Cluster 2 Defluviicoccus spp. and Sphingomonas
present in corresponding activated sludge samples. Microbial populations
fractions were expressed as percentage of EUB. The standard error of the
mean (SEM) was calculated as the standard deviation of the area percentages
divided by the square root of the number of images analysed.

5.2.5. Statistical analysis

In the current survey, correlations among thirty different process, design,
operational and environmental parameters were evaluated. The studied
parameters comprised results from the population quantification analyses,
operational data from the WWTPs and results of the EBPR lab-activity tests.

The studied parameters were grouped in six major categories: (1)
Accumulibacter ~ and  Competibacter ~ fractions:  expressed  as
Accumulibacter/EUB, Competibacter/EUB and
Competibacter/Accumulibacter ratios; (2) Design aspects: nominal
anaerobic, anoxic and aerobic hydraulic retention times (HRT) and
anoxic/aerobic HRT ratios; (3) Influent characteristics: BOD g, CODp,
BODINF/CODINF ratio, VFAINF, VFAINF/CODINF ratio, HPI'[NF/VFAINF, total
PINFa total NINFa total PINF/VFAINF and total P]NF/BOD[NF ratio; (4) pH and
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water temperature measured in the anaerobic tank; (5) Effluent
characteristics: total Pgrr, PO, -P £rF, NH4 -Ngrp, NOx -Ngrr and total Nggg;
and, (6) EBPR activity observed in the anaerobic-anoxic-aerobic activity
tests: maximum anaerobic HAc uptake rate, anaerobic P-release rate,
anaerobic P/HAc ratio, anoxic P-uptake rate, aerobic P-uptake rate, and
anoxic/aerobic P-uptake rate ratio.

Collected data, concerning 7 treatment plants and 30 parameters, were
compiled and organized in an 7 x 30 matrix. In order to find the strength of
relationship for each pair of parameters, a correlation coefficient matrix (R)
was generated. The correlation coefficient matrix was computed as follows:

_ CG))

R. . 5.1
Vo JCa,nCy, )) D

Where R;; indicates the correlation coefficient for the pair of parameters i
and j being i and j any of the possible 30 different parameters; C(i,j) the
covariance associated to the parameters; and, C(3,i) and C(j,j) represent the
variances of studied parameters. This led to a symmetric 30 x 30 matrix.

As a second step, a 30 x 30 matrix of p-values (P), for testing the hypothesis
of no correlation was calculated. Understanding each p-value as the
probability of getting a correlation as large as the observed value by random
chance, when the true correlation is zero. If P(i,j) is smaller than 0.05, then
the correlation R(7,j) is significant. Calculations of the matrices of correlation
coefficients and p-values were carried out using MATLAB (The Mathworks,
Natick, MA).

5.3. Results

5.3.1. Operational data from wastewater treatment plants

Selected characteristics of process configurations of the seven treatment
plants of this survey are shown in Table 5.1. Despite the different applied
configurations, practically all WWTPs were designed with emphasis on the
creation of plug-flow conditions via separate units or compartmentalization
of tanks. At 6 out of 7 plants, there was no supplementary chemical dosing
for phosphorus precipitation. Primary settling is not a common practice in
EBPR plants in The Netherlands.
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At 5 out of 7 WWTPs investigated, the intrusion of oxygen, nitrate or nitrite
in anaerobic tanks tended to be minimized by the implementation of separate
pre-denitrification tanks. Only in two particular cases (Venlo and Waarde
WWTPs) well-defined separate anoxic phases were not present. In these two
plants denitrification takes place in the aerobic reactors, through creation of
intermittent anoxic phases, by inactivating the aeration system when effluent
NH,"-N concentration becomes lower than 0.5 mg/L but avoiding idle
phases longer than 0.5 h. Thus, the anoxic phase length depended on the
aerobic phase length, which was determined by the wastewater influent load.
This practice made it difficult to determine the anoxic phase length.
Moreover, under the cold climate conditions that this study was carried out
(winter season), a longer aerobic stage is required in order to achieve a
satisfactory nitrification activity. Consequently, for the study period, it was
considered that these WWTPs were hardly able to create an anoxic stage
and, for the purposes of this study, it was assumed that their nominal anoxic
HRT was zero.

A summary of compiled average operational data for the period of study is
shown in Table 5.2. Based on interviews with operators, 5 out of 7 WWTPs
received industrial wastewater discharges during the period of evaluation.
However, they were mostly intermittent and comprised less than 25 % of
total influent flows. Therefore, it can be assumed that wastewater streams
treated by these plants were mostly domestic.

Both wastewater influent quality and quantity varied considerably from one
treatment plan to another, which made it difficult to find similarities between
obtained operational data. Herewith, certain selected characteristics are
presented: (a) mean water temperature and pH within the study period were
around 12 + 2 °C and 6.9 + 0.3, respectively, (b) VFAnr comprised, in
average, about 18 % of total CODpg, (¢) average propionate (HPrpr) to
VFANr ratio was 0.13 mg/mg although a high variability was observed from
plant to plant as indicated by the large standard deviation (= 0.17 mg/mg),
and (d) mean total Ping/VFA e was 0.12 = 0.05 mg P/mg VFA.

It was noteworthy that all wastewater treatment plants included in this
survey are achieving low average effluent concentrations concerning
nutrients (6 and 0.5 mg/L for total nitrogen and total phosphorus,
respectively) that met the corresponding Dutch effluent standards for
nitrogen and phosphorus with a considerable margin (total N < 10 mg/L and
total P <1 or 2 mg/L, depending on plant capacity and location).
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Table 5.2. Average operational data in the period of study of the wastewater

treatment plants evaluated in this survey.
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5.3.2. EBPR activity observed in batch tests

Results of the anaerobic-anoxic-aerobic activity tests are shown in Table 5.3.
Average acetate uptake rates, P-release rates and P/HAc ratios were 16 £ 5
mg HAc/gVSS/h, 13 + 4 mg PO, -P/gVSS/h and 0.40 + 0.04 mg PO,”-
P/mgHAc, respectively. Considerable fluctuations were observed on the
aerobic and anoxic P-uptake rates (average rates were 10 + 4 mg PO,>~-
P/gVSS/h and 3 + 2 mg PO,”-P/gVSS/h, respectively) that led to
anoxic/aerobic P-uptake rate ratios that fluctuated from 48 % to lower values
such as 9 % and even zero (average anoxic/aerobic P-uptake rate ratio was
24 £ 16 %). As presented in Table 5.3, Kuba et al. (1997a, 1997b), Meinhold
et al. (1999) and Brdjanovic et al. (2000) also observed a great variability in
the rates and ratios measured in other full-scale systems.

5.3.3. Quantification of microbial populations

Quantification of the different microbial populations (Accumulibacter,
Competibacter, Defluviicoccus-related microorganisms and Sphingomonas)
from the seven different WWTP is presented in Table 5.4. Accumulibacter,
in average, comprised around 9.2 + 2.1 % of total biomass (as EUB),
Competibacter about 1.7 + 04 % (as EUB) leading to a
Competibacter/Accumulibacter ratio of 18 £ 4 %. Negligible fractions (< 0.1
%) of Defluviicoccus-related microorganisms Cluster 1 and 2 were only
observed in three plants (Hardenberg —-HRD—, Venlo —VEN- and Haarlem
Waarderpolder —-HW-). Sphingomonas were not detected in any of treatment
plants of this survey.

Regarding the Accumulibacter and Competibacter fractions, two different
trends were observed (Figure 5.1). In four treatment plants (Hoek van
Holland —-HvH-, Hardenberg —-HRD-, Katwoude —KAT— and Deventer —
DEV-) average Accumulibacter fraction was 11.6 = 2.3 % while in the other
plants 6.0 = 1.9 % (Waarde —-WAR—, Venlo —VEN- and Haarlem
Waarderpolder —HW-). This may suggest that plant configuration and
operating conditions of these two groups of plants had a different effect or
influence on the development of Accumulibacter. These values were in the
range observed in previous full-scale studies for Accumulibacter populations
(7 — 22 %) (Zilles et al., 2002; Saunders et al., 2003; Kong et al., 2004;
Chua et al., 2006; Tykesson et al., 2006). Differences among the evaluated
WWTPs for the Competibacter populations were not observed. However,
lower Competibacter fractions were found (1.7 £ 0.4 %) than in previous
full-scale reports (1 — 12 %, Saunders et al., 2003; 10 — 31 %, Wong et al.,
2005; 5 —10 %, Tykesson et al., 2006; 0 — 6 %, Kong et al., 2006).



123

TYSSE/5W se passandxa sajer aye)dn-g s1qolae pue IOy

payodar on I

(e) (BBE L 72 12 plOyUIAW)

& . i H H H OHdINTO0IF 3easo)d
0% -0z 9171 9 0v'0 65 le-4 (288l 1 32 e
at g £l 050 al i (etes rmﬁw% ey
08 sl 7z 1£0 g £z Lﬁmm_gommﬂm memm__ﬂ,m“_m__m_”ﬁwmn_
salph1s 1aa0
B £E 8B oFo b0l 0B Jap|odiapiee;y, wajeey
] 0o e SH0 9El 0¥l apieeps
fi 90 7' 8E0 a0l 7l ojuaA
Bt v L6 BED 607 ELZ puE||OH UBA 430H
£z ) 08 EED ULl 5El BpNoAE
ET L'z 06 SH0 96 A SERIEYETy
LE B3 7Bl BED ) BlZ fiaguapeH
[%] [uissaBiBw] | [uissaBBw] [6w/Buw] [uissaBiBw] | [y/ssABBw]
a1ea ayeydn-4 ajel ayeidn-4 | 23ed ayeidn-4 | oned syHId ajel ajel dLIMM
slgolayjaouy aMouy slqolay aslgodseuy aseaal-4 ajeidn ayH

with activated sludge from the different wastewater treatment plants evaluated in

Table 5.3. Summary of the anaerobic-anoxic-aerobic activity tests results carried out
this study.
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Table 5.4. Microbial populations fractions observed in this study.

Accumulibacter | Competibacter Defluviicoccus | Defluviicoccus Sphingomonas
WWTP [%] %] cluster 1 cluster 2 %]
> > [%] [%] >
HvH 16.4+2.8 06+0.2 n.d n.d n.d.
HRD 106+1.4 32+05 n.d. A few cells @ n.d.
KAT 10.0+2.6 29+0.6 n.d. n.d. n.d.
DEV 95+23 19+04 nd. n.d. n.d.
WAR 6.2+12 1.0+0.5 nd. n.d. n.d.
VEN 6.1+25 23+0.3 Afewcells® | Afew cells® n.d.
HW 57+22 0.4+0.1 Afewcells® | Afew cells @ n.d.
Average 9.2+2.1 1.7+04 n.d. n.d. n.d.

nd. No detected.
@ Only a few cells were observed (fraction < 0.1 %).

25 ~
20

15

[%]

10 ~

Accumulibacter/EUB, Competibacter/EUB

HvH HRD KAT DEV WAR VEN HW
WWTP
‘IAccumulibacter [%] O Competibacter [%] ‘
Figure 5.1. Fractions of PAO (Accumulibacter) and GAO (Competibacter)

populations in the wastewater treatment plants of the present study related to total
biomass (as EUB). Bars indicate the standard error of the mean (SEM).

5.3.4. Data compilation and significant correlations among
variables

Thirty different parameters comprising (a) Accumulibacter and
Competibacter fractions; (b) design and operating aspects of the different
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WWTPs; and, (c) results from EBPR activity tests were analyzed.
Population fractions of Defluviicoccus-related organisms and Sphingomonas
were not included in the statistical analysis since these microorganisms were
only detected in practicably negligible percentages in three plants (Table
5.4). Correlations among 30 different parameters were investigated. The
coefficients of correlation (R) and determination (R’) as well as the
significance level of each correlation (p) were also calculated.

Thirty significant correlations were found (R’ > 0.50 and p < 0.05), thirteen
of them were ranked as highly significant (R’ > 0.70, p < 0.01) (Table 5.5).
Certain  correlations  such  as Competibacter  fraction  vs.
Competibacter/Accumulibacter fractions ratio or total Pgpr vs. PO,> -Prpr
(correlations No. 5 and 27) were expected based on assumed close
dependencies between these parameters. Similarly, other expected
correlations on the basis of the wastewater characteristics and biomass
activity were also confirmed (correlations No. 15 - 19, 21, 23 and 30:
BODINF Vs. CODINF, BODINF vs. total PINF, COD[NF vs. total PINF’
BOD]NF/COD[NF vs. total P/BOD]NF, VFA]NF VS. VFAINF/COD[NF ratio, VFA
INFE VS. total PINF/VFAINF; VFAINF/CODINF vs. total PINF/VFAINFa and Anoxic
P-uptake rate vs. Anoxic/Aerobic P-uptake rates ratio). These results
justified the use of such statistical method in this study for the evaluation of
the relationships among the selected parameters.

Statistical analysis indicated that the occurrence of Accumulibacter was
significantly correlated (R > 0.50, p < 0.05) with (i) the pH level measured
in anaerobic tanks, (ii) HAc uptake rate and (iii) P-release rates (Table 5.5,
correlations No. 2 - 4). Interestingly, also significant correlations were
observed between Accumulibacter fractions and total Nyr (correlation No.
1) suggesting that DPAO may play an important role in the nutrient removal
processes at the full-scale WWTPs evaluated in this survey. The significant
contribution of DPAO to nitrogen removal seems to be confirmed
considering that operational conditions and parameters primarily related to
nitrogen removal showed to have a significant correlation with the activity of
Accumulibacter (correlations No. 11 - 12, 26, and 28 - 29: Anoxic HRT vs.
Aerobic P-uptake rate, Anoxic HRT vs. Anoxic P-uptake rate, total Nnr vs.
HAc uptake rate, total Pggr vs. NOX-Ngpr, and Aerobic-P uptake rate vs.
Anoxic P-uptake rate).
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Table 5.5. Significant (p < 0.05) and highly significant correlations (p < 0.01) found

among the different studied parameters.
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Competibacter fractions had significant positive correlations with BODyg
and CODr concentrations (Table 5.5, correlations No. 6 - 9). Taking into
account that a satisfactory biological P-removal performance was observed
in all the WWTP of the current study, these relationships may potentially
suggest that the influent contained a carbon load higher than the required by
PAO for P-removal and that any excess of organic matter was only favorable
for the development of Competibacter.

The relationship presented in Table 5.5 between nominal Anaerobic HRT
and Anoxic/Aerobic HRT (correlation No. 10) seemed to be a reflection of
the design criteria for nutrient removal at WWTPs since the anaerobic stages
increase proportionally to the anoxic stages.

As influent VFA concentrations and fractions increased (VFAne and
VFA/CODnr) higher fractions of propionate were observed (HPr/VFA nF)
suggesting that as fermentation processes increased higher fractions of HPr
were produced (Table 5.5, correlations No. 20 and 22). Additionally,
relationships among parameters involving VFA and total P were also
observed (correlations No. 23 and 24: VFA/CODnr vs. total P/'VFANr and
HPr/VFANr vs. total P/VFANr). These correlations could also be explained
considering the influence of the fermentation processes: if the VFAnr
fraction increases, as consequence of the fermentation processes, then the
total P/VFA r ratio decreases since total P is not affected by fermentation.

An explanation, on the basis of the present study, could not be directly found
for the next correlations: Anoxic/Aerobic HRT ratio vs. VFAnr,
Anoxic/Aerobic HRT ratio vs. Total P/VFAnr and total Npr vs. pH
anaerobic tank (Table 5.5, correlations No. 13-14 and 25). Perhaps, the first
two relationships are related to the design criteria for nutrient removal
assuming that larger anoxic stages enhance nitrogen and phosphorus
removal. While Total Ny vs. pH anaerobic tank may be a consequence of
the denitrification processes that take place in the anoxic stage: if higher N
loads are treated, presumably higher NOx-N loads are removed via
denitrification. This could increase the mixed liquor pH value in the anoxic
tank. Thus, considering the internal recirculations of activated sludge from
anoxic to anaerobic stages, this might result in a pH increase in the anaerobic
stage as well resulting beneficial for Accumulibacter.
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5.4. Discussion

5.4.1. PAO and GAO occurrence at full-scale wastewater
treatment plants

Higher PAO fractions (Accumulibacter) (11.6 = 2.3 %) were observed at
wastewater treatment plants operated with separate pre-denitrification tanks
(Hoek van Holland, Hardenberg, Katwoude and Deventer WWTPs) than in
plants operated without defined denitrification stages like Waarde and Venlo
WWTPs (6.0 £ 1.9 %, Table 5.4). This underlines once again the need of
avoiding the presence of oxygen or NOx-N compounds in anaerobic tanks to
preventing the consumption of VFA by ordinary heterotrophs.

In the case of Haarlem Waarderpoldler WWTP a lower fraction of
Accumulibacter was present because only a small fraction of mixed liquor is
exposed to anaerobic conditions (< 10 %) being derived and treated in a
side-stream P-stripping process designed for biological P-removal
(Brdjanovic et al., 2000). According to Smolders et al. (1996), in a side-
stream bio-P process a lower PAO fraction is required resulting in lower
carbon requirements. This may explain why smaller PAO fractions were
observed in Haarlem Waarderpolder WWTP.

Katwoude WWTP required the use of supplementary chemical dosing to
meet the corresponding effluent standards (< 1mg total P/L). Initially, the
application of a rather short anaerobic HRT (0.5 h, see Table 5.1) might be
considered the main limiting factor for biological P-removal that led to the
implementation of supplementary chemical dosing. If phosphorus is
chemically removed it is not further available for PAO to replenish their
intracellular poly-P pools, one of their main energy sources for anaerobic
HAc uptake, inhibiting the biological phosphorus removal process.
Nevertheless, an intermittent chemical dosing at Katwoude WWTP (applied
when P effluent concentration exceeds 0.75 mg/L), to ensure a satisfactory
P-removal, did not seem to cause any negative effect on EBPR activity
(Table 5.3 and Figure 5.1). This may suggest that if supplementary chemical
dosing is required an adequate implementation and use are necessary to
prevent deterioration of the EBPR process. An adequate P-effluent set point
to operate the supplementary chemical dosing is a key operating factor to
avoid an inhibitory effect on EBPR.

The fractions of Competibacter were practically constant in all wastewater
treatment plants but at lower fractions (1.7 £ 0.4 %) than reported elsewhere
(Saunders et al., 2003; Wong et al., 2005; Tykesson et al., 2006). The low
sewerage temperature during sampling (12 + 2 °C) is likely the most
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important environmental factor since temperatures below 20 °C are not
favourable for GAO (Whang and Park, 2006; Lopez-Vazquez ef al., 2007).

Defluviicoccus-related microorganisms Clusters 1 and 2 were hardly seen in
any of the WWTP of the present study and Sphingomonas were not detected
(Table 5.4). This is consistent with previous observations. Defluviicoccus-
related organisms have been observed in low abundance in a limited number
of full-scale EBPR systems (Wong et al, 2004; Meyer et al., 2000).
Moreover, the WTTP from this survey treated mostly domestic wastewater
whereas the occurrence of Defluviicoccus has been linked to industrial
discharges (Burow et al., 2007). At full-scale plants, Sphingomonas seem
not to play a role as possible competitors of PAO since these
microorganisms have not been observed in the current and previous studies
(Meyer et al., 2006; Burow et al., 2007) and their presence appear to be
restricted to lab-scale EBPR systems (Beer ef al., 2004; Wong et al., 2007).

5.4.2. Environmental and operational parameters affecting the
occurrence and activity of PAO and GAO

The influence of environmental and operational parameters on the
occurrence and activity of PAO and GAO was determined based on the
results of the statistical analysis (Table 5.5).

According to the observed significant correlations (p < 0.05), increases in the
concentration of organic matter (as BOD and COD) in wastewater influents
seemed to favour the growth of Competibacter (Table 5.5, correlations No. 6
- 9) although, according to effluent characteristics (Table 5.2), GAO
fractions were not in the range that might have affected the EBPR process
performance. This implies that an excess of carbon source tends to favour
the development of GAO. Brdjanovic et al. (2000) reported that HAc
overdosing at Haarlem Waarderpolder WWTP for biological P-removal
purposes apparently resulted in the proliferation of GAO as indicated by the
low measured P/HAc ratio (0.31 mgPO,>-P/mgHAc, Table 5.3). During the
present survey, HAc overdosing did not take place anymore at this plant
leading to a higher P/HAc ratio (0.40 mgPO,>-P/mgHAc, Table 5.3) and a
low GAO fraction (0.4 £ 0.1 %, Table 5.4). Therefore, if external carbon
source (such as VFA) should be added at full-scale systems, it is advised to
carefully examine its application and limit its addition to an adequate
(optimum) concentration.

Interestingly, no significant correlations were found between the occurrence
and activity of Accumulibacter and Competibacter and VFA fractions (Table
5.5). HAc was the predominant VFA in the influents (0.83 + 0.14 mg
HAc/mg VFA) while HPr was also present but obviously comprising a lower
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VFA fraction (0.13 = 0.17 mg HPr/mg VFA). According to Oechmen et al.
(2004, 2005), this should have been beneficial for Competibacter. However,
Accumulibacter were the dominant microorganisms in all studied WWTPs
(Figure 5.1). Rather than the VFA fractions other factors appear to have a
higher influence on the PAO-GAO competition as also suggested elsewhere
(Kong et al., 2006).

