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Abstract

Enhanced biological phosphorus removal (EBPR) can be applied in wastewater treat-
ment plants (WWTPs), as a sustainable and efficient way to remove phosphorus from
wastewater and hence reduce its impact on eutrophication. This work characterises the
performance, metabolism and identity of the microbial EBPR communities in full-scale
WWTPs. The accurate quantification of the internal storage compounds, namely poly-
hydroxyalkanoate (PHA) and glycogen, is crucial to the characterisation of EBPR. The
optimal glycogen and PHA quantification methods were sensitive to the heterogeneity
of the sample, in terms of its microbial structure (floccular or granular) and, for PHA,
in terms of the size and the number of substituents of the monomers forming the co-
polymer. Additionally, by characterising six full-scale EBPR WWTPs, in terms of their
overall performance, microbial identity and metabolism, the composition of polyphos-
phate accumulating organisms (PAOs) was fairly similar in all plants. Also, a warmer cli-
mate was not sufficient to justify a higher presence of glycogen accumulating organisms
(GAOQs). Differing levels of denitrifying PAOs were obtained in different plants and the
involvement of the tricarboxylic acid (TCA) cycle in the anaerobic metabolism of PAOs
was observed. Furthermore, a metabolic model developed in this study, which incorpo-
rates the involvement of the anaerobic TCA cycle and a new description of the aerobic
maintenance processes, was able to accurately describe the chemical cycling of soluble
and intracellular compounds, while requiring a simple calibration procedure. A series of
simulations demonstrated that lower acetate concentrations in the feed and higher aera-
tion retention times would favour the TCA cycle metabolism over the glycolysis pathway,
which would explain why the former has been more frequently encountered in WWTPs
and the latter in lab-scale enriched cultures.

Keywords: Enhanced biological phosphorus removal; anaerobic TCA cycle; glycogen;
PHA; metabolic modelling
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Resumo

A remogao biolégica de fésforo (EBPR) é um processo aplicado em estagdes de tratamento
de dguas residuais (ETARs), como uma forma sustentavel de remover fésforo, atuando
na prevencdo do fendmeno de eutrofizacdo. Este trabalho caracterizou o desempenho, o
metabolismo e a identidade da comunidade microbiana de um sistema EBPR em ETARs.
A quantificagdo dos polimeros internos de reserva, como o glicogénio e o polihidroxial-
canoato (PHA), é crucial para a caracterizacdo de um sistema EBPR. As condi¢des 6timas
foram sensiveis a heterogeneidade das amostras, tanto na estrutura microbiana (flocu-
lar ou granular) como, nos caso do PHA, do tamanho e do ntiimero de substituintes dos
monoémeros que formam o co-polimero. A caracterizagdo de seis ETARs com EBPR, em
termos do seu desempenho e da identidade e metabolismo microbiano, testado em ex-
periéncias controladas com acetato, revelou que a composigdo dos organismos acumu-
ladores de fosfato (PAOs) foi semelhante nas diferentes ETARs. Um clima mais quente
nédo foi suficiente para justificar uma presenga de organismos acumuladores de glicogé-
nio (GAOs) mais elevada. Foram observados diferentes niveis de PAOs desnitrificantes,
assim como o envolvimento do ciclo dos acidos tricarboxilicos (TCA) em anaerobiose.
Paralelamente, foi desenvolvido um modelo metabdlico, que incorpora o ciclo do TCA,
assim como uma nova descri¢do dos processos de manutencdo aerébios que descreveu
corretamente as transformagdes quimicas dos compostos extra- e intracelulares, neces-
sitando apenas de alguns ajustes nos pardmetros cinéticos. Simulac¢des de longo termo
demonstraram que concentragdes mais baixas de acetato, assim como periodos aerébios
mais longos, favoreciam o metabolismo do TCA em detrimento da glicélise, o que podera
explicar o facto de o TCA ter sido predominantemente observado em ETARs, ao invés da
glicolise, que tem sido mais frequentemente observada em reatores a escala laboratorial.

Palavras-chave: Remocdo bioldgica de fésforo; ciclo do TCA; glicogénio; PHA; modela-

¢do metabdlica
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Thesis outline

Summary A summary of the motivation for this work is presented in this section, to-

gether with an outline of the contents of each chapter that constitute the thesis.



1. THESIS OUTLINE



1. THESIS OUTLINE

Increasing levels of nutrients are being wasted, from domestic effluent to agricultural
run-off, with extremely damaging results to receiving water bodies, which then suffer
the consequences of eutrophication. As a new trend for urban management emerges,
one where sustainability should be at the core of city life, wastewater treatment plants
(WWTPs) will transit from rudimentary end-cycle facilities to complex technological in-
dustries where materials are separated, recovered, treated and recycled, hence providing
a source of energy, water and resources such as nutrients. The process of enhanced bi-
ological phosphorus removal (EBPR) has been used for many years as a reliable and
sustainable strategy to remove phosphorus from wastewater and thus reduce its impact
on eutrophication. Additionally, good phosphorus removal is a promising key factor in
order to achieve not only a satisfactory level of wastewater treatment, but also as one
of the initial steps towards phosphorus recovery, which will be of vital importance since

phosphorus is an essential element to life and its reserves are under severe depletion.

The main goals of the work presented in this thesis were to address different aspects
pertinent to EBPR, focusing essentially on full-scale systems, so as to offer a step fur-
ther in integrating and consolidating previous research work, mainly obtained in lab-
scale systems. These range from the methods for quantification of storage polymers,
to the identification and characterisation of the EBPR microbial communities and their
metabolic pathways as well as developing metabolic models to describe the overall pro-
cess. It is worthwhile to mention that the work was carried out in a collaboration with
Portuguese and Danish WWTPs. Although EBPR facilities have been functioning suc-
cessfully for many years in Denmark, this process is still relatively unexploited in Por-
tuguese wastewater treatment plants and the potential of Portuguese EBPR WWTPs had
never been characterised before. Hopefully, an ultimate goal, is that this work serves as
an encouragement for further developing this strategy in Portugal.

The thesis includes the following chapters and content:

e In Chapter 2, the importance of the preservation of the phosphorus cycle is dis-
cussed, by explaining briefly the vital dependency of life on phosphorus and by
reporting the abusive anthropogenic effect on phosphorus reserves. As the under-
standing of biological phosphorus removal is perfected, and as new technologies
are arising to recover the phosphorus captured in the biomass, wastewater treat-
ment plants will play a crucial role in converting this linear materials economy flow
into a closed cycle. Since the main focus of this work is on EBPR, the major con-
cepts defining EBPR, as well as the key findings on performance, eco-physiology,
metabolism, microbiology and modelling are presented in Chapter 2, so as to set
a base of the state of the art that will support the major findings uncovered in this
work.

e One of the first aspects addressed in the thesis was the assessment of robust and

3



1. THESIS OUTLINE

reliable methods for storage polymers quantification, namely glycogen (Chapter 3)
and polyhydroxyalkanoate (PHA) (Chapter 4). These storage polymers are relevant
parameters in the metabolism of organisms performing EBPR and many different
methods are described in the literature for different systems and by different au-
thors. Hence, when dealing with such a complex system such as WWTP sludge, it
is important to unveil the factors that might have an impact on the quantification of
these polymers, ranging from microbial composition and microbial structure to the
levels of the stored polymer. Chapters 3 and 4 were based on the optimisation of
the quantification methods in several microbial systems, including activated sludge
systems, and hence were able to determine key factors that should be addressed in
the quantification method and optimal analysis conditions, which could therefore
be applied to quantifying glycogen and PHA in WWTP sludge.

e Then, six WWTDPs performing EBPR were characterised in Chapter 5, by means
of their microbial composition and the performance of the sludge in lab-scale batch
tests with acetate as carbon source. The initial hypothesis was that when comparing
WWTPs from a cold-climate country (Denmark) and a warm-climate country (Por-
tugal), the microbial composition would differ, in particular with a higher presence
of glycogen accumulating organisms (GAOs), which are not favourable towards
the overall phosphorus removal process. GAOs have been suggested in the past
to possess a competitive advantage over polyphosphate accumulating organisms
(PAOs), the vital microorganisms that carry out the phosphorus removal process, at
higher temperatures. In addition, in Chapter 5, important findings are reported on
the metabolic pathways being used by PAOs and GAOs, which provides a further

contribution to the understanding of the metabolic versatility of these organisms.

e Using the experimental results determined in Chapter 5, in Chapter 6 it was pos-
sible to modify the established metabolic models validated for lab-scale cultures to
describe the data obtained with real sludge. This chapter addressed the necessary
model calibration protocols required to describe the data and was performed with a
view towards generating practically applicable strategies that can be implemented
by the wastewater industry. Additionally, the metabolic model developed was also
used as a tool capable of integrating a complex set of experimental data and of
providing new insights into the metabolic capacities of the microbial communities
involved in EBPR.

e Finally, in Chapter 7, a summary of the main findings is provided along with a
description of some questions that have emerged from the present work and that
should be addressed in future work.



State of the art

Summary This chapter provides an introduction to the concepts presented and dis-
cussed in this thesis. It aims to put into perspective the environmental problem that gave rise to
the biological nutrient removal process. Additionally, it serves the purpose of reviewing the perti-
nent literature, and therefore, the main advances put forward in the last years, so as to create the
necessary base for a constructive and supported discussion of the results found from the current
work.
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2.1 THE PHOSPHORUS CYCLE: CHALLENGES AND OPPORTUNITIES

”is

With your intensive agriculture...you re simply draining the soil of phosphorus. More than half
of 1% a year. Going clean out of circulation. And then the way you throw away hundreds of
thousands of tons of phosphorus pentoxide in your sewage! Pouring it into the sea. And you call
that progress. Your modern sewage systems!” His tone was witheringly scornful. "*You ought to
be putting it back where it came from. On the land.” Lord Edward shook an admonitory finger
and frowned. "*On the land, I tell you.”

Aldous Huxley, in Point Counter Point, 1928

Phosphorus (P) is a remarkable element and one of the few that is involved in the
foundations of life itself, along with carbon, oxygen, hydrogen and nitrogen. It is part
of the cell’s energy carrier, the adenosine triphosphate molecule (ATP), the cell’s genetic
material, the desoxyribonucleic acid (DNA), the cell’s barrier to the outside environment,
the phospholipidic membrane, and finally, the skeleton of all vertebrates, as a major com-

ponent of bones (Filippelli, 2008).

The natural biogeochemical cycle of P is unusual, in the fact that it is mostly restrained
to the solid and aqueous phases, since under the pressure and temperature conditions ex-
isting on Earth, gaseous forms of phosphorus are not stable (Filippelli, 2008). P is rarely
found in nature as a free element, but rather as a component of several minerals, mostly
in the phosphate form. Historically, the first supplies of P were extracted from guano,
the mineralised excrements of animals such as sea-birds or bats. However, the main re-
sources of P are found in the form of phosphorite, or phosphate rock, a sedimentary rock
composed essentially of apatites (calcium phosphate), resulting from the sedimentary
deposition of bone, shell and P precipitates (Ashley et al., 2011).

The natural P cycling, as shown in Figure 2.1, involves the weathering of phosphate
rocks, due to rain and wind erosion, releasing into the soil and aquatic environments a
flow of inorganic P, mainly in the form of phosphates. These are absorbed, transformed
into organic molecules and used firstly by plants, and then subsequently, by animals, as
nutrients for growth. The produced biomass or excrements, as well as the remains of
dead animals, return to the soil or water and are decomposed by microorganisms, which
mineralise P back to its inorganic form (Filippelli, 2008). Surface run-off, resulting from
rain, flooding, water infiltration and irrigation, carries some of the P contained in the
soil to the discharging water body. The excess P in water, depending on environmental
conditions, precipitates and sediments at the bottom of the water body, along with the
remains of organic matter and solid phosphate-rich materials such as bone or shells. Over
several million years, these deposits form a sedimentary layer of phosphate rock that is
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progressively elevated to the surface by natural tectonic movements (Filippelli, 2008).

Recycled Phosphorus
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Figure 2.1: P cycle diagram illustrating the natural cycling of P (dark green) and also the
interference of human activity on the natural cycle of P (light green) (Cordell et al., 2011;
Cordell et al., 2009)

The anthropogenic effect on the P cycle has been exponential over the last decades
(Ashley et al., 2011). Conventional agriculture relied on the natural concentration of P in
the soil for crops and animal production. Food was produced locally and crop, animal,
as well as human residues were recycled locally as fertiliser. With the industrial revo-
lution there was a huge population migration, from rural areas to cities, resulting in a
massive concentration of people in an area where nutrient recycling was no longer pos-
sible. Disease and hygiene were concepts that led to the so called Sanitation Revolution
(ca. 1850, in the United Kingdom), where waste was no longer treated as a solid compo-
nent returned to the soil, but as a liquid and diluted stream, centralised in the first sewer
systems, whose fate ended in water streams such as rivers, lakes or the sea (Seviour et
al., 2010b). This gradually led to an impoverishment of soils in nutrient concentrations,
in particular P. However, soon after, as many advances were made in the agronomical

and chemical sciences, both in the determination of soil composition, the optimisation
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of crop yields and the discovery of chemical processes to produce fertilisers, the gener-
alised use of phosphate rock as a P source began, in particular after World War II (Ashley
et al., 2011). Although, the main application of P is for fertlisers (approximately 85%
of the P mined, as indicated by Cordell et al. (2009)), other uses for P include sodium
tripolyphosphate, used as a softener in detergents, organophosphorus compounds, used
in the chemical industry as flame retardants or even herbicides, as well as its application
in the steel and food industry.

Since the regeneration of phosphate rock from lake or marine sediments takes several
million years, this resource is non-renewable in a human time scale and therefore our
society is using phosphorus in a throughput direction, from a concentrated source, to the
diffusion and dispersion of P in soil, landfills and water bodies. The implications of this
use (or abuse) of phosphorus are social, economical, political and environmental. As an
essential element to life and to sustain a balanced and productive environment, the deple-
tion of P sources, which have been estimated to last for another 50-100 years (Cooper et
al., 2011), will constitute a severe limitation that, contrary to other non-renewable com-
pounds, such as fossil fuels, cannot be replaced. This will have an extremely negative
impact on food production, especially in countries where food production already poses
a problem. Additionally, the main P resources are located in only a handful of countries,
in particular China, the USA and Morocco, where Morocco itself retains approximately
80% of the world’s P supplies. In fact, most countries are expected to end their P reserves
in the next decades, which would leave Morocco as the main P supplier in the world. The
reliance on one country for such a vital resource will inevitably lead to an issue in terms

of global phosphorus security (Cooper et al., 2011).

In environmental terms, as a cause of the excess P mining, instead of P recycling, there
has been an anthropogenic enrichment of phosphate in water bodies, a phenomenon
known as eutrophication (Figure 2.2). This enrichment overly stimulates the rapid growth
of cyano-bacteria, algae and some aquatic plants to the point where the ecosystem is suf-
focated due to lack of oxygen and nutrients and due to a dense surface layer of organic
matter that does not allow light to penetrate and promote photosynthesis (Anderson et
al., 2002). Some cyano-bacteria also release toxins that can severely decrease the qual-
ity of water, especially in bathing areas or near potable water sources. Furthermore, the
depletion of oxygen in the water body, as well as the progressive decomposition of the
organic matter resultant from the algae-bloom, have profound negative effects on land-
scape, on the quality of air, on fisheries and on the diversity of the ecosystem (Anderson
et al., 2002).

The increased perception that the human impact on the natural P cycle has brought,
and will further bring, tremendous problems, has served as a driving force to develop
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Figure 2.2: Photos of areas suffering from eutrophication in Portugal; a - Tamega River
(Magalhaes, 2011), b - Flores Lagoon, Azores (Lusa, 2011), c - Oeiras stream (Viseu, 2011)

new solutions for a more sustainable use of P in the future (Ashley et al., 2011). Cordell
et al. (2009) has mentioned that one of the main problems in the P cycle today are the
huge losses in the chain of production, the losses of P due to run-off and also the low
yield of P used for crops. From the P used as fertiliser, approximately 30% is lost due
to run-off, another 35% stays in the soil in non-available forms to plants and only 35%
is incorporated into plants and subsequently into animals. Also, from the total waste
produced in the food chain, approximately 60% of the mined P is or can be recycled back
to fertiliser (Cordell et al., 2009; Rittmann et al., 2011).

Therefore, many processes have been developed and are still being developed in or-
der to increase the plant uptake of phosphorus and phosphorus availability in soil, to
regulate the levels of application of fertilisers, to improve technologies and policies for
animal and crop waste recycling, to contain the level of nutrients in run-off streams and
finally to recover P from industrial and domestic wastes (Cordell et al., 2011; Rittmann
et al., 2011; Vaccari et al., 2011). This may lead to a new nutrient revolution, where a
multi-disciplinary approach must be considered - from the economical perspective, to
the technical challenges and ending with the social perception issues. However, a new
paradigm is already starting to come into place, one where nutrient recycling must be
considered, perhaps even at a local level, where the dilution and dispersion of nutrients

must be reversed to give rise to a concentration, valorisation and re-utilisation approach.

2.2 BIOLOGICAL PHOSPHORUS REMOVAL FROM WASTEWATER USING ACTI-
VATED SLUDGE PROCESSES

In the modern society materials economy, wastewater treatment plants (WWTPs) consist
of one of the main points where liquid waste streams can be centralised and treated. Since
many communities are facing scarcity of water and nutrients, and as new energy sources
must be found to progressively replace the fossil fuel hegemony, it can no longer be over-

looked the crucial potential of WWTPs as a worldwide industry transforming waste into
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valuable materials, including nutrients, energy, water and other recyclable materials (Ver-
straete et al., 2009). In particular for phosphorus, approximately 15% of the total mined
P flows through WWTPs and so far little is still recovered (Cordell et al., 2009). From the
P available in WWTPs, only 6% is recycled to the soil in processes such as water reuse
for irigation and composting of sludge, 53% is wasted into the receiving water bodies
and 40% is disposed of in landfills, which leaves a huge margin for improved P recovery
from WWTP (Cordell et al., 2009). Concentration and recovery of P in WWTPs is possi-
ble, making use of technologies that are already accessible such as, biological phosphorus
removal coupled with chemical precipitation of P in the forms of struvite (magnesium
ammonium phosphates) and apatite (calcium phosphates) (Rittmann et al., 2011). For an
efficient and sustainable P removal and P recycle, it is then of the utmost importance to
adequately control and understand the biological process of phosphorus removal, so as
to develop a solid foundation at the base of a widespread P recovery in WWTPs. This
subject is the focus of the present work.

The activated sludge process currently constitutes one of the most widespread means
for wastewater treatment. It has been in place since the early 20th century, when Ardern
and Lockett experimented with decoupling the hydraulic retention time (HRT) and the
solids retention time (SRT) in a fully aerated treatment system similar to a sequencing
batch reactor (SBR) (Ardern et al., 1914). Historically, the main goal of the first WWTPs
was to eliminate the organic matter in order to reduce the anaerobic decomposition, the
foul odours, the microbial pathogens and the heavily polluted charge to water bodies.
This was achieved by running a fully aerated process that would allow both the chem-
ical and the microbiological oxidation of the carbonaceous matter. With the discovery
of the negative impact of nitrogen compounds, such as nitrate, on aquatic life, the acti-
vated sludge processes evolved to incorporate nitrification (conversion of ammonium to
nitrate) and denitrification (conversion of nitrate to nitrogen gas). Hence, different plant
configurations were developed to include both aerobic zones (nitrification) and zones
without aeration, but where nitrate was present, or anoxic zones (denitrification). Finally,
in the late 1970’s, due to an increased perception of the effects of excess phosphorus being
released on the quality of aquatic ecosystems, due to eutrophication, WWTPs began to
include the removal of P.

The removal of inorganic P, or phosphate, can be done either by chemical precip-
itation, by adding most commonly iron, aluminium or calcium salts, or by biological
activity. While the former seems like a more robust and reliable strategy, it also faces
several limitations in the fact that reagents need to be added to perform the treatment,
aggravating the costs and producing higher amounts of sludge (Oehmen et al., 2007).
The latter was discovered in the late 1960’s when several authors and in particular, James
Barnard, began observing unexplained removal of phosphate in activated sludge plants.

11
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After several experiments with different plant configurations, it was concluded that for
phosphate removal to occur, an anaerobic phase should be provided, where a phosphate
release occurred, followed by a dramatic drop in phosphate levels in the subsequent aer-

obic phase, as has been reviewed by Barnard, 1983.

Since then, the engineering has walked hand in hand with the chemistry and the
microbiology and as the mechanisms underlying the process have become better under-
stood, several different configurations have been developed to achieve reliable phospho-
rus removal from wastewater and, in most cases, coupled with nitrogen removal. Some
examples include the conventional initial process, also called the A/O configuration or
2-stage Phoredox, and the A2/O process or 3-stage Phoredox (Figure 2.3). These two
systems, include an anaerobic zone followed by an aerobic zone (A/O) or by an anoxic
and then by an aerobic zone (A2/0) in order to remove phosphorus and nitrogen. Sys-
tems like the University of Cape Town process (UCT), the modified UCT (MUCT) and
the Johannesburg configuration are all variations of the initial Phoredox process, which
attempt to minimise the negative effects of nitrate on biological phosphorus removal as
the return activated sludge (RAS) recycle stream is fed to the anaerobic zone. Therefore,
these systems have altered the RAS such that it is recycled to a separate anoxic stage
in order to fully remove nitrate. Configurations such as Biodenitro, and the improved
version for phosphorus removal, that includes an anaerobic stage, Biodenipho (Figure
2.3), were designed as two systems in parallel that alternate between anoxic and aerobic
conditions and which are known for a high level of nitrogen removal. Space is another
crucial factor in plant design, since it is most often expensive and/or limited. Hence,
other configurations, such as the SBR, the membrane bio-reactor (MBR) technology, as
well as the activated sludge processes with granular sludge, are effective and more so-
phisticated systems that have increasingly been applied, however with some limitations
due to difficulties in their operation or due to high costs, e.g, in the case of MBRs (Seviour
et al., 2010b; Tchobanoglous et al., 1991). Finally, readily assimilable carbon substrates,
such as volatile fatty acids, are often limiting and therefore strategies need to be found to
provide the necessary substrates for adequate phosphorus removal and denitrification.
Return sludge side-stream hydrolysis (RSS) was developed by replacing the conventional
anaerobic stage with a long residence time stage, where approximately 20% of the return
sludge is fermented and then fed to the head of the anoxic tank (Vollertsen et al., 2006).

Presently, the biological removal of phosphorus, also known as enhanced biological
phosphorus removal (EBPR), is relatively well established from the operational point of
view. However, difficulties still lie on achieving a reliable removal without the use of
chemical precipitation as a polishing step in order to meet the regulatory limits, which
can be quite stringent in areas sensitive to eutrophication. The dynamic conditions of

a WWTP’s operation, i.e., variations in climate, influent composition and flow and the
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Figure 2.3: Examples of the EBPR configurations more relevant to this study: a - Con-
ventional A/O process; b - A2/O process; ¢ - Biodenitro process coupled with a return
sludge side stream hydrolysis

presence of toxic chemicals, can have a negative impact on the EBPR process and orig-
inate episodes with poorer removal efficiency, or even failure (Oehmen et al., 2007). In
general, the only added requirement for an EBPR plant, in comparison with a simple,
fully aerated activated sludge process, is the inclusion of an anaerobic zone prior to the
aerobic phase. EBPR also functions well with an anoxic stage, since phosphorus can be
removed both in aerobic and anoxic conditions, although recirculation of nitrate to the

anaerobic phase should be avoided (Barnard, 1982).

2.3 MICROBIOLOGY AND METABOLISM OF ORGANISMS INVOLVED IN EBPR

In WWTPs, the microbial community involved in EBPR only constitutes a minor fraction
of approximately 5-30% of the ecosystem (Nielsen et al. (2011), in Denmark, Gu et al.
(2008), in the USA, Wong et al. (2005), in Japan, Zhang et al. (2011), in China and Beer
et al. (2006), in Australia). It is divided into two main groups of organisms defined by
their phenotype: the polyphosphate accumulating organisms (PAOs), which contribute
to the removal of phosphorus, and the glycogen accumulating organisms (GAOs), which
do not contribute to the removal of phosphorus and therefore act as competitors to PAOs.

13
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PAOs consist of a group of aerobic organisms, capable of taking up, under anaero-
bic conditions, carbon substrates, such as acetate and propionate and store them as in-
tracellular carbon polymers, such as polyhydroxyalkanoate (PHA). The energy and the
reducing equivalents required to perform this biochemical reaction are obtained from
the hydrolysis of internal polyphosphate, producing ATP, and therefore releasing orto-
phosphate into the extracelullar medium, and from the hydrolysis of internal pools of
glycogen, using the glycolysis pathway. In the presence of an electron acceptor, such
as oxygen or nitrate, PAOs are able to use their internal stocks of PHA to produce en-
ergy and building blocks for the regeneration of their glycogen and polyphosphate pools,
as well as for growth (Oehmen et al., 2007). A schematic representation of the accepted
metabolism of PAOs is depicted in Figure 2.4. The general metabolism accepted for GAOs
is equivalent to the one of PAOs, however, without the ability to produce or consume
polyphosphate reserves.

Although the PAO and GAO phenotype has been quite well established, it is impor-
tant to note that these acronyms refer to groups of organisms, whose identity and full
diversity is yet unknown. The most relevant microorganisms involved in the EBPR pro-
cess have so far never been isolated in pure cultures, and thus, the knowledge obtained
has been the result of lab-scale cultures containing enriched communities of organisms
with a PAO or a GAO phenotype. While these enriched systems continue to provide
invaluable insight into the metabolic capacities of PAOs and GAOs, it is important to
stress that in real WWTPs, these communities would be flanked by many others, hence
forming a network of interactions that is yet difficult to infer from only lab-scale studies.
Those findings need to be continuously supported and confirmed with information ob-
tained from real systems, in an iterative way, in order to progress into a more complete

characterisation of such a complex dynamic system.
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With the advances in molecular biology, some very interesting methods have proven
extremely useful in deciphering the identity and the metabolism of organisms involved in
EBPR without the need to resort to classical isolation techniques. One of the first impor-
tant contributions was the design of clone libraries from 16S ribosomal ribonucleic acid
(rRNA) from lab-scale enriched cultures (e.g., Crocetti et al. (2000); Crocetti et al. (2002);
Kong et al. (2002)) and its application to designing oligonucleotide probes for fluores-
cence in situ hybridisation (FISH) for environmental samples (Bottari et al., 2006; Nielsen,
2009; Zwirglmaier, 2005). This technique targets rRNA with oligonucleotide probes to
visualise and quantify certain microorganisms or groups of microorganisms in mixed
microbial cultures. Coupling this technique with methods such as chemical staining for
PHA or polyphosphate visualisation (Crocetti et al., 2002; Kawaharasaki et al., 1999; Lev-
antesi et al., 2002; Serafim et al., 2002) or even to microautoradiography (MAR) (Wagner
et al., 2006) provides a powerful insight into the identity of the microorganisms as well as
their activity, or metabolism, in situ. Microbiological and eco-physiological studies have
taken advantage of advanced molecular biology methods to provide detailed knowledge
on the phylogenetic diversity within PAOs and GAOs, not only by targeting the 16S
rRNA regions (Kong et al., 2005; Kong et al., 2007; Slater et al., 2010; Wong et al., 2007)
but also by targeting the genes for the polyphosphate kinase enzymes (PPK1 and PPK2 as
discussed by He et al. (2007)), which catalyse the conversions of polyphosphate into en-
ergy (ATP and guanosine triphosphate or GDP) (Flowers et al., 2009; He et al., 2007; Kim
et al., 2010; Peterson et al., 2008). This approach has largely contributed to improve the
resolution in the phylogeny of PAOs and to distinguish between different types within
the same organism, with potentially different metabolic capacities, for instance concern-
ing denitrification (Carvalho et al., 2007; Flowers et al., 2009). Further progress has been
made with the support of more sophisticated techniques, namely metagenomics, which
came to resolve some controversial aspects of the abilities of PAOs, by providing evidence
of the available genomic pathways (Albertsen et al., 2011; Garcia-Martin et al., 2006).

The main PAO identified until now in full-scale systems and obtained in highly en-
riched cultures is Candidatus Accumulibacter phosphatis, hereafter referred to as Accu-
mulibacter, for which several FISH probes are available to detect and quantify its presence
in mixed microbial systems (Crocetti et al., 2000; Flowers et al., 2009). Accumulibacter has
been extensively studied, showing its ability to take up different carbon sources, prefer-
ably VFAs such as acetate or propionate, but also butyrate and valerate (Hood et al., 2001;
Pijuan et al., 2004b). Accumulibacter can withstand lower temperatures, down to 5°C (Brd-
janovic et al., 1997) and is favoured by neutral to higher pH (7-7.5) (Filipe et al., 2001b).
Phylogenetic studies using the PPK enzyme have been able to differentiate between five
different Clades (I, IIA-D) that appear unevenly distributed in different EBPR systems,
suggesting they have different ecological niches or functions (He et al., 2007). Based on
these results, FISH probes were designed to distinguish between Type I (Clade IA and
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other Type I Clades) and Type II (Clades IIA, IIC and IID) Accumulibacter (Flowers et al.,
2009).

Some organisms belonging to the Tetrasphaera genus have also been suggested as pu-
tative PAOs (Kong et al., 2005; Nguyen et al., 2011; Seviour et al., 2008a). However, an en-
riched culture has never been successfully obtained and therefore most of the information
known on their metabolism was obtained by MAR-FISH and staining studies (Kong et
al., 2005; Nguyen et al., 2011). Within Tetrasphaera, three Clades were identified (Nguyen
et al., 2011) and were shown to actively cycle phosphate when shifting from anaerobic
to aerobic conditions (Kong et al., 2005; Nguyen et al., 2011). Tetrasphaera seem to occupy
a slightly different ecological niche than Accumulibacter, since the carbon sources assimi-
lated are mostly casamino acids, glucose and, to a lesser extent, acetate (Kong et al., 2005;
Nguyen et al., 2011). Additionally, it is still unclear what type of storage compounds,
besides polyphosphate, it is able to store (Seviour et al., 2008b).

Concerning GAOs, two main groups have been identified with corresponding stud-
ies in lab-scale reactors leading to the development of clone libraries: Candidatus Com-
petibacter phosphatis (Crocetti et al., 2002; Kong et al., 2002), hereafter referred to as
Competibacter and Defluviicoccus vanus related GAOs, hereafter referred to as Defluviicoc-
cus, including the more well-studied Clusters I and II (Meyer et al., 2006; Wong et al.,
2004) and the recently discovered Clusters III and IV (Mcllroy et al., 2009; Nittami et al.,
2009) although only Cluster III has been suggested as having the expected GAO pheno-
type (Mcllroy et al., 2010). Competibacter has been the most studied GAO thus far and its
similarities with Accumulibacter’s metabolism are many. However, they do bear some dif-
ferences, notably in that Competibacter is unable to take up propionate efficiently (Oehmen
et al., 2005c), seems to be stimulated by higher temperatures (25-30°C) (Panswad et al.,
2003) and lower pH values (6.5-7) (Filipe et al., 2001a). Defluviicoccus seem more versatile
in terms of assimilable carbon sources, taking up acetate and propionate (Burow et al.,
2007; Wong et al., 2004).

Accumulibacter has been detected in many full-scale EBPR systems with numerous
configurations in countries such as Denmark, Japan, Australia, USA and the Netherlands,
in numbers that vary from barely detectable limits up to 20% of the biovolume of all bac-
teria. However, most Accumulibacter levels are quite stable from plant to plant, averaging
approximately 9% (Beer et al., 2006; Gu et al., 2008; Kong et al., 2007; Lopez-Vazquez et
al., 2008a; Nguyen et al., 2011; Saunders et al., 2003; Silva et al., 2012; Thomsen et al., 2007;
Wong et al., 2005). Competibacter levels are far more dynamic, from non-detectable up to
30%, in samples from Japanese WWTPs (Wong et al., 2005). Most of the time, the abun-
dance of Competibacter is lower than the abundance of Accumulibacter. However, when

the reverse is observed, the GAO fraction often led to a deteriorated EBPR performance
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(Guetal., 2008; Kong et al., 2007; Lopez-Vazquez et al., 2008a; Saunders et al., 2003; Wong
et al., 2005; Zhang et al., 2011). It is worthwhile to note that even in the case where GAOs
do not upset the EBPR function, they are still competing with PAOs for carbon, which re-
sults in increased carbon requirements leaving a lower fraction for other functions such
as denitrification (Saunders et al., 2003). The fraction of Defluviicoccus-related GAOs has
been less studied, although the abundance is generally lower. Until now, only in Aus-
tralia have significant amounts of Defluviicoccus related GAOs been observed, from none
detectable up to values higher than 25% (only Clusters II and III) (Mcllroy et al., 2009).
Additionally, significant values of Cluster II have only been found in two Danish plants
out of eleven (Burow et al., 2007), suggesting that the presence of these organisms is less
widespread. The abundance of Tetrasphaera-PAOs is generally higher than the fraction of
Accumulibacter or Competibacter, usually ranging on average from 5% to 30% (Beer et al.,
2006; Kong et al., 2005; Nguyen et al., 2011).

During the past 10-20 years, some aspects of the PAOs and GAOs metabolic char-
acteristics and capacities have been quite controversial. One of these aspects has been
the complete description of the anaerobic metabolism, and in particular, the source of
reducing equivalents. While the first biochemical model, proposed by Comeau et al.
(1986) and by Wentzel et al. (1986), suggested the involvement of the tricarboxylic acid
(TCA) cycle in anaerobic conditions to generate reducing equivalents, a second hypoth-
esis, proposed by Mino et al. (1987) and later by Arun et al. (1989), based on the use
of glycolysis, has gained a more general acceptance due to the support of experimental
stoichiometric results obtained mainly from lab-scale enriched cultures (cf. Figure 2.5
for the representation of the different metabolic pathways possible). However, many ex-
perimental results have shown that the TCA cycle could be active (Burow et al., 2008;
Hesselmann et al., 2000; Maurer et al., 1997; Pereira et al., 1996; Pijuan et al., 2008; Zhou
et al., 2009), either to its full extent or partially (e.g., the glyoxylate cycle or the split TCA
cycle), and the metagenomic analysis conducted in 2006 by Garcia-Martin et al. revealed
that Accumulibacter does possess the necessary genes that encode for the enzymes for the
functioning of either the full or the partial TCA cycle. As has been reviewed by Zhou
et al. (2010), this controversy could result from a diversity in metabolic pathways within
the Accumulibacter population or simply from the fact that all of these options are present

and can be activated under different conditions.

A second controversial aspect has been related to the denitrification capacities of
PAOs. It has long been shown that anoxic phosphorus removal is twice as advantageous
since it allows to remove phosphorus as well as nitrate with the same carbon require-
ments (Kuba et al., 1996b). Furthermore, since the anoxic metabolism is approximately
40% less efficient than with oxygen, this process has an overall lower sludge production
which entails less costs for sludge disposal, not to mention the cost-reductions with less
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Figure 2.6: Different denitrification abilities of PAOs and GAOs known to date (Burow
et al., 2007; Flowers et al., 2009; Kong et al., 2005; Kong et al., 2006; Wang et al., 2008)

aeration required (Kuba et al., 1996a). However, differing denitrification capacities were
obtained in different studies which would suggest contradictory results in terms of Ac-
cumulibacter’s ability to use nitrate as an electron acceptor, as reviewed in Oehmen et al.
(2007). Finally, a finer characterisation of the diversity within Accumulibacter was able to
clear that different Types would have different affinities towards nitrate (Carvalho et al.,
2007; Flowers et al., 2009): whereas Type I is proposed to denitrify from nitrate to nitro-
gen gas, Type II would only denitrify from nitrite to nitrogen gas (Carvalho et al., 2007;
Flowers et al., 2009) (Figure 2.6). This is yet another example of the variability of func-
tions being carried out by different sub-groups within the main organisms relevant to
EBPR and the selective pressures on each Type has not been identified yet. In the same
way, contrasting denitrification capacities have been shown for Tetrasphaera-PAOs and
for both GAOs, often with differences between Types or Clades. Some organisms within
Tetrasphaera were able to use nitrate, but not nitrite, for phosphorus cycling, most likely
indicating that they were unable to use nitrate all the way to nitrogen gas (Kong et al.,
2005) (Figure 2.6). As shown in Figure 2.6, subgroups of Competibacter revealed different
extents of denitrification (Kong et al., 2006; Zeng et al., 2003b) and the same applied for
Defluviicoccus, where Cluster I was shown to denitrify from nitrate to nitrite (Wang et al.,
2008), whereas Cluster II was not (Burow et al., 2007).

Finally, a main aspect to be considered is the factors impacting on the competition
between PAOs and GAOs, so as to control and reduce the presence of GAOs in full-scale
systems. The main factors suggested to negatively affect the performance of EBPR due
to competition with GAOs include higher temperatures (>20°C), the composition of the
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VFAs available (e.g., acetate over propionate), low carbon to P ratio, lower pH (<7) and
longer SRT, as reviewed in Oehmen et al. (2007). Many of these factors have been first
suggested in lab-scale cultures, although a much smaller number have been confirmed
in full-scale WWTPs (Gu et al., 2008; Lopez-Vazquez et al., 2008a; Zhang et al., 2011).
Thus, EBPR control strategies that are applicable to full-scale systems require further
study, especially since the ecological complexity and dynamics of EBPR makes it difficult
to point out isolated factors.