Accumulibacter fractions measured at full-scale systems had a significant
(positive) linear correlation (p < 0.05) with pH level measured in anaerobic
tanks (Table 5.5, correlation No. 2) what is in accordance with lab-scale
observations that stated that higher pH values are favourable for PAO
metabolism and detrimental for GAO (Smolders et al., 1994; Filipe et al.,
2001b; Schuler and Jenkins, 2002). Therefore, the operation of full-scale
wastewater treatment plants at higher pH levels seemed to be a relevant
factor for achieving and maintaining a reliable EBPR process operation.
According to the correlation observed between total Ny vs. pH anaerobic
tank (Table 5.5, correlation No. 28), a well-defined denitrification stage
appears to be linked to the generation of a higher mixed liquor pH value in
the anaerobic stage resulting potentially favorable for Accumulibacter.

5.4.3. Occurrence of DPAO

A strong relationships (p < 0.05) between total total Pgpr vs. NOX-Nggr
(Table 5.5, correlation No. 28) implied that either good biological P-removal
is linked with good N-removal as consequence of well-operating conditions
or that substantial fractions of PAO capable of denitrifying (DPAO) were
present in the WWTPs of this survey. Despite that the former statement is
supported by the observed high nutrient removal efficiencies, the latter
seems to be likely based on the significant correlations among anoxic
operating conditions (or related to nitrogen removal), Accumulibacter
fractions and DPAQ’s activity (correlations No. 1, 11 — 12, 26 and 29:
Accumulibacter fractions vs. total Nyr, Anoxic HRT vs. Aerobic P-uptake
rate, Anoxic HRT vs. Anoxic P-uptake rate, total Ninr vs. HAc uptake rate or
Aerobic P-uptake rate vs. Anoxic P-uptake rate). This may indicate that
DPAO play an important role in nutrient removal at these full-scale systems.

In the present study, different Anoxic/Aerobic P-uptake rate ratios were
measured (Table 5.3). In order to explain the different observed activities,
Kerr-Jespersen and Henze (1993) and Meinhold et al., (1999) proposed that
divers Anoxic/Aerobic P-uptake rate ratios reflect the levels of enrichment
of DPAO capable of using oxygen and nitrate and of non-denitrifying PAO
only able to use oxygen. However, Kuba et al. (1996a, 1997b) and
Wachtmeister et al. (1997), based on both lab-scale studies performed in an
anaerobic-anoxic-aerobic HAc-fed reactor and full-scale studies, concluded
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that the Anoxic/Aerobic P-uptake rate ratio appeared to be a measure of the
level of denitrifying capacity induced in PAO.

Kuba et al. (1996a) proposed that DPAO needed an exposure to NO3™-N to
stimulate the generation of the denitrifying biochemical pathway through the
production of the required enzyme (nitrate reductase). In activated sludge
plants without nitrogen removal (not exposed to anoxic conditions) the
nitrate reductase enzyme is present in a limited amount leading to a low
anoxic P-uptake activity (around 15 %). Meanwhile the cytochrome
oxidation enzyme required for aerobic P-uptake is always present (Kuba et
al., 1996a). This hypothesis is in accordance with the correlations found in
this study where the anoxic HRT was significantly correlated with the anoxic
P-uptake activity (Table 5.5, correlation No. 12). Zeng et al. (2003a) also
operated a similar laboratory set up like Kuba et al. (1996a) reporting that
PAO and DPAO were the same microorganisms. This supports the
hypothesis that the DPAO activity is induced through the exposition to
anoxic environments.

Kuba et al. (1996a, 1997b) also proposed that only the implementation of
predenitrification tanks (like in UCT plant configurations) can create the
necessary conditions for the acclimation of DPAO. In the present study,
higher Anoxic P-uptake activity was observed in plants operated with
defined predenitrification stages (Hardenberg, Deventer, Katwoude, Hoek
van Holland and Haarlem Waarderpolder WWTPs) than in plants where
these tanks were not well-defined or absent (Venlo and Waarde WWTPs)
(Tables 5.1 and 5.3) indicating that a good plant configuration is necessary
for the development of DPAO. The low Anoxic/Aerobic P-uptake activities
observed in this survey could be explained assuming that the longer
(excessive) aeration periods, required during winter for the nitrification
process, might have caused the oxidation of internal storage compounds
(such as poly-B-hydroxybutyrate, PHB) (Brdjanovic et al., 1998; Lopez et
al., 2006). Consequently, the intracellular PHB storage might have been
(almost) depleted and not further used for denitrification or P-uptake (Kuba
et al., 1996a). This might have been the case of Venlo and Waarde WWTPs
since the operation of their aeration systems depended on reaching certain
low NH,4-N effluent concentrations (Table 5.1). Another hypothesis states
that long aerobic periods might have caused a limited induction of
denitrifying enzymes (Kuba et al., 1996a).

Based on observed results and contrary to the significant contribution of
DPAO, no significant correlations were found among the activity and
occurrence of GAO and parameters related to denitrification. This might
suggest that the plant operating conditions did not favour the development of
DGAO. However, DPAO, that apparently have a similar metabolism like
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DGAO, were present and seemed to be importantly involved in the nutrient
removal. Allegedly, any possible denitrifying role by DGAO at the selected
full-scale EBPR systems was not observed.

5.4.4. Effect of sewage temperature and involvement of other
microbial communities

In the surveyed WWTPs, PAO comprised around 9 % of total biomass while
GAO were present in relatively low fractions (2 %). This fact may explain
the good EBPR process performance since, according to previous reports
(Whang and Park, 2006; Lopez-Vazquez et al., 2007), temperature lower
than 20 ° C might have favoured PAO over GAO resulting beneficial for the
stability of the EBPR process whereas the opposite would occur at higher
temperature (> 20 °C).

Recently, the aerobic P-uptake, poly-P accumulation and abundance of
Actinobacteria at full-scale EBPR systems (up to 29 % of total bacterial
volume) suggest that these microorganisms may play a major role in the
biological phosphorus removal process (Eschenhagen et al., 2003; Wong et
al., 2005; Kong et al., 2005, 2006). Unlike Accumulibacter, Actinobacterial-
PAO are able to take up complex organic matter (like aminoacids) but the
identity of the intracellular storage compound is still unknown (Kong et al.,
2005). Efforts should be undertaken at either lab- and full-scale systems not
only to get a better insight about their metabolism but also to determine their
possible contribution at full-scale biological P-removal processes.

A similar study under summer conditions (sewage temperature higher than
20 °C) executing lab-activity tests with acetate and (synthetic) wastewater
influent rich in aminoacids (such as casaminoacids) may be helpful to assess,
confirm or deny the observations drawn from the present and previous
studies related to the involvement of different microbial communities at full-
scale EBPR systems. This could lead to the design and operation of better
and more reliable EBPR WWTP.

5.5. Conclusions

The influence of operating and environmental conditions on the microbial
communities of the EBPR process at Dutch full-scale activated sludge
WWTP under winter conditions (sewage temperature around 12 °C) was
studied. Well-defined and operated denitrification stages are important to
favour the growth of PAO (Accumulibacter) and stimulate the development
of Denitrifying PAO (DPAO) influencing positively the nitrogen and
phosphorus removal process. The denitrifying capacity of DPAO appeared
to be inducible through the exposition to anoxic environments. pH values
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were positively correlated with the occurrence of Accumulibacter. A positive
correlation was found between the occurrence of Competibacter and organic
matter concentrations (as BOD and COD) present in the influent. However,
Competibacter did not cause a major effect on the EBPR process
performance because the observed fractions were not in the range that would
have led to biological phosphorus removal deterioration. Likely, the low
average sewerage temperature (12 + 2 °C) limited their proliferation.
Defluviicoccus-related microorganisms were only observed in negligible
fractions (< 0.1 %) in a few WWTP from the present survey. Meanwhile,
Sphingomonas were not seen in any plant.
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Abstract

A simple method for the quantification of PAO and GAO population fractions in
activated sludge systems is presented. In order to develop such a method the activity
observed in anaerobic batch tests executed with different PAO-GAO ratios by
mixing highly enriched PAO and GAO cultures was studied. Strong correlations
between PAO-GAO population ratios and biomass activity were observed (R* >
0.97). This served as a basis for the proposal of a simple and practical method to
quantify the PAO and GAO populations in activated sludge systems based on
commonly measured and reliable analytical parameters (such as mixed liquor
suspended solids, acetate and orthophosphate) without requiring molecular
techniques. This method relies on the estimation of the total active biomass
population under anaerobic conditions (PAO plus GAO populations) by measuring
the maximum acetate uptake rate in the presence of excess acetate. Later on, the
PAO and GAO populations present in the activated sludge system can be estimated
by taking into account the PAO-GAO ratio calculated on the basis of the anaerobic
P-release/HAc consumed ratio. The proposed method was evaluated using activated
sludge from municipal wastewater treatment plants. The results from the
quantification performed following the proposed method were compared to direct
population estimations carried out with FISH analysis (determining Candidatus
Accumulibacter Phosphatis as PAO and Candidatus Competibacter Phosphatis as
GAO). The method showed to be potentially suitable to estimate the PAO and GAO
populations regarding the total PAO-GAO biomass. It could be used not only to
evaluate the performance of EBPR systems but also in the calibration of potential
activated sludge mathematical models regarding the PAO-GAO coexistence.

6.1. Introduction

From both EBPR process evaluation and modeling perspectives the
estimation of PAO and GAO populations in activated sludge systems is a
relevant issue. Currently, PAO and GAO population contribution to total
biomass can only be satisfactorily estimated by applying molecular
techniques (e. g. Fluorescence in situ Hybridization, FISH, Amann, 1995;
and, Fluorescence in situ Hybridization - Microautoradiography, FISH-
MAR, Lee et al., 1999). These techniques require sophisticated and
expensive equipment that significantly restrict its wide use.

Zeng et al. (2003b) and Yagci et al. (2004) proposed two different combined
metabolic models to study the anaerobic metabolism of a PAO-GAO mixed
culture. These models were able to satisfactorily describe and predict the
activity of a mixed PAO-GAO culture and estimate the PAO and GAO
populations. However, they were determined based on lab-scale experiments
and relied on the determination of PHA fractions. This fact might limit their
applicability considering that storage compounds (such as PHA and
glycogen) comprise only a small part of volatile suspended solids in full-
scale activated sludge systems due to the low PAO and GAO active biomass
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fractions, making PHA and glycogen difficult to determine. Furthermore,
those proposed models were only validated at a defined PAO-GAO ratio
possibly requiring further research to validate them and, if needed, extend
them.

Brdjanovic ef al. (1999) proposed a bioassay to estimate the GAO/PAO ratio
in activated sludge. This method was based on acetate and orthophosphate
measurements with and without depletion of the poly-P pool. Nevertheless,
the method was not experimentally validated on activated sludge. Later,
Filipe et al. (2001b) and Schuler and Jenkins (2003) proposed other simple
methods to estimate the PAO and GAO dominance based on the observed
EBPR activity. Filipe et al. (2001b) proposed to evaluate the possible
presence of GAO by executing two anaerobic batch tests at different pH-
values (one at pH 6.5 and other at pH 8.0) and measuring the glycogen
consumed and PHA accumulated. Schuler and Jenkins (2003) suggested
using either the anaerobic P-released/acetate consumption ratio or the
glycogen degradation/acetate consumption ratio. However, these assays
provide a means of determining the relative PAO and GAO populations or
activities, but they do not by themselves provide an estimate of the PAO and
GAO fractions of the total biomass. Moreover, the applicability of these
methods could be limited as PHA and glycogen are parameters difficult to
determine at full-scale activated sludge wastewater treatment plants.

The aim of this study is to develop a simple and practical method to quantify
the PAO and GAO populations at lab- and full-scale systems as
hypothesized by Brdjanovic et al. (1999). The method is based on commonly
measured and reliable analytical parameters, such as acetate (HAc) and
orthophosphate (PO,-P), without requiring molecular methods like FISH.
The proposed method was developed using synthetic mixtures of (highly)
enriched cultures of PAO and GAO and validated with samples from full-
scale systems.

6.2. Materials and methods

6.2.1. Enrichment of PAO and GAO cultures

PAO and GAO cultures were enriched in two separate arguably identical
double-jacketed lab-scale reactors at 20 + 0.5 °C. Reactors were operated
and controlled automatically in a sequential mode (SBR). Each SBR had a
working volume of 2.5 L. Activated sludge from a municipal wastewater
treatment plant with a 5-stage Bardenpho configuration (Hoek van Holland
in The Netherlands) was used as inoculum. SBRs were operated in cycles of
6 hours (2.25 h anaerobic, 2.25 aerobic and 1.5 settling phase) following
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similar operating conditions used in previous studies (Smolders et al., 1994a;
Brdjanovic et al., 1997). Further details regarding the operation of the
reactors can be found in chapter 2 and 3.

The main difference between the operating conditions of PAO and GAO
SBR (called SBR1 and SBR2, respectively) was the phosphorus (P) content
in the synthetic medium supplied to each reactor. Influent of SBRI1
contained 15 mg PO,*-P/L (0.48 P-mmol/L) (Smolders ez al., 1994a) while
P content in GAO SBR influent was limited to 2.2 mg PO,*-P/L (0.07 P-
mmol/L) (Liu et al., 1997). Besides the different P concentrations, synthetic
media contained per litre: 850 mg NaAc-3H,O (12.5 C-mmol/L,
approximately 400 mg COD/L) and 107 mg NH4Cl (2 N-mmol/L). In
addition, 2 mg of allyl-N thiourea (ATU) were added to inhibit nitrification.
The rest of minerals and trace metals present in the synthetic media were
prepared as described by Smolders et al., (1994a). Prior to use, synthetic
media were autoclaved at 110 °C for 1 h.

The performance of SBR1 and SBR2 was regularly monitored by measuring
orthophosphate (PO,”"-P), mixed liquor suspended solids (MLSS) and mixed
liquor volatile suspended solids (MLVSS). Cycle measurements were carried
out to determine the biomass activity when both SBR reached steady-state
conditions. Additionally, quantification of bacterial populations was
undertaken via FISH analysis to define the enrichment level of PAO and
GAO in each SBR.

Anaerobic batch experiments were performed in a separate (third) batch
reactor after SBR1 and 2 reached steady-state operation. This means that
SBR1 and 2 were only used as sources of enriched cultures to perform the
anaerobic batch tests at different PAO/GAO mixing ratios.

6.2.2. Operation of batch reactor

A double-jacketed laboratory fermenter with a maximal volume of 0.5 L was
used for the execution of anaerobic batch experiments with the different
PAO/GAO ratios. Experiments were performed at controlled temperature
and pH (20 = 0.5 °C and 7.0 + 0.05, respectively). pH was automatically
maintained by dosing of 0.2 M HCI and 0.2 M NaOH. At the beginning of
each experiment, enriched PAO and/or GAO sludge (depending on the
corresponding experiment) were manually transferred from respective SBR
to batch reactor. By transferring a maximum amount of 250 mL of sludge
(which is the amount of sludge daily wasted from each SBR) disturbance of
continuous operation and steady-state conditions of SBR 1 and 2 was
minimized. Sludge used in batch tests was not returned to SBRs. N, gas was
continuously introduced to the reactor during the entire duration of the test at
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a flow rate of 30 L/h. During the anaerobic batch experiments the sludge was
constantly stirred at 500 rpm.

6.2.3. Batch tests with different PAO/GAO population ratios

At the end of the aerobic phase, a defined volume of enriched PAO and/or
GAO cultures was transferred from SBR1 and/or SBR2 to batch reactor.
Volume was determined according to the proposed PAO/GAO population
ratios based on average biomass concentrations (as volatile suspended
solids) measured in PAO and GAO SBRs under steady-state conditions. Six
different PAO/GAO mixing ratios were studied: 100/0, 80/20, 60/40, 40/60,
20/80 and 0/100, as PAO/GAO percentages. After sludge transfer, N, gas
was supplied to create and maintain anaerobic conditions in the batch
reactor. Following the first 5 minutes, concentrated synthetic medium was
added in excess as pulse. The initial acetate (HAc) concentration in the
reactor at the start of the batch test was determined based on preliminary
batch tests performed only with PAO and GAO enriched biomass. The aim
was to add HAc in excess to avoid substrate-limiting conditions during
execution of the tests but avoiding acetate inhibition (toxicity). After
substrate addition, biomass activity was continuously followed during 5 h.
N, gas was supplied during the entire experiment to avoid oxygen intrusion.

HAc uptake rate and P-release rate were the kinetic parameters of interest in
this study. Specific rates were calculated considering the HAc consumption
or P-release profiles and active biomass concentrations for each anaerobic
batch test. Active biomass concentration was determined as MLVSS but
excluding PHB, PHV and glycogen contents (Active Biomass = MLVSS —
PHB — PHV - glycogen). Active biomass was used in order to distinguish
between biomass and organic and inorganic storage products since internal
storage products can make up half of the biomass (either PAO or GAO).
Besides, PHB, PHV and glycogen fractions change strongly due to
dynamics. To calculate the specific rates, the active biomass concentration
was expressed in C-mol units by taking into account the experimentally
determined composition of PAO (CH;090054No20Poo15) (Smolders et al.
(1994b) and GAO (CH340¢5Ny.19) (Zeng et al. (2003a).

Glycogen hydrolysis and PHB and PHV production per HAc consumed
(Gly/HAc, PHB/HAc and PHV/HAc ratios, respectively) were the
stoichoimetric parameters evaluated. Implying that a characterization of both
biomass and liquid phase was performed during batch tests. Samples were
collected for the determination of HAc, PO,”-P, PHB, PHV, glycogen,
MLSS and MLVSS.
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6.2.4. Validation of the method

A method to quantify the PAO and GAO populations was proposed based on
relationships and correlations observed between biomass activity from
anaerobic batch tests and actual PAO and GAO fractions. In order to validate
the method, anaerobic batch tests were performed with mixed liquor
activated sludge from six different municipal wastewater treatment plants.
Tests were performed with fresh activated sludge (< 24 h old) collected at
the end of the aerobic tank. Batch tests were carried out applying identical
operating conditions as in the lab-tests executed to develop the method (20 +
0.5 °C and pH 7.0 = 0.05). A double-jacketed laboratory fermentor with a
maximal volume of 1.5 L was used for the execution of the anaerobic batch
experiments. Before tests started, 20 mg of allyl-N-thourea were added to
avoid nitrification during acclimation conditions and avoid the presence of
nitrate or nitrite during the execution of batch experiments. 1 L of mixed
liquor was continuously aerated for 1 h to acclimatize it to lab conditions and
remove possible readily biodegradable organic matter that might be present
in the sludge. Following the acclimation period, N, gas was introduced.
After 10 minutes, test started with the addition of synthetic medium in a
pulse mode. Initial HAc concentration in batch tests was 3.3 C-mmol/L (100
mg HAc/L, approximately 107 mg COD/L). N, gas was continuously
introduced to the reactor during the whole test at a flow rate of 30 L/h to
avoid oxygen intrusion. Sludge was stirred at 500 rpm. HAc consumption
and PO,”-P determination profiles were determined based on samples
collected during the 5 h batch test length. Samples were collected every 5
min in the first 30 min of the batch tests and every 30 min in the remaining
4.5 h. Maximum acetate uptake and P-release rates were calculated based on
the acetate and orthophosphate profiles observed in the first 30 min of the
tests. Meanwhile, the anaerobic P-released/HAc ratios and total P-released
were calculated considering the concentrations observed at the start and end
of the tests. Quantifications obtained with this method were compared with
PAO and GAO population fractions quantified via FISH analysis.

6.2.5. Analyses

PO4*-P was determined by the ascorbic acid method. Analyses, including
MLSS and MLVSS determination, were performed in accordance with
Standard Methods (A.P.H.A., 1995). Meanwhile, NO3 -N determination was
performed with a Dionex ICS-1000 Ion Chromatographer (IC) (Dionex, The
Netherlands). HAc was determined with a HP 5890 Gas Chromatographer
(GC) equipped with an CB-FFAP column of 25 m x 0.53 mm x 1 mm. PHA
content (as PHB and PHV) of freeze dried biomass was determined
according to the method described by Smolders et al. (1994a). Glycogen
determination was also executed according to the method described by
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Smolders et al. (1994a) but extending the digestion phase at 100°C from 1 to
5h.

For the quantification of the PAO and GAO communities (as Candidatus
Accumulibacter Phosphatis and Candidatus Competibacter Phosphatis,
respectively), Fluorescence in situ Hybridization (FISH) was performed as
described in Amman (1995). The EUBMIX probe (mixture of probes EUB
338, EUB338-1I and EUB338-III) to target the entire bacterial population,
PAOMIX probe (mixture of probes PAO462, PAO651 and PAO 846) to
target Accumulibacter (Crocetti et al., 2000) and GAOMIX probe (mixture
of probes GAOQ431 and GAOQ989) to target Competibacter (Crocetti et
al., 2002) were used to determine the PAO and GAO populations. FISH
preparations were visualized with a Zeiss Axioplan 2 microscope.