1994-1995

1999-2011

Integrated PAO and GAO model using acetate (Yagi et al, 2003)

PIIER  Integrated PAQ and GAO model using acetate and propionate
(Lopez-Vasquez et al., 2009)

Integrated PAO and GAO Anaerobic, Anoxic and Aerobic
model using acetate and propionate (Ochmen et al., 2010b)

Figure 2.7: Improvement of EBPR metabolic models based on the contributions of Brd-
janovic et al. (2000); Filipe et al. (2001a); Kuba et al. (1996a); Lopez-Vazquez et al. (2009a);
Meijer et al. (2001); Murnleitner et al. (1997); Oehmen et al. (2010b); Oehmen et al. (2005b);
Oehmen et al. (2006); Smolders et al. (1995); Smolders et al. (1994a); Smolders et al.
(1994b); Veldhuizen et al. (1999); Yagci et al. (2003); Zeng et al. (2002); Zeng et al. (2003a)

Dealing with such complex and dynamic microbial systems requires capturing the
inter-correlation between all the different relevant parameters: the microbial composi-
tion, the levels of internal reserve compounds and the environmental and operational
conditions. Each of these parameters, either individually or in association with other
parameters, has an impact on the kinetics, the stoichiometry and hence on the overall
efficiency of these organisms. Metabolic models, based on the biochemical knowledge
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and on the experimental results obtained in lab-scale cultures, have for many years at-
tempted to describe the functioning of complex EBPR systems, mostly, so far, at lab-
scale. They provide a very useful tool in describing and predicting the behaviour of
complex microbial systems due to the built-in mechanistic correlations between the dif-
ferent parameters. These provide an advantage over conventional activated sludge mod-
els (ASM), since as they rely on mass, energy and redox balances, they would purport-
edly require a simpler calibration procedure (Seviour et al., 2010b). Nevertheless, they
require a more detailed knowledge of the system, namely the type of organisms present
and their metabolic characteristics. Smolders et al. (1994b) developed one of the first
metabolic models describing the anaerobic and the aerobic metabolism of PAOs, using
either the anaerobic TCA cycle or glycolysis, with acetate as the carbon source. Since
then, a number of improvements and modifications have been added to the initial model,
as illustrated in Figure 2.7, to include the metabolism of PAOs and GAOs in anaerobic,
anoxic and aerobic conditions, with different carbon sources such as acetate and pro-
pionate. Hence, metabolic modelling serves a dual purpose as a bridge between the
knowledge on the biochemical and molecular mechanisms regulating PAOs and GAOs
and its impact on describing and predicting the functioning of real systems (Oehmen et
al., 2010a). On one hand, the models offer a comprehensive tool able to condensate and
interconnect many fundamental findings, and in that sense they are able to validate hy-
potheses or identify missing correlations (Oehmen et al., 2010a). On the other hand, they
can transpose as much of this acquired information as necessary to accurately describe
the performance of EBPR systems in lab-scale (Lopez-Vazquez et al., 2009a; Oehmen et
al., 2010b) as well as in full-scale (Meijer et al., 2001; Veldhuizen et al., 1999).

2.4 CHALLENGESIN UNDERSTANDING MICROBIAL EBPR COMMUNITIES AND
THEIR METABOLISM IN FULL SCALE SYSTEMS

The driving force behind research on EBPR systems has always been the need to improve
the final process and its performance, reliability and predictability. The assumption is
that by better understanding the microbiology, eco-physiology and biochemistry of the
organisms involved, the external factors can be thus controlled to stimulate a better per-
formance and to reduce competition with other organisms, such as GAOs. However,
major difficulties arise when studying systems whose microbial communities are so di-
verse and still largely unknown, and whose conditions on site are exceedingly dynamic,
ranging from variations in carbon source and nutrient availability, electron acceptors,
the presence of toxic compounds and environmental conditions such as temperature and
pH. The scientific approach to characterise such a complex system inevitably implies the
study of the effect of isolated parameters in controlled lab-scale systems and then the

testing in full-scale systems of the hypotheses produced. Currently, a lot of information
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has been produced by lab-scale systems and it is needed to apply the existing hypotheses
to real systems and to try to integrate the lab-scale knowledge with its application in real-
ity. This should constitute an on-going cycling process, from molecular and biochemical
studies of simple enriched cultures in lab-scale, to its validation in real systems, prefer-
ably using metabolic modelling as a bridge, as discussed previously, only to formulate
hypotheses with a broader scope and involving more complex systems that then will, in
turn be tested in controlled experiments in lab-scale. With the development of more so-
phisticated tools, in particular the ones involving meta approaches such as meta-genomics,
i.e., recovering the genome of multiple communities present in an environmental sam-
ple, as opposed to the traditional concept of relying only on clonal cultures, it has been
possible to obtain a wider picture of the genetic potential of a community, rather than of

one individual microorganism.

One of the challenges presented in this work was to determine whether the meth-
ods for the quantification of the carbon storage compounds relevant in EBPR, glyco-
gen and PHA, presently available were sufficiently robust and accurate, especially when
used in such complex matrices as activated sludge. The quantification methods for both
these compounds rely on cell lysis mechanisms and hydrolysis reactions and they both
have suffered variations over time. Hence, it was unclear which conditions would be
most favourable for the analysis of the mixed microbial communities of activated sludge,
which contain not only a highly diverse population, congregated in various cellular struc-
tures, from single-cell to heterogeneous-sized flocs, containing different levels of internal
polymers. Moreover, a reliable method is needed in order to accurately describe the small

changes often observed.

Concerning the identity and the metabolism of EBPR organisms, the main challenge
comes with asserting whether the observations put forward in lab-scale conditions are
transferable to full-scale systems. As a more detailed knowledge on these microbial
communities is attained, in particular now with the availability of increasingly complex
molecular tools, it is crucial to interpret this information in WWTPs and to correlate the
eco-physiology with selective pressures or environmental factors. For instance, what is
the distribution of the different microorganisms known to date as related to EBPR in
function of climate or operational conditions such as carbon availability? In permanently
fluctuating conditions, are the metabolisms expressed the same or contrasting to those
observed in lab-scale enriched cultures, and if there are differing results, what are the
hypotheses for the differences observed?

Finally, since metabolic models already provide the compilation of a significant amount
of knowledge on the main organisms involved in EBPR systems, an attempt has to be
made to apply these models to complex real systems. Although a combination of metabolic
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models and ASM models has previously been successfully applied to WWTP systems
(Meijer et al., 2001; Veldhuizen et al., 1999), it is important to assess how well the present
metabolic models, which have evolved to a new degree of complexity by incorporating
the activity of GAOs and its competition with PAOs, describe the behaviour of the sludge
and what should be the necessary calibration procedure. These answers would provide
an important step forward to the application of metabolic modelling, so that it becomes
a powerful predicting tool for real WWTPs.
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Optimisation of glycogen
quantification in mixed microbial
cultures®

Summary This study addressed the key factors affecting the extraction and quantifi-
cation of glycogen from floccular and granular mixed microbial cultures collected from activated
sludge, nutrient removal systems and photosynthetic consortiums: acid concentration, hydrolysis
time and concentration of biomass in the hydrolysis. Response surface modelling indicated that
0.9 M HCI and a biomass concentration of 1 mg.mL~! were optimal conditions for performing
acid hydrolysis. Floccular samples only needed a 2-h hydrolysis time whereas granular samples
required as much as 5 h. An intermediate 3 h yielded an error of 10% compared to the results
obtained with the hydrolysis times specifically tailored to the type of biomass and can thus be

recommended as a practical compromise.
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3. GLYCOGEN QUANTIFICATION 3.1. Introduction

3.1 INTRODUCTION

Glycogen, a polysaccharide formed of glucose units, is used as a storage compound by
different organisms (Preiss, 1984). The reversible interconversion of glycogen to glucose
and then to pyruvate through the glycolysis and the gluconeogenesis pathways, provide
cells with a useful source of carbon, energy (ATP) and reducing equivalents (NADH).
Therefore, the utilisation of storage compounds such as glycogen, but also polyphosphate
and polyhydroxyalkanoate (PHA), is often used as a survival strategy for bacteria present
in dynamic systems subjected to variable environmental conditions (Loosdrecht et al.,
1997).

The analysis and quantification of bacterial glycogen has been essential to the under-
standing of the complex microbial communities in various environments and glycogen
has been included as a major component in metabolic models for activated sludge (Kuba
et al., 1996a; Oehmen et al., 2010a; Oehmen et al., 2006; Smolders et al., 1994b).

Consequently, there is often a necessity to accurately quantify the glycogen content
of cells and to estimate the kinetics and stoichiometry of the process. Nevertheless,
metabolic modelling predictions for glycogen have often exhibited error rates as high as
20-25% exceeding those for PHA, phosphorus or acetate (Brdjanovic et al., 2000; Lopez-
Vazquez et al., 2009b). Therefore, an optimisation of the analytical method for glycogen
is needed.

Glycogen analysis can be carried out in several ways, depending on the type of cells
that are being investigated and also on whether the purpose of the analysis lies only on its
quantification or on its simultaneous recovery (Ernst et al., 1984; Good et al., 1933; Mau-
rer et al., 1997; Palmstierna, 1956; Parrou et al., 1997). Most methods include extraction,
precipitation and hydrolysis of the glycogen and measurements of the glucose produced.
The extraction can be performed under alkaline or acidic conditions and precipitation is
done with ethanol (Ernst et al., 1984; Good et al., 1933). Hydrolysis is achieved with acids
or enzymes (Ernst et al., 1984; Maurer et al., 1997). The analysis methods of the resulting
glucose include chromatography (Smolders et al., 1994b), colorimetric methods (phenol-
sulphuric method, anthrone method) (Fang et al., 2000) or enzymatic kits (Coats et al.,
2011).

A simple and high-throughput quantification method was developed by Smolders
et al. (1994b) and Maurer et al. (1997) to process several samples simultaneously. The
method most frequently used at present includes acidic hydrolysis of the biomass pel-

let or suspension with dilute hydrochloric acid to simultaneously extract and hydrolyse
glycogen.

The main limitation of this method is that it quantifies not only the glucose derived

from glycogen but the total glucose. For this reason, some studies refer to glycogen values
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as total carbohydrates (Bond et al., 1999; Fang et al., 2000; Maurer et al., 1997).

Since the established glycogen determination methods were developed for pure cul-
tures, cells from muscle and liver tissues or yeast (Ernst et al., 1984; Good et al., 1933;
Palmstierna, 1956; Parrou et al., 1997), they might not be useful for environmental sam-
ples containing mixed populations assembled in heterogeneous structures from single
cells to flocs or granules, usually bound together by extracellular polymers.

Acid concentration, hydrolysis time and biomass concentration play an important
role in the cell lysis and glycogen hydrolysis, as shown by their differing values used by
different authors, but these parameters have not been systematically optimised. There-
fore, in the present study, a design of experiments (DOE) strategy was used to assess the
influence of acid concentration, duration of the hydrolysis and amount of biomass on
glycogen determination.

3.2 MATERIALS AND METHODS

3.2.1 Design of experiments and response surface modelling

3.2.1.1 Factor selection and design of experiments

The effect of acid concentration was assessed with 0.3 to 0.9 M HCI with 0.6 M as the
central point, which is also the concentration most widely reported in the literature (Bond
et al., 1999; Carvalho et al., 2007; Guisasola et al., 2007; Maurer et al., 1997; Zeng et al.,
2003c). Since the reported hydrolysis times ranged from 2 to 6 h (Carvalho et al., 2007;
Guisasola et al., 2007; Serafim et al., 2002; Zeng et al., 2003c) hydrolysis times from 2 to
10 h with a central point of 6 h were applied. Biomass concentrations were chosen in the

range from 1 to 4 mg.mL~! with a central point of 2.5 mg.mL .

The goal was to assess the impact of these parameters, for different microbial cultures,
on one response factor: the glucose concentration per gram of biomass or total solids (TS).
For each microbial culture, the combination of factors and the number of experiments
were determined using a central composite face-centred design with three levels, one

central point and one replicate for each experiment (Eriksson et al., 2008).

3.2.1.2 Model building

The model for estimating the optimal working conditions was conceived using a re-
sponse surface modelling approach (RSM) (Montgomery, 2000) which fits a quadratic
equation (g) to the experimental values of glucose concentration (Eq. 3.1), considering

not only linear and quadratic coefficients (a) of the variables (x) but also all possible
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interactions between them. Coefficients were determined by multiple linear regression
(MLR).

3 3

q(x1, %2, X3) = A+ ) @pX+ Y| ;XiXj + A123X1X2X3 3.1)
i =)

In order to estimate each model’s coefficients, the values of glucose concentration
were normalised (z;) using the standard score method given by Eq. 3.2 (Cela, 2000). This
method, known as auto-scaling, transforms each value into the number of standard de-
viations () above or below the average of all the values obtained (7). This normalisation
was especially relevant when modelling combined results of two or more bacterial cul-
tures (cf. Sections 3.3.2 and 3.3.3) since each set of results displayed different ranges of

glucose concentration.

7= 42 (32)

The model coefficients were computed with Matlab 2006b (Mathworks Inc, USA) us-
ing the regstats function. The validation of the models was based on: the coefficient of
determination (R?), the regression’s goodness of fit and the lack of fit (LOF). The R? test
measures how well the regression model fits the experimental data. It compares the sum
of squares of the residuals (difference between the predicted value, g;, and the experi-
mental value, y;) to the total sum of squares (difference between each experimental value
and the average of all experimental values, 7) as indicated in Eq.3.3. R? = 1 indicates a
perfect fit with no deviation between the model prediction and the raw data.

R2=1 Yiyi — ‘71')2 (3.3)

Yilyi —9)?

The goodness of fit test compares the error of the fit of the model to the variance
of the predicted results. It uses an F-test to determine whether the sum of squares of
regression (difference between each predicted value and the average of all experimental
values) is significantly lower than the residual sum of squares as displayed in Eq. 3.4,
where each component is divided by their respective number of degrees of freedom (DF).
For the sum of squares of regression, DF is the number of parameters (P) of the model
equation, whereas, for the residual sum of squares, DF is the difference between the total
number of experiments performed (N) and the number of model parameters minus 1.
This criterion is satisfied in a 95% confidence interval when the probability value (p),
determined through the F-test, is lower than 0.05 (Montgomery, 2000).

Yogi—9?  N-P-1
F = 4
P Tai— ) G4
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The LOF test, as given in Eq. 3.5, uses an F-test to assess whether the model’s error
(difference between the average of replicates for each experiment, i7;, and the predicted
value) is comparable to the replicate error (difference between the experimental value
and the average of replicates for each experiment). If a model has a good fitting, then its
error (also called lack of fit) should be comparable to the error between replicates (also
called pure error), for a data set where n replicates are available for each experimental
condition i. The DF of each term is n — 2 and N — n, respectively. Using an F-test, this
criterion is satisfied within a 95% confidence interval when the resulting p-value is higher
than 0.05 Eriksson et al., 2008.

_ L MY — qi)? » N—n

F
n—2 Zn,i (yn,i - y_i)z

(3.5)

3.2.2 Characteristics of the bacterial cultures

Four systems were chosen containing mixed microbial cultures with different characteris-
tics such as feed source, scale of operation, type of bacterial aggregates (flocs or granules),
operation cycle and concentration of glycogen.

The first bacterial culture (1-FH) came from a 4.4L lab-scale sequencing batch reac-
tor (SBR), operated under photosynthetic non-aerated conditions, fed with a synthetic
wastewater containing acetate as the carbon source. It was enriched in photosynthetic
polyhydroxyalkanoate (PHA) and glycogen accumulating organisms, composed essen-
tially by bacteria and algae, aggregated in flocs, and containing approximately 8% (w/w)
of glycogen.

The second microbial culture (2-FL) came from a wastewater treatment plant (WWTP)
(Beirolas, SIMTEJO, Lisbon, Portugal), operated under sequential anaerobic, anoxic and
aerobic conditions and fed with wastewater containing a mixture of domestic and in-
dustrial fractions. Its microbial population was composed by flocs containing a high
diversity of organisms, including a high fraction of filaments and an overall low amount

of intracellular glycogen of approximately 3% (w/w).

The third culture (3-GL) was obtained from a 30-L lab-scale SBR performing biolog-
ical nutrient removal (BNR), operating under alternating anaerobic-anoxic-aerobic con-
ditions, fed with domestic wastewater obtained from Quart WWTP (Girona, Spain). The
microbial population was aggregated in flocs and granules and contained an enrichment
in polyphosphate- and glycogen-accumulating organisms, with a total glycogen content
of approximately 3% (w/w).

The fourth culture (4-GH) was collected from a 2-L enhanced biological phosphorus

removal (EBPR) SBR, operated under anaerobic-aerobic conditions, fed with synthetic
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wastewater containing 75% acetate and 25% propionate. Its microbial population was
aggregated into small-sized granules and was enriched in polyphosphate-accumulating

organisms containing approximately 9% (w/w) intracellular glycogen.

3.2.3 Glycogen quantification

Each biomass was collected by centrifugation (10 000 x g; 5 min) and freeze-dried over-
night. The pellets were weighed into air-tight Pyrex tubes, to which 2 mL of a dilute
solution of HCl was added. The tubes were incubated in a heating-block at 100°C for the
selected hydrolysis time. The samples were cooled in an ice bath, the supernatant was
extracted, filtered (0.2 ym pore size), and glucose was analysed using an ion-exchange
Aminex HPX-87H HPLC column (BIORAD, USA), coupled to a refractive index detector
(Merck-Hitachi, Germany) and operated at 30°C and 0.5 mL.min !, with 0.005 M H,SO4
as the eluent. Samples were analysed in duplicate.

3.2.4 Stereomicroscopic imaging

Images of the microbial cultures were taken using a stereomicroscope (SteREO Discovery
V12, Zeiss, USA) with transmitted light (Schott KL2500) and coupled to a digital camera
(Coolpix-4500, Nikon, Japan).

3.3 RESULTS AND DISCUSSION

3.3.1 Individual models for each microbial culture
3.3.1.1 Model compilation and validation

The analytical conditions for a set of 15 different experiments were determined through

the DOE and were applied in duplicate, for each microbial culture.

These conditions and the resulting glucose concentrations are outlined in Table 3.1.
The results cover a range where the maximum value is approximately three times higher
than the minimum value and significantly different considering the replicate error. For
example for culture 1-FH, the minimum value was 47 + 4 mg.gTS™! and the maximum
value was 120 + 21 mg.gTS™!. This implied that the factors chosen had a significant

impact on the amount of glucose extracted.