Quantification was performed using the MATLAB image processing toolbox
(The Mathworks, Natick, MA, US). 8-bit images for each of color channels
(green for PAO, FLUOS; red for GAO, Cy3; and blue for EUB, Cy5) were
converted into binary format using direct thresholding at a graylevel
determined using the Otsu method (Otsu, 1979). Image coverage was
computed by dividing the number of pixels corresponding to the object with
the total number of pixels of the image. Fractions of PAO (Accumulibacter)
and GAO (Competibacter) were calculated as the ratio between their image
coverage and that of the entire bacterial population (EUBMIX). Around
thirty separate images were evaluated per sample with final results reflecting
the average fractions of PAO and GAO, expressed as percentage of EUB.
The standard error of the mean (SEM) was calculated as the standard
deviation of the area percentages divided by the square root of the number of
images analysed.

6.3. Results

6.3.1. Enriched PAO and GAO cultures

SBR1 and SBR2 were operated for more than 80 days before the PAO/GAO
mixing tests started. Both reactors reached steady-state cyclic conditions
within the first 50 days of operation. Figure 6.la presents a cycle
measurement of SBR1 under steady-state conditions. It shows the typical
anaerobic-aerobic cycle profile of an enriched PAO culture: complete
anaerobic acetate consumption, substantial anaerobic P-release (anaerobic
P/HAc ratio around 0.47 P-mol/HAc C-mol) and almost complete aerobic P-
uptake (PO4>-P concentration in effluent < 1 mg/L). In the anaerobic phase
these conversions were associated with glycogen consumption and PHA
production (as PHB and PHV) while, under aerobic conditions, they were
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coupled with PHA oxidation and glycogen production. Anaerobic P/HAc
ratio was in the range of previous observed ratios for PAO cultures enriched
at 20 °C and pH 7.0 (0.46 - 0.50 P-mol/HAc C-mol; Smolders et al., 1994a;
Kuba et al., 1994; Ochmen et al., 2005). At the end of the aerobic phase,
MLSS and MLVSS were 3297 and 2256 mg/L, respectively, resulting in an
average MLVSS/MLSS ratio of 0.68. This low MLVSS/MLSS ratio
indicated high inorganic matter storage, presumably poly-P. High ash
content (based on the low MLVSS/MLSS ratio) and the observed activity
suggested that PAO were the dominant microorganisms in SBR1.
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Figure 6.1. Cycle profiles observed in (a) an enriched PAO culture in SBR1 and (b)

an enriched GAO culture in SBR2: acetate (open diamonds), glycogen (red circles),
PHB (black squares), PHV (yellow squares) and orthophosphate (blue triangles).

On the other hand, the activity observed in SBR2 under steady-state
conditions (Figure 6.1b), was characteristic of an enriched GAO culture:
acetate fully consumed in the anaerobic phase associated with a negligible
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anaerobic P/HAc ratio (< 0.01 P-mol/HAc C-mol), glycogen consumption
and PHA production. MLSS (2455 mg/L) and MLVSS (2366 mg/L)
concentrations observed at the end of the aerobic phase led to a high
MLVSS/MLSS ratio of 0.96 that indicated low inorganic matter storage.

Since nitrification was inhibited due to ATU addition, the slight
consumption of ammonium observed in both reactors was associated to
biomass growth requirements (data not shown).

The activity observed in both reactors suggested that PAO and GAO were
sufficiently enriched in SBR1 and SBR2, respectively, for the purpose of this
study.  FISH analysis corroborated that PAO were the dominant
microorganisms in SBR1 (Figure 6.2a) and GAO in SBR2 (Figure 6.2b).
Quantification of PAO and GAO populations from SBR1 indicated that
PAO, GAO and other bacteria contributed to total biomass in 93 +1 %, 4 + 1
% and 3 £ 1 %, respectively. In SBR2, GAO comprised 92 + 3 %, PAO less
than 1 % and other bacteria 8 + 3 % of the biomass present in SBR2. These
results confirmed that highly enriched cultures of PAO and GAO were
cultivated in each reactor and that the applied FISH probes seemed to be
sufficiently specific to target the present PAO and GAO cultures. It also
means that apparently there were no other significant populations in the
reactors besides Accumulibacter and Competibacter.

Figure 6.2. Bacterial population distribution by applying FISH techniques showing
(a) an enriched PAO culture in SBR1 and (b) an enriched GAO culture in SBR2 (bar
indicates 20 pm; blue: Eubacteria; green: PAO; red: GAO). PAO appear light green
while GAO pink due to the superposition of EUB and PAO and GAO mix probes,
respectively.

6.3.2. Anaerobic PAO/GAO mixing ratios tests

Figure 6.3 displays the biomass specific acetate consumption as measured in
the six different PAO/GAO tests, in C-mol HAc/C-mol active biomass units.
A suitable initial acetate concentration of 12.5 C-mmol/L was found via
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preliminary tests (375 mg HAc/L, approximately 400 mg COD/L). This
initial concentration was determined through anaerobic batch tests executed
only with PAO or GAO enriched biomass where different initial HAc
concentrations were tested. HAc concentrations higher than 13.3 C-mmol/L
(400 mg/L) caused a partial inhibition effect on GAO. When initial HAc
concentration was > 13.3 C-mmol/L, GAO were not able to immediately
start to take up the substrate (data not shown). GAO needed about 20
minutes before starting utilizing HAc. On the other hand, PAO did not
exhibit any inhibitory effect as GAO. The constant HAc uptake in the
different anaerobic PAO/GAO ratios tests showed that selected initial
concentration (12.5 C-mmol/L) did not cause any inhibitory effect (Figure
6.3). Independently of the different PAO/GAO mixing ratios, similar
maximum HAc uptake rates were observed (0.20 — 0.24 HAc¢ C-mol/C-mol
active biomass/h). This shows that, under the applied operating conditions
(20 °C, pH 7.0 £ 0.05), the competition between PAO and GAO was very
stringent due to their similar acetate uptake rates. Besides, substrate seemed
not to be limiting, there was always at least a small amount of HAc
remaining at the end of the test (around 0.2 C-mmol HAc/L). However,
major differences are observed between the first and the second hour of the
tests when inflexion points in profiles were found.
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Figure 6.3. Specific acetate consumption in batch tests with different PAO/GAO
ratios: 0/100 (0), 20/80 (m), 40/60 (A), 60/40 (©), 80/20 (o) and 100/0 (x).

Figure 6.4 shows the specific P-release observed in the six different
PAO/GAO tests, (expressed as P-mol/C-mol active biomass). As
expected, a clear trend was observed where P-release profiles
increased with the PAO fraction in the biomass.
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Figure 6.4. P-release profiles observed in batch tests with different PAO/GAO
ratios: 0/100 (0), 20/80 (m), 40/60 (A), 60/40 (©), 80/20 (o) and 100/0 (x).

6.3.3. Kinetics of the PAO/GAO mixing ratios tests

The intrinsic kinetics observed in the six different PAO/GAO batch tests
were expressed in terms of actual PAO and GAO fractions. These fractions
were calculated based on the estimated PAO and GAO biomass transferred
from parent SBR to parallel batch reactor and corrected according to the
biomass quantification performed via FISH analyses. Measured HAc uptake
rates, anaerobic P/HAc ratios, specific P-release rates and total P-released
per active biomass relationships are displayed in Figure 6.5.

Similar HAc uptake rates (ranging from 0.16 to 0.23 C-mol/C-mol active
biomass/h) were observed in the six different anaerobic batch tests (Figure
6.5a) suggesting that PAO-GAO competition took place in a narrow kinetic
range. In particular, HAc uptake rates carried out at 0/100 and 100/0
PAO/GAO ratios (enriched cultures) were practically identical (0.19 and
0.20 C-mol/C-mol active biomass/h, respectively). Table 6.1 shows that
measured rates were in the range of previous reported values under similar
operating conditions (7.0 pH, 20 °C).
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Figure 6.5. Relation between PAO and GAO fractions in the sludge and: a) Specific
acetate uptake rates, b) Anaerobic P/HAc ratios, ¢) Specific P-release rates, and d)
Total P-released per active biomass. PAO and GAO fractions were determined by

FISH.
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Table 6.1. Comparison of maximum acetate uptake rates of PAO and GAO with

previous studies at pH 7.0 and 20 °C.
Microorganism Acetate uptake rate Reference
[C-mol/C-mol active biomass/h]
0.27 Smolders et al. (1994a)
Filipe et al.
020 (2001b)
0.20 Kuba et al.
PAO (1996)
0.20 Brdjanovic et al. (1997)
Lopez-Vazquez et al.
0.20 + 0.03 (2007)
0.20 £ 0.02 This
study
Filipe et al.
0.24 (2001a)
0.16-0.18 Zeng et al.
GAO (2003a)
0.20 + 0.01 Lopez-Vazquez et al.
e (2007)
This
0.19+0.01 study

A strong correlation (R* = 0.97) was observed when anaerobic P/HAc ratios
measured in the batch tests were plotted versus actual PAO and GAO
fractions (Figure 6.5b). The highest P/HAc ratio (0.47 P-mol/HAc C-mol)
was found at the 100/0 test when PAO comprised approximately 93 % of
total bacterial population. It means that, according to the equation of the
linear regression, a P/HAc ratio value of 0.51 would be predicted if only
PAO would be present. Either the observed highest anaerobic P/HAc¢ ratio or
the predicted value was similar to the stoichiometic ratio from a theoretical
metabolic model for PAO cultures proposed by Smolders et al. (1994a) (0.50
P-mol/HAc C-mol). However, it does not match with higher P/HAc ratios
(0.60 — 0.75 P-mol/HAc C-mol) reported elsewhere in the literature (Liu et
al., 1997; Sudiana et al., 1999; Schuler and Jenkins, 2003).

Specific P-release rates and total P-released from each anaerobic batch test
also showed strong correlations (R*> > 0.97) with actual PAO and GAO
fractions (Figures 6.5¢ and 6.5d). Therefore, considering the observed ratios
in the present study, reliable relationships were made between observed
biomass activity and actual PAO/GAQ population ratios.

6.3.4. Anaerobic carbon transformations

The anaerobic conversions of relevant storage compounds were evaluated
for each batch test. Figure 6.6 presents the stoichiometric ratios measured in
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the different batch tests and their trend line (black solid line). Using the
theoretical anaerobic models proposed by Smolders ef al. (1994a) and Zeng
et al., (2003a) for PAO and GAO, respectively, the theoretical anaerobic
carbon transformations, according to actual PAO and GAO fractions present
in each batch test, were calculated and also included in Figure 6.6 (dashed
line).

Glycogen/HAc ratios observed in the 0/100, 20/80 and 40/60 PAO/GAO
ratios batch tests are in the range of the values calculated with the theoretical
models (Figure 6.6a). However, due to still unknown reasons, the rest of the
ratios were slightly higher than the expected theoretical values. Gly/HAc
ratios around 0.50 C-mol/C-mol have been reported for enriched PAO
cultures in the literature (Smolders et al., 1994b; Filipe et al., 2001b; Schuler
and Jenkins, 2003; Lu et al., 2006). Considering the high enrichment of the
PAO culture, it is unclear what caused a consistently slightly higher
Gly/HAc ratio. However, the deviations are small compared to the observed
standard deviations.

PHB/HAc ratios measured in this study, for the different PAO/GAO
fractions, were in the range of the values calculated with the theoretical
anaerobic models according to the PAO and GAO fractions studied in each
batch test (Figure 6.6b).
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Figure 6.6. Anaerobic carbon transformations measured in the six different
anaerobic PAO/GAO tests in terms of the PAO and GAO biomass fractions: a)
Glycogen/HAc ratio, b) PHB/HAc ratio, ¢) PHV/HAc ratio and d) PHV/PHB ratio.
Black solid line: experimental carbon transformations; dashed line: theoretical ratios
and, gray solid line: theoretical ratios when a 10 % PHV production of total PHA in

the theoretical PAO model was considered.



A practical method for the quantification of PAO and GAO 155

Figures 6.6c and 6.6d show the PHV/HAc and PHV/PHB ratios,
respectively, observed in this study. There was a clear difference between
experimental (black solid line) and theoretical values (dashed line). It was
caused by the fact that PAO anaerobic metabolic model does not take into
account PHV production despite that this storage compound was found in
the current as well as in previous PAO cultures. Smolders et al. (1994a),
Schuler and Jenkins (2003), Filipe et al. (2001b) and Lu et al. (2006)
observed at least a small fraction of PHV (around 10 % of total PHA) in
enriched PAO cultures. It was regularly assumed that a small GAO fraction
present in PAO enriched cultures might lead to a low PHV production since,
theoretically, PHV production is not involved in PAOQO’s anaerobic
metabolism. However, in this study, the GAO fraction present in the
enriched PAO culture could be considered negligible (< 4 %). Therefore,
based on previous experimental observations and assuming that PHV
comprises 10 % of total PHA produced by PAO, a better fit between
experimental (black solid line) and theoretical ratios (gray solid line) was
obtained. Pereira et al. (1996) suggested a metabolic pathway by which PHV
may be produced as part of the PAO metabolism. They claimed that it is the
TCA cycle that still runs. Mino et al. (1998) argued that it is not correct due
to the absence of a terminal electron acceptor and suggested that the
glyoxylate pathway may be the reason. Kortstee er al. (2000) came with a
different reasoning proposing the propionate-succinate pathway. PHV is,
from our perspective, the result of metabolic side reactions (such as
maintenance) as discussed by Pereira et al. (1996), Mino et al. (1998) and
Kortstee et al. (2000).

6.3.5. Description of the method

Following the reliable relationships and strong correlations obtained between
observed biomass activity from each batch test and actual PAO and GAO
fractions (R* > 0.97) a method for the quantification of the PAO and GAO
populations is proposed. Initially, the PAO fraction, as fraction of total PAO
and GAO biomass, were calculated using an expression derived from the
correlation between anaerobic P/HAc ratios and PAO fractions previously

presented in Figure 6.5b:
P Ana
{HAC}

frao :le (6.1)
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Where fp40 is the PAO fraction in terms of total PAO and GAO populations
Ana
P
(PAO/(PAO+GAO)) and, {H} is the experimental anaerobic P/HAc
Exp
ratio measured in the batch tests, in P-mol/C-mol HAc.

GAO fractions were calculated as the remaining fraction of the total PAO
and GAO populations or with the following expression:

Ana
0.51- P
HAc

Sea0 = 051 = (6.2)

Where fc40 is the GAO fraction related to total PAO and GAO populations
(GAO/(PAO+GAO)).

Furthermore, the active biomass fraction comprised by PAO and GAO in the
activated sludge system ("' p40+640)), could be determined based on the
ratio between the maximum acetate uptake rate measured in the
corresponding anaerobic batch test (qMAX aetest) and the average maximum
acetate uptake rate (166 + 6 mgHAc/gVSS/h) observed in the anaerobic
batch tests executed with the enriched PAO and GAO cultures from this
study (Figure 6.5a):

fNET _ qzﬁlc),(TEST (63)
(PAO+GAO) 166

The decision of using the average maximum acetate uptake rate for the
estimation of the PAO and GAO populations was also strongly influenced
and supported by the similar uptake rates reported in the literature for
enriched cultures (Table 6.1).

After the net PAO plus GAO fraction were determined (fNET(PA0+GAO)), the

net PAO and net GAO fractions (as % of VSS) could be computed with the
following expressions:

PJZEOT =100- fPAO : PIZ%];—GAO (6.4)

GZ% =100- fGAO : PIZEE;—GAO (6.5)
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6.3.6. Validation

The PAO and GAO fractions (as Accumulibacter and Competibacter,
respectively) present in 8 different municipal wwtp were determined via
FISH analyses and also using the method proposed in the present study
(Table 6.2). Quantifications performed with the proposed method were
expressed as fractions of MLVSS whereas quantifications carried out with
FISH images were expressed as fractions of the biomass that gave a positive
signal to the EUB mix probe. PAO and GAO fractions determined with the
proposed method, in average, comprised around 10 and 2 % of total biomass
(as MLVSS), respectively. On the other hand, quantifications of PAO
(Accumulibacter) and GAO (Competibacter) fractions executed with FISH
analysis resulted in average PAO and GAO fractions of 9 and 1 %,
respectively.

Independently of the results provided by the proposed method and the direct
FISH quantification, the PAO fractions measured in the municipal
wastewater treatment plants are in the range observed in previous full-scale
studies for Accumulibacter populations (7 — 20 %) (Saunders et al., 2003;
Tykesson et al., 2006). However, lower Competibacter fractions (2 + 1 %)
were observed compared to previous full-scale reports (1 — 12 %, Saunders
etal.,2003; 10 — 31 % Wong et al., 2005; 5 — 10 % Tykesson et al., 2006).

A reasonable agreement was observed between the PAO and GAO fractions
quantified with the proposed method and when FISH was applied (Figure
6.7) suggesting that the present method is potentially suitable for the
estimation of PAO and GAO fractions in activated sludge systems.
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Table 6.2. Comparison between PAO and GAO populations quantified with the

proposed method and direct quantification with FISH analysis.
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Figure 6.7. Comparison between (a) PAO and (b) GAO fractions from eight
different full-scale EBPR activated sludge treatment plants quantified with the
proposed method and by FISH.

6.4. Discussion

6.4.1. Anaerobic transformations in anaerobic PAO/GAO tests

Gly/HAc and PHB/HAc anaerobic carbon transformations were in the range
of theoretical values calculated with the anaerobic metabolic models
considering the actual PAO and GAO fractions present in each batch test
(Figures 6.6a and 6.6b). However, PHV/HAc and PHV/PHB ratios showed
an important difference compared to the prediction of the models (Figures
6.6c and 6.6d). Experimental data were well described only after a 10 %
PHYV production per HAc consumed was considered in the anaerobic model
of PAO, what is in accordance with previous experimental observations of
different authors (Smolders et al. 1994a; Pereira et al., 1996; Brdjanovic et
al. 1997; Filipe et al., 2001b; Schuler and Jenkins, 2003; Lopez et al., 2006),
but not explicitly considered in the theoretical metabolic models of PAO.
These facts underline the need to consider the role of the metabolic pathway
that leads to PHV production in PAO’s metabolic models in order to get a
better description and prediction of the fate of internal storage compounds.

6.4.2. Method for the quantification of PAO and GAO

Important and strong correlations (R* > 0.97) were observed between
biomass activity and PAO-GAO ratios in the different anaerobic batch tests
(Figure 6.5). Additionally, the observed anaerobic carbon transformations
under different actual PAO-GAO ratios (Figure 6.6) were in the range of
previous observations drawn from enriched PAO and GAO cultures. These
facts led and support the proposal of a practical method to quantify the PAO
and GAO fractions in activated sludge systems.



160 The PAO-GAO competition

The present method relies on the determination of the anaerobic P-
release/HAc ratio to quantify the relative PAO and GAO fractions. In
previous studies, Tykesson et al. (2006) and Ochmen et al. (2007) observed
correlations between the anaerobic P-release/HAc ratio and PAO fractions
(Accumulibacter) quantified via FISH. In particular, Oechmen et al. (2007)
compiled data from several lab-scale studies and found a good correlation
between the P-release/VFA ratio and the abundance of Accumulibacter
quantified via FISH (Figure 6.8). If the experimental data regarding the
correlation between P/HAc ratio and Accumulibacter fractions observed in
this study are included (black squares and black solid line) among the data
compiled by Oehmen et al. (2007) a good correlation covering all the
experimental data is obtained (Figure 6.8, red solid line, R* = 0.72). It is
remarkable that the slope of the correlation found in the present study (black
solid line, 0.51) is comparable to the slope of the correlation that covers all
the experimental data (red solid line, 0.53). This supports the use of the
anaerobic P-release/HAc ratio for the quantification of the PAO and GAO
fractions and consequently the validity of the present proposed method.

The proposed method for the quantification of PAO and GAO (as
Accumulibacter and Competibacter, respectively) was evaluated with
activated sludge from full-scale wastewater treatment plants. Quantifications
performed with this laboratory research method compared to direct
quantifications based on FISH analysis showed that the proposed method is
suitable to estimate the PAO and GAO populations based on common
standard determination methods (Figure 6.7).

The present method relies on previously proposed and experimentally
validated anaerobic metabolic models for PAO and GAO. In particular, the
PAO model has shown its reliability at full-scale systems (van Veldhuizen et
al., 1999; Brdjanovic et al., 2000; Meijer et al., 2002). On the other hand,
despite that the GAO metabolic model (Zeng et al., 2003a) has not been
applied at full-scale systems it could be assumed that similar results at full-
scale, when applied, could be expected since it followed a similar
formulation as the PAO model.
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Figure 6.8. Correlations between experimental P-release/VFA ratios and abundance
of Accumulibacter reported in the literature from different lab-scale studies
performed under similar operating conditions (modified from Oehmen e? al., 2007).
Gray squares and gray solid line: P-release/VFA ratios and correlation line as
compiled and calculated by Oehmen et al. (2007); black squares and black solid
line: experimental data and correlation observed in this study; and, red solid line:
correlation between P-release/VFA ratios and Accumulibacter fractions after
including the results from this study.

This proposed method, as all methods and models, has its own boundaries.
Firstly, it is important to underline that, despite that it was developed using
highly enriched cultures of PAO and GAO, these cultures were cultivated
using a single carbon source (acetate). Acetate is the dominant VFA present
in raw influents of full-scale municipal wastewater treatment plans.
However, its presence and concentrations as well as of other types of VFA
could vary from plant to plant affecting how PAO and GAO populations are
exposed to different VFA fractions. Oehmen et al. (2005) found that, in
short-term experiments, PAO were able to take up acetate practically at the
same rate after switching from propionate to acetate while GAO required
certain time before taking up acetate. It is noteworthy that despite all the
different possible carbon sources present in full-scale systems an acceptable
quantification of PAO (Accumulibacter) and GAO (Competibacter) was
obtained with the proposed method (Figure 6.7).

The use of FISH for the quantification of PAO and GAO populations, not
only from the enriched laboratory cultures but also from the full-scale
activated sludge plants, are subjected to the limitations, inaccuracies,
deviations and uncertainties derived from the technique. Mostly, probe
specificity as well as presence of autofluorescent cells or debris may lead to
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either underestimation or overestimation of populations. It cannot be
excluded that other PAO and GAO may be present in the systems that are
not targeted by the present FISH analysis. Based on statistical estimations,
the number of separate images needed in this study to quantify the PAO and
GAO populations via FISH and obtain results within a 95 % confidence
interval was 300. This number of images is required due to the high
variability found among activated sludge flocs. To carry out an extensive
quantification through FISH images was out of the scope of the present
study due to time and financial limitations. Therefore, around 30 separate
images were used to determine the corresponding PAO (as Accumulibacter)
and GAO (as Competibacter) populations in the lab- and full-scale samples.

Maximum experimental anaerobic P/HAc ratio observed in this study was
0.47 P-mol/C-mol while a P/HAc ratio of 0.51 P-mol/C-mol was predicted if
only PAO would be present. These values are in the range of the theoretical
P/HAc ratios proposed and experimentally validated by Smolders et al.
(1994a). However, they differed from higher ratios reported by other authors
(0.60 — 0.75) (Liu et al., 1997; Sudiana et al. 1999; Filipe et al., 2001b;
Schuler and Jenkins, 2003). A direct explanation to this difference cannot be
given. It might partially be explained on the basis of the higher pH applied in
those studies (> 7.2). Perhaps higher pH levels increased the anaerobic
energy requirements for substrate uptake and maintenance leading to higher
P/HAc ratios as found by Smolders et al. (1994a), Filipe et al. (2001b) and
Schuler and Jenkins (2002). On the other hand, Liu et al. (1997) and Schuler
and Jenkins (2003) reported that higher influent PO,>-P/HAc ratios led to
higher anaerobic P/HAc ratios. Therefore, Schuler and Jenkins (2003)
suggested to using higher influent PO, -P/HAc ratios (> 0.12 P-mol/C-mol)
in order to reach highly lab-enriched PAO cultures. An influent PO,>-P/HAc
ratio of 0.04 P-mol/C-mol was used in this study resulting in a highly
enriched PAO culture (around 93 %). Similar influent ratios have been used
in other studies reaching comparable enrichment levels (91 %, Lu et al.,
2006). This could indicate that a higher influent P/HAc ratio may favor
PAO’s enrichment but that it is not a strict requirement. Moreover, for the
applicability of the present method, if higher anaerobic P/HAc ratios would
have been observed in the different anaerobic lab-tests they might have led
to an underestimation of PAO and overestimation of GAO populations (as
Accumulibacter and Competibacter) while, using the found relationships, a
good estimation of both microorganisms was obtained at full-scale systems
(Table 6.2 and Figure 6.7).

According to Brdjanovic et al. (1997, 1998) and Lopez-Vazquez et al.
(2007), PAO and GAO anaecrobic stoichiometries are insensitive to
temperature changes. Therefore, potentially PAO and GAO ratios could be
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reliably quantified using this method (at 20 °C) regardless what the actual
operating temperature is at the lab- or full-scale system.

6.4.3. Recommendations

A method has been proposed to quantify the PAO and GAO populations
present in activated sludge systems. This method relies on the execution of a
lab-batch experiment where HAc is added in excess and the activity is
followed through HAc consumption and PO,”-P release profiles. It is
suggested to perform the anaerobic batch tests for a minimum period of 3 or
4 h to ensure that PAO and GAO are able to take up all possible HAc
depending on their storage compound pools but without causing total HAc
depletion. Preliminary batch tests executed with the activated sludge to be
evaluated could be undertaken to define the minimum HAc concentration to
perform the tests.

When this method is applied, it is suggested to keep a good pH and
temperature control at 7.0 £ 0.05 and 20 + 0.5 °C, respectively. Preferably,
pH and temperature fluctuations should be avoided to reduce the possibility
of deviations. In addition, it must be warranted that, when anaerobic batch
tests are executed, no other carbon sources rather than the acetate supplied at
the beginning of the test is present. Besides this suggestion, nitrate or nitrite
must be absent since they could favor the acetate uptake by ordinary
denitrifying heterotrophs. In order to decrease the risk that other carbon
sources are present or nitrate/nitrite intrusion, fresh mixed liquor (< 24 h
older) should be used and biomass should be washed and resuspended 2 or 3
times in a synthetic mineral solution (further details can be found in Kuba et
al., 1996 and Wachtmeister ef al. 1999). In addition biomass should be
aerated for 1 — 1.5 h before test starts. Prior to aeration, ATU at a 20 mg/L
concentration should be added in order to avoid the presence of nitrate or
nitrite during the anaerobic batch tests due to nitrifying activity.

6.5. Conclusions

A simple method for the quantification of PAO and GAO population
fractions in activated sludge systems has been proposed. It is based on
reliable relationships observed in anaerobic batch tests between different
PAO/GAO population ratios and biomass activity. For the determination of
PAO and GAO fractions, the maximum anaerobic acetate uptake rate and
anaerobic P-release/HAc ratio obtained from an anaerobic batch test
executed with acetate in excess are required. The laboratory test was
evaluated with activated sludge from municipal wastewater treatment plants,
where the quantification performed following the proposed method was
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evaluated and compared to direct population estimations based on FISH
measurements. The method showed to be potentially suitable to estimate the
PAO and GAO populations regarding the total PAO-GAO biomass. It could
be used not only to evaluate the performance of EBPR systems but also in
the calibration of activated sludge models regarding the PAO-GAO
interaction. It therefore is a good a practical protocol to be used to
characterize EBPR wastewater systems in practice.
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Abstract

The influence of different carbon sources (acetate to propionate ratios), temperature
and pH levels on the competition between polyphosphate- and glycogen-
accumulating organisms (PAO and GAO, respectively) was evaluated using a
metabolic model that incorporated the carbon source, temperature and pH-
dependences of these microorganisms. The model satisfactorily described the
bacterial activity of PAO (Accumulibacter) and GAO (Competibacter and
Alphaproteobacteria-GAO) laboratory-enriched cultures cultivated on propionate
(HPr) and acetate (HAc) at standard conditions (20 °C and pH 7.0). Using the
calibrated model, the effects of different influent HAc to HPr ratios (100-0, 75-25,
50-50 and 0-100 %), temperatures (10, 20 and 30 °C) and pH levels (6.0, 7.0 and 7.5)
on the competition among Accumulibacter, Competibacter and Alphaproteobacteria-
GAO were evaluated. The main aim was to assess which conditions were favorable
for the existence of PAO and, therefore, beneficial for the biological phosphorus
removal process in sewage treatment plants. At low temperature (10 °C), PAO were
the dominant microorganisms regardless of the used influent carbon source or pH. At
moderate temperature (20 °C), PAO dominated the competition when HAc¢ and HPr
were simultaneously supplied (75 - 25 and 50 - 50 % HAc to HPr ratios). However,
the use of either HAc or HPr as sole carbon source at 20 °C was not favorable for
PAO unless a high pH was used (7.5). Meanwhile, at higher temperature (30 °C),
GAO tended to be the dominant microorganisms. Nevertheless, the combined
presence of acetate and propionate in the influent (75 — 25 and 50 - 50 % HAc to HPr
ratios) as well as a high pH (7.5) appear to be potential factors to favor the
metabolism of PAO over GAO at higher sewage temperature (30 °C).

7.1. Introduction

In the pursuit for control strategies to suppress the proliferation of GAO,
certain environmental and operational conditions have been identified as key
factors to understand the competition between PAO and GAO: type of VFA
present in the influent (e.g. acetate or propionate) (Pijuan et al., 2004;
Oehmen et al., 2005a, 2006a), pH (Filipe et al., 2001¢c; Ochmen et al.,
2005c¢), temperature (Whang and Park, 2006; Lopez-Vazquez et al., 2007b;
2008b) and the phosphorus (P) to VFA ratio (Liu et al., 1997). Nevertheless,
little is known about the effects that the combination of these factors may
have on the PAO-GAO competition.

Nowadays, mathematical modeling has become an integral part of biological
wastewater treatment, often for optimization and prediction of process
performance, and as a supporting tool for design. Recently, modeling
techniques have also been applied to obtain a more accurate evaluation and
understanding of the complex microbial interactions that take place in
activated sludge systems. Within this context, Manga et al. (2001), Zeng et
al. (2003b), Yagci et al. (2003, 2004) and Whang et al. (2007) have
developed mathematical models aiming at improving the understanding
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concerning the interaction between PAO and GAO. However, these models
have been built up based on a relatively narrow range of operational and/or
environmental conditions, and the impact of one parameter on the PAO-GAO
competition is evaluated independently of other factors. This limits their
applicability, and does not allow the study and evaluation of the combined
effects of key factors that influence the PAO-GAO competition, such as the
carbon source, pH and temperature. On the other hand, to study the combined
effects of different conditions through lab-scale experiments would require a
considerable investment of time and resources, which may be assessed more
rapidly and economically by mathematical modeling (Salem et al., 2002).
Thus, an integrated mechanistic mathematical model that takes into account
the effect, dependence and influence of these factors on the metabolisms of
PAO and GAO is clearly needed. This may be an important, flexible and
useful tool towards the optimization of the EBPR process through improving
the understanding of the interaction among bacterial populations under
different environmental and operational conditions.

The main objective of the present study is to evaluate the combined effects of
key operating conditions on the PAO-GAO competition using an integrated
metabolic model. The different proposed metabolic models of PAO and
GAO on acetate (HAc) and propionate (HPr) as well as the temperature and
pH dependencies of these microorganisms obtained through several lab-scale
studies were incorporated. Using the integrated metabolic model, certain
scenarios were evaluated by combining different HAc to HPr ratios (100-0,
75-25, 50-50 and 0-100 %), pH levels (6.0, 7.0 and 7.5) and temperatures
(10, 20 and 30 °C).

7.2. Materials and methods

7.2.1. Model description

The model was developed by incorporating, in an overall model, the
metabolic models for PAO (as Accumulibacter) and GAO (as Competibacter
and Defluviicoccus) on acetate (HAc) and propionate (HPr) (Smolders et al.,
1995; Filipe et al., 2001a; Zeng et al., 2003a; Oehmen et al., 2005b, 2006b,
2007b) as well as their temperature (Brdjanovic et al., 1997, 1998; Lopez-
Vazquez et al., 2007b, 2008b,c) and pH dependencies (Filipe ef al., 2001b,d)
of their anaerobic and aerobic metabolisms. The integrated mathematical
model describing the activity of PAO and GAO in a laboratory-scale
sequencing batch reactor (SBR) was implemented in Aquasim (Reichert,
1994).
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The model accounts for biomass distribution among 10 particulate
components (Appendix 7.1). Three active biomass types include (Oehmen et

al., 2007a): Accumulibacter X ,, (known PAO), Competibacter X

Competi
(known GAO) and GAO from the Alphaproteobacteria group X Alpha

(hereafter referred to as Alphaproteobacteria-GAO). The intracellular
compounds stored by these three active biomass types were defined as poly-

B-hydroxyalkanoates (PHA) (X rao, X 5o and X 4" ); and, glycogen
(X2 XEmre and X 2P, while poly-phosphate (poly-P) (X ,,) was

also defined for X ,,, . Further, the model describes the concentrations of the

different PHA fractions stored in the anaerobic stages by the biomass: X /1 ,

Competi Competi Competi Alpha Alpha Alpha .
Xpwg s Xpwy s Xpgosws Xpug » Xpy and X pyoy, (Appendix 7.2).

These anaerobically stored PHA fractions are essential components of the
model for the determination of the biomass aerobic stoichiometry (Appendix
7.3); however, for simplification purposes, they are not explicitly displayed
in the main stoichiometric matrix (Appendix 7.1). Four dissolved
components are considered relevant for the biological conversions and

process stoichiometry: oxygen (S, ), acetate (S, ), propionate (S, ) and

orthophosphate (PO4-P) (S, ). This led to a mathematical model with 19
processes and 21 components.

The aerobic stoichiometry and kinetics (Appendices 7.1 and 7.6) were
described following the approach proposed by Murnleiter et al. (1997),
where the biomass growth is result of the difference between the PHA
oxidized minus the PHA utilized for poly-P and glycogen formation
purposes, favoring the replenishment and formation of intracellular stored
compounds over growth. Ecologically, the organisms have to survive in
dynamic systems based on adequate levels of internally stored substrate and,
to compete efficiently, they have to re-supply their storage pools quickly
(Murnleitner et al., 1997).

In order to decrease the number of variables influencing the PAO-GAO
competition and provide a common platform for the evaluation of the
combined effects of the key factors under study, the same o value (or P/O

ratio), and anaerobic (m?) and aerobic maintenance coefficients (m 8

(1.85 ATP-mol/NADH-mol, 2.35x10° ATP-mol/(C-mol-h) and 0.019 ATP-
mol/(C-mol-h), respectively) were assumed for all microorganisms
(Smolders et al. 1994b). Within the same context, also identical half-

saturation coefficients for acetate and propionate (K and K 0f 0.001

S,HAc S,HPr
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mmol/mmol), intracellular storage products (K ., Kgg.y»> and K pp of

0.01 mmol/mmol) and soluble compounds (K p,, and K ,, of 0.01

mmol/mmol) were assigned to all microorganisms (Appendix 7.7).
7.2.1.1. Carbon source effects

The type of carbon source in the influent has direct effects on the anaerobic
metabolisms of PAO and GAO and causes indirect effects on their aerobic
metabolisms.

According to Oehmen et al. (2005a, 2006a,b), the type of carbon source,
either HAc or HPr, has a direct effect on the anaerobic metabolism of PAO
and GAO. Accumulibacter (a known PAO, Ochmen et al., 2007a) are able to
take up these two VFA with the same efficiency and at a similar kinetic rate
(Oehmen et al., 2005a, 2006a,b). On the other hand, at standard conditions
(20 °C and 7.0 pH), Competibacter can store HAc at a similar rate as
Accumulibacter but take up HPr at negligible rates, whereas the
Alphaproteobacteria-GAO can take up HPr at a similar rate as
Accumulibacter but take up HAc at about 50 % of their rate (Oehmen et al.,
2005a, 2006a,b). Furthermore, the uptake of either HAc or HPr leads to
different total anaerobic PHA productions per C-mol of carbon source, and
also to the storage of different PHA fractions: poly-B-hydroxybutyrate
(PHB), poly-p-hydroxyvalerate (PHV) or poly-B-hydroxy-2-methylvalerate
(PH,MV). Thus, C-source effects on the anaerobic metabolism of PAO and
GAO are taken into account by incorporating their proposed anaerobic
stoichiometries on HAc and HPr as well as their observed maximum
substrate uptake rates in the integrated metabolic model (Table 7.1, and
Appendices 7.2 and 7.5).

The type of carbon source also has an indirect effect on the aerobic
metabolism of PAO and GAO because their maximum aerobic yields depend
upon the PHA fractions stored under anaerobic conditions. This can be
explained in terms of the two molecules that have gone through the two
initial steps of PHA production (e.g. condensation and reduction) also known
as reduced PHA precursors: acetyl-CoA* and propionyl-CoA* (see Filipe et
al., 2001a; Zeng et al., 2003a). This nomenclature is followed in order to
keep the initial model development as simple as possible and avoid nonlinear
processes. Thus, by making the maximum aerobic yields of PAO and GAO
dependent upon 9, and the acetyl-CoA* and propionyl-CoA* fractions (Zeng
et al., 2003a), the aerobic metabolism of PAO and GAO can be modelled as
function of the carbon sources taken up under anaerobic conditions
(Appendixes 7.1, 7.3 and 7.4).
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Table 7.1. Anaerobic stoichiometry and kinetics for Accumulibacter, Competibacter
and Alphaproteobacteria-GAO as a function of the carbon source at standard
conditions (pH 7.0 and 20 °C).

MAX PHA production
Microorganism 22:‘?22 49 x yra [C-mmol/C-mmol VFA]TotaI
(a)
PHB | PHV | PH2MV | /%0
Acetate®™ 0.20 1.33 0 0 1.33
Accumulibacter
Propionate® | 0.20 0 0.56 0.67 1.23
Acetate 0.20 1.36 | 0.46 0.04 1.86
Competibacter
Propionate® | 0.01 0.10 | 0.58 0.82 1.50
(e)
Alphaproteobacteria- Acetate 0.10 136 | 0.46 0.04 1.86
GAO Propionate ? | 0.20 0.10 | 0.58 0.82 1.50

@ Maximum substrate uptake rates were rounded to

0.20 and 0.10 C-mmol/(C-mmol/h) based on Lopez-Vazquez et al. (2007b) and
this study.

®_ Smolders et al. (1994a)

©_Oehmen et al. (2005b)

@ Zeng et al. (2003a)

©_Oechmen et al. (2005a)

@ Oehmen et al. (2006b)

7.2.1.2. Temperature effects

In order to incorporate the temperature effects into the currently proposed
model, and thus extend its range and applicability, an assumption was made:
that PAO (Accumulibacter) cultivated on HAc and HPr have the same
temperature dependencies, and that both GAO grown on HAc and HPr
(Competibacter and Alphaproteobacteria-GAQ) share similar temperature
dependencies as well. This assumption was made considering the successful
application of mathematical models at full-scale activated sludge systems,
regardless of the potential presence of different PAO strains (van Veldhuizen
et al., 1999; Brdjanovic et al., 2000; Meijer et al., 2002). This suggests that if
there are different strains present, they appear to have similar temperature
dependencies.

The temperature dependences of the anaerobic and aerobic metabolic
processes determined by Brdjanovic et al. (1997, 1998) and Meijer et al.
(2002) for PAO, and Lopez-Vazquez et al. (2007b, 2008b) for GAO were
incorporated in order to describe the metabolic processes of these
microorganisms from 10 to 30 °C (Table 7.2). The complete kinetic rate
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expressions for the 19 different metabolic processes of the model are
presented in Appendix 7.5.

Table 7.2. Temperature coefficients for the anaerobic and aerobic metabolic
processes of PAO and GAO.

Organism
GAO
Process PAO .
(Accumulibacter) (Competibacter and
Alphaproteobacteria-GAO)
Anaerobic acetate 1.054° 1.054°
uptake rate
Ar_Iaeroblc 1.096 ° 1.028¢
maintenance
PHA e f
degradation 1.129 1.141
Glycogen 11259 1.090 *
production
Poly-P 1.031° -
formation
Aerobic 1.064 © 1.054 ¢
maintenance

@ Lopez-Vazquez et al. (2007b), valid from 10 to 20 °C.

®- " Lopez-Vazquez et al. (2007b). Valid from 10 to 40 °C in combination with
the inactivation expression.

©- Brdjanovic et al. (1997), valid from 5 to 30 °C.

@- Lopez-Vazquez et al. (2007b), valid from 10 to 40 °C.

@ Adjusted in this study based on the observations of Brdjanovic et al. (1998),
valid from 5 to 20 °C.

@ Lopez-Vazquez et al. (2008c), valid from 10 to 30 °C.

®- Meijer et al. (2002), valid from 10 to 30 °C.

®- Lopez-Vazquez et al. (2008b), valid from 10 to 40 °C in combination with
its inactivation expression.

7.2.1.3. pH effects

pH affects the anaerobic and aerobic metabolisms of PAO and GAO in
different fashions. The effect of pH on the anaerobic metabolism of PAO and
GAO was accounted for through: (a) the o parameter, which represents the
energy (ATP) necessary for the transport of substrate over the cell
membrane, and is assumed to be generated through the hydrolysis of poly-P
and glycogen for PAO and GAO, respectively (Smolders ef al., 1994a; Filipe
et al.,2001a,d), (see Appendix 7.2); (b) the non-linear pH-dependency of the
anaerobic stoichiometry of PAO with HPr (Appendix 7.2), as described by
Oehmen et al. (2005¢); and (c) the pH-effect on the anaerobic substrate
uptake rates of GAO. A substantial decrease in the substrate uptake rates of
GAO as pH rises from 6.0 to 7.5 was observed by Filipe et al. (2001a),
whereas the substrate uptake rate of PAO was insensitive to pH changes
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(Filipe et al., 2001d). The substrate uptake rate dependency of GAO on pH
was taken into account by incorporating a Monod-type expression developed
by Filipe et al. (2001a) but adjusted to obtain a 0.20 C-mmol/(C-mmol-h)
substrate uptake rate at pH 7.0 and 20 °C (Appendix 7.5). Figure 7.1 shows
the combined effects of pH and temperature on the anaerobic acetate uptake
rates of PAO and GAO (Figure 7.1a) as well as the combined effects on their
anaerobic propionate uptake rates (Figure 7.1b). As discussed above for the
case of temperature, it was also assumed that GAO grown on HAc and HPr
share similar pH dependencies.