Using each set of results, a quadratic model was compiled and its coefficients deter-
mined through MLR (cf. Table 3.2). It should be noted that the given model coefficients
were estimated using normalised y-values, according to Eq. 3.2. The validity of the mod-

els is presented in Table 3.3.
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Table 3.1: Average glucose concentrations, in mg of glucose per total solids (TS), obtained
in each set of experiments

Experimental conditions Glucose concentration (mg.gTS ')
Acid Hyd. Bio.
Exp.n® conc. time conc. 1-FH 2-FL 3-GL 4-GH
™M) () (mgmL")
3 0.3 2 1 61+2 29+8 2210 £0.08 61 +10
1 0.3 2 4 47 + 4 14+1 16 +1 42 +4
5 0.3 6 25 81+1 259+09 26+4 101.02 + 0.04
4 0.3 10 1 75+12 30+1 25+7 105 £ 15
9 0.3 10 4 76 £ 2 253+04 2941 102 £2
2 0.6 2 2.5 82+1 19 £1 22+ 6 74+ 8
13 0.6 6 1 101+3 2945 32+1 122 + 32
7 0.6 6 2.5 86 +4 258 +02 276+0.7 98 +17
12 0.6 6 4 79+7 251407 2943 9 + 4
6 0.6 10 25 86 £1 20.6 £0.2 28 +10 104 +£1
8 0.9 2 4 69 £7 16 +4 28 +£5 63 £ 38
10 0.9 6 2.5 73+5 28 +6 29 +7 100 + 2
11 0.9 10 1 734+25 N.D. 29+9 101+ 11
14 0.9 10 4 53+2 25 +4 34+13 102 + 16
15 0.9 2 1 120 £21 4245 416 +0.2 109 + 4

Table 3.2: Estimated model coefficients (1: acid concentration; 2: hydrolysis time; 3: cell
concentration).

1-FH 2-FL 3-GL 4-GH Flocular Granular Global

model model model
ag -5.19 -1.08 -1.6 -3.88  -3.06 -3.31 -2.89
a 16.55 3.38 5.27 7.35 10.09 6.6 7.93
a, 0.6 0.82 0.38 0.89 0.73 0.73 0.68
as -0.05 -0.57 -0.65 -031 -0.36 -04 -0.47
a;n  -746 1.83 0.12 -2.31 -2.84 -0.77 -1.69
a, -1.03 -097 -027 -053 -1.02 -0.47 -0.65
a;3 -073 -0.68 03 -0.4 -0.69 -0.36 -0.48
a» -002 -004 -002 -0.04 -0.03 -0.04 -0.03
a3 -0.01 -0.01 0.03 -0.001 -0.008 0.01 0.008
azz 0.01 -0.05 0.05 0.03 0.03 0.03 0.04
a;ps 0.1 0.13 -0.006 0.05 0.11 0.02 0.05
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The value of R? for the correlation between experimental and prediction values was
higher than 0.8 for cultures 1-FH and 2-FL and higher than 0.7 for culture 4-GH. Although
typical R? values for adequate fits are usually higher than 0.9, a value of R? higher than
0.7 was considered acceptable (Lundstedt, 1998). Additionally, it is important to state that
the method for glycogen analysis is prone to a significant error between replicates, whose
causes have not yet been identified. The high error between replicates contributed to a
dispersion in the values, affecting the quality of the fit. In fact, for the 3-GL model, a
low R? was obtained (0.61), mainly due to the quality of the results produced for this
particular microbial culture, since the replicate values indicated the highest error of all.
Sample heterogeneity may be one of the main sources for error between replicates since,
in fact, it is observed that the cultures with a higher heterogeneity have a higher error:
1-FH culture being the most homogenous system and 3-GL being a more heterogeneous
system composed of a mixture of flocs and granules. Other error sources, affecting all
analyses, may derive from the sensitivity of glucose molecules to oxidation and rapid
degradation (Slimestad et al., 2006).

Table 3.3: ANOVA coefficients for floccular (Floc.), granular (Gran.), and global (Glob.)
models and the corresponding optimum predicted values

1-FH 2-FL 3-GL 4-GH Floc. Gran. Glob.

R? 081 08 061 077 08 079 0.73
p-value (<0.05) 0.00 000 002 0.00 0.00 0.00 0.00
LOF (>0.05) 024 055 077 075 057 0.30 0.35
Average replicate error (%) 8 10 17 12 - - -
Hydrolysis time (h) 2 2 3 6 2 5 3
Acid concentration (M) 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Biomass concentration (mg.mLfl) 1 1 1 1 1 1 1

Nevertheless, all the model predictions, including the model for biomass 3-GL, lie
within a 95% confidence interval, since the p-values were below 5%. Simultaneously, all
the models have a good fitting of the data since the LOF values were higher than 5%,
indicating that the error of the model was lower than the error between replicates within
a 95% confidence interval. Therefore, despite the low coefficient of determination, in par-
ticular for the 3-GL model, its predictions were considered and discussed. Furthermore,
its outcome agreed well with the main trends observed in the other models, i.e. thata
higher acid concentration and a lower biomass content leads to improved results. Also,
the conditions predicted for the maximum glucose concentration match the conditions

tested experimentally (experiment number 15 of Table 3.1).

39



3. GLYCOGEN QUANTIFICATION 3.3. Results and discussion

3.3.1.2 Determination of optimal conditions

The conditions leading to maximum glucose recovery, predicted from the equations ob-
tained for each model, are shown in Table 3.3. For all the cultures, the optimum method
conditions imply the use of a 0.9 M HCI and a biomass concentration in the reaction vol-
ume of 1 mg.mL~!. The optimum hydrolysis time, on the other hand, varies from 2 h for
cultures 1-FH and 2-FL to 6 h for culture 4-GH.

According to the models, the biomass concentration has a strong impact on the quan-
tity of glycogen extracted, at least in the range of acid and hydrolysis times tested (Fig.
3.1). Fixing the acid concentration at the optimum value, i.e. 0.9 M, the highest concen-
trations of glucose were obtained for lower biomass concentrations and for a particular
hydrolysis time interval, which varied according to the microbial culture. For lower hy-
drolysis times, an increase in the biomass concentration from 1 to 4 mg.mL*1 led to a
decrease in the glucose obtained by approximately 30-40%. This effect may be caused
by an incomplete extraction or hydrolysis of glycogen when the concentration of cells is
increased. Also, biomass concentrations lower than 1 mg.mL~! might still further im-
prove the analysis. However, due to the experimental conditions used in this study (type
of tube, acid volume, heating-block model, scale precision), 1 mg.mL_1 of biomass was
considered to be the minimum value possible within an acceptable error range for the
weighed value of 5%. In order to reduce this biomass concentration even further ei-
ther less biomass or a higher volume should be employed. The former will increase the
weighing error and will also reduce the portion of the sample analysed which might then
affect the reproducibility of the analysis as discussed in section 3.3.4. The latter could be
employed to a certain extent, as long as the volume is fully encased inside the thermo-
block. However, as will also be shown in section 3.3.4, an increase in volume reduced the

glucose concentration obtained.

The effect of acid concentration and hydrolysis time can be visualised in the surface
response graph represented in Fig. 3.2, where the third variable tested, the biomass con-
centration, was fixed at the optimum predicted for all models (i.e. 1 mg.mL™1).

The acid concentration had a positive effect on the extraction of glycogen for all cul-
tures, especially for lower hydrolysis periods. In fact, an interaction effect between acid
concentration and duration of hydrolysis was observed (Fig. 3.2): the higher the acid con-
centration, the lower the hydrolysis time needed. Actually, increasing the hydrolysis time
beyond its optimum value might even result in a decrease in the glycogen concentration.
The inverse is not necessarily true, meaning that lowering the acid concentration cannot
be compensated by increasing the hydrolysis time. Therefore, a higher acid concentration
is essential to obtain maximum glucose extraction.

Since the optimal acid concentration indicated by the models (0.9 M) was also the

maximum concentration tested, an additional experiment was carried out to test higher
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Figure 3.1: Surface contour plots indicating the models” prediction of the glucose concen-
tration per biomass (mg.gTS™!; shown in the colour gradients and values in boxes) using
different biomass concentrations and different hydrolysis times with the acid concentra-
tion fixed at 0.9 M HCl
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Figure 3.2: Surface response graphs of the glucose extracted for each microbial culture at

different acid concentrations and hydrolysis times; the biomass parameter was fixed at

the optimum predicted by the model (1 mg.mL~!)
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acidic concentrations of 1.2 M and 1.5 M (results not shown). Both of these concentrations
led to a poor resolution in the HPLC analysis. Therefore, 0.9 M was chosen as the optimal

acid concentration when using the HPLC analytical method chosen in this study.

The duration of the hydrolysis was the only factor whose optimum differed among
the microbial cultures. The models for floccular cultures indicated that the minimum
hydrolysis time tested (i.e., 2 h) already leads to the maximum recovery of glycogen,
whereas the models for cultures containing granules indicated the need for a longer hy-
drolysis time (>3 h). However, the optimum method for the 3-GL culture required consid-
erably less hydrolysis time than the 4-GH culture (3 h and 6 h, respectively). The longer
hydrolysis time for 4-GH could have been due to the higher glycogen concentration or to

differences in the granule’s structure resulting in different mass-transfer rates.

3.3.1.3 Glycogen extraction and hydrolysis kinetics

In order to confirm whether the glycogen content affected the optimum digestion time,
the glycogen hydrolysis was followed over time using microbial cultures with high and
low glycogen content (1-FH and 2-FL), as well as glycogen from bovine liver (type IX,
Sigma, USA) as control (1 g.L~1). The experiment was performed using the optimum
conditions predicted by the models, namely 0.9 M HCl and 1 mg.mL ™! for the biomass
concentration. In order to determine the kinetic equation of each reaction, the experi-
mental results were handled using the Euler method. Each set of results fitted Eq. 3.6
with an R? of 0.97, 0.95 and 0.91 for 1-FH and 2-FL cultures and glycogen from bovine
liver respectively, thus, indicating that the hydrolysis rate followed a similar first order
kinetic profile for the microbial cultures and the pure glycogen. Therefore, the hydroly-
sis rate is linearly dependent on the concentration of glycogen: the higher the glycogen
concentration, the faster the hydrolysis (c.f. Fig. 3.3).

Z—[Z = —0.022g9 (3.6)

Even though the rate of hydrolysis is directly proportional to the concentration of
glycogen, a full hydrolysis can be defined as the time when a certain threshold (i.e., ex-
traction of 90% of total glycogen) is extracted, hence, this time is independent of the
initial glycogen concentration. According to this model, 104 min was the minimum time
needed for the hydrolysis of 90% of the initial glycogen for all three examples tested. This
result also validated the optimum hydrolysis time obtained by the design of experiments
where, according to this kinetic model, 2 h would be sufficient for a 93% recovery of the
total glycogen content.
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Figure 3.3: Glycogen hydrolysis profile for a high (1-FH) and low (2-FL) glycogen content
microbial culture compared with the hydrolysis curve of pure glycogen from bovine liver
at 0.9 M HCI

3.3.1.4 Cell aggregation differences

Since the concentration of glycogen does not affect the hydrolysis time, the other vi-
able hypothesis to explain differences in the optimum hydrolysis period for floccular
and granular biomasses is related to cell aggregation which would hinder cell lysis or
permeation of acid inside the cell. In order to assess this hypothesis, samples of each
microbial culture were observed under a stereomicroscope to evaluate differences in cell
agglomeration structures. Whereas cultures 1-FH and 2-FL present relatively homoge-
neous floccular structures, culture 3-GL reveals a mixture of heterogeneous flocs and
granules in variable sizes and culture 4-GH is mainly composed of small sized granules
(Fig.3.4). This suggested that the complexity and the compaction in cell aggregation are
directly related with the need for a longer hydrolysis time.

3.3.2 Models for floccular and granular biomass

The main goal of this study was to contribute towards a glycogen analysis method that
could be used universally. However, since the cell aggregation state of the microbial cells
was identified as affecting the method’s efficiency, the possibility of developing separate
models for floccular and granular cultures was investigated. Results for both of these
models are shown in Table 3.3.

The values of R? for both models were 0.85 and 0.79, which are acceptable when
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Figure 3.4: Stereomicroscopic images of each microbial culture tested (bar corresponds to
500 pum)

applied to biological cultures. Both models are statistically acceptable according to the
F-test (p-value) and by showing no lack of fit (LOF).

As expected, these models indicate an optimum hydrolysis time of 2 h for the floccular
cultures and a hydrolysis time of 4.7 h for granular cultures. If both granular microbial
cultures were to use this method instead of their optimised methods, the values obtained
would differ by less than 2% (Table 3.4). This indicated that, according to the type of cell
aggregation of the microbial culture to be analysed, it is reliable to use shorter hydrolysis
periods for mostly floccular cultures, i.e. 2 h and longer digestion times for granular
cultures, i.e. 5 h.

Table 3.4: Sensitivity analysis of the glucose concentration obtained for each microbial
culture using the methods developed from the floccular, granular and global models, as
well as methods from the literature

Glucose predicted (mg.gTS™!) 1-FH 2-FL 3-GL 4-GH
Individual model condsts. 1132 356 41 118.1
Floccular model condts. (0.9 M/2h/1 mg.mL™!) 1132 356 408 103.3
Granular model condts. (0.9 M/5h/1 mg.mL™1) 98.8 335 405 1169
Global model condts. (0.9 M/3 h/1 mg.mL™!) 1084 354 41 1101

Lit. method n°1-0.6 M/1h/5 mg.mL~! (Smolders et al., 1994b) 794 146 206 518
Lit. method n°2 - 0.6 M/2h/2.5 mg.mL’1 (Carvalho et al., 2007) 976 263 294 82.8
Lit. method n°3-0.6 M/6h/4 mg.mL’1 (Guisasola et al., 2007) 94 26.8 24.7 1044
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3.3.3 Global Model

Although it was possible to identify cell aggregation as the main factor behind variable
hydrolysis times needed for maximal glycogen extraction, it is not always possible to
know before-hand what is the type of aggregation of the samples to analyse. Therefore,
a global model was developed, using all of the experiments done for the four different
types of microbial cultures (Table 3.3). This global model described the set of results
within a 95% confidence interval since the p-value and LOF were lower and higher than
0.05 respectively and the R? value was higher than 0.7. As a result of the inclusion of two
floccular, one semi-granular and one granular culture, the model predicts an optimum
hydrolysis time of 3 h.

When comparing the models for each individual culture with the floccular, granular
and global models, it was possible to analyse what would be the difference when using
the optimised method for flocs or granules versus the global method (Table 3.4).

For all the cases, the glucose concentration obtained with the floccular or granular
model was similar to the one obtained with the individual model i.e., within the replicate
error. For cultures 1-FH, 2-FL and 4-GH, using the non-adequate model e.g., using the
floccular model for the granular culture, resulted in losses equal or higher to the maxi-
mum replicate error in the range of 6 to 12%. So, when in doubt of the aggregation type,
it is recommended to use the global method. However, for culture 3-GL, maximum glu-
cose concentration results were very similar using either the individual, or any of the

other models.

The concentration of glucose obtained using the global model method was within the
error range for all cultures, showing that this method would work appropriately regard-
less of the type of biomass. Finally, according to the models, it was possible to determine
the glucose concentrations for each of the cultures if the methods available in the liter-
ature had been used. Methods using 1 h hydrolysis (Literature method No.1) showed
30-60% lower results than the methods obtained in this study. Methods using 2 and 6
h (Literature method No.2 and No.3) also showed lower values, although with less of
a difference (15-30%), since the hydrolysis time was equal or higher than the minimum
value of 2 h obtained in this study. In particular, Literature method No.3 showed a low
deviation for the 4-GH culture, since its conditions approximated the optimum ones de-

termined for granular cultures.

3.3.4 Other relevant factors for practical implementation

Besides the effect of acid concentration, hydrolysis time and biomass concentration, as
well as the type of aggregates in the system, other details might also be of interest. The
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volume of the acid solution could be important to control, but these considerations de-
pend on which experimental setup is available in the lab, namely the type of heating-
block used and the maximum volume allowed in each tube. The level of the liquid must
be fully encased inside the heating-block in order to assure complete thermal homogene-
ity. As an example, three experiments were conducted using 16 replicate samples in each
experiment where, while maintaining a constant biomass concentration, the reaction vol-
ume was increased from 2 to 5 to 8 mL. Even though both 2 mL and 5 mL volumes were
still encased inside the heating-block, the glycogen content decreased 12% with each of
the increases in volume. Therefore, it is recommended that hydrolysis volumes should
be kept low to minimise temperature gradients inside the tubes.

An important reference should be made to the high replicate errors obtained for the
glycogen analysis (8-17%). The heterogeneity of samples is a factor that may influence
greatly the error of glycogen analysis in environmental samples (Apostolides et al., 1981).
This was observed in this study, since the replicate error increased in accordance with
sample heterogeneity, with the highest error obtained for biomass 3-GL, which was com-
posed of a mixture of flocs and granules. If the composition is heterogeneous, in terms
of its aggregation mechanisms, the sample composition captured in a 1-2mg portion will
have some variability, therefore reducing its reproducibility, especially since, from the re-
sults presented here, there is a great difference in the parameters needed for floccular and
granular biomasses. Further investigation of these factors should still be undertaken to
fully understand their impact on glycogen quantification and provide solutions to min-

imise their occurence.

3.4 CONCLUSIONS

Glycogen analysis is sensitive to acid concentration, hydrolysis time and biomass con-
centration. It is proposed that a new method should include using 0.9 M acid and 1
mg.mL~! of biomass. The time of the hydrolysis should be adapted according to the
granulation type of the culture: 2 h for floccular cultures, 5 h for granular cultures and an
intermediate value of 3 h when the aggregation state is unknown or dynamic.
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Factors impacting on

polyhydroxyalkanoate (PHA)
quantification in mixed microbial
cultures

Summary Polyhydroxyalkanoate (PHA) is a polymer that has gained much interest due
to its biodegradability, biocompatibility and its role in environmental microbial cultures. Through
the years, many studies have referenced different conditions for the acidic methanolysis quantifi-
cation method. However, although some studies have addressed the optimisation of this method,
there has not been a systematic approach towards understanding the mechanisms leading to an
optimal PHA quantification in different microbial cultures and for different PHA monomers. This
study used independent experiments as well as a design of experiments approach to determine the
effect on PHA quantification of acid concentration, hydrolysis time and biomass concentration
during the hydrolysis. Experiments were carried out in six different mixed microbial cultures
from different systems: from full-scale activated sludge systems to specific PHA accumulating
cultures, containing high and low PHA fractions and from floccular to granular sludge. Results
indicated that the overall hydrolysis kinetics was limited by the kinetics of the PHA hydroly-
sis in floccular cultures, whereas in granular cultures, it was limited by the cell lysis step. The
monomeric composition of the polymer also has an impact on the hydrolysis rate, therefore a higher
acid concentration and a longer hydrolysis should be employed when quantifying monomers with
more substituents. The biomass concentration used should be between 3 and 10 mg/mL in order
to obtain the maximum monomer recovery.
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4. PHA QUANTIFICATION 4.1. Introduction

4.1 INTRODUCTION

Polyhydroxyalkanoate (PHA) are polymers composed by a family of polyester mono-
mers which include over 110 different molecules with varying backbone length from 4
to 16 carbons (Rijk et al., 2005). PHA synthesis from an external carbon source has been
identified in a great number of different bacteria, who utilise this polymer as a carbon,
energy and reducing equivalents storage product when facing limiting conditions (e.g.
nutrients or oxygen) (Lee, 1996; Loosdrecht et al., 1997). PHA is accumulated inside the
bacterial cells as discrete granules that are often composed of different monomers, form-

ing a co-polymer, e.g., poly-(3-hydroxybutyrate-co-3-hydroxyvalerate).

PHA can largely contribute as a biodegradable and renewable alternative to replace
the fossil-produced polyesters that currently hold the majority of the plastics market.
Using pure or mixed cultures fed on waste material or industrial by-products, several
authors were able to show the feasibility of producing a new generation of more sustain-
able and biocompatible plastics (Reis et al., 2003).

Additionally, PHA also plays a significant role as a storage polymer in environmen-
tally engineered processes (Loosdrecht et al., 1997). Due to the dynamic conditions of
these processes, either purposely imposed or due to variations in climate, flows or influ-
ent composition, they often favour the selection of organisms that are able to take advan-
tage of storage molecules in order to survive. Therefore, PHA has for a long time been
included in biological wastewater treatment models (Smolders et al., 1994b) and is often
a key compound when addressing the metabolism of bacteria present in such systems
(Mino et al., 1998; Oehmen et al., 2007).

The method that is most widely used for PHA quantification in bacterial systems
was developed by Braunegg et al. (1978) for a polyhydroxybutyrate (PHB) producing
pure culture, Alcaligenes eutrophus. He proposed using an acidic methanolysis reaction
(3% v/v sulphuric acid) at 100°C for 3.5 h. The combination of acid and temperature
will induce cell lysis, so as to allow access to the polymer, and the combination of acid
with the methanol allows for the polymer’s hydrolysis and conversion into methyl-ester

monomers. The resulting monomers are then analysed by gas chromatography (GC).

Since the design of the initial method, several modifications and improvements have
optimised the length of the hydrolysis, the acid concentration needed, as well as the type
of sample preparation (Apostolides et al., 1981; Baetens et al., 2002; Comeau et al., 1988;
Huijberts et al., 1994; Jan et al., 1995). In particular, one important modification has been
the adaptation of the initial method, designed for pure cultures, to complex systems,
such as mixed microbial cultures (Apostolides et al., 1981; Jan et al., 1995). In this case,
microorganisms are not in suspension but form complex and heterogeneous structures,
such as flocs or granules, aggregated due to polymers, such as exopolysaccharides. This

situation could lead to a loss of reproducibility in the PHA analysis, as well as a more
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difficult access of the acid and methanol to the PHA polymer. Comeau et al. (1988) further
validated the method for polyhydroxyvalerate (PHV) and several authors followed in
adapting the method for medium-chain length (MCL) monomers (Brandl et al., 1988;
Gross et al., 1989; Lageveen et al., 1988; Oehmen et al., 2005a). A summary of the methods
used by different authors can be found in Table 4.1.

The need to quantify PHA in different systems containing different PHA composi-
tions, as summarised in Table 4.1, from pure cultures producing only PHB as stated
in Braunegg et al. (1978), to complex mixed cultures producing PHB, polyhydroxy-2-
methylbutyrate (PH2MB), PHV, polyhydroxy-2-methylvalerate PH2MV and polyhydro-
xy-2-hexanoate PHHX as reported by e.g., Liu et al. (1996), has resulted in multiple vari-
ations of the initial PHA quantification method.

This work intended to resolve what are the impacting factors on PHA quantification,
their specific effect on the different monomers and on different microbial cultures, in or-
der to obtain a systematic and universal understanding of what is the best approach to
quantify PHA in different systems. Although the main focus was on the acidic methano-
lysis method, major findings on the factors affecting biomass and polymer hydrolysis
could also be transferable to other methods using an acidic alcoholysis method (e.g.,
Werker et al. (2008)). The effect of acid concentration, hydrolysis time and biomass con-
centration was first determined in detail for 2-4 cultures as well as in standards. There-
after, to confirm the universality of the first results a systematic approach using design
of experiments was conducted for six microbial cultures from different processes, with
different microbial characteristics and producing a variety of PHA monomers from PHB
and PHV to PH2MB and PH2MV. These cultures included PHA accumulating organ-
isms (higher PHA content), activated sludge (lower PHA content) as well as floccular
and granular systems. The impact of these factors on different microbial systems accu-
mulating co-polymers with different compositions was determined, with the aim to help
researchers choose the most suitable PHA quantification method.

4.2 MATERIALS AND METHODS

4.21 PHA quantification method

The PHA content in biomass was hydrolysed into methyl-ester monomers through a
methanolysis reaction, followed by their analysis by gas chromatography. All micro-
bial samples were centrifuged at 10 000 g, the supernatant was discarded and the pellet
was freeze-dried over night. A precise amount of lyophilised biomass (error of 0.01 mg)
was weighed into a Pyrex tube, where 1 mL of acidic methanol (3-20% sulphuric acid

v/v) and 1 mL of chloroform were added. The chloroform solution contained 1 mg/mL
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heptadecane (Fluka) as internal standard. The tubes were sealed with an air tight Teflon-
lined screw cap and incubated at 100°C in a dry-heat thermo-block for the necessary time
(1-20 h). The tubes were then cooled on ice for 30 min. Water (0.5 mL) was added to aid
the two phase separation and the phases were mixed using a vortex for 1 min. The lower
phase, containing the chloroform, was extracted into a GC vial and dried using molecular

sieves (4 A, Prolabo) to remove traces of water.

2 uL of sample were injected in a Varian CP-3800 gas chromatograph (Varian, CA,
USA) equipped with a FID detector and a ZB-WAX plus column (60 m, 0.53 mm internal
diameter, 1 ym film thickness, Phenomenex, USA) coupled with a guard-column (0.32
mm internal diameter). Helium was used as a carrier gas, at constant pressure (14.5 psi).
The temperature of injection was 280°C, the temperature of the detector was 230°C and
the temperature ramp started at 40°C, increased at a rate of 20°C/min until 100°C, further
increased at a rate of 3°C/min until 175°C and finally increased again at 20°C/min until

220°C, to ensure a cleaning step of the column after each injection.

A co-polymer of PHB-PHV (88:12 wt, Aldrich) was used as a standard for PHB, PHV
and PH2MB, while 2-hydroxy-caproic acid (Aldrich) was used as a standard for PH2MV.
Standards were processed in the same way as the samples, after being dissolved into a
chloroform solution.

Results were presented as the response factor for each compound in terms of area of
the selected peak (A), divided by the area of the internal standard peak (A;) - A/As.
This procedure corrected for error in the volume measurement in the reaction process as
well as errors in the volume of injection in the gas chromatograph. The results were then
normalised with the amount of biomass weighed. To find the concentration of polymer,
the area of each peak, divided by the area of the internal standard, was calibrated using
a 6 point calibration curve.

4.2.2 Microbial cultures tested

Six microbial cultures from different microbial systems and displaying different PHA
accumulation capacities and compositions were selected for this study. These cultures

result from ongoing work at the authors” laboratories.

The first and the second microbial cultures tested (MC1 and MC2) were from the
same PHA producing culture, maintained in a 800 mL sequencing batch reactor (SBR),
run in aerobic dynamic feeding conditions and fed with fermented sugar cane molasses.
MC1 was obtained through a PHA accumulation batch test, in order to achieve a higher
content of internal PHA (30% w/w). MC2 was withdrawn from the selection SBR and
contained only 1% (w/w) of PHA. MC1 and MC2 contained a co-polymer composed of
mainly PHB (72-78%) and PHV (22-26%). The third microbial culture (MC3), consisted of
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a mixture of both bacteria and algae, obtained from a 4-L lab-scale SBR, operated under
anaerobic and photosynthetic conditions. This PHA accumulating culture was fed with
a synthetic wastewater, containing acetate as the carbon source. MC3 contained approxi-
mately 5% (w/w) PHA, mainly composed of PHB (97%) and a fraction of PHV (3%). The
fourth microbial culture (MC4) was collected from a 2-L enhanced biological phospho-
rus removal (EBPR) SBR, operated under anaerobic-aerobic conditions, fed with synthetic
wastewater containing 75% acetate and 25% propionate. Its microbial population was ag-
gregated into a dynamic mixture of flocs and small-sized granules and consisted of a high
enrichment in polyphosphate accumulating organisms. MC4 contained approximately
6% (w/w) PHA, mainly composed of PHB (57%) and PHV (32%) but also containing 3%
PH2MB and 8% PH2MV. The fifth microbial culture (MC5) was obtained from a 30-L
lab-scale SBR performing biological nutrient removal (BNR), operating under alternat-
ing anaerobic-anoxic-aerobic conditions, fed with domestic wastewater (Quart WWTDP,
Girona, Spain). The microbial population was aggregated in both flocs and granules. It
contained a low amount of PHA (less than 1% w/w) composed of mainly PHB (66%) and
PHV (29%), but also of small fractions of PH2MB (3%) and PH2MV (2%). The sixth mi-
crobial culture was sludge from a wastewater treatment plant (WWTP), sampled either
from Aalborg West WWTP (Aalborg, Denmark), operated under a Biodenipho™system
coupled with side-stream hydrolysis (MCé6a), or from Beirolas WWTP (Lisbon, Portugal)
and operated under sequential anaerobic, anoxic and aerobic conditions (MCéb). Both
these cultures contained approximately 2% (w/w) PHA composed mainly of PHB (80%)
and PHV (20%). MCé6b also contained a small fraction of less than 3% of PH2MB and
PH2MV.

4.2.3 Design of experiments and response surface modelling
4.2.3.1 Factor choice and design of experiments

This study used the Design of Experiments (DOE) tool to optimise the methanolysis re-
action of different PHA monomers for 6 different microbial cultures in order to assess
the conditions where full hydrolysis was achieved. The 3 main impacting factors cho-
sen were the concentration of sulphuric acid in the methanol solution, the length of the
hydrolysis time and the concentration of biomass in the chloroform phase used in the

analysis.

According to the literature, and also shown in Table 4.1, the sulphuric acid concen-
trations used in most available methods ranged from 3% to 20% acid and therefore that
was the range chosen for DOE. Concerning the length of the hydrolysis, most authors
had proposed hydrolysis durations from 2 to 20 h (Table 4.1), however from preliminary
tests, 3 h had already been established as the minimum for PHB analysis and therefore
the interval chosen was between 3 and 20 h. Finally, the quantity of biomass used for
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each assay is for most authors around 10 mg/mL (Table 4.1) and its optimum has not
been discussed. Due to the author’s experience, the range chosen was from 2 mg/mL up
to 8 mg/mL CHCls.

In short, 6 DOE were conducted, one for each of the microbial cultures tested. Each
DOE consisted of 15 experiments performed in duplicate, whose conditions were deter-
mined by varying the 3 input factors (acid, hydrolysis time and biomass quantity) to
assess their impact on 2-4 output factors depending on the polymer composition in each
culture (PHB, PH2MB, PHV, PH2MYV). The output factors were introduced into the DOE
as the area produced by each peak obtained in the chromatogram, divided by the area of
the internal standard - A/A;; and normalised by the weight of the biomass pellet used.
A full list of the 15 experiments is shown in Table 4.2.

Table 4.2: Description of the conditions of the experiments conducted for each microbial
culture; each experiment was performed in duplicate

Exp. No. Acid concentration Hydrolysis duration Biomass concentration

(%) (h) (mg/mL CHCls)
1 3 3 2
2 115 11.5 2
3 3 3 8
4 3 20 2
5 20 3 2
6 11.5 11.5 8
7 11.5 3 5
8 20 3 8
9 3 20 8
10 20 20 2
11 3 11.5 5
12 20 20 8
13 20 11.5 5
14 11.5 20 5
15 11.5 11.5 5

For each microbial culture tested, the combination of factors and the number of ex-
periments were determined using a central composite face-centred design with 3 levels,

1 central point and 1 replicate for each experiment Eriksson et al., 2008.

4.2.3.2 Model building

A similar approach to what was described in Section 3.2.1 was applied to the area of PHB,
PHV, PH2MB and PH2MYV and the best fitted model was determined.
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4.3 RESULTS

4.3.1 The effect of the acid concentration

The impact of the acid concentration on the co-polymer hydrolysis kinetics was assessed
by quantifying the different PHA monomers at increasing hydrolysis times. Two paral-
lel hydrolysis curves were obtained using acidic methanol with 3 and 20% sulphuric
acid (Figure 4.1) and approximately 3 mg/mL of biomass. The GC peak areas were nor-

malised with the internal standard and the biomass weighed for each sample.

0.005

0.04 4 T - T T -
° @ ® b 0.004 - T |
0.03 4 ... — L .v‘.
N | e 0003 1 )
u; L H
0.02 ™
0.002 -| .
. ;
v 00119 00011 @
o PHB o PHMB
> 0.00 0.000
<
2 0.04 0.015
[ —— ' —
il - A
0.03 - u N S ' o
i 0.010
L ]
0.02 y -
[ ] ; o
; 0.005 - E
0014 s n - ST
[ e [ PHMV |
0.00 : : : 0.000 +® T . T
0 5 10 15 20 0 5 10 15 20

Hydrolysis time (h)

Figure 4.1: Quantification of each PHA monomer throughout the hydrolysis of MC4 sam-
ples using 3% (circles) and 20% (squares) acidic methanol. Peak areas presented were nor-
malised with the internal standard and the biomass weighed for each sample (approx. 3

mg)

The hydrolysis rates increased from 2 to 4 fold when using 20% acidic methanol in-
stead of 3%. For example, the PHB hydrolysis rate with 3% (43.2 A/(A;;.gTS.s)) doubled
to 90 A/(A;s.gTS.s) at 20% acid and the rate of PH2MYV increased 4-fold when using 20%
(14.4 A/(Aj5.gTS.s)) instead of 3% (3.6 A/(A;s.gTS.s)).

Also, for the same acid concentration, the hydrolysis rate varied depending on the
type of monomer. Hence, at 3% acid, PHB and PHV had the lowest hydrolysis times, of
approximately 3-4 h, while PH2MB and PH2MYV required a much longer hydrolysis time
of approximately 8 to 15 hours.

For PHB analysis, the peak areas obtained with 20% acid were approximately 20%
lower than the ones obtained with 3% acid. A decrease in PHB peak areas, when increas-
ing the acid concentration, was also observed for culture MC2, only containing PHB and
PHYV, in a similar set of experiments (results not shown). This effect was not observed
for any of the other monomers, suggesting it was specific or more enhanced for PHB in

comparison with other monomers.
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Figure 4.2: Quantification of PHB monomers in a PHB-PHV copolymer standard using
3% (circles) and 20% (squares) acidic methanol

When hydrolysing the co-polymer standards with acid concentrations of 3 and 20%,
PHB, but not PHYV, displayed the same effects observed in the sludge samples: a decrease
in peak areas and an increase in the hydrolysis rate for higher acid concentrations, as
shown in Figure 4.2. However, when calculating the ratio of the areas of PHB in the sam-
ples and in the standard (Agsmpie/ Astandara) using 3 and 20% acid, the average of the val-
ues obtained for each time point was equal within the standard deviation (0.113 4= 0.008
and 0.102 £ 0.007 for MC2 and 0.25 4 0.04 and 0.24 £ 0.03 for MC4 at 3 and 20% acid re-
spectively). Concerning the hydrolysis rates, the difference observed for PHB standards
hydrolysed using 3 or 20% acid was only approximately 30%, which was lower than what
was observed for the sludge samples.

4.3.2 The effect of monomer composition and sludge structure on the hydro-
lysis rate of PHA

The profile of PHB, PHV, PH2MB and PH2MYV hydrolysis rates were determined using
3% acid concentration in a PHA producing culture (MC2) and full-scale activated sludge
(MCé6a), as well as in standards. These results were compared with the ones already
obtained for MC4 (Figure 4.3a-b). However, while MC2 and MCéa only contained a
co-polymer of PHB:PHV, MC4 contained a tetra-polymer of PHB:PHV:PH2MB:PH2MV
and therefore results are also shown at 20% acid concentration in comparison with the
hydrolysis rate of the standard for PH2MYV, caproic acid (Figure 4.3c).
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Figure 4.3: Hydrolysis kinetic profile for PHB, PHV, PH2MB and PH2MV monomers;
a- PHB hydrolysis profile with 3% acidic methanol; b- PHV hydrolysis profile with 3%
acidic methanol; c- PH2MB and PH2MV hydrolysis profile in MC4 with 20% acidic
methanol; standards (std) - squares; for (a) and (b): MC2 - circles, MC4 - diamonds,
MCéa - triangles; for (c): PH2MB - circles, PH2MV - squares
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Table 4.3: Kinetic constants (k) and optimum hydrolysis times for PHA monomers in cul-
tures MC2, MC4 and MCé6a and for standards using 3% acid and 20% acid methanolysis

3% acid

PHB PHV PH2MB PH2MV
k R th) k R th) k R th) k R?>  t(h)
Standard 0.88 0.89 26 0.71 0.88 32 - - - - - -
MC2 0.88 098 26 077 095 3 - - - - - -
MC4_.1 064 093 36 041 095 57 022 081 103 0.15 083 15.7
MC6a 092 098 25 077 094 3 - - - - - -

20% acid

PHB PHV PH2MB PH2MV

k R tth k R tth) k R th) k R t()
MC41 2 095 11 15 096 1.6 095 095 24 052 099 44
MC42 12 092 19 1 098 23 058 093 4 041 097 56

The monomer concentration increased during the hydrolysis until reaching a maxi-
mum value. The profile of PHA recovered fraction for each microbial culture and stan-
dards tend to agree, indicating a common optimal hydrolysis time, except in the case
of caproic acid which hydrolyses much faster at 20% acid concentration than PH2MB or
PH2MV.

In order to further clarify the mechanism of the reaction, the kinetic constant, k,
and the order of the reaction, n, were determined using the iterative Euler method pro-
grammed into Excel (Office 2007, Microsoft) and using the solver function. This method
determined that the reactions were of first order (n=1). The kinetic constants for each
culture, indicated in Table 4.3, decreased from PHB to PH2MV, i.e., kpgg > kpgy >
kpromp > kpramy. This was verified for hydrolyses done in both acidic conditions, 3 and
20%. Furthermore, the effect of acid on the kinetics of the hydrolysis, already observed
in the previous section, was confirmed since k%oﬁ 4 < k%(}f{% for all monomers in culture
MC4.