030 4 a) Competibacter
] PH 6.0
Accumulibacter, pH 7.0
0.20 -
) H7.5
5 )
- Y pH 6.0
T 010 4 CECoIoo S oo O & pHT7.0
A0+ . pH7.5
. Alphaproteobacteria
000 T T T T T T 1
0 ) 10 15 20 25 30 35
Temperature [°C]
2Ll b) Alphaproteobacteria
N pH 6.0
Accumulibacter Jacaaaooog pH 7.0
0.20 -
3
2
o
0.10
£t
JazfiT pH 6.0, 7.0, 7.5
000 T T T T T 1

0 5 10 15 20 25 30 35

Temperature [°C]
Figure 7.1. Combined temperature and pH effects on the maximum substrate uptake
rates of Accumulibacter, Competibacter and Alphaproteobacteria-GAO for (a)
acetate and (b) propionate. Black solid line: Accumulibacter; gray solid lines:
Competibacter; and, black dotted lines: Alphaproteobacteria-GAO. Maximum
substrate uptake rates of Accumulibacter are insensitive to pH changes.

The aerobic kinetic parameters of PAO and GAO incorporated in the current
model are independent of the pH since, according to Filipe et al. (2001b), the
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aerobic metabolism of PAO and GAO are insensitive to pH changes between
6.0 and 7.5.

7.2.2. Modeling the operation of the lab-scale reactors

In order to model and simulate the hydraulic operation of the lab-scale
sequencing batch reactor (SBR), as well as its alternating anaerobic-aerobic-
settling-idle stages, a similar approach as Moussa et al. (2006) was adopted,
by defining the reactor in Aquasim (Reichert et al., 1994) as a mixed reactor
compartment with variable volume. Thereby, the integrated metabolic model
was incorporated into the model of the SBR.

7.2.3. Model calibration and validation

The integrated metabolic model was calibrated by fitting the PHA, glycogen
and PO,4-P profiles of the enriched PAO and GAO cultures cultivated by
Ochmen et al. (2005a,b; 2006b; 2007b) and Lopez-Vazquez et al. (2007b) at
standard conditions (pH 7.0 and 20 °C). Only the aerobic PHA degradation
(kpwa), glycogen formation (kg.y) and poly-P formation rates (kpp) were the
kinetic parameters adjusted to calibrate the model. In order to describe the
steady-state bacterial activities observed in the PAO and GAO reactors,
simulations for an equivalent SBR operation period of 25 or 30 days were
executed. This simulation period corresponded to approximately 3 times the
solids retention time (SRT) applied for the enrichment of the cultures (7 or
10 days, depending on the reactor).

The calibrated model was validated by simulating the steady-state bacterial
activities observed in different cycle measurements from the enriched
cultures of Oehmen et al. (2004) and Lopez-Vazquez et al. (2007a).
Simulations were executed for an equivalent operational period of at least 25
days.

7.2.4. Simulating the combined effect of environmental and
operational conditions

The combined effects of different HAc to HPr ratios (100-0, 75-25, 50-50
and 0-100 %), pH levels (6.0, 7.0 and 7.5) and temperatures (10, 20 and 30
°C) on the PAO-GAO competition were evaluated using the calibrated
metabolic model. This led to the execution of 36 different simulations. The
simulated synthetic influent contained: 5 C-mmol/L of VFA as HAc and/or
HPr depending on the studied HAc to HPr ratio, and 0.40 P-mmol of
orthophosphate (approximately 25 mg/L PO4>-P). This resulted in a P/VFA
ratio of 0.08 P-mmol/C-mmol. At the beginning of each simulation, the

initial active biomass concentrations (X ,,,, X and X, . ) were

Competi
identical (30 C-mmol/L). In order to avoid limiting conditions at the start of
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the simulations, the initial storage fractions ( f,,, and f,,, Appendix 7.7)

.. . . . . MAX MAX
were similar to the maximum fractions in biomass ( fg;,” and [, )

(Appendix 7.7). Mathematical simulations were executed for an equivalent
SBR operational period of 50 days, which is slightly longer than six times the
applied SRT of 8 days.

7.3. Results

7.3.1. Calibrated model

In order to describe the anaerobic conversions, the anaerobic maximum
substrate uptake rates reported in previous studies were incorporated into the
developed model (Oehmen et al., 2005a,b, 2006b, 2007b; Lopez-Vazquez et
al., 2007b). For the aerobic conversions, the integrated model was calibrated

by adjusting the aerobic coefficients of the studied organisms (k,,, and

kg, and, for PAO, also k,,). The calibrated model was able to

satisfactorily describe the biomass activities observed in the enriched PAO
and GAO cultures (Oehmen ef al., 2005a,b, 2006b, 2007b; Lopez-Vazquez et
al., 2007b) (Figure 7.2).

The active biomass concentrations computed by the calibrated model, after
the mathematical simulations reached steady-state conditions, were similar to
the biomass concentrations experimentally quantified in the different lab-
scale SBR (Oehmen et al., 2005a,b, 2006b, 2007b; Lopez-Vazquez et al.,
2007b) (Table 7.3). Therefore, the calibrated model was not only able to
describe the activity of the studied organisms under different carbon sources
but also able to provide a good prediction of the biomass concentrations
observed in the corresponding cycle measurements, thus confirming its
reliability.
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Figure 7.2. Calibrated model describing the biological activity observed in (a) an
enriched GAO culture on acetate (Competibacter); (b) an enriched PAO culture on
(Accumulibacter);
(Alphaproteobacteria-GAQO); and (d) an enriched PAO culture on propionate
(Accumulibacter). Measured parameters: carbon source, acetate or propionate (¢);
PHA (o); glycogen (o); and, orthophosphate (PO4-P) (A). Lines indicate model
description; bold line: acetate; short dashed line: propionate; dashed line: PHA; solid

acetate
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Table 7.3. Comparison between measured and predicted biomass concentrations.

Biomass concentration
. . Carbon
Microorganism rce
sou Predicted Measured Difference
[C-mmol/L] [C-mmol/L] [%]
Accumulibacter Acetate 54 51 6
Accumulibacter Propionate 75 67 12
Competibacter Acetate 87 96+ 4 9
Alphaproteobacteria-GAO Propionate 91 84+3 8

The calibrated aerobic kinetic parameters for the three different bacterial
populations are displayed in Table 7.4. The calibrated aerobic kinetic rates of
PAO on HAc differed from those of PAO on HPr. Consequently, the aerobic
kinetic rates of PAO were expressed as a function of the HAc to HPr ratio
(Appendix 7.5), using the different aerobic kinetic parameters determined for
the cases of HAc and HPr as the sole carbon source (Table 7.4). This
approach enables the modeling of the PAO activity under the simultaneous
presence of these two VFA.

Table 7.4. Comparison of the adjusted aerobic kinetic parameters for the model
calibration.

Aerobic Organism _
kinetic Accumulibacter | Competibacter | AIPhaPr g:“(\-ngacter 1a
parameter @
HAc HPr HAc HPr HAc HPr
degfaz/;tion Kpua 0.800 0.330 1.100 - 1.100 0.500
F)Gr(l));c:(?tﬁ)r:‘] KeLy 0.015 0.008 0.300 - 0.300 0.060
Poly-P
for;gtion kee 0.020 0.002 - - - -

@ C-mol/(C-mol-h) units.

Since Competibacter and Alphaproteobacteria-GAQO cultivated on HAc show
similar anaerobic stoichiometry and kinetics (Dai et al., 2007), the calibrated
aerobic kinetic parameters of Competibacter on HAc were also used to
describe the aerobic activity of Alphaproteobacteria-GAO on HAc (Table
7.4).
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7.3.2. Model validation

The model was validated using different data sets from enriched PAO and
GAO cultures (Ochmen et al., 2006; Lopez-Vazquez et al., 2007a) than the
ones used for the calibration. A good description of the activity of the
bacterial communities was observed (Figure 7.3). However, despite that most
of the parameters were well-described, glycogen was often overestimated.
The differences between the observed and modeled glycogen concentrations
were up to 20-25 % in the case of the enriched PAO cultures (Figure 7.3). In
previous models, the description of glycogen was also observed to be one of
the most sensitive processes (van Veldhuizen et al., 1999; Brdjanovic et al.,
2000; Meijer et al., 2002).

7.3.3. Modeling the carbon, temperature and pH effects

Thirty-six simulations were executed using the calibrated metabolic model,
aiming at studying the influence of different HAc to HPr ratios (100-0, 75-
25, 50-50 and 0-100 %), pH levels (6.0, 7.0 and 7.5) and temperatures (10,
20 and 30 °C) on the PAO-GAO competition. Figure 7.4 shows the predicted
biomass fractions from the different executed simulations (as percentage of
the total biomass concentration) after an equivalent SBR operating time of 50
days (which corresponds to approximately 6 times the SRT). After this
simulation period, the main trend of the biomass fractions hardly changed
(data not shown) indicating that the simulation time was sufficient to define
the dominance of any of the microorganisms or their coexistence.

When HAc was used as the sole carbon source, Accumulibacter dominated
the system (biomass fractions higher than 60 %) at low temperature (10 °C)
(Figures 4a, 4b and 4c). Accumulibacter were also the dominant
microorganisms at 20 °C when a high pH was applied (7.5) (Figure 7.4c). At
20 °C and lower pH levels (pH 6.0 and 7.0), Accumulibacter tended to
coexist with Competibacter (Figures 4a and 4b). At higher temperature (30
°C), Competibacter were predominant independently of the applied pH
(Figures 4a, 4b and 4c). Similar biomass distributions were observed
between Accumulibacter and Alphaproteobacteria-GAO when propionate
was the sole carbon source (100 % HPr), (Figures 4j, 4k and 41).

When HAc and HPr were simultaneously supplied (75-25 and 50-50 % HAc
to HPr ratios), Accumulibacter were the dominant microorganisms at low and
moderate temperature (10 and 20 °C), regardless of the applied pH (Figures
4d — 4i). At 30 °C and with an influent 75 - 25 % HAc to HPr ratio,
Accumulibacter tended to dominate the system only if a 7.0 or 7.5 pH was
applied (Figures 4e and 4f). Whereas, when a 50 — 50 % HAc to HPr ratio
was supplied at 30 °C, a high pH (7.5) had to be used to favor
Accumulibacter over GAO (Figure 7.41).
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Figure 7.3. Validation of the calibrated model: (a) enriched GAO culture on acetate
(Competibacter); (b) enriched PAO culture on acetate (Accumulibacter); (¢) enriched
GAO culture on propionate (Alphaproteobacteria-GAQ); and (d) enriched PAO
culture on propionate (Accumulibacter). Measured parameters: carbon source,
acetate or propionate (¢); PHA (oO); glycogen (0); and, orthophosphate (PO4-P) (A).
Lines indicate model description; bold line: acetate; short dashed line: propionate;
dashed line: PHA; solid line: glycogen; dotted line: orthophosphosphate (PO4-P).
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Figure 7.4. Bacterial population distributions as a function of the carbon source
(acetate to propionate ratios), pH and temperature. Accumulibacter (PAO): white;
Competibacter (GAQO): dark grey; and, Alphaproteobacteria (GAO): black.
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7.4. Discussion

7.4.1. Effect of the 5ratio

An identical d-ratio of 1.85 (Smolders et al., 1994b) was assigned to all
organisms in order to model their aerobic metabolisms. This ratio is a
measure of the efficiency of the oxidative phosphorylation, indicating the
energy produced (as ATP) per nicotinamide adenine dinucleotide (NADH,)
oxidized. All aerobic yield coefficients depend on this metabolic ratio
(Appendix 7.3). It has a maximal theoretical value of 3. For normal microbial
processes, it usually ranges between 1.5 and 2.0 (Figure 7.5). A correlation

between & and m s for different types of mixed cultures enriched under

diverse electron acceptors and donors (Figure 7.5) suggests that they cannot
easily be estimated independently, as observed by Dircks et al. (2001). In this
study, the d-ratio of 1.85 ATP-mol/(NADH,-mol) determined by Smolders et
al. (1994b) was used because this is the only ratio that has been directly
calculated using an enriched biomass. Other d-ratios reported in literature
have been indirectly determined or estimated (Figure 7.5). In fact, only for
enriched PAO cultures can the 6-ratio be directly determined since the
aerobic metabolic processes can be decoupled from the aerobic maintenance
requirements (Smolders et al., 1994b). Unless o can be directly estimated, we
suggest using this value when modeling the aerobic metabolisms of mixed
and enriched cultures in activated sludge systems. Nevertheless, it can not be
discarded that, depending on their physiology or as consequence of the
influence (and combination) of different environmental and operational
factors on their cultivation, the & value of certain microorganisms may be
different (Dias et al., 2008).

Simulations were carried out aiming at evaluating the influence of diverse -
ratios on the competition between Accumulibacter and Competibacter on
HAc, and Accumulibacter and Alphaproteobacteria on HPr at 20 °C and pH
7.0 (Table 7.5). The simulations were performed for 25 d (around 3 times the
SRT) starting with identical initial biomass fractions. The use of different 6-
ratios only had a marginal effect on the PAO and GAO fractions predicted by
the model (Table 7.5). This implies that the use of an identical d-ratio (1.85
ATP-mol/(NADH,-mol)) does not have a major effect when modeling the
PAO-GAO competition. Moreover, using an identical 3 makes the aerobic
stoichiometries of the different microorganisms similar and, consequently,
reduces the number of variables to evaluate. This makes the PAO-GAO
competition only dependent upon the carbon sources, temperature and pH
effects.
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Figure 7.5. Aerobic maintenance coefficient (mjgf) as a function of the & (P/O)
ratio reported in literature. 1: Kuba et al. (1996); 2: Oehmen et al. (2006b); 3:
Oehmen et al. (2007b); 4: Dircks et al. (2001); 5: Brdjanovic et al. (1997); 6: Beun et
al. (2000a); 7: Zeng et al. (2003a); 8: Lopez-Vazquez et al. (2008b); 9: Dircks et al.
(2001); 10: Smolders et al. (1994b); and, 11: Beun et al. (2000Db).

Table 7.5. Net biomass yields of PAO and GAO as function of the carbon source
and &-ratios reported in the literature at standard conditions (20 °C, pH 7.0).

Net Biomass m
Carbon . S . .
source Organism ratio biomass fractions
! growth [%]
Acetate Accumulibacter 1.85@ 0.33 52
(HAC) Competibacter 173® 0.32 48
: (c)
Propionate Accumulibacter 1.37 0.40 51
(HPr) Alphaproteobacteria-GAO ~ 1.29 @ 0.40 49
Acetate Accumulibacter 1.859 0.33 54
(HAC) Competibacter 1.85@ 0.33 46
A (9)
Propionate Accumulibacter 1.85 0.48 54
(HPr) Alphaproteobacteria-GAO  1.85@ 0.48 46

@, Smolders et al. (1994b); ®. Zeng et al. (2003a); * Ochmen et al. (2007b);
@, Oehment et al. (2006b).

@, C-mol/C-mol units.

?, Biomass fractions after executing a mathematical simulation for 50 days.
®_ This study.
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7.4.2. Effect of environmental and operational conditions

In the current study, the influence of different environmental and operational
conditions on the PAO-GAO competition was evaluated by executing thirty-
six different simulations using the integrated metabolic model. A summary of
the bacterial population distributions observed at the end of the simulations
according to the applied carbon sources, pH and temperature is displayed in
Figure 7.6. It was considered that an organism was dominant, at the end of
the 50-day mathematical simulations, if it comprised at least 60 % of the total
bacterial population. If none of the microorganisms made up more than 60
%, it was assumed that the two highest fractions coexisted.

100 % HAc 75-25 % HAc-HPr 50-50 % HAc-HPr 100 % HPr

Competi| PAO

Alpha

e[0l(®] Competi Competi PAO PAO

Competi
PAO

10 °C| PAo PAO PAO PAO PAO PAO PAO PAO PAO

PAO Alpha Alpha

PAO Alpha PAO

Competi

Alpha

20 °C PAO PAO PAO PAO PAO PAO PAO

PAO PAO

6.0 7.0 75 6.0 7.0 75 6.0 7.0 75 6.0 7.0 7.5
pH pH pH pH

P~ ~0 =~0oT 3 0

Figure 7.6. Summary of the bacterial population distributions showing the dominant
or coexisting microorganisms as a function of the carbon source (acetate to
propionate ratios), pH and temperature. White cells: Accumulibacter (PAO); black
cells: Competibacter (GAO) or Alphaproteobacteria-GAO (GAO). Light grey tones
indicate the coexistence of two microorganisms.

As observed in Figure 7.6, Accumulibacter dominated the PAO-GAO
competition at 10 °C, suggesting that low temperature is detrimental for
GAO. In accordance, Lopez-Vazquez et al. (2008c) observed that an
enriched Competibacter culture was severely inhibited at 10 °C. Apparently,
in that study, the anaerobic glycogen hydrolysis, which is assumed to be used
by GAO as energy and carbon source for anaerobic substrate uptake, and the
aerobic biomass production on PHA were the two metabolic pathways that
limited the substrate uptake and growth of Competibacter at 10 °C. Lower
sewage temperature (10 °C) appears to be beneficial for the EBPR process
not because it favors the activity of PAO but due to the limiting effects that
produces on the metabolism of GAO.

The sole presence of either HAc or HPr did not favor the dominance of PAO
at moderate temperature (20 °C). With a pH 6.0-7.0, Accumulibacter and
GAO tended to co-exist at 20 °C (Figure 7.6) due to their similar
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metabolisms that lead to comparable net biomass growth yields (Table 7.5).
However, in practice, enriched PAO cultures have been cultivated in lab-
scale studies using either HAc or HPr as sole carbon source (Smolders et al.
1995; Pijuan et al., 2004; Oehmen et al., 2005b; Lopez-Vazquez et al.,
2007b). In order to explain these discrepancies, 20 additional simulations
were executed with different initial PAO-GAO fractions (90-10, 80-20, 70-
30, 60-40 and 50-50 % Accumulibacter to Competibacter ratios) and influent
P/HAc ratios (0.01, 0.04, 0.08 and 0.15 P-mol/C-mol) under standard
conditions (HAc, 20 °C and pH 7.0). The competition was not influenced by
the initial PAO-GAO ratios but by the low P/HAc ratio (0.01 P-mol/C-mol)
(Figure 7.7). Due to the low influent phosphorus concentration, PAO were
outcompeted because their intracellular poly-P pools were depleted, thus
losing one of their main energy sources for substrate uptake. These
observations are in accordance with previous reports (Liu et al., 1997;
Schuler and Jenkins, 2003). The substrate uptake and net biomass growth
rates of PAO and GAO are so similar at standard conditions (20 °C, pH 7.0)
that, unless they are affected by external factors (e.g. influent P/VFA ratio),
the dominant microorganism present in the inoculum seem to be hardly
outcompeted. Thus, in lab-scale systems operated at standard conditions,
enriched PAO cultures are likely achieved because they are the dominant
organisms in the inoculum and, furthermore, the applied operating conditions
do not give GAO any opportunity to proliferate. Meanwhile, in order to get
enriched GAO cultures, low P/VFA ratios are usually applied to outcompete
PAO (Filipe et al., 2001a; Zeng et al., 2003a; Ochmen et al., 2006b; Lopez-
Vazquez et al., 2008c). It is possible that the failure or inadequate
performance of lab-scale EBPR reactors occurred (Cech et al., 1993; Satoh et
al., 1994; Filipe et al., 2001a) because the PAO and GAO fractions in the
inoculum were similar and the operating conditions affected or limited the
activity of PAO.

When both HAc and HPr were simultaneously supplied, Accumulibacter
were the dominant organisms at 20 °C (Figure 7.6). Under these conditions,
GAO are not able to simultaneously take up these two carbon sources as
efficiently as Accumulibacter, which is consistent with the results of Chen et
al. (2004).
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Figure 7.7. Effects of influent P/HAc ratios and initial biomass fractions
(Accumulibacter and Competibacter) on the PAO-GAO competition: (a) 0.01 P-
mol/C-mol P/HAc ratio, (b) 0.04 P-mol/C-mol P/HAc ratio, (¢) 0.08 P-mol/C-mol
P/HAc ratio, and (d) 0.15 P-mol/C-mol P/HAc ratio. Accumulibacter: bold black
line; Competibacter: dashed grey line.