The kinetic constant for PHB and PHYV standards was similar to the kinetic constant
of cultures MC2 and MCéa, but higher than the one of culture MC4 (Table 4.3). The
lower kinetic constant for culture MC4, composed of granules and flocs, was confirmed
in another experiment undertaken with a different MC4 sample (MC4_2). In fact, the
MC4_2 sample was homogenised by mechanical shear to disrupt granules and the kinetic

constant was even lower.

Using the kinetic constants, it was possible to predict the optimum time needed, at
these conditions, to achieve at least 90% hydrolysis. The hydrolysis of PHB and PHV
in standards and cultures MC2 and MCé6a should be completed in between 2-3 h, when
using a 3% acidic methanol solution. For MC4 a higher hydrolysis time, between 3-6 h,
was needed. This hydrolysis time could be decreased to approximately 2 h for both MC4
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samples if the acid concentration was increased to 20%. Results for PH2MB and PH2MV
were only available for culture MC4 which determined that at 20% acid concentration a

hydrolysis time between 3 and 6 h could be employed.

4.3.3 The effect of biomass concentration

The effect of the biomass concentration on the hydrolysis reaction was assessed using the
optimum conditions for PHB analysis in cultures MC2 and MCéa (3 hours hydrolysis and
3% acidic methanol). Four different microbial cultures were tested: PHA accumulating
organisms with higher and lower PHA concentrations (MC1 and MC2), a floccular lab-
scale culture (MC3), and WWTP sludge (MCé6a). Results, shown in Figure 4.4, reveal a
similar trend for all the microbial cultures, where a 95% recovery of PHB was obtained

for analyses using between approximately 3 to 10 mg/mL of biomass.
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Figure 4.4: Effect of the biomass concentration on the PHB extraction for 4 different cul-
tures (3%, 3 h): MC1 (diamonds), MC2 (squares), MC3 (circles), MCé6a (triangles)

For biomass concentrations lower than 3 mg/mL, the PHB recovered fraction was
only in the range of 60-80% of the maximum value. This was verified both for higher
(MC1) and lower (MC2 and MC3) PHB concentrations. For biomass concentrations equal
or higher than 10 mg/mL, the recovered fraction slowly decreased until approximately
80% at 50 mg/mL. The same effect was observed on the quantification of PHV in cultures
MC1, MC2 and MCé6a, suggesting that this effect was independent of the PHA monomer
(results not shown).

63



4. PHA QUANTIFICATION 4.3. Results

4.3.4 Design of experiments (DOE)

In addition to the experimental results carried out for some microbial cultures, an exper-
imental design strategy was conducted in six different microbial cultures, some of them
already tested previously but using different sample batches: MC1-MC5 and MCé6b. This
allowed for a comprehensive confirmation of the trends observed previously.

A quadratic model was built for each microbial culture and for each individual mono-
mer (PHB, PHV, PH2MB and PH2MYV) which described well the results as indicated by
the R? higher than 0.8, the p-value lower than 0.05 and the LOF value higher than 0.05
(cf. Table 4.4).

Table 4.4: Statistical parameters for the models determined using the DOE approach

R? p-value LOF value R? p-value LOF value
PHB PHV

MC1 0.89 0 0.13 MC1 0.78 0.02 0.07
MC2 0.82 0 0.19 MC2 077 0.01 0

MC3 098 0 0.43 MC3  0.96 0 0.4
MC4  0.89 0 0.85 MC4 093 0 0.91
MC5 091 0 0.79 MC5 092 0 0.23
MCé6b 0.85 0 0.82 MCé6b 0.88 0 0.08

PH2MB PH2MV

MC4 095 0 0.87 MC4 093 0 0.13
MC5 092 0 0.96 MC5 092 0 0.19
MCéb 0.89 0 0.89 MCé6b 0.89 0.01 0.08

2 DOE conditions were not fulfilled: condition No. 10 and No. 12 (cf. Table 4.2), due
to extraction difficulties for samples subjected to high hydrolysis periods and high acid
concentration. Under these conditions, a greater instability between the two phases was
observed, which reduced significantly the feasibility of the extraction step and the con-
centration of monomeric ester quantified. For this reason, although the models satisfied
the statistical criteria established, they lacked sensitivity to accurately predict the opti-
mum hydrolysis time for each microbial culture. The accuracy of the prediction for the
optimum hydrolysis time decreased even further since a wide time interval was chosen
from 3 to 20 h, in order to verify both PHB and PH2MV optimum conditions.

The model’s coefficients indicated the effect and the weight of each parameter on the
output result, in this case, the PHA monomer concentration. An average of the model
coefficients for all cultures for each monomer is shown in Figure 4.5 with the correspond-
ing error bars indicating their significance. Coefficients were only considered significant
if the error bar was lower than the coefficient’s value. The coefficients were normalised
between -1 and 1 and therefore their values may be directly compared to each other. Pos-

itive coefficients imply a positive effect and negative coefficients, a negative contribution
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Figure 4.5: Averaged model coefficients for all the microbial cultures and for each PHA
monomer. Error bars represent the significance of each coefficient therefore, coefficients
with an error bar higher than the value itself were not considered significant to the model.
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to the PHA monomer concentration.

The most obvious aspects can be derived from the linear coefficients associated to
acid concentration, hydrolysis time and biomass concentration, as separate parameters.
Acid has a strong negative effect for PHB whereas it brings a moderate positive effect to
PH2MB and PH2MV. The hydrolysis time brings a positive effect to all PHA monomers,
but with higher values for PH2MB and PH2MYV, as expected. The biomass coefficient was
also positive and significant for all monomers except for PH2MYV, meaning that higher
biomass concentrations, in the tested range of 2-8 mg/mL, improved the recovery of
PHA monomers.

The quadratic coefficients dictate the form of the quadratic curve obtained from the
model. When considering normalised coefficients between -1 and 1, and considering a
positive linear coefficient, a positive quadratic coefficient implies a curve with a positive
growth, whereas a negative quadratic coefficient implies a curve with a negative growth.
When the linear and the quadratic coefficients have the same sign, they reinforce either
a positive or a negative effect. When they have opposite signs, the effect of the linear co-
efficient is cancelled and inversed for a certain value of the parameter equal to —a;/2a;;,
where a; and a;; are the values of the linear and the quadratic coefficients for each param-

eter (cf. Equation 3.1).

The quadratic coefficient for acid was not significant for most monomers, except in

the case of PH2MB, where it was slightly negative. Since the linear coefficient for acid
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was moderately positive, the result was that the positive effect of acid was progressively
diminished for higher concentrations of acid. The quadratic coefficient for time was mod-
erately negative for all monomers except in the case of PH2MV. For PHB and PHYV, since
the linear coefficient was positive and in the same range as the quadratic one, this means
that the overall positive effect of time was very slight and that a change in trend can be
anticipated for long hydrolysis periods, as expected. For PH2MB, the linear coefficient
was approximately 3 times higher than the quadratic one, therefore stressing the posi-
tive effect of this parameter and indicating that a turning point was not observed in the
time interval chosen. The fact that PH2MYV does not have a significant negative quadratic
coefficient indicated that the positive linear effect was not reduced for the time interval
chosen. The quadratic coefficient for biomass concentration was moderately negative for
all monomers and in the same range as the linear coefficient. Hence, the biomass con-
centration had an overall slight positive effect, in the interval of 2 to 8 mg/mL, and this
effect was diminished for higher biomass values.

The interaction coefficients, implicating 2 different variables at once, describe the syn-
ergistic effect that each variable has on the other. A positive interaction coefficient will
further enhance an already positive variable. On the other hand, a negative interaction
coefficient will moderate and eventually reduce the positive trend. Considering the acid
x time coefficient, it was slightly negative for all monomers. Therefore, considering that
the hydrolysis time has an overall positive effect for all monomers, this tendency will be
moderated with the increase of the acid concentration. The other significant interaction
coefficients only implicate PH2MB and apply to the time x biomass coefficient and to the
acid x biomass coefficient, which are both moderately positive interactions. Considering
the overall positive effect of time and acid on the hydrolysis of PH2MB, this positive ef-
fect was even more noticeable for higher biomass concentrations. This may be explained
by the fact that the low concentrations of PH2MB observed (3% w/w, in cultures MC4,
MC5 and MC6) will be more easily extracted not only at conditions using higher acid
and time but also at conditions where the biomass content was higher in order to yield a
detectable GC peak. However, the same effect was not noticeable for PH2MV.

During the design of experiments procedure, a total of approximately 160 samples
were processed. All of these samples were performed in duplicate by a total of 7 differ-
ent operators over a 2-week period. The average of the replicate error obtained for all
samples was 5%. When comparing the replicate error for each biomass, there were no
significant differences i.e., all errors are the same within the standard deviation (results
not shown). When comparing the error from operators, also no significant differences
were noted. However, when comparing the conditions of the samples, the ones where
the biomass amount was 2 mg/mL had a higher error (74 2%) than samples with 5 or
8 mg/mL (4 £ 2%), likely due to a higher weighing error, or due to the small portion of
sample used being not representative of the entire sample.
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Table 4.5: Coefficients of the models obtained for each culture and for each monomer.
Coefficients in light grey are not significant within a 95% confidence interval

PHB
MC1 MC2 MC3 MC4 MCh MCéb
Acid (aq) -1 -071 034 -051 -0.51 -0.63
Hyd. Time (ay) 031 016 014 046 038 0.17
Bio. (a3) -041 057 093 -028 0.71 0.65
Acid2 (a7) -0.19 -022 -016 -0.1 -0.07 -0.11
Hyd Time2 (ax) -0.23  -043 -015 -044 -006 -0.19
Bio2 (az3) 0.04 -0.12 -031 -052 -024 -0.5
Acid x Hyd. Time (a;2) 011 -037 -01 -0.11 -031 -047
Acid x Bio (aj3) -0.12 022 003 -0.15 0.63 0.13
Hyd Time x Bio (a23) -0.65 002 019 -031 034 022
Acid x Hyd Time x Bio (ajp3) -0.76  0.42 0.2 -0.1  0.66 0.41
PHV
Acid (ay) -0.7 -0.02 008 0.06 -0.18 0.11
Hyd. Time (ay) 008 035 034 055 043 0.17
Bio. (a3) 1.3 097 099  -0.06 0.99 1.02
Acid2 (a7) -0.280 -0.33 0.06 -0.16 -0.1  -0.05
Hyd Time2 (az) -026  -025 -026 -0.64 -0.1 -0.17
Bio2 (as3) -0.61  -027 -035 -059 -045 -0.57
Acid x Hyd. Time (a;2) -0.32 0 0.01 -0.16 -029 -0.25
Acid x Bio (aj3) -1.3 039 0.21 0.05 076 048
Hyd Time x Bio (az3) -1.52 026 047 -0.02 0.62 0.66
Acid x Hyd Time x Bio (ajp3) -1.64 0.4 0.19  -0.06 0.63 0.49
PH2MB PH2MV
MC4 MC5 MC6b MC4 MC5 MCéb
Acid (ay) 028 045 046 037 0.03 0.19
Hyd. Time (ay) 0.7 0.77 04 0.77 0.63 0.5
Bio. (a3) -0.23 057 067 -037 031 0.23
Acid2 (a7) -0.09 -023 -0.29 -0.19 0.04 031
Hyd Time2 (ax) -049 004 -022 -04 0.2 -0.03
Bio2 (az3) -049 -0.12 -033 012 -029 -0.81
Acid x Hyd. Time (aj2) -0.03 -0.09 -0.17 -0.2 -022 -0.05
Acid x Bio (aj3) -0.12 065 028 -048 -0.14 0.09
Hyd Time x Bio (az3) -015 058 056 037 003 0.19

Acid x Hyd Time x Bio (ajp3) -0.11  0.53 027 077 0.63 0.5
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4.4 DISCUSSION
4.4.1 The overall effect of each parameter on the quantification of PHA

Acid concentration, time of hydrolysis and biomass concentration had an effect on the
PHA hydrolysis rate and quantification. The results from the hydrolysis profiles, per-

formed on only some cultures, were consistent with the results from the DOE.

The biomass concentration limited the recovered fraction of PHB and PHV in values
lower than 3 mg/mL, which was supported by the DOE results since they indicated that
in the 2-8 mg/mL tested range, biomass concentration had a positive effect, moderated
towards higher values. For biomass concentrations higher than 10 mg/mL, the recovered
PHA fraction starts to decrease suggesting that there was an incomplete hydrolysis. Since
saturation was not observed for calibration curves, the incomplete hydrolysis could be
related to excess of biomass. In fact, the resulting chromatograms had an increase in the
number of peaks, intensifying the noise in the analysis and therefore hindering the peak’s

resolution.

Although an increase in acid concentration had a negative effect on PHB recovery, it
increased the hydrolysis rates of all monomers, which could be particularly useful in the
determination of PH2MB and PH2MY, since they possess a considerably slower kinetics
than PHB and PHV. The DOE results showed a positive impact of time on all monomers,
however, the combined effect of time and acid was slightly negative, suggesting that find-
ing the optimum conditions for each monomer implies finding a compromise between
the acid concentration and the hydrolysis time: the more acid, the less time needed or the
reverse. The hydrolysis time should be sufficiently high to achieve a maximal conversion
of the polymer into the monomers, but increasing the hydrolysis time further than the
optimum point does not lead to a decrease in the monomer concentration, as was also
shown in Huijberts et al. (1994).

Apart from the acid concentration and the hydrolysis time interaction, the different
parameters, in general, do not have a synergistic effect, i.e., the interaction coefficients
were not significant within a 95% confidence interval. This indicated that, if needed,

each parameter can be further optimised for a particular system in an independent way.

4.4.2 Different cultures, different methods?

In the previous experimental sections, slower kinetics were found for MC4, in compari-
son with the kinetics of standards and even of other microbial cultures such as MC2 and
MCé6a. Culture MC4 has shown a dynamic behaviour in terms of the aggregation state of
the biomass, alternating between floccular and granular phases. For instance, MC4_1 and

the sample used in the DOE corresponded to a semi-granulation state, whereas MC4_2
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corresponded to a complete granulated state.

While floccular cultures MC2 and MCéa showed a similar kinetic constant as the stan-
dards, indicating that the limiting reaction was the hydrolysis of the polymer, the granu-
lar culture MC4 displayed slower kinetics, indicating that the limiting mechanism could
be cell disaggregation and lysis, likely indicating internal mass transfer limitations of
acid within the granules. Additionally, the more granulated the sludge, the slower the
kinetics, as shown by the slower kinetics of MC4_2 compared with MC4_1. This effect
was also noticeable in the DOE results for cultures MC4 and MC5 (also semi-granular),
which revealed the highest value for the hydrolysis time coefficients in the models of
each monomer (results shown in Table 4.4). The effect of slower kinetics could be com-
pensated by either increasing the hydrolysis time or by increasing the acid concentration.
In fact, results shown in Figures 4.1 and 4.2 indicated that, when increasing the acid con-
centration from 3 to 20%, the hydrolysis rate increased more in culture MC4 than in the
standards, confirming that the acid impacts not only the PHA hydrolysis kinetic constant,
as shown in Table 4.3, but also the cell lysis/disaggregation mechanism. A difference in
conditions for hydrolysing granular and floccular biomasses for glycogen quantification
was also found in Chapter 3.

4.4.3 The combined analysis of different monomers

Results from the kinetic profiles indicated that the longer and the more substituents con-
tained in the chain, the slower the polymer hydrolysis Table 4.3. Also, the DOE experi-
ments revealed that acid concentration and hydrolysis time have a greater positive effect
on PH2MB and PH2MYV than on PHB and PHYV, which suggested that these monomers
require longer digestions at higher acid concentrations in order to achieve a complete
hydrolysis. The acidic methanolysis reaction implies that the acid attacks the most hy-
drophilic part of the poly-ester molecule, which lies in the carboxylic group -COOH.
With the increase in size and number of the substituents, e.g. from a methyl group in
PHB (carbon 3), to an ethyl group in PHV (carbon 3) and to a methyl and an ethyl group
in PH2MV (carbons 2 and 3, respectively), the hydrophobicity around the main carbon
chain increases, which leads to a higher steric hindrance to the acid attack. The steric
hindrance was even more accentuated in the case of PH2MB and PH2MYV because of the
added substituents in carbon 2, which are closer to the carboxyl group. Although scarce,
literature results for higher chain-length monomers also indicated that a higher acid con-
centration or a higher hydrolysis time should be used (Brandl et al., 1988; Huijberts et al.,
1994; Oehmen et al., 2005a). However, the reason for this had not been identified.

In terms of PHB, the negative impact of an increased acid concentration, observed in
the hydrolysis profiles and in the DOE results, has been often discussed in the literature
(Braunegg et al., 1978; Jan et al., 1995; Oehmen et al., 2005a). The acid effect on PHB has
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been suggested to derive from its degradation into crotonic acid or other degradation
products (Braunegg et al., 1978; Huijberts et al., 1994; Jan et al., 1995; Lageveen et al.,
1988). However, both Jan et al. (1995) and Huijberts et al. (1994) have shown that no sec-
ondary hydrolysis products were formed in the reaction and Jan et al. (1995) suggested
that this decrease in PHB recovery was due to a shift in the partition coefficient of HB
between the chloroform and the methanol phase during the extraction procedure, most
likely due to pH. Therefore, the quantification of this monomer should preferably use
lower acid concentrations. However, this effect was equivalent in samples and in stan-
dards, as shown by the same values of the A_sample/Agq40rq ratios at 3 and 20% acid
concentrations. Hence, it can be corrected at higher acid concentrations, as long as the
standards for the calibration curves have been subjected to the same hydrolysis condi-
tions as the samples.

The time needed for achieving maximal PHB hydrolysis was in agreement with re-
sults found in literature. For PHB and PHYV, most authors used a common method
(Comeau et al., 1988; Oehmen et al., 2005a) of 3-4 h and 3% acid concentration (cf. Ta-
ble 4.1). According to Table 4.3, these conditions would also be sufficient for the analysis
of PHB and PHYV in all standards and floccular cultures. Granular cultures might need
a longer hydrolysis period, up to 6 h. Most of the results in the literature available for
PHB analysis using 3% acid concentration are displayed in Figure 4.6, together with all
the results obtained in this study, including the DOE results. It is interesting to note that
the lower recovered fractions (<0.8), obtained in this study, for hydrolysis times of 3 h
and using an acid concentration of 3%, were all either from granular cultures, from sam-
ples with low biomass concentrations (approx. 2mg/mL) or from both, as pointed out in
Figure 4.6.