At high temperature (30 °C), and as consequence of their higher substrate
uptake rates (Figure 7.1), GAO tended to dominate the competition when a
single carbon source was provided (Figure 7.6). This is in agreement with
other reports carried out at higher temperatures using HAc as the sole carbon
source (Panswad et al., 2003; Whang and Park, 2006). Nevertheless, there
seem to be possibilities of achieving a good EBPR process performance at
high temperature through supplying a 75-25 % HAc to HPr ratio and
avoiding to use a pH lower than 7.0 (Figure 7.6). Under these conditions
(Figure 7.4e), Accumulibacter had a total VFA uptake (36 %) slightly higher
than those of Competibacter and Alphaproteobacteria-GAO (33 and 31 %,
respectively). Moreover, the net growth yield of Accumulibacter was higher
than that of Competibacter and similar to the net growth of
Alphaproteobacteria-GAO (0.31, 0.26 and 0.32 C-mol active biomass/C-mol
VFA, respectively). Thus, PAO were dominant because (i) Competibacter
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and Alphaproteobacteria-GAO were not able to take up both HAc and HPr
with the same rate, and (ii)) GAO did not have any considerable advantage
regarding net biomass growth.

If similar HAc and HPr fractions (50-50 %) are supplied and a 7.0 pH is used
at 30 °C, Alphaproteobacteria-GAO can proliferate due to their higher
affinity for HPr, being able to take up about 40 % of the total supplied VFA.
This is comparable to the total VFA taken up by Accumulibacter, which was
approximately 43 %, resulting in the coexistence of these two
microorganisms (Figures 4h and 6). Under these operational conditions (30
°C and 50-50 % HAc to HPr ratio) but at a higher pH (7.5) (Figure 7.41),
Alphaproteobacteria-GAO took up 22 % of the total VFA whereas
Accumulibacter consumed around 77 %. Therefore, besides providing a
proper HAc to HPr ratio, a pH higher than 7.0 (e.g. 7.5) appears to be also
recommendable to maintain a suitable environment for PAO at high
temperature (30 °C) if the HAc to HPr ratio entering the anaerobic zone is
approximately 50-50 %.

7.4.3. Implications for lab- /full-scale EBPR systems

The dominance of PAO at 10 °C, which results from the inhibitory effects
that GAO suffered at this temperature, helps to explain the generally stable
operation of EBPR systems operated under cold weather conditions (van
Veldhuizen et al., 1999; Ybstebd et al., 2000; Lopez-Vazquez et al., 2008a).
The results of the present study indicated that a mixture of HAc-HPr in the
influent (in the order of 75-25 or 50-50 % HAc to HPr ratio), as well as a
high pH (7.5), are beneficial for PAO at moderate temperature (20 °C). This
is in agreement with previous full-scale observations where stable EBPR
performance was observed with similar influent carbon source fractions
(Meijer et al., 2001; Lopez-Vazquez et al., 2008a) and pH levels above 7.0
(Lopez-Vazquez et al., 2008a).

In general, a relatively high temperature (30 °C) appeared to be more
favorable for GAO. Accordingly, Gu et al. (2005) described the seasonal
deterioration of the EBPR process performance as wastewater temperature
increased during the summer. As observed in this study, a suitable influent
HAc to HPr ratio (75-25 %) and pH not lower than 7.0 could be potentially
useful to favor the metabolism of PAO at a higher temperature (i.e. 30 °C).
Thereupon, optimizing the EBPR process performance at sewage
temperatures higher than 20 °C (e.g. during summer, in warm regions or
when treating warm industrial wastewater) may require a proper operation of
the prefermenters to manipulate the influent VFA fractions, as reported
elsewhere (Thomas et al., 2003). Different strategies could also be evaluated
towards the implementation of pH controls in equalizer, primary
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sedimentation or anaerobic tanks. Moreover, assuming that a higher
temperature enhances the biological nitrification processes, an adequate
operation of the internal recirculation flow-rates is necessary to favor the
operation of well-defined anoxic and anaerobic stages, reducing the risk of
nitrate and/or nitrite intrusion into the anaerobic stages. A good
denitrification activity may also result in a higher pH in the anoxic phase,
which, in combination with well-operated internal recirculation flows, could
help to increase the pH in the anaerobic phase having a positive influence on
the anaerobic metabolism of PAO.

In full-scale systems, the occurrence of Alphaproteobacteria-GAO (such as
Defluviicoccus vanus related organisms) seems to be linked to industrial
discharges (Burow et al., 2007). According to the current integrated model,
Alphaproteobacteria-GAO tend to proliferate at 30 °C when HPr is present in
the influent (Figure 7.6). These observations may help to explain the
appearance of Alphaproteobacteria-GAO at full-scale EBPR systems,
assuming that industrial wastewaters are usually warmer and, from a carbon
source perspective, more complex (potentially having a higher HPr fraction)
than domestic sewage.

In the current research, it was assumed that PAO grown on HAc and HPr had
the same temperature dependencies. A similar approach was followed to
describe the pH and temperature dependencies of GAO cultivated with HAc
and HPr. This assumption was made based on the successful application of
EBPR mathematical models at full-scale systems regardless of the potential
presence of different strains (Veldhuizen et al., 1999; Brdjanovic et al., 2000;
Meijer et al., 2001, 2002). Nevertheless, whenever other dependencies are
defined (e.g. the temperature dependencies of Accumulibacter on HPr) they
could be incorporated into the current integrated metabolic model, thereby
improving its reliability, reach and scope.

Following a similar approach to Meijer et al. (2001), the implementation of
the present model at full-scale systems could be an important tool towards
the optimization of EBPR processes being able to predict, and therefore
avoid, potential process upsets and deteriorations as consequence of the
interaction between PAO and GAO.

7.5. Conclusions

The influence of certain environmental and operational conditions on the
PAO-GAO competition were evaluated using an integrated metabolic model
that incorporated their carbon source, temperature and pH dependencies.
Independently of the carbon source or pH, PAO were the dominant
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microorganisms at low temperature (10 °C) since the metabolism of GAO
was inhibited at 10 °C. At moderate temperature (20 °C), the simultaneous
presence of acetate and propionate as carbon sources (e.g. 75-25 or 50-50 %
acetate to propionate ratios) favored the growth of PAO over GAO,
regardless of the applied pH. In contrast, when either acetate or propionate is
supplied as sole carbon source, PAO is only favored over GAO when a high
pH (7.5) is applied. In general, GAO (Competibacter and
Alphaproteobacteria-GAO) tended to proliferate at higher temperature (30
°C). Nevertheless, an adequate acetate to propionate ratio (75 — 25 %) and a
pH not lower than 7.0 could be used as potential tools to suppress the
proliferation of GAO at high temperature (30 °C). Metabolic modeling can
be a highly useful means of describing key factors affecting the complex
interactions between different microorganisms relevant in EBPR systems,
and in predicting their resulting population dynamics. Incorporating the main
factors affecting the PAO-GAOQO competition that are described in this study
into future modeling endeavors focused on the optimization of full-scale
EBPR plants would likely facilitate improved process efficiency and
robustness.

Acknowledgements

Carlos Lopez-Vazquez would like to acknowledge the Mexican National Council for
Science and Technology (CONACYT) as well as the Autonomous University of the
State of Mexico (Toluca, Mexico) for doctoral grant. Adrian Oehmen would like to
acknowledge the Fundacdo para a Ciéncia e Tecnologia for postdoctoral grant
SFRH/BPD/41486/2007. Zhiguo Yuan would like to acknowledge the financial
support provided by the Natural Science Foundation of China via project 50628808
and the Australian Research Council (ARC) via project DP0342658.

References

Beun JJ, Paletta F, van Loosdrecht MCM, Heijnen JJ (2000a) Stoichiometry and
kinetics of poly-p-hydroxybutyrate metabolism in aerobic, slow growing,
activated sludge culture. Biotechnol Bioeng 67(4), 379-389.

Beun JJ, Verhoef EV, van Loosdrecht MCM, Heijnen JJ (2000b) Stoichiometry and
kinetics of poly-B-hydroxybutyrate metabolism under denitrifying
conditions in activated sludge cultures. Biotechnol Bioeng 68(5), 496-507.

Brdjanovic D, van Loosdrecht MCM, Hooijmans CM, Alaerts GJ, Heijnen JJ (1997)
Temperature effects on physiology of biological phosphorus removal.
ASCE J Environ Eng 123(2), 144-154.

Brdjanovic D, Logemann S, van Loosdrecht MCM, Hooijmans CM, Alaerts GJ,
Heijnen JJ (1998) Influence of temperature on biological phosphorus
removal: process and molecular ecological studies. Water Res 32(4), 1035-
1048.



Modelling the PAO-GAO competition 193

Brdjanovic D, van Loosdrecht MCM, Versteeg P, Hooijmans CM, Alaerts GJ,
Heijnen JJ (2000) Modeling COD, N and P removal in a full-scale wwtp
Haarlem Waarderpolder. Water Res., 34(3), 846-858.

Burow LC, Kong Y, Nielsen JL, Blackall LL, Nielsen PH (2007) Abundance and
ecophysiology of Defluviicoccus spp., glycogen-accumulating organisms in
full-scale wastewater treatment processes. Microbiology-SGM 153, 178-
185.

Cech JS, Hartman P (1993) Competition between phosphate and polysaccharide
accumulating bacteria in enhanced biological phosphorus removal systems.
Water Res 27, 1219-1225.

Chen Y, Randall AA, McCue T (2004) The efficiency of enhanced biological
phosphorus removal from real wastewater affected by different ratios of
acetic and propionic acid. Water Res 38(1), 27-36.

Dai Y, Yuan Z, Wang X, Ochmen A, Keller J (2007) Anaerobic metabolism of
Defluviicoccus vanus related glycogen accumulating organisms (GAOs)
with acetate and propionate as carbon sources. Wat Res 41(9), 1885-1896.

Dias JML, Oehmen A, Serafim LS, Lemos PC, Reis MAM, Olivera R (2008)
Metabolic modelling of polyhydroxyalkanoate copolymers production by
mixed microbial cultures. BMC Systems Bio (accepted).

Dircks K, Beun JJ, van Loosdrecht MCM, Heijnen JJ, Henze M (2001) Glycogen
metabolism in aerobic mixed cultures. Biotechnol Bioeng 73(2), 85-94.

Filipe CDM, Daigger GT, Grady Jr CPL (2001a) A metabolic model for acetate
uptake under anaerobic conditions by glycogen-accumulating organisms:
stoichiometry, kinetics and effect of pH. Biotechnol Bioeng 76(1):17-31.

Filipe CDM, Daigger GT, Grady Jr CPL (2001b) Effects of pH on the aerobic
metabolism of phosphate-accumulating organisms and glycogen-
accumulating organisms. Water Environ Res 73(2), 213-222.

Filipe CDM, Daigger GT, Grady Jr CPL (2001c) pH as a key factor in the
competition between glycogen-accumulating organisms and phosphorus-
accumulating organisms. Water Environ Res 73(2), 223-232.

Filipe CDM, Daigger GT, Grady Jr CPL (2001d) Stoichiometry and kinetics of
acetate uptake under anaerobic conditions by an enriched culture of
phosphorus-accumulating organisms at different pH. Biotechnol Bioeng
76(1), 32-43.

Gu AZ, Saunders AM, Neethling JB, Stensel HD, Blackall L (2005) In: WEF (Ed.)
Investigation of PAOs and GAOs and their effects on EBPR performance at
full-scale wastewater treatment plants in US, October 29-November 2,
WEFTEC, Washington, DC, USA.

Kuba T, Murnleiter E, van Loosdrecht MCM, Heijnen JJ (1996) A metabolic model
for biological phosphorus removal by denitrifying organisms. Bioetchnol
Bioeng 52(6), 685-695.

Liu WT, Nakamura K, Matsuo T, Mino T (1997) Internal energy-based competition
between polyphosphate- and glycogen-accumulating bacteria in biological
phosphorus removal reactors-effect of P/C feeding ratio. Water Res 31(6),
1430-1438.

Lopez-Vazquez CM, Hooijmans CM, Brdjanovic D, Gijzen HJ, van Loosdrecht,
MCM (2007a) A practical method for the quantification of phosphorus and



194 The PAO-GAO competition

glycogen-accumulating organisms in activated sludge systems. Water
Environ Res 79(13), 2487-2498.

Lopez-Vazquez CM, Song Y1, Hooijmans CM, Brdjanovic D, Moussa MS, Gijzen
HJ, van Loosdrecht MCM (2007b) Short-term temperature effects on the
anaerobic metabolism of glycogen accumulating organisms. Biotech Bioeng
97(3), 483-495.

Lopez-Vazquez CM, Hooijmans CM, Brdjanovic D, Gijzen HJ, van Loosdrecht
MCM (2008a) Factors affecting the microbial populations at full-scale
Enhanced Biological Phosphorus Removal (EBPR) wastewater treatment
plants in The Netherlands. Water Res 42(10-11), 2349-2360.

Lopez-Vazquez CM, Song Y1, Hooijmans CM, Brdjanovic D, Moussa MS, Gijzen
HJ, van Loosdrecht MCM (2008b) Temperature effects on the aerobic
metabolism of glycogen accumulating organisms. Biotech Bioeng
101(2):295-306.

Lopez-Vazquez CM, Hooijmans CM, Brdjanovic D, Gijzen HJ, van Loosdrecht
MCM (2008c) Long-term temperature effects on the metabolism of
glycogen-accumulating organisms (submitted).

Manga J, Ferrer J, Garcia-Usach F, Seco A (2001) A modification to the Activated
Sludge Model No. 2. Water Sci Technol 43(11), 161-171.

Meijer SCF, van Loosdrecht MCM, Heijnen JJ (2001) Metabolic modelling of full-
scale biological nitrogen and phosphorus removing WWTP's. Water Res
35(11),2711-2723.

Meijer SCF, van Loosdrecht MCM, Heijnen JJ (2002) Modelling the start-up of a
full-scale biological nitrogen and phosphorus removing WWTP’s. Water
Res 36(11), 4667-4682.

Murnleitner E, Kuba T, van Loosdrecht MCM, Heijnen JJ (1997) An integrated
metabolic model for the aerobic and denitrifying biological phosphorus
removal. Biotechnol Bioeng 54(5), 434-450.

Ochmen A (2004) The competition between polyphosphate accumulating organisms
and glycogen accumulating organisms in the enhanced biological
phosphorus removal process. PhD thesis. The University of Queensland.
Brisbane, Australia.

Oehmen A, Yuan Z, Blackall LL, Keller J (2005a) Comparison of acetate and
propionate uptake by polyphosphate accumulating organisms and glycogen
accumulating organisms. Biotechnol Bioeng 91(2), 162-168.

Oehmen A, Zeng RJ, Yuan Z, Keller J (2005b) Anaerobic metabolism of propionate
by polyphosphate-accumulating organisms in enhanced biological
phosphorus removal systems. Biotechnol Bioeng 91(1), 43-53.

Ochmen A, Vives MT, Lu H, Yuan Z, Keller J (2005¢) The effect of pH on the
competition between polyphosphate-accumulating organisms and glycogen-
accumulating organisms. Water Res 39(15), 3727-3737.

Ochmen A, Saunders AM, Vives MT, Yuan Z, Keller J (2006a) Competition
between polyphosphate and glycogen accumulating organisms in enhanced
biological phosphorus removal systems with acetate and propionate as
carbon sources. J Biotechnol 123(1), 22-32.

Oehmen A, Zeng RJ, Saunders AM, Blackall LL, Keller J, Yuan Z (2006b)
Anaerobic and aerobic metabolism of glycogen accumulating organisms



Modelling the PAO-GAO competition 195

selected with propionate as the sole carbon source. Microbiology 152(9),
2767-2778.

Oehmen A, Lemos PC, Carvalho G, Yuan Z, Keller J, Blackall LL, Reis MAM
(2007a) Advances in enhanced biological phosphorus removal: from micro
to macro scale. Water Res 41(11), 2271-2300.

Oehmen A, Zeng RJ, Keller J, Yuan Z (2007b) Modeling the aerobic metabolism of
polyphosphate-accumulating organisms enriched with propionate as a
carbon source. Water Environ Res 79(13), 2477-2486.

Panswad T, Doungchai A, Anotai J (2003) Temperature effect on microbial
community of enhanced biological phosphorus removal system. Water Res
37,409-415.

Pijuan M, Saunders AM, Guisasola A, Baeza JA, Casas C, Blackall LL (2004)
Enhanced biological phosphorus removal in a sequencing batch reactor
using propionate as the sole carbon source. Biotechnol Bioeng 85(1), 56-67.

Reichert P (1994) AQUASIM - a tool for simulation and data analysis of aquatic
systems. Water Sci Technol 30(2), 21-30.

Salem S, Berends DHJG, van Loosdrecht MCM, Heijnen J (2002) Model-based
evaluation of a new upgrading concept for nitrogen removal. Water Sci
Technol 45(6), 169-176.

Satoh H, Mino T, Matsuo T (1994) Deterioration of enhanced biological phosphorus
removal by the domination of microorganisms without polyphosphate
accumulation. Water Sci Technol 30(6), 203-211.

Saunders AM, Oechmen A, Blackall LL, Yuan Z, Keller J (2003) The effect of GAO
(glycogen accumulating organisms) on anaerobic carbon requirements in
full-scale Australian EBPR (enhanced biological phosphorus removal)
plants. Water Sci Technol 47(11), 37-43.

Schuler AJ, Jenkins D (2003) Enhanced biological phosphorus removal from
wastewater by biomass with different phosphorus contents, Part 1:
Experimental results and comparison with metabolic models. Water
Environ Res 75(6), 485-498.

Smolders GJF, van der Meij J, van Loosdrecht MCM, Heijnen JJ (1994a) Model of
the anaerobic metabolism of the biological phosphorus removal process:
stoichiometry and pH influence. Biotechnol Bioeng 43(6), 461-470.

Smolders GJF, van der Meij J, van Loosdrecht MCM, Heijnen JJ (1994b)
Stoichiometric model of the aerobic metabolism of the biological
phosphorus removal process. Biotechnol Bioeng 44(7), 837-848.

Smolders GJF, van der Meij J, van Loosdrecht MCM, Heijnen JJ (1995) A structured
metabolic model for anaerobic and aerobic stoichiometry and kinetics of the
biological phosphorus removal process. Biotechnol Bioeng 47(3), 277-287.

Thomas M, Wright P, Blackall L, Urbain V, Keller J (2003) Optimisation of Noosa
BNR plant to improve performance and reduce operating costs. Water Sci
Technol 47 (12), 141-148.

van Veldhuizen HM, van Loosdrecht MCM, Heijnen JJ (1999) Modelling biological
phosphorus and nitrogen removal in a full scale activated sludge process.
Water Res 33(16), 3459-3468.

Whang LM, Park JK (2006) Competition between polyphosphate- and glycogen-
accumulating organisms in enhanced biological phosphorus removal



196 The PAO-GAO competition

systems: effect of temperature and sludge age. Water Environ Res 78(1), 4-
11.

Whang LM, Filipe CDM, Park JK (2007) Model-based evaluation of competition
between polyphosphate- and glycogen-accumulating organisms. Water Res
41(6), 1312-1324.

Yagci N, Artan N, Cogkor EU, Randall C, Orhon D (2003) Metabolic model for
acetate uptake by a mixed culture of phosphate- and glycogen-accumulating
organisms under anaerobic conditions. Biotechnol Bioeng 84(3), 359-373.

Yagci N, Insel G, Orhon D (2004) Modelling and calibration of phosphate and
glycogen accumulating organism competition for acetate uptake in a
sequencing batch reactor. Water Sci Technol 50(6), 241-250.

Ydstebd L, Bilstad T, Barnard J (2000) Experience with biological nutrient removal
at low temperatures. Water Environ Res 72(4), 444-454.

Zeng RJ, van Loosdrecht MCM, Yuan Z, Keller J (2003a) Metabolic model for
glycogen-accumulating organisms in anaerobic/aerobic activated sludge
systems. Biotechnol Bioeng 81(1), 92-105.

Zeng RJ, Yuan Z, Keller J (2003b) Model-based analysis of anaerobic acetate uptake
by a mixed culture of polyphosphate-accumulating and glycogen-
accumulating organisms. Biotechnol Bioeng 83(3), 293-302.



Modelling the PAO-GAO competition 197




198 The PAO-GAO competition
Appendix 7.1.
Stoichiometric matrix and components for Accumulibacter, Competibacter and
Components
Components 1 2 3 4 5 6
PAO
Sos Suie Sy Sros Xpio X piy
Accumulibacter
Anaerobic acetate PAO PAO
1 uptake -1 Yooutae Y, PHA,HAc
Anaerobic PAO PAO
2 . -1 Y, Y,
propionate uptake po.Hpr PHAHPr
3 Anaerobic 1
maintenance
Aerobic PHA .PAO -PAO y PAo
4 degradation ~102,PH4 “lposx S.x -1
Aerobic glycogen -PAO -PAO .
5 production LosrGLy lposGLy  ~lraocLy
Aerobic Poly-P . PAO -PAO .
6 formation Loa pp “lpoarr T lpsorr
Aerobic -PAO -PAO _yPo
7 maintenance Lo2,maEr Lpoa.maER 5.X
Competibacter
8 Anaerobic acetate 1
uptake
9 Anaerobic |
propionate uptake
10 Anaerobic
maintenance
1 Aerobic PHA _ ;Competi __ sCompeti
degradation 02,PHA PO4,X
Aerobic glycogen -Competi - Compei
12 production 02,GLY PO4,GLY
Aerobic -Competi -Competi
13 maintenance 02,mAER PO4,mAER
Alphaproteobacteria
14 Anaerobic acetate 1
uptake
15 Anaerobic |
propionate uptake
Anaerobic . Alpha - Alpha
16 aintenance o2, pra T lroax
Aerobic PHA - Alpha - Aipha
17 degradation 02,GLY PO4,GLY
Aerobic PHA . Alpha - Alpha
18 degradation 02,mAER Lpo4,maER
19 Aerobic glycogen

production
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Alphaproteobacteria-GAO.
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where:

igg,(})’HA =Y, SIEO / Y ;,)4(0

igrey = Yo 105 Yo ) - (Y5 ary)
igpre =Yox IVos Yga) =1/ Yy
igganER = (¥, Srjf(o / Yo}?/)l(o) -1

i:gft),x = iBM,P . YSP;O

ill:?)(zl),GLY = iBM,P ' st’j(o /Ys}jéfy

iﬁgZPP = (iBM,P ) Ysljf(o /Yslj/;g) -1

ilfg?,mAER = iBM,I’ 'YSP}O

iPAO,GLY = _Yslj;o /YS[,JéfY

iPA(),PP = _Ysﬁo /stﬁg

-Competi __ vy Competi Competi
lonpra = Ys.x /YO,X

-Competi __ vy Competi Competi | yy Competi
Y =Yy (Yo Yooy )-

02,GLY

-Competi  __ Competi Competi
Lo maER = (Ys,x /Yo,x )-1

-Competi __ - .y Competi

poax ~laup Lsx

-Competi  __ - Competi Competi
roscry =g Ysx ! Ysery
-Competi o . YCmnpeti
PoamAER = Lem.p " Ls.x

. _ _ y Competi Competi
LComperi,GLY = Yoy /YS,GLY
Alpha  _ vy Alpha |7 Alpha

0 pua = Ysx / Yox

-Alpha  __ vy Alpha Alpha vy Alpha
LosGLy = Yoy /(Yo,x YS,GLY) -(1/
- Alpha _ Alpha Alphay

Lo maER = (Ys,x /Yo,x )-1
Alpha __ - .y Aipha

roax =lpup Lsx

Alpha __ + Alpha | vy Alpha
iposcry =lpwr Ysx /Ysory

- Alpha . . YA/phu

PO4maER = tem.p " Ls x

. _ _y Alpha Alpha
Lipha,GLY = YS,X /YS,GLY

(VY585

YAlph

O,GL‘}Z’)
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Appendix 7.2.
Anaerobic stoichiometric parameters of Accumulibacter.
Parameter Value Units Description Source
Smolders
YP};jAOHA ‘ (4/ 3)X,DA() C PHA stored per 1 C-mmol otal.
\HAc PHB mmol acetate taken up (1994a)
Smolders
yrao 1 /2 C Glycogen consumed per ctal
GLY,HAc mmol 1 C-mmol acetate taken up (199 4'3)
Pa0 P Poly-P consumed Smolders
YP04 e 1/2 + aFA(? oly-F consumed per etal.
»HAc HAc mmol 1 C-mmol acetate taken up (19942)
ATP ATP necessary to transport Filipe
ai? 0.16- pH —0.7985 mmol 1 C-mmol acetate through etal.
cell membrane (2001d)
IfpH < 7.0 then:
0.56- X110 +0.67- X1, Oemen
etal.
y P40 If pH > 7.0 then: C PHA produced per (2005b)
PHAHPr (2.0217-0.21-pH) X 210 mmol | C-mmol propionate Ochmen
PHY taken up otal
i .
(2005¢)
(1.1716-0.07 - pH)X,ff,gMV
Oehmen
If pH < 7.0 then: etal.
yPo 1/3 C Glycogen consumed per (2005b),
GLY.HPr IfpH > 7.0 then: mmol 1 C-mmol propionate stored Oehmen
1.73-0.2-pH ctal.
(2005¢)
IfpH<7.5 then: 02‘:‘;‘1"'“
y o 2/9 - a,ﬁ’if: P Poly-P consumed per (2005b),
PO4,HPr IfpH > 7.5 then: mmol 1 C-mmol propionate stored Ochmen
0.20-pH-1.1 (2%5151;)
ATP ATP necessary to transport Oehmen
ap? 0.18 mmol 1 C-mmol acetate etal.
through cell membrane (2005b)
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Anaerobic stoichiometric parameters of Competibacter.

Parameter Value Units Description Source
2
9 2
(?5“] )
SN X
“+-a
3 3
9 2 1 2 )
SR I
a ) 4 6 3 6 3 X Comperi . C PHA stored per Zeng
Yo iie 5 4 PHY mmol 1 C-mmol etal.
3 + ga acetate taken up (2003b)
2
1 2
1 .5[7 +— aj
+ 6 3 XCnm/wli J
5 4 PH2MV
“+-a
3 3
Glycogen Filipe
Competi ., Competi C consumed per
YGLYJ'“" 1420 mmol 1 C-mmol (;églla)
acetate taken up
ATP necessary
to transport .
) Filipe
aCmr‘rpe/t 0.057 - pH —0.34 ATP 1 C-mmol etal.
HAc mmol acetate (2001a)
through cell
~ membrane
. Competi
0.05- X + ) PHA produced Ochmen
ch;zz,;;g +0.70- X g:,’;’!’g” + X Z}ZI”"" C per'l C-mmol etal
LHPr Competi mmol  propionate taken (2006b)
+0.75- XPIIZMV up
Glycogen
Competi ) C consumed per Ochmen
Yorvare 0.67- X et mmol 1 C-mmol etal.
propionate (2006b)

stored
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Anaerobic stoichiometric parameters of Alphaproteobacteria-GAO.
Parameter Value Units Description Source
2
B
3 e
t+—a
53]
9 2 1 2
2 5[470,}[47&) X e ,
Alpha 6 3 6 3 X Alpha C PHA stored per 1 C- ng
Yortitiae 5 4 PHY 1 | acetate tak etal.
, [§+ Eaj mmo mmol acetate taken up (2003b)
2
1 2
1 S(g + 3 aj
Alpha
+ 5 4 XPI-;Z My
t+—a
33
Glycogen consumed Filipe
Y, GALlihZ e 1+2- af,i’ifm mr(rjlol per 1 C-mmol acetate etal.
taken up (2001a)
ATP necessary to Filipe
Alpha . _ ATP transport 1 C-mmol
X e 0.057- pH -0.34 mmol acetate through cell ctal.
(2001a)
membrane
1 ! A
2 5 + a0
ha
: Xpp s
3 =+2¢,
3 (:/10)
1 7 Alpha
Aioha 5 5"’0‘5_40 g+0t(w, > X by c PHA stored per 1 C- Oehmen
Y, ,,H/;’ e RO L AP AL NP o vl mmol  Mmol propionate taken etal.
3(§+ 2amj up (2006b)
3
2
1 5[% + %a)
e~ X
5.4 J
3 3
Glycogen consumed Ochmen
Alpha Alpha C per
YGLY,H Pr 2/3+2- Xprpe mmol 1 C-mmol pro pionate ctal.
(2006b)
taken up
ATP necessary to
Alpha 0 ATP transport 1 Oz?;rien
HPr mmol C-mmol acetate .
(2006b)

through cell membrane
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Appendix 7.3
Aerobic stoichiometric parameters for Accumulibacter, Competibacter and
Parameter Accumulibacter Competibacter/Alphaproteobacteria-GAO
2501064 +127 B) (64 + 27158 + 85 +30/5) 2501064 +127 B)(6A +27158 + 85 +30/5)
YS ¥ (2019304 +318000K, 4+ 67877146 + (2019304 +318000K, 4+ 67877146 +
+81343585 + 26924048 +381000K, ) +81343555 + 26924083 + 381000K, B)
g(6A+2710+85+3050)
YS,PP -
12(e+9)
Y BA+48)(61+2715+8B+3045) BA+4L)(61+2715+8B+3045)
S.GLY 24(2A+3A5 + 28 +455) 24(2A+3A5 + 28 +455)
12m 7, 12m 7,
m 6A+2746+83+3080 6A+2746+83+3040
$ where where
miey =0.0194TP—mol/(C —mol — h) miry = 0.0194TP — mol/(C —mol — h)
v RedoxPHA 1 RedoxBM ) RedoxPHA 1 RedoxBM )
0,X 4 Y;f(o 4 4 YSC.omeelt 4
-1
Y RedoxPHA ) 1 _
o 4 vy
-1 -1
¥ RedoxPHA 1 [Re doxPHA 1 ]
0,GLY T E— - T4y Comper
4 YSP?r?Y 4 YSC:GLIY
RedoxPHA 4.5a+4.8b+5¢ 4.5a+4.8b+5¢
y) a+(2b/5) a+(2b/5)
¥ c+(3b/5) c+(3b/5)
a X | X Koig ™| Xpid™™ 5 X" | X ot
b X | X o Ko™ | Xt ™ 5 Xigey" | X gy
c Xoiton | X pid Xoirmway ! Xeiid™™ > Xoigangy | X ot
RedoxBM 4+ iB:\/LH -2 iBM.O -3 iBM.JV +5- iBM,P 4+ iBM.H -2 iBM.O -3 iB:\/LN +5- iBM,P
LM H 1.84 1.84
ivo 0.50 0.50
ipmN 0.19 0.19
ipyp 0.015 0.015
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Alphaproteobacteria-GAO (Smolders et al. 1994b; Zeng et al. 2003a).

Units Description
C-mmol /C-mmol Maximum biomass growth yield on PHA
P-mmol/C-mmol Maximum yield of poly-P stored on PHA
C-mmol/C-mmol Maximum yield of glycogen stored on PHA
C-mmol/(C-mmol - h) Aerobic maintenance coefficient on PHA
C-mmol/O,-mmol Oxygen consumed per biomass growth
P-mmol/O,-mmol Oxygen consumed per poly-P uptake
C-mmol/O,-mmol Oxygen consumed per glycogen produced
Number of electrons per C-mol PHA degree of reduction
C-mmol/C-mmol Percentage of Acetyl-CoA* in PHA
C-mmol/C-mmol Percentage of Propionyl-CoA* in PHA
C-mmol/C-mmol PHB fraction in PHA
C-mmol/C-mmol PHV fraction in PHA
C-mmol/C-mmol PH2MYV fraction in PHA
Number of electrons per C-mol Biomass degree of reduction
H-mol/C-mol Hydrogen content in biomass
0O-mol/C-mol Oxygen content in biomass
N-mol/C-mol Nitrogen content in biomass

P-mol/C-mol Phosphorus content in biomass
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Appendix 7.4

Aerobic metabolic parameters for Accumulibacter, Competibacter and
Alphaproteobacteria-GAQ.

Parameter
5 K; K> £
ATP-mo/NADH-mol  ATP-mol/C-mol  ATP-mol/C-mol  +MOVNADH:-
ATP produced per ATl;needed for ATI;.aned for Phosphate
Mi i NADH, oxidized syntll;:::i]f Sf?’om syntlll(:sxili1 Sf?'om transport
icroorganisms i SIS § i
g (P/O ratio) Acetyl-CoA* Propionyl-CoA* coefficient
Smolders
Smolders etal.
ctal. (1994b) Zeng Smolders
(1994b), Zeng et al. et aLb
This study etal. (2003a) (19940)
(2003a)
Accumulibacter 1.85 1.7 1.38 7
Competibacter 1.85 1.7 1.38 -
Alphaproteobacteria
1.85 1.7 1.38 -
GAO
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Appendix 7.5.

Kinetic parameters for Accumulibacter.

Process Parameter
IfT<20°C then
Maxi MAX (T-20)
anz):rn(:;irg ‘ . 9paoyrazo -1.095
12 acetate MAX If20 <T<30°C then
> apd 9 pa0yra q?’/z[quVFA,ZO
propionate where:
uptake rate ; ;
qrA{ngm,zo = qﬁéﬂm,zo = qllﬁq(l)\,}HPr,ZU =0.20
ANA (T-20)
Anaerobic ' M y1p pao,20 *1.096
3 maintenance m ,A% where:
rate My p1o20 = 2.35x107 ATP—mol /(C —mol — h)
IfT<20°C then
PAO PAO PAO (T-20)
[(kPHA,HAc,ZO - kPHA,H Pr,20 ) : (fHAc,lNF ) + kPHA,H Pr,20 ] -1.129
If20 < T<30°C then
Aerobi PAO PAO PAO
Sone [(kPHA,HAu,zo - kPHA,HPr,zo) : ( HAc,INF ) + kPHA,HPr,zo]
4 PHA | P10
degradation PHA where:
rate k}I:gZHAc,ZO =0.80
PAO
kPIIA,II Pr20 — 0.33
.fHAc,INF = (SHAC,INF /(SHAC,INF +S8y Pre,INF ))
IfT<20°C then
PAO PAO PAO (T-20)
l(kGLY,HAc,ZO - kGLY,HPr‘ZO) : ( HAc,INF ) + kGL Y,H Pr,20 J -1.125
If20 <T<30°C then
Aerobi PAO PAO PAO
5 gl;iggitil kPAO [(kGLY,HA(',ZO - kGLY,H Pr,ZO) : ( HAL‘,IAVF)+ kGLY.H Pr,ZO]
production GLY where:
rate k&t 1420 = 0.015
PAO
kPHA,Hr-r,zo =0.077
S HAc,INF — (S HAc,INF / (S Hae,nF T N HPre,INF ))
IfT<20°C then
PAO PAO PAO (T-20)
[(kPP,HAc - kPP,H pe)” ( HAc,INF )+ kPP,H Pr]' 1.031
If20 <T<30°C then
Aerobic PAO PAO PAO
Poly-P 10 [(kPP,HAc - kPP,H Pr ): ( HAc,INF ) + kPP,H Pr]
6 formation k PP where:
rate k ,ff,f‘) e =0.020
Kppyairee = 0.002
fHAc,/NF = (SHAC,INF /(SHAC,INF + SHPrc,INF ))
Aerobic AER PAO (T-20)
7 maintenance PAO "y 1.064




Modelling the PAO-GAO competition

209

Units

Source

C-mmol/(Cmmol-h)

Ochmen et al. (2005b),
Brdjanovic et al. (1998),

Lopez-Vazquez et al. (2007b)

This study

P-mmol/(C-mmol/h)

Smolders et al. (1994a),
Brdjanovic et al. (1998),
This study

C-mmol/(Cmmol-h)

Brdjanovic et al. (1998),
This study

C-mmol/(Cmmol-h)

Meijer et al. (2002),
This study

P-mmol/(Cmmol-h)

Brdjanovic et al. (1997),
Brdjanovic et al. (1998),
This study

C-mmol/(C-mmol/h)

Brdjanovic et al. (1997)
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Kinetic parameters for Competibacter.

Process Parameter
IfT<20°C then
—pH
qMAX 1211729, 1077
Competi,HAc,20 ° -8 -pH
Anaerobic 1.2x107° +107*
acetate MAX If20 < T<30°C then
8 uptak Competi,HAc -pH
ptake 10
rate 1.2x107 107"
where:
MAX
9 Competi,HAc,20 = 0.22
IfT<20°C then
—pH
qMAX 1211729, 1077
Competi,H Pr,20 ° -8 -pH
Anaerobic 1.2x107° +107*
9 propionate MAX If20 <T<30°C then
uptake Competi,H Pr qMA)( . . 1 O—pll
rate Competi,H Pr,20 1241 O,g : IO,pH
where:
MAX
9 Comperi,Frpe20 = 0.01
05 ! m::y;lCompeti ' 1 '028(T_20)
Anaerobic " where: ’
10 maintenance Mgy :
rate i 5
My7p paoao = 2.35x107 ATP —mol /(C —mol - h)
If10 <T < 30°C then
: Competi (T-20)
Aerobic 0.80- kS 1,109
11 PHA ko here:
degradation where. Commert
kP,’;'Af’f’;(;' =1.10
If10 <T<30°C then
. Competi (T-20)
12 5553221 e Compe Koy 1071
GLY .
production where. Compart
Ky =0.30
Aerobic AER Compei (T-20)
3 maintenance Comperi s 1.046
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Units

Source

C-mmol/(Cmmol-h)

Filipe et al. (2001a)
Oechmen et al. (2005b),
Lopez-Vazquez et al. (2007b)
This study

C-mmol/(Cmmol-h)

Filipe et al. (2001a)
Oehmen et al. (2005b),
Lopez-Vazquez et al. (2007b)
This study

C-mmol/(Cmmol-h)

Smolders et al. (1994b)
Filipe et al. (2001a)
Zeng et al. (2003a)

Lopez-Vazquez et al. (2007b)

C-mmol/(Cmmol-h)

Lopez-Vazquez et al. (2008b,c)
This study

C-mmol/(Cmmol-h)

Lopez-Vazquez et al. (2008b)
This study

C-mmol/(C-mmol/h)

Lopez-Vazquez et al. (2008b)
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Kinetic parameters for Alphaproteobacteria-GAO.

Process Parameter
If10<T<20°C then
—pH
qMAX .1.2117-29 .L
Anaerobic Alpha.Fie20 1.2x107° +10777
acetate MAX 1If20 <T<30°C then
14 uptake 9 dipha,Hac 107"
rate 1.2x107* +107"
where:
MAX
G oaipha sine20 = 0-11
If10<T<20°C then
—pH
ghr .1.2117-29 L
Anaerobic Alpha. P20 1.2x107° +10777
propionate MAX 120 < T<30°C then
15 uptake 9 sipha,H pr 107"
rate 024 ———r
1.2x107° +1077
where:
MAX
G aipha,sroep0 = 0-22
ANA (T-20)
0.5 M 415 tipha -1.028
Anaerobic maintenance ANA where:
16 rate "M tipha
M3 pio20 = 2.35x107 ATP — mol /(C — mol — h)
If10<T<30°C then
Acrobic e 0.80- ki, +1.1097 2
17 PHA kPHA here:
degradation where. e
K b0 = 0.50
If10<T<30°C then
i Alpha (T-20)
Aerobic Alpha kGLpY,ZO -1 '07 1
18 glycogen kGl where:
production : e
kélys, =0.06
19 Aecrobic maintenance M m ;”1”’“ .1.046720

Alpha
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Units

Source

C-mmol/(Cmmol-h)

Filipe et al. (2001a)
Oehmen et al. (2005a),
Oehmen et al. (2006b),

Lopez-Vazquez et al. (2007b)
This study

C-mmol/(Cmmol-h)

Filipe et al. (2001a)
Ochmen et al. (2005a),
Oehmen et al. (2006b),

Lopez-Vazquez et al. (2007b)
This study

C-mmol/(Cmmol-h)

Smolders et al. (1995)
Filipe et al. (2001a)
Zeng et al. (2003a)

Lopez-Vazquez et al. (2007b)

C-mmol/(Cmmol-h)

Lopez-Vazquez et al. (2008b,c)
This study

Lopez-Vazquez et al. (2008b)
This study

C-mmol/(C-mmol/h)

Lopez-Vazquez et al. (2008b)
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Appendix 7.6
Kinetic expressions for Accumulibacter.
Process Expression
. MAX Shae
1  Anaerobic acetate uptake 9raoyra* (S, +K ) PAO
HAc S,HAc
. . MAX S
2 Anaerobic propionate uptake qpraoyra * m A pio
HPr S,HPr
3 Anaerobic maintenance mﬁivg - Xp, o
. . PAO 2/3
4  Acrobic PHA degradation kPHA 'pra,pHA “Xpi0
. . PAO 2/3 1
5  Acrobic glycogen production kGLy : fPAo,PHA . fi “Xpio0
PAO,GLY
MAX
1 . < PAO,PP — fPA(),PP)

6  Aecrobic Poly-P formation

7  Aerobic maintenance

( MAX PAO

fPAO,PP PAO.PP — fPAO,PP )+ KS,GLY

AER
Mpg0 X pao
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Switch function

Source

XPP . X(;Ly . _ S()2
XPP +KS,PP XGLY +KS,GLY S()2 +KS,O2

Xpp . Xy { _ Sos :l
Xpp+Kspp Xoy + Koy S0y + K0,

XPP . _ SO2
XPP +KS.PP SOZ +KS.02
fPAO,PHA . SSPO4 . S()Z
fPAO,PHA + KS,»/’PHA SSPO4 + KS,SPO4 SOZ + KS,OZ

MAX PAO
( PAO,GLY — fPAO,GLY ) XPHA Soz

MAX ) ’
( PAOGLY — fPAO,GLY )+ Ky Xpud +Kgpuy Sor + Koo
PAO
X i

XPA() + K

PHA S,PHA SSPO4 + KS,SPO4 SOZ +KS.02

Sspoa . Son

SOZ
SOZ + KS,O2

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997)

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997)

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997)
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Kinetic expressions for Competibacter.