4.4.4 Choosing an optimised PHA quantification method - what to conclude

An optimised method should use the least resources (lowest acid concentrations) and be
the least time consuming (shortest hydrolysis times), while achieving the highest poly-
mer recovery. When developing a PHA quantification method, the type of biomass and
the type of monomers analysed should be considered: the higher the complexity of the
monomers and the number and size of granules, the longer the hydrolysis time and the
higher the acid concentration. The kinetic perspective carried out in detail for only some
cultures, combined with a statistical confirmation of the trends observed in 6 different
microbial cultures pointed out the importance of choosing the appropriate conditions for
PHA quantification in different systems. Floccular cultures containing PHB and PHYV,
which constitute the majority of the cases in mixed microbial cultures, can be analysed
using a 3-h hydrolysis with 3% acid concentration. If the culture also contains PH2MB
and PH2MY, the acid concentration should be increased to 20% and the samples should
be hydrolysed at least 4 h. When dealing with granular biomass, the best option could
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Figure 4.6: Hydrolysis kinetic profile for PHB using all the results collected during this
study (empty circles crosses and plus signs), complemented with results from Braunegg
et al. (1978) - pure culture (squares), Jan et al. (1995) - pure culture (diamonds) and
Oehmen et al. (2005a) - EBPR floccular culture (circles), during a hydrolysis with 3% acid
concentration. Experimental results from granular cultures (MC4 and MC5) (crosses) and
using low biomass concentrations (approx. 2 mg/mL) (plus signs) were singled out with
different markers.

be either to still use 3% acid and longer digestion periods, e.g., 6 h, or to increase the
acid concentration. Using an acid concentration of 20%, the hydrolysis time could be in-
creased to 4-6 h, particularly if the granular biomass also contains higher chain monomers
such as PH2MB and PH2MYV. The major mechanisms uncovered in this work impacting
on the type of biomass and the PHA composition should be applicable for other acidic
alcoholysis methods, however further work should provide this confirmation.
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. Microbial and metabolic analysis

of full-scale EBPR wastewater
treatment plants

Summary Enhanced biological phosphorus removal (EBPR) has been a widely used nu-
trient removal process in Denmark and is being introduced in Portuguese wastewater treatment
plants. This study compared the microbial community and its performance in terms of EBPR of 3
Danish and 3 Portuguese WWTPs by using fluorescence in situ hybridisation (FISH) and by per-
forming laboratory batch tests with acetate as the carbon source in anaerobic-anoxic-aerobic and
anaerobic-aerobic conditions. This enabled distinguishing between the activity of polyphosphate
accumulating organisms (PAQOs) and denitrifying -PAOs (DPAOs). The microbial communities
comprised Accumulibacter fractions of 3-6%. Tetrasphaera putative polyphosphate accumulating
organisms (PAOs) were found in higher numbers ranging from 15 to 25%. Even though Portugal
has a warmer climate, glycogen accumulating organisms (GAOs) were found only in one plant
from each country, in numbers ranging from 3% in the Danish plant to 5-8% in the Portuguese
plant, most likely due to selection factors other than temperature alone. The performance of the
sludge with acetate indicated stoichiometric anaerobic yields concordant with different levels of
utilisation of the TCA cycle and glycolysis, in different plants and at different sampling dates. All
plants displayed anoxic PAO activity, although with different levels, which seemed to be inversely
correlated with the amount of total nitrogen loaded to the plant.
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5. MICROBIAL AND METABOLIC ANALYSIS OF EBPR WWTPs 5.1. Introduction

5.1 INTRODUCTION

Enhanced biological phosphorus removal (EBPR) has been widely used in many wastew-
ater treatment plants (WWTPs) as an efficient, economical and sustainable way to remove
phosphorus from wastewater (Oehmen et al., 2007). The process relies on alternating
anaerobic with aerobic and/or anoxic conditions. This strategy imposes a selection fac-
tor promoting the survival of organisms that are able to internally stock carbon- and
energy-providing polymers, namely polyphosphate, glycogen and polyhydroxyalkanoa-
te (PHA), through the uptake of carbon substrates, mainly volatile fatty acids (VFA), in
anaerobic conditions (Oehmen et al., 2007). Two main groups of organisms have been
identified: polyphosphate accumulating organisms (PAOs), characterised by their ca-
pacity of internally storing phosphate as polyphosphate, and glycogen accumulating
organisms (GAOs), with a similar metabolism as PAOs but without the capacity to ac-
cumulate polyphosphate and hence negatively contributing to the overall phosphorus
removal process. GAOs have been studied due to their competition with PAOs for car-
bon substrates leading to a deteriorated phosphorus removal capacity in EBPR plants
(Oehmen et al., 2007; Seviour et al., 2000). The presence of GAOs has been correlated with
several operational factors, such as pH, carbon source and temperature, as reviewed in
Oehmen et al. (2007). In particular, it has been demonstrated that PAOs have a more ad-
vantageous metabolism at lower temperatures (10-20°C) and that GAOs become stronger
competitors at higher temperatures (20-30°C) (Lopez-Vazquez et al., 2009b) and thus that
they would be more likely to proliferate in warmer climates or seasons (Gu et al., 2008;
Oehmen et al., 2007).

The most well known and studied PAO has been "Candidatus Accumulibacter phos-
phatis", a non-isolated organism (Crocetti et al., 2000). Other putative PAOs have also
been reported, including organisms belonging to the Tetrasphaera genus, which were also
shown to accumulate polyphosphate although it is still unknown which specific storage
polymers are being used for phosphorus uptake (Nguyen et al., 2011).The main GAOs
identified include "Candidatus Competibacter phosphatis" (Crocetti et al., 2002; Kong et
al., 2002) and organisms related to Defluviicoccus vanus including clusters I, II and III
(McIlroy et al., 2010; Meyer et al., 2006; Wong et al., 2004). The anaerobic metabolism
of Accumulibacter-PAOs, in particular with acetate, has been well established. Acetate
is taken up and transformed into PHA by using ATP generated by the hydrolysis of
polyphosphate. However, the source of reducing equivalents necessary for the conver-
sion of acetate to PHA has been the subject of several controversial findings, possibly in-
dicating that the PAO anaerobic metabolism could vary according to external or internal
factors such as glycogen storage levels or temperature (Zhou et al., 2010). Initial results
suggested the anaerobic involvement of the tricarboxylic acid (TCA) cycle (Comeau et al.,
1986; Wentzel et al., 1986) while others implicated the utilisation of glycogen as a source
for reducing equivalents and energy (Mino et al., 1987). However, several findings have
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indicated the co- existence of both, in lab-scale cultures (e.g., Hesselmann et al. (2000);
Pereira et al. (1996) as well as in full-scale (Pijuan et al., 2008). Zhou et al. (2009) recently
determined that when under glycogen limited conditions, a laboratory enrichment of
PAOs utilised the TCA cycle instead of the glycolytic pathway.

Phosphorus uptake occurs both in aerobic conditions but also in anoxic conditions
(Kerrn-Jespersen et al., 1993). A subset of PAOs or GAOs are also able to use nitrate and
nitrite as an electron acceptor for growth and P uptake, usually referred to as denitrify-
ing PAOs (DPAOs) or DGAOs. Accumulibacter type I (Carvalho et al., 2007; Flowers et al.,
2009), Competibacter (Kong et al., 2006; Zeng et al., 2003b) and D. vanus cluster I related
GAOs (Wang et al., 2008) have all been shown to denitrify. This fact has led to the optimi-
sation of phosphorus removal also in anoxic conditions, which would be beneficial since
it would lead to the simultaneous removal of phosphorus and nitrate using the same
carbon requirements (Kuba et al., 1996a). However, the activity of DPAOs in full-scale
systems, especially in light of the new findings for Accumulibacter type I, has not been
well characterised yet.

While the identity and characteristics of the main organisms responsible for phospho-
rus removal activity have been characterised in laboratory experiments, investigations at
the full-scale level are still few and present new challenges on how to deal with a greater
number of parameters and a more complex and dynamic system. Some studies have
addressed the microbial diversity in WWTPs (e.g., He et al. (2008); Nielsen et al. (2010);
Wong et al. (2005)), while others have focused on the metabolic performance of these
microbial communities (e.g., Gu et al. (2008); Lopez-Vazquez et al. (2008b); Pijuan et al.
(2008); Tykesson et al. (2006)). However, a clearer understanding is still needed on how
the microbial population, the operational parameters and the environmental conditions
can be accurately linked to the performance of the EBPR process and further integrated
in the rest of a WWTP’s microbial community and operation.

This study intended to investigate and compare the microbial community and its
EBPR activity in WWTPs in Portugal, a warm climate country, where the performance
of EBPR plants has never been assessed before, and in Denmark, a cold climate country,
where EBPR is well established. In each country, 3 EBPR plants with different operational
modes were chosen and the main organisms known to date to be involved in the EBPR
process were assessed using quantitative fluorescence in situ hybridisation (qQFISH). The
activity of the sludge from each plant was tested in anaerobic, aerobic and anoxic condi-
tions in controlled batch tests. Based on the known metabolic capacities of PAOs, GAOs
and DPAQOs, their function and their preferential selective conditions, determined mostly
in lab-scale studies, it was possible to investigate their occurrence in full-scale systems,
verify their activity and correlate it to the operation of the plants. This work takes one
step further towards the missing link between the knowledge obtained for simplified

systems (well defined, laboratory scale) with the more complex and dynamic processes
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that are occurring in real systems.

5.2 MATERIALS AND METHODS

5.2.1 Sampling campaign and WWTP characteristics

In order to assess and compare the EBPR activity in WWTPs in Portugal and in Denmark,
6 plants performing bio-P removal were chosen, 3 in Portugal and 3 in Denmark. In Por-
tugal, the 3 WWTPs chosen included Beirolas WWTP (SIMTE]JO, Lisbon), Setiitbal WWTP
(Aguas do Sado, Settbal), in the Lisbon region, and Carvoeiro (Aguas do Algarve, Faro),
in the south of Portugal. All 3 used a conventional bio-P configuration, including a se-
quence of anaerobic, anoxic and aerobic tanks (A20). Beirolas was chosen as the main
WWTP investigated, with 7 sampling dates, 5 in summer and 2 in winter, and Settibal
as the second WWTP with 4 sampling dates, 2 in summer and 2 in winter. The sur-
vey took place from June 2010 to March 2011 with two main sampling periods: one from
June to September 2010 (summer sampling), where the average air temperature was 25°C
(19°C minimum and 31°C maximum) and one in March 2011 (winter sampling) , where
the average air temperature was 15°C (10°C minimum and 17°C maximum). The third
Portuguese plant (PT_3) was sampled only for FISH since, although it operated under a
biological phosphate removal configuration, it dealt with very stringent phosphate lim-
its and therefore there was also a high addition of chemical precipitants which impaired
the normal biological phosphate removal process, as observed in one lab experiment.
For this reason this plant was not included further in the study. FISH results shown in-
clude only one sampling date in summer conditions. All WWTPs treat mainly domestic
wastewater and Settibal receives an important industrial contribution from a bread yeast
factory which increased the COD load.

In Denmark, the 3 WWTPs chosen included Aalborg West and Aalborg East WWTP
(Aalborg City) and Hjerring WWTP (Hjerring). The WWTPs in Aalborg used an adapted
Biodenitro’™ configuration, which alternates in the same tank anoxic and aerobic con-
ditions, coupled with a return-sludge side-stream hydrolysis process (RSS) that digests
anaerobically approximately 20% of the return sludge with a residence time of 20-30 h
and recirculates this fermented stream along with the influent to the head of the anoxic
tank. Hjorring operated a conventional bio-P system, equivalent to the ones used in Por-
tugal. Aalborg West was chosen as the main WWTP investigated, with 5 sampling dates.
Aalborg East and Hjerring were sampled 3 and 2 times respectively. The Danish sam-
pling campaign took place between October and November 2010 under Danish winter
conditions with an average ambient temperature of 7°C (5°C minimum and 8°C maxi-
mum) and some precipitation. All Danish plants treated mainly domestic wastewater. A
description of the main characteristics for each plant is listed in Table 5.1. From here on,

for text simplification, the plants shall be called by their code name: PT for Portuguese
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plants and DK for Danish plants. The values provided were obtained from the plant op-
erators and correspond to averages of the available values during the year the campaign
was conducted, i.e. May 2010 to May 2011. For each sampling date, sludge samples
were collected from the end of the aerobic phase for the microbial characterisation and
for the laboratorial batch tests. In Portuguese WWTPs, grab samples from all influent

and effluent streams, as well as from each biological compartment were also collected.

5.2.2 Quantitative fluorescence in situ hybridisation

Quantitative fluorescence in situ hybridisation (FISH) was carried out according to Nielsen
(2009) and Mielczarek et al. (2012). Sludge samples were collected for each sampling date
from the end of the aerobic tank, fixed in 4% paraformaldehyde (PFA) for gram-negative
bacteria and for ethanol gram-positive bacteria and stored at -18°C. Target organisms
were quantified by their biovolume against the total bacterial biovolume as determined
using a generic probe targeting all bacteria (EUBmix, containing a mixture of EUB338,
EUB338II and EUB338I1I) (Amann et al., 1990; Daims et al., 1999). Specific oligonucleotide
probes included PAO mix (PAO651, PAO462 and PAO846) targeting Accumulibacter-PAOs
(Crocetti et al., 2000); Acc-1-444 and Acc-11-444 targeting type-I and type-1I Accumulibac-
ter-PAOs (Flowers et al., 2009); Tet2-174 (clade II), Tet1-266 (clade I), Tet3-654 (clade III)
and Tet2-892 (clade II) targeting Tetraesphaera putative P-accumulating organisms (Nguyen
et al., 2011); GAOmix (GAOQ431, GAOQ989 and GB_G2) targeting Competibacter-GAOs
(Crocetti et al., 2002; Kong et al., 2002); DEF1mix (TFO_DF218 and TFO_DF618) target-
ing Defluviicoccus vanus related GAOs cluster I (Wong et al., 2004); DEF2mix (DF988 and
DF1020) targeting D. vanus related GAOs cluster II (Meyer et al., 2006); DF1013 and
DF1004 targeting phylotypes within cluster III Defluviicoccus (Nittami et al., 2009), in-
dicated as putative GAOs (Mcllroy et al., 2010). The results are presented as a percentage
of all bacteria and given as an average of duplicate samples. A standard deviation of 20%

is not shown in figures.

5.2.3 Batch tests

A 5-L sludge sample was taken from the end of the aerobic phase and stored at 4°C
overnight. The sludge was diluted at a final concentration of approximately 3 g/L volati-
le suspended solids (VSS). The sludge was washed (3 x, mineral medium) and sparged
with argon (Portugal) or nitrogen (Denmark) for at least 15 min to attain anaerobic con-
ditions. The sludge was subjected to a sequence of anaerobic-aerobic or anaerobic-anoxic
conditions (Figure 5.1) at pH 7.0 £ 0.2, 20 £ 1°C and with oxygen levels close to satura-
tion. A subset of tests were also exposed to an aerobic period following the anoxic condi-
tions (batch tests PT_1n° 4,5 and 7, PT_2 n° 1-4, DK_1 n°® 2-4, DK_2 n° 1-2 and DK_3 n°

1). For batch tests performed in Denmark and for winter-Portuguese batch tests, a blank
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Figure 5.1: Sequence of batch tests performed on WWTP sludge; the blank anaerobic
batch tests and the aerobic batch tests following the anoxic batch tests, marked in a dotted
contour line, were not executed for all the sampling dates

test in anaerobic conditions was also carried out, where no acetate was provided.

Samples were periodically taken for analysis of acetate, phosphate, nitrate and am-
monia concentration in the supernatant and to determine PHA, glycogen and total phos-
phorus in the biomass. Samples were also taken at the beginning and end of each phase
for the determination of the mixed liquor suspended solids concentration and the volatile
suspended solids (VSS). The mineral medium used was similar to the one used in Car-
valho et al. (2007) without acetate nor phosphate. Each test commenced with the addition
of an acetate (10-15 mg-C/L) and phosphate (30-40 mg-P/L) pulse. A pulse of approxi-
mately 25 mg-N/L of nitrate was added at the beginning of the anoxic phase. The con-
centration of the nutrients was optimised so that it would be possible to achieve in a
4-6 hour period the maximal utilisation of the PHA internal reserves of PAOs (or GAOs)
as recommended in Oehmen et al. (2010c), obtained when a stabilisation of phosphorus
levels was observed.

5.24 Chemical analysis

Samples for the analysis of acetate, phosphate, ammonia and nitrate or nitrite were fil-
tered (0.2 u m) and acidified (40 mM H,SO,). Samples for phosphate were stored at 4°C
prior to analysis and samples for acetate, ammonia and nitrate or nitrite were stored at
-18°C. Acetate and phosphate were analysed as described in Carvalho et al. (2007). Am-
monia, nitrate and nitrite were analysed as described in Lanham et al. (2011). Samples
for PHA and glycogen analysis were fixed for at least 1 h (8% formaldehyde), washed in
0.9% NaCl, then freeze-dried before analysis as described in Chapters 3 and 4. Total and
volatile suspended solids (TSS and VSS) were analysed according to standard methods
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(APHA et al., 1995).

5.2.5 Calculations

The chemical concentrations given in this study were calculated per C-mol of active
biomass (X). The concentration of active biomass was calculated by subtracting the a-
mount of glycogen and PHA from the VSS. The general biomass formula used was
CH1.84005No.19 as reported by Zeng et al. (2003d).

5.3 RESULTS AND DISCUSSION

5.3.1 Microbial composition of EBPR relevant bacteria

One of the goals of this study was to investigate the differences in microbial composi-
tion in Portuguese and Danish EBPR WWTPs. The microbial composition of Portuguese
EBPR plants, as well as their efficiency in terms of P-removal, had never been assessed
before.

5.3.1.1 PAO activity and the diversity within Accumulibacter

Accumulibacter was present in all plants (Figure 5.2). Some variation was seen within
the range of 3.5 to 6%, with Accumulibacter marginally more abundant in DK_2. Greater
variation was observed in the relative abundance of Accumulibacter Type I and 1II (Fig-
ure 5.3), where the abundance of Type I and Type II doubled or tripled in both PT_1
and PT_2 in winter time as compared to summer. A considerable fraction of the Accu-
mulibacter was not targeted by either of the two sub-group probes, suggesting that there
is an undescribed diversity of Accumulibacter that was widespread among the sampled
plants or, more likely, that these probes did not target all Type I and II Accumulibacter in
the plants. This had already been put forward by Flowers et al. (2009), since Acc-1-444
seemed to hybridise with some but not all of the Type I organisms and Acc-11-444 also
did not hybridise with all the Type II organisms.

The total abundance of Tetrasphaera-PAOs was 3 to 5 times higher than the abundance
of Accumulibacter, ranging from 15% in PT_2 to almost 30% in DK_2 (Figure 5.2). The
abundance of clade I and II organisms within Tetrasphaera was moderately correlated (R?
of 0.45-0.55), suggesting that the selection pressures existent in each plant have a similar
effect on them. There was no correlation between the Accumulibacter abundance and
the Tetrasphaera abundance, suggesting that the selection pressures for both groups of
organisms were independent.