Process Expression
S
. MAX HAc
8 Anaerobic acetate uptake QComperi,HAc : S K : Competi
(Spae + S,HAC)
. . MAX . SH Pr . X
9  Anaerobic propionate uptake 9 Competi,H Pr S X Competi
(Sye + S,HPr)

ANA

10  Anaerobic maintenance M Competi <X Competi
11 Aerobic PHA degradation kSemeet . f. 3 - X
g PHA J competi,PHA Competi
12 Aecrobic gl ducti koo f " 1 )
erobic glycogen production GLY Competi,PHA Competi

fCampeti,GLY

. . AER
13 Aerobic maintenance M Competi <X Competi
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Switch function

Source

Competi M ]
X GLY . _ S 02
Competi
XGLY + KS,GLY S()Z + KS,02 a
Competi M ]
X GLY J1= S 02
Competi
XGLY + KS,GLY S()Z + KS,02 a
Competi M ]
X GLY J1= S 02
Competi
XGLY + KS,GLY S()Z + KS,02 a

f Competi ,PHA N SPO4 SOZ
fCompeli,PHA + KS,_/PHA SS[’O4 + KS,SPO4 SOZ + KS,OZ

MAX _ Competi
( Competi ,GLY f(,‘ompeti,GLY) . XPHA . S()z
MAX Competi
( Competi ,GLY - fCom])eti,GLY )+ KS,GLY XPHA + KS,PHA S02 + KS,()Z

SOZ
SOZ + KS,OZ

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997)

Murnleitner et al. (1997),
Meijer et al. (2002),
This study

Murnleitner et al. (1997),
This study

Murnleitner et al. (1997),
This study
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Kinetic expressions for Alphaproteobacteria-GAO.

Process Expression

S

. MAX

14  Anaerobic acetate uptake 9 sipha,pAc —fe . X Alpha
(Spe + KS,HA(»)

. . MAX Sie

15  Anaerobic propionate uptake 9 siphater S Ié “ X Yipha
Sy + S,HPr)

. . ANA
16  Anaerobic maintenance M yona X dipha
17 Aerobic PHA degradati ke f x

€robic egradation pHA  J Alpha,PHA Alpha
. . k Alpha . 2/3 1 X
18  Aerobic glycogen production oy S Alpha,PHA - * % dipha
/ Alpha,GLY

. . AER
19  Aerobic maintenance M gipha X Alpha
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Switch function

Source

Alpha
XGLY 11_ Soz
Alpha
XGLY +KS,GLY Soz +KS,()2_
Alpha B ]
XGLY 11_ Soz
Alpha
XGLY +KS,GLY Soz +KS,()2_
Alpha B ]
XGLY 11_ Soz
Alpha
XGLY +KS,GLY Soz +KS,()2_
fAlpha,PHA SSP(M SOZ

fAIphu,PHA + KS,]PHA SS[’O4 + KS,SPO4 S02 + KS,OZ

(f MAX _ f )
Alpha , GLY Alpha GLY

Alpha
XPHA SOZ
( ~MAX

d ’ Alpha ’
Alpha,GLY — .fAlpha,GLY )+ KS,GLY XPHA + KS,PHA S()z + Ks,oz

S()Z
SOZ + KS,()Z

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997),
Meijer et al. (2002)

Murnleitner et al. (1997)

Murnleitner et al. (1997),
Meijer et al. (2002),
This study

Murnleitner et al. (1997),
This study

Murnleitner et al. (1997),
This study
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Appendix 7.7.
Kinetic coefficients for biomass.
Kinetic .
coefficient Description Value
K S.HAc Half-saturation coefficient for acetate 0.001
K SHPr Half-saturation coefficient for propionate 0.001
K S.PHA Half-saturation coefficient for PHA 0.01
K S.GLY Half-saturation coefficient for glycogen 0.01
K Half-saturation coefficient for poly-phosphate 001
s.rp (poly-P) ’
K $.PO4 Half-saturation coefficient for orthophosphate 0.01
K 5.02 Half-saturation coefficient for oxygen 0.01
K Half-saturation coefficient for the fraction of PHA
S./PHA in biomass 0.01
Intracellular fraction of compound P; (PHA,
Xi 1 ly-P) i
f o XPiI glycogen or poly-P) in
XPE biomass X ; (Accumulibacter, Competibacter or
1
Alphaproteobacteria)
MAX Maximum poly-P fraction in Accumulibacter
J PAO.PP biomass 0.30
MAX Maximum glycogen fraction in Accumulibacter
PAO.GLY biomass 0.27
MAX Maximum glycogen fraction in Competibacter
Competi,GLY biomass 0.35
MAX Maximum glycogen fraction in
Alpha,GLY 0.35

Alphaproteobacteria biomass
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Units Source
C-mmol/L Switch
C-mmol/L Switch
C-mmol/L Switch
C-mmol/L Switch
P-mmol/L Switch
P-mmol/L Switch

O,-mmol/L Switch
C-mmol/C-mmol Switch
P-mmol/C-mmol Wentzel et al. (1989)
C-mmol/C-mmol Smolders et al. (1995)
C-mmol/C-mmol | Lopez-Vazquez et al. (2008)
C-mmol/C-mmol | Lopez-Vazquez et al. (2008)
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8.1. General conclusions

Aiming at limiting the phosphorus loads released into the environment
through the treated sewerage, there is an increasing need to keep well-
controlled, operated and efficient phosphorus removal processes in
wastewater treatment systems. Being enhanced biological phosphorus
removal (EBPR) in activated sludge wastewater treatment plants (WWTP)
the preferred and most widely applied phosphorus removal technology, it
becomes indispensable to understand how the interaction among the
different involved microbial communities affects the process performance
and stability.

Despite that big efforts have been made from different angles and
perspectives embracing scientists, engineers and plant practitioners, a better
understanding about the environmental and operating factors affecting the
competition between polyphosphate-accumulating organisms (PAO) and
glycogen-accumulating organisms (GAO) is needed for the development of
control measures that may ultimately lead to the operation of more stable
and reliable EBPR systems.

Temperature, carbon source and pH have been pointed out as important
parameters to understand the dominance and appearance of PAO and GAO
under different environmental and operating conditions. However, important
aspects like the actual temperature influence on the metabolism of GAO (on
the anaerobic and aerobic stoichiometry and kinetics) or about the combined
effect of key factors were not known. Furthermore, excluding a few full-
scale studies, most of the research has mainly been carried out at lab-scale,
without looking into full-scale EBPR WWTP in order to find out more about
the conditions influencing the PAO and GAO microbial communities.

Through undertaking different studies at both lab- and full-scale and by
applying mathematical modeling, in the PhD research presented in this
dissertation, the factors influencing the PAO-GAO competition have been
addressed from different perspectives.

The short- (hours) and long-term (weeks) effects of temperature on the
metabolism of GAO regarding the stoichiometry and kinetics of the different
anaerobic and aerobic microbial conversions were evaluated. For this
purpose, an enriched GAO culture was cultivated in a lab-scale sequencing
batch reactor (SBR) and anaerobic and aerobic batch tests were executed
within a relatively wide temperature range (from 10 to 40 °C) that covers the
operating temperature of most of the municipal and industrial WWTP.
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In order to evaluate the environmental and operating conditions that
influence the occurrence of PAO and GAO at full-scale EBPR WWTP, a
full-scale survey in seven treatment plants in The Netherlands was
undertaken under cold weather conditions (average sewage temperature
around 12 °C). Operating data were collected, lab-batch tests were executed
to determine the EBPR biomass activity and the PAO and GAO microbial
communities were quantified using Fluorescence in situ Hybribization
(FISH). Through a statistical analysis, significant correlations were looked
for among diverse operating and environmental conditions and the
occurrence and activity of PAO and GAO populations.

Using lab-enriched cultures, a practical method for the quantification of
PAO and GAO in full-scale EBPR WWTP based on commonly performed
analytical determinations (such as acetate and orthophosphate) was
developed and validated on samples from full-scale systems.

By compiling the metabolic models of PAO (Accumulibacter) and GAO (as
Competibacter and Alpha-proteobacteria-GAQO) as well as their carbon,
temperature and pH-dependences reported in literature in a mechanistic
mathematical model, the combined effects of type of carbon source,
temperature and pH on the PAO-GAO competition were studied.

The main conclusions from the present study are:

1. Regarding the short-term temperature effects on GAO
Based on the anaerobic and aerobic temperature dependences of their
metabolisms (stoichiometry and kinetics), GAO are only able to compete
with PAO for substrate at temperatures higher than 20 °C (at pH 7.0 and 8 d
SRT). Below this temperature, GAO do not have metabolic advantages over
PAO. The temperature dependences of GAO showed to have a moderate or
medium degree of dependence on temperature.

2. On the long-term temperature effects on GAO

Although the long-term substrate uptake rate of GAO above 20 °C was lower
than in short-term studies, it was still higher than that of PAO (around 12 %)
showing that GAO have kinetic advantages and may tend to proliferate at
temperatures higher than 20 °C. At temperatures lower than 20 °C (e.g. 10
°C), the anaerobic metabolism of GAO, in particular the anaerobic glycogen
hydrolysis, resulted inhibited limiting the substrate uptake rate and,
therefore, the growth of GAO. A complete switch in the dominant microbial
populations from an enriched GAO to an enriched PAO culture at 10 °C
confirmed that GAO cannot adapt to low temperatures being unable to
compete with PAO at lower temperatures.
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The net biomass growth rate of GAO, which can be assumed to be a
resultant of the overall temperature effects on their anaerobic and aerobic
metabolism, was highly sensitive to temperature changes. Interestingly and
as previously observed with PAO, under aerobic conditions GAO tend to
favor the storage of intracellular polymers, such as glycogen, over growth. A
calculation of the minimum aerobic solids retention time (SRT) of GAO
showed that these organisms have a lower biomass growth rate than PAO
requiring a longer SRT from 10 to 30 °C, particularly below 20 °C. On the
other hand, due to strong increases in the aerobic maintenance requirements
and less efficient energy production (oxidative phosphorylation activity), the
net aerobic growth of GAO was limited at high temperatures (30 and 40 °C),
requiring also longer SRT above 30 °C than that at 20 °C.

3. Concerning the occurrence of PAO and GAO at full-scale systems
The occurrence of PAO (Accumulibacter) was positively correlated with pH
values, suggesting that high pH levels are favorable for these
microorganisms at full-scale systems. The appearance of PAO was also
influenced by the operation of well-defined denitrification stages that,
furthermore, also stimulated the development of denitrifying PAO (DPAO).
Quantified GAO populations (Competibacter) were only correlated with the
organic matter concentrations implying that, according to the conditions of
this survey, these microorganisms are only able to grow on the excess of
organic matter (or substrate) in the system. Defluviccocus-related
microorganisms and Sphingomonas were not observed or only seen in
negligible fractions in a few plants (< 1%) indicating that these organisms
could be rarely present in municipal EBPR WWTP and, thus, may not be the
main competitors of PAO.

4. About the practical method for the quantification of PAO and GAO
Through executing an anaerobic batch test and measuring commonly
determined parameters such as acetate, orthophosphate and mixed liquor
suspended solids, a practical method showed to be potentially suitable for
the in situ quantification of PAO and GAO populations at full-scale systems.

5. On modeling the PAO-GAO competition
At low temperature (10 °C), PAO were the dominant microorganisms since
the metabolism of GAO was inhibited at 10 °C. At moderate temperature (20
°C), the simultaneous presence of acetate and propionate as carbon sources
(e.g. 75-25 or 50-50 % acetate to propionate ratios) favored the growth of
PAO over GAO, regardless of the applied pH. In contrast, when either
acetate or propionate is supplied as sole carbon source at 20 °C, PAO is only
favored over GAO when a high pH (7.5) is applied. In general, GAO
(Competibacter and Alphaproteobacteria-GAO) tended to proliferate at
higher temperature (30 °C). Nevertheless, an adequate acetate to propionate
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ratio (75 — 25 %) and a pH not lower than 7.0 could be used as potential
tools to suppress the proliferation of GAO at high temperature (30 °C).

8.2. Evaluation and outlook

8.2.1. On the temperature effects on the PAO-GAO competition

On the basis of this study, GAO can only compete with PAO at temperatures
higher than 20 °C. Below 20 °C, the anaerobic glycogen conversion appeared
to limit the proliferation of GAO (e.g. 10 °C). Therefore, operation of EBPR
lab-scale reactors at a low temperature, such as 10 °C, could be used as a
strategy to suppress the growth of GAO aiming at obtaining highly enriched
PAO cultures. This strategy could also be possibly applied when looking
after the isolation of PAO. On the other hand, the proliferation of GAO in
EBPR systems could be suppressed through adjusting (shortening) the
applied SRT to the minimum aerobic SRT of PAO as a function of the
applied temperature. Thus, besides operating the lab-reactors at 10 °C, more
favourable conditions for PAO could also be created through shortening the
SRT.

In the present study, the temperature effects on GAO were calculated from
10 to 40 °C. However, a systematic study on an enriched PAO culture at
temperatures higher than 30 °C has not been performed. Such a study could
be very useful to address the feasibility of achieving EBPR at higher
temperatures like in warm climate countries or in WWTP treating industrial
sewerage. In certain reports the operation of EBPR systems above 30 °C and
even up to 37 °C has been evaluated (Jones et al., 1987; Yeoman et al.,
1988; McClinton et al., 1993; Converti et al., 1995; Mamais and Jenkins,
1992). However, the main conclusions from those reports tend to be
inconsistent. Likely, the growth and proliferation of GAO in some of those
studies led to deviated observations and discrepancies. Thus, the main
challenge might be to suppress the growth of GAO at this temperature range.
Nevertheless, at temperatures higher than 30 °C, GAO require longer
minimum aerobic SRT. If the minimum SRT of GAO is higher than that of
PAO, there may be possibilities for the implementation and operation of
EBPR process at WWTP operated at higher temperatures. Long-term lab-
and full-scale tests will be useful to address this potential strategy.

Despite that Competibacter and  Alphaproteobacteria-GAO  (e.g.
Defluviicoccus vanus related microorganisms) share a similar physiology,
further research is needed to address the temperature dependencies of the
different conversion rates involved in the metabolism of
Alphaproteobacteria-GAO. Moreover, to perform similar temperature-effect
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studies on an enriched Accumulibacter culture grown on propionate is also
recommendable. This will be relevant to evaluate and compare the
temperature dependencies of PAO cultures grown on acetate and propionate.

Interestingly, the anaerobic and aerobic kinetics of GAO showed to have
different temperature dependencies at short- and long-term as a consequence
of the overall long-term temperature effects (particularly regarding the
maximum substrate uptake rate). These effects are highly sensitive since a
single change on any of the metabolic conversions tends to be magnified and
reflected on the overall biomass activity due to the close relationship
between the anaerobic and aerobic metabolisms as the end of one phase
(either anaerobic or aerobic) defines the start of the other (because of the
alternating anaerobic-aerobic conditions). Therefore, whenever possible,
long-term studies are desirable to address potential biomass acclimations,
adaptations or changes. Nevertheless, short-term studies seem to be feasible
when studying temporary changes caused by fluctuations on the operating
and environmental conditions or when evaluating the potential exposure of
biomass for short periods of time to particular circumstances (e.g. sudden
discharges of toxic compounds).

8.2.2. On full-scale studies

While most of the research has focused on lab-scale research, little is still
known about which and how different factors affect the occurrence and
appearance of PAO and GAO populations in full-scale EBPR WTTP. In the
present research, a survey in different treatment plants in The Netherlands
was carried out, finding important correlations to understand the stability and
reliability of these systems. However, a similar study undertaken under
summer conditions with average sewerage temperature higher than 20 °C
would be rather useful to address the effects of higher temperatures on the
PAO and GAO microbial populations. Furthermore, EBPR WWTP receiving
or treating industrial discharges on a regular basis (comprising more than 20
— 25 % of the total WWTP influent) could also be included not only because
of the higher temperature but also because industrial wastewater is usually
more complex containing diverse types of (slowly and easily biodegradable)
organic matter. This may have a strong influence on the occurrence,
appearance and diversity of different PAO and GAO strains (e.g. Actino-
PAO, Defluviicoccus-related microorganisms and Sphingomonas). The use
of advanced molecular techniques, like FISH-Microautoradiography, could
help to define the active microbial populations. These results together with
historical data of operating and environmental conditions from the treatment
plants and biomass activity data obtained from lab-scale batch tests could
bring important and useful information to study the factors influencing the
PAO-GAO competition at full-scale EBPR WWTP.
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8.2.3. On the quantification of PAO and GAO

From an operational perspective, a fast, simple, economical and reliable
method to quantify PAO and GAO could be an important and useful tool to
monitor the day-a-day operating conditions at EBPR plants. In the present
study, a practical method for the quantification of PAO and GAO was
proposed. It proved suitable for the quantification of these microbial
populations at full-scale systems. Nevertheless, the method requires to be
tested in more treatment plants and under different environmental and
operating conditions to assess its reliability. Moreover, following a similar
methodology, it could be extended using highly enriched cultures of PAO
and GAO grown on other carbon sources (e.g. propionate, ethanol, methanol,
glucose, aminoacids). Compared to advanced molecular techniques (like
FISH and FISH-MAR), the benefit of developing such practical methods is
that, in a fast, simple and economic way, only active biomass responding to
the added substrate will be quantified increasing its precision and reliability.

8.2.4. On modeling the PAO-GAO competition

Metabolic modeling can be a highly useful means of describing key factors
affecting the complex interactions between different microorganisms
relevant in EBPR systems, and in predicting their resulting population
dynamics. Incorporating the main factors affecting the PAO-GAO
competition that are described in this study into future modeling endeavors
focused on the optimization of full-scale EBPR plants would likely facilitate
improved process efficiency and robustness.

Since the PAO-GAO competition is highly dependent upon the carbon
source, and in particular on the influent acetate to propionate ratio, future
modeling efforts could be also directed towards modeling the anaerobic
fermentation processes taking place on pre-fermentors and in the anaerobic
stages of EBPR WWTP. If an anaerobic model could be integrated together
with the PAO and GAO models, it would likely help to optimize the
operation of EBPR plants.

8.2.5. On the factors influencing the PAO-GAO competition

Using mathematical modelling, the combined effects of temperature, carbon
source and pH were evaluated. On the basis of the present study, to supply
an adequate acetate to propionate ratio (75 - 25 %) and a pH not lower than
7.0 appears to be sufficient for the enrichment of Accumulibacter, limiting
the development of GAO (either Competibacter or Alphaproteobacteria-
GAO) regardless of the sewage temperature. Even at 30 °C, these conditions
appear to be sufficient to suppress the growth of GAO. From a practical and
operational perspective, to provide an influent 75 to 25 % acetate to
propionate ratio at full-scale systems and ensure a pH level higher than 7.0
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seems to be feasible (e.g. through modifying the operating conditions of the
pre-fermentors and by adjusting the pH through acid and based addition in a
tank equalizer). Future research is needed regarding the operation of pre-
fermenters to provide certain influent volatile fatty acids fractions and their
influence on the PAO-GAO competition at full-scale EBPR systems.

8.2.6. On other EBPR related issues

In different studies (e.g. Schuler and Jenkins, 2003), casaminoacids were
supplied as an additional carbon source. The main rationale behind its use
was the apparent correlation between the supply of casaminoacids and the
stable operation of lab-scale EBPR systems. When casaminoacids were not
fed in the influent, certain lab-scale systems lost their EBPR activity, which
was recovered when they were supplied again (Schuler, personal
communication). So far, not too much is known about the effects of this
complex carbon source on the metabolism of PAO. Moreover, a wide range
of carbon sources (likely including casaminoacids) can be expected in the
influent of WWTP. Could casaminoacids or hydrolyzed by-products of them
be only metabolized by PAO and not by GAO? Kong et al. (2005) found that
certain strains of Actinobacteria are able to store a mixture of aminoacids
under anaerobic conditions and remove phosphorus aerobically. While
Accumulibacter has been strongly pointed out as a PAO, it appears that they
may not be the only PAO present in EBPR systems.

It is important to notice that most of the lab-scale EBPR research is carried
out at around 20 °C and neutral pH (7.0) which appears to be close to the
breaking points or borderlines between the dominance of PAO and GAO.
Thus, the sensitivity and variability of pH probes, water baths and
thermostats could unintentionally tend to create slightly favourable
conditions for either PAO or GAO at long-term, which in the latter case may
lead to the unexpected proliferation of GAO.

Phosphorus is a finite natural resource, which plays an important role in
nature. In most of the municipal and industrial wastewater treatment plants,
it is removed from the water phase and concentrated in the sludge in
secondary clarifiers. Due to stricter legislation that prohibit the use of
dewatered sludge for agricultural purposes, this sludge is dewatered and
disposed of through incineration. Thus, phosphorus goes out of the natural
environment and perhaps gets confined in the structure of civil works or
landfills. The implementation and operation of wastewater treatment
configurations which open the possibility of phosphorus recovery, such as
the BCFS and the Phostrip process (van Loosdrecht et al., 1998; Brdjanovic
et al., 2000), should be carefully analyzed in order to ensure that the future
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of phosphorus in the world would not be jeopardized by the current
treatment technologies.
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