The different phosphate removal activities observed for the different plants, in terms
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Figure 5.2: Averaged microbial composition of the EBPR-related organisms in the sam-
pled WWTPs in Portugal and in Denmark; Win- Winter; Sum - Summer
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Figure 5.3: Cumulative abundance of Accumulibacter Type I and Type II sub-groups (tar-
geted by probes Acc-I-444 and Acc-1I-444 probes, respectively) (left-side bar, bottom
(blue) and top (green) compartments, respectively) compared to the total abundance of
Accumulibacter (targeted by the probe set PAOmix) (right-side bar - yellow). Win- winter;
Sum - summer

of their P release per acetate uptake yield (P/HAc) and their aerobic or anoxic P-uptake
performance, did not correlate with the quantity of Accumulibacter observed in the differ-
ent WWTPs surveyed, nor with the quantity of Accumulibacter+Tetrasphaera. It had been
previously reported, that when quantifying the total P-accumulating organisms by stain-
ing microscopical techniques using DAPI, Accumulibacter only accounted for 49-60% (He
et al., 2008). Also, although some Tetrasphaera were shown to store polyphosphate and
to take up acetate (Nguyen et al., 2011), the extent of their contribution to the P-removal
process remains unknown.

DK_1 and PT_1 presented similar Accumulibacter abundances and results from the
batch tests indicated similar P removal capacities (Table 5.3), however, DK_1 showed a
better yearly P-removal performance with an efficiency of 94% compared to an efficiency
of only 43% in PT_1 (Table 5.1). PT_1’s influent COD concentration was equivalent to the
COD concentration of DK_1, which were lower than the other plants surveyed. How-
ever, DK_1 is operated with a process of RSS, where a fraction of the sludge produced
is hydrolysed anaerobically to increase the readily assimilable carbon fraction fed to the
biological process. Also, on average, in the aerobic tank, PT_1 presented the lowest glyco-
gen content (Table 5.1). In fact, a correlation was observed in PT_1 between the P release
observed in situ with the amount of carbon in the influent (R? of 0.86), suggesting that the
main problem affecting the biological P removal process overall in this plant was a short-
age of carbon. Finally, PT_3, the plant where a heavy chemical dosage for P precipitation
was being carried out, showed the same abundance of Accumulibacter and Tetrasphaera
than PT_1 or DK_1, although the activity of the sludge was very low with no P release or
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P uptake observed (results not shown). Therefore, the quantity of PAOs detected by FISH
were not the sole indication of the activity occurring in the process, which depended as
well on the conditions provided for these organisms to take P up, namely on process

configuration and on the addition of chemical precipitants.

5.3.1.2  The presence and activity of GAOs

Significant GAO abundances (higher than 10% of the PAO population) were detected in
only two of the 6 plants tested: one Portuguese plant (PT_2) and one Danish plant (DK_3)
(Figure 5.2). Despite the presence of GAOs in PT_2 and DK_3, the overall efficiency of
these plants in terms of phosphate removal did not seem hindered, showing, respec-
tively, 85 and 92% P-removal efficiency based on yearly data (Table 5.1), though in DK_3
a polishing chemical precipitation step is carried out. In the lab-scale batch tests, both
sludges demonstrated a higher aerobic P uptake than anaerobic P release, thus showing
the capacity to perform net P-removal (see Table 5.3). PT_2, presenting the highest GAO
fraction of all the plants, did show the lowest P removal performance in the batch tests.

DK_3 presented approximately 3% of D. vanus-related GAOs, mainly belonging to
cluster II. PT_2 had a population change from summer to winter samples: a substan-
tial increase in Competibacter from insignificant levels to approximately 5% was observed
and the D.vanus related GAOs, also mainly cluster II, decreased slightly from 4 to 3%. Al-
though Defluviicoccus have been shown to take up acetate (Burow et al., 2007), the P/HAc
yield in the batch tests (see Table 5.2) was only considerably lower than expected in plant
PT_2 but not in DK_3, where most of the GAO fraction belonged to D. vanus cluster II,
suggesting that this population might not have contributed to the overall acetate cycling
observed. So far, there is not much information available on the metabolism of cluster II
or cluster III D. vanus with acetate as carbon source. MAR-FISH experiments have shown
that they are both able to take up acetate as well as propionate (Burow et al., 2007; Mcllroy
et al., 2010). However, no significant enrichments in cluster II or III have been reported
yet where their kinetics with acetate could be determined and all lab-scale studies where
cluster II was present used propionate as carbon source (Lanham et al., 2008; Meyer et al.,
2006; Oehmen et al., 2005b; Oehmen et al., 2005c), therefore indicating that they may be
more competitive with propionate than with acetate.

Temperature, as well as pH and carbon source, has been indicated as a preponderant
factor on the PAO-GAO competition. Therefore, by comparing the microbial population
of EBPR plants in a cold climate country (Denmark, where the average winter tempera-
ture was 7°C) and in a warm climate country (Portugal, where the average summer and
winter temperatures were 15 and 25°C), a higher presence of GAOs in the Portuguese
plants was expected than in the Danish ones. Although in a small number of plants sam-
pled (3 Portuguese and 3 Danish), significant GAO numbers (>1% of bacteria) were found
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Figure 5.4: Chemical transformations occurring in the batch tests conducted, illustrating
the cycling of phosphorus (circles), PHA (squares), glycogen (triangles) and the uptake
of acetate (diamonds) in sludge from a Portuguese WWTP (PT_1) and from a Danish
WWTP (DK_1). AN - anaerobic (light shade); AX - anoxic (dark shade); AE - aerobic
(medium shade).

only in one Portuguese plant and in one Danish plant, indicating that the warm climate
alone is perhaps not the sole condition to determine a higher incidence of GAOs. For
instance, PT_2 had a very high C:P ratio (204:1), which is a factor that likely stimulated
the proliferation of GAOs as well as PAOs (Mino et al., 1998).

5.3.2 Anoxic vs. aerobic performance

Parallel aerobic and anoxic-aerobic batch tests were carried out with two objectives: to
determine the denitrifying PAO activity in each WWTP, and to compare the anoxic vs.
aerobic P-removal potential of full-scale plants. An example of the phosphate and carbon
transformations occurring during a Portuguese and a Danish batch test, for two of the

main WWTPs studied, is represented in Figure 5.4.

The amount of phosphate taken up in aerobic (AP, ) or anoxic (APu.x ) tests was
determined for each test. The fraction of DPAOs (fppao) and n-DPAOs (f,_ppao) over
total PAO was calculated by modifying the method described in Oehmen et al. (2010c),
resulting in Equation 5.1 and Equation 5.2. This modification takes into account the lower

energetic efficiency of nitrate as an electron acceptor due to a reduced ATP production
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Figure 5.5: Fraction of denitrifying PAOs and non-denitrifying PAOs in total PAOs, esti-
mated based on the uptake of phosphorus in parallel batch tests run in aerobic conditions
and anoxic conditions; the dotted lines correspond to the average value for each plant.

during the oxidative phosphorylation mechanism (Kuba et al., 1996a; Murnleitner et al.,
1997). Therefore, the phosphorus uptake in anoxic conditions was corrected with the P/O
ratios, i.e. the amount of ATP produced per oxidised NADH,, for oxygen (6z,) and ni-
trate (64n0x) as electron acceptors, with values of 1.85 (Smolders et al., 1994b) and 1 (Kuba
et al., 1996a), respectively (Figure 5.5). This modification was confirmed by using the
same approach but considering the PHA consumed instead of the phosphorus. When
GAOs were not present, the PHA pools used in anoxic conditions approximately corre-
sponded to the fraction of DPAOs in the total PAO community (Equation 5.3). The frac-
tion of DPAQOs obtained with one method was compared to the fraction obtained with
the other, so as to determine the ratio of d,r/danox (Equation 5.3). The experimental value
obtained was 1.5 &+ 0.6, which was close to the theoretical value of 1.85.

forao + fu—prao =1 (5.1)
APﬂVlUx 5aer

= —aer 5.2

fprao AP, < 5. (5.2)

fDPAO — APHA[ZYZOX — AP{ZHOX
APHAger  APaer

5116‘1’
X — 5.3
5 (5.3)
The highest denitrification performance was found in DK_1, with approximately 85%

88



5. MICROBIAL AND METABOLIC ANALYSIS OF EBPR WWTPs 5.3. Results and discussion

100

f
i

40 - PT

20 A

Average DPAO fraction (%)

0 20 40 60 80 100 120
Average total N in WWTP influent (mg-N/L)

Figure 5.6: Correlation between the average DPAO fraction and the total N measured in
the influent of each WWTP

of the PAO population being DPAOs, and the lowest (25%) was found in PT_2 during
the summer sampling. It is interesting to note that for these 5 WWTPs, the higher the
concentration of total N in the influent, the lower the DPAO fraction seems to be (Figure
5.6). While the reasons for this are unclear, many studies have referred the negative im-
pact that the presence of nitrate in the anaerobic zone produces on EBPR (Barnard, 1982;
Kuba et al., 1994), because of the purpose of the anaerobic stage for phosphorus release
and VFA uptake being lost when an electron acceptor is present. In this case, it is reason-
able to assume that in the plants with higher nitrogen loading, the concentration of nitrate
at the end of the aerobic phase will also be higher and therefore, some nitrate might be
carried over, in the sludge recirculation stream, to the anaerobic tank. Despite the already
overall negative impact that the presence of nitrate could have on the selection of PAOs,
its effect could even be more negative on the selection of DPAOs vs. non-DPAOs, since,
while the former could potentially denitrify with external carbon, therefore accumulating
less PHA, the latter could not and hence they would perform their anaerobic metabolism,

even in the presence of nitrate, as long as carbon is not limiting.

No correlation was found between the fraction of Type I Accumulibacter, suggested
to be able to denitrify from nitrate (Flowers et al., 2009; Lanham et al., 2011) and the
fraction of DPAOs. This suggested that denitrification is carried out by only some strains
within this clade (which were absent or represent variable fractions of Type I in the tested
sludges), by other clades within Accumulibacter or that other PAOs besides Accumulibac-

ter, such as members of Tetrasphaera, were also able to denitrify.

The second goal of these tests was to compare the outcome of the process using only
aerobic conditions (both non-DPAOs and DPAOs active) to when using anoxic condi-
tions (only DPAOs active) followed by aerobic conditions (only non-DPAOs active, as
DPAOs would have depleted their PHA pools). Despite the lower efficiency that char-

acterises the anoxic activity (40% lower than with oxygen as determined by Kuba et al.
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Table 5.2: Summary of the aerobic and anoxic yields obtained for the batch tests; standard deviations represent the variation

observed between different sampling dates and not analytical error

Wastewater treatment plants PAO models”
Yield PT_1 PT_1 PT_2 PT 2 DK.1 DKZ2 DK3
(C or P-mol) summer winter summer winter winter winter winter
Yp/pHA 1.1 0.9 0.2 0.3 0.8 0.7 1.6 0.41
o + 0.3 0.1 0.1 0 0.1 0.1 0.3
.m Yeiye/pHa 0.7 0.4 0.2 0.3 0.3 0.3 0.8 0.42
< + 0.3 0.3 0 0.2 0.1 0.1 0.6
Yp.r/Pan 1.8 1.2 1.3 1.2 14 1.8 1.1
+ 0.8 0.3 0.7 0.2 0.2 0.1 0.4
Yp/pHA 0.7 0.7 0 0.2 0.7 0.7 1 0.30
+ 0.1 0.6 0 0 0.2 0.3 0.1
g
m YGiye/PHA 0.7 0.3 0.1 0.1 0.5 0.3 0.5 0.41
< + 0.5 0.1 N.D 0 0.6 0.1 0.6
Yp,y/Pan 0.8 0.3 0.2 0.4 0.7 0.6 0.5
+ 0.3 0 0.1 0 0.1 0.1 0.2
.\m) Yp/pra 1.7 0.9 0.3 0.2 1.3 0.9 1.4 0.41
= + 0.7 N.D 0 0 0.2 0.1 N.D
,m Yeiye/pria 0.9 0.3 0.1 05 07 05 1.1 0.42
./m\ + 0.2 N.D N.D 0.1 0.2 0.2 N.D
8
m Yp,p/Pax 0.8 0.7 1.1 0.6 0.7 1.1 0.5
< + 0.4 N.D 0 0.7 0.5 N.D N.D

? According to the PAO model with acetate developed in Smolders et al. (1995); 2 According to the DPAO model with acetate developed in Kuba et al.

(1996a)
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(1996a)), the anoxic/aerobic strategy was able to remove approximately 90% of what
was removed in sole aerobic conditions (Figure 5.7), where the corresponding PHA and
glycogen consumed and produced were approximately 10% higher. This suggests that,
although the anoxic metabolism should be less efficient, overall the outcome was similar
with a slightly lower phosphorus removal at the expense of a higher PHA consumption
and therefore the anoxic/aerobic strategy could be successfully employed in WWTPs to
remove phosphorus, without a significant decrease in efficiency.

Concerning the anoxic and aerobic yields, in particular those of P/PHA (Table 5.2,
they presented much higher values than expected, when compared to the metabolic mod-
els. Nevertheless, the aerobic metabolic models have always been developed assuming
the utilisation of the glycolysis pathway in anaerobic conditions. However, Pijuan et al.
(2008) observed the partial use of the anaerobic TCA cycle in full-scale WWTPs. If this
were the case here, it could be that when the TCA cycle is used, there is less PHA avail-
able and therefore, there might be a shift in the carbon fluxes within the cell, sacrificing
growth in favour of P uptake or glycogen storage, as has been suggested by Murnleit-
ner et al. (1997). In fact, Zhou et al. (2009), who studied the involvement of the TCA
cycle in glycogen starved cultures, also observed a higher P/PHA yield than what was
predicted in the models, of approximately 0.8 P-mol/C-mol. In view of these results, the
involvement of the TCA cycle in the activated sludge from the plants studied was further
investigated.

5.3.3 The importance of the TCA cycle in anaerobic conditions

The anaerobic stoichiometric data obtained for each plant (Table 5.3) was compared with
the metabolic models available, which condense the information known so far on the
metabolism of PAOs and GAOs. A range of different anaerobic Glyc/HAc yields was
observed between plants and even between different samples within the same plant,
which was correspondingly reflected in the PHA /HAc yields. In some cases, such as
in most PT_1 samples, the glycogen yields were close to 0, in accordance with the utilisa-
tion of the TCA cycle (Smolders et al., 1994b), while in some other cases, such as in most
samples of DK_1, they were closer to what is expected when glycolysis is used (i.e. 0.5
C-mol/C-mol HAc - (Smolders et al., 1994b)). PHA yields were in accordance with the
glycogen results, i.e. presenting lower values (close to 0.9 C-mol/C-mol VFA - (Smolders
et al., 1994b)) when glycogen yields were low, and presenting higher values (closer to
1.3 C-mol/C-mol VFA - (Smolders et al., 1994b)) when the glycogen yields were higher.
Since no GAOs were observed in these plants, this suggested that in some cases the TCA
cycle was being used, while in other cases the glycolysis pathway was used, which is in
accordance with Pijuan et al. (2008).

Zhou et al. (2009) reported that a shift from using the glycolysis pathway to the

91



5.3. Results and discussion

5. MICROBIAL AND METABOLIC ANALYSIS OF EBPR WWTPs

AP APHA A Glycogen
(P-mmol/C-mol X) (C-mmol/C-mol X) (C-mmol/C-mol X}
15 30 12
2 y =0.90x +0.09 y=1.09% +0.2 - y=1.06x =02
S ¥ R=081 m 29 p_g7g o | R?=078
S —
% 9 7 l» 18 - _
+ » A 6 o A
Q 6 1 ) 12 4 [} A e *®
= " ‘ ¢ m A ¥ L
S | =l . e 3 o %
- - .
0] T T T T T 0 T T T T 0 T T T
0 2 4 6 8 10 12 0 5 10 15 20 25 2 4 6
Aerobic

10

Figure 5.7: Comparison of the normalised consumption of phosphorus and PHA and the production of glycogen for the two different
strategies tested for P-removal: only aerobic conditions and anoxic+aerobic conditions. - PT_1 (diamonds), PT_2 (dashes), DK_1 (squares),

DK_2 (triangles), DK_3 (circles)
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Figure 5.8: Correlation between the initial glycogen concentration and the resulting
P/HAc yield obtained for the Portuguese WWTP PT_1

TCA cycle was due to glycogen starvation conditions. The data obtained in this study
showed the same trends as the data obtained by Zhou et al. (2009), when correlating
the PHA /HAc yields with the Glyc/HAc yields (Figure 5.9). The initial concentration
of glycogen was also correlated with the P/HAc yields in PT_1 (Figure 5.8), where the
higher the glycogen concentration at the beginning of the anaerobic phase, the lower the
P/HAc yield, indicating a higher utilisation of glycolysis. Additionally, the amount of
glycogen consumed in anaerobic conditions constitutes on average approximately only
30-60% of the glycogen produced during the aerobic phase of the batch tests (for an ex-
ample see Figure 5.4), which further supports the hypothesis that glycogen was limiting
in the sludge when it was collected from the WWTP.

It should be noted that the phosphate yields resulted in higher values than expected
for the Danish plants, which was not concordant with the glycogen and PHA yields (Ta-
ble 5.3). In the blank tests conducted in this study, the P release rate in all the Danish
plants was approximately the double of the value obtained in the Portuguese blank tests
(1.3 £ 0.2 and 0.6 £ 0.1 P-mmol/C-molX.h, respectively). Regarding that the PHA and
glycogen variations were equivalent in the Portuguese and Danish tests, another mecha-
nism, other than maintenance, might have taken place in the Danish blank tests that in-
fluenced the P release observed. A possibility is the chemical release of phosphate from
iron-phosphate precipitates due to the activity of iron reducing bacteria (Nielsen, 1996).
Interestingly, from the plants analysed in Table 5.1, only the Danish plants use chemi-
cal precipitation and therefore it is plausible that iron-phosphate precipitates present in
these sludges could be re-dissolved in anaerobic conditions, resulting in over-estimates
of the P/HAc yields for these plants as shown in Figure 5.9.

The stoichiometric results obtained in this study seem to indicate that in the different

"s

WWTPs observed there is a "“metabolic gradient" that is determined by the glycogen’s
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Table 5.3: Anaerobic yields for chemical transformations involving P, PHA and Glycogen (Glyc) cycling (Average + Standard
deviation)

Portugal Denmark Models”
PT 1 PT 1 PT 2 PT 2 DK_1 DK2 DKJ3 TCA Glyc GAO
summer winter summer winter winter winter winter PAO PAO

P/HAc 0.6 0.9 0.3 0.5 1.1 1 1 08 0.5 0
+ 0.2 0.1 0.3 0 0.2 0.4 0

PHA /HAc P or C-mol 0.8 0.9 1.6 1.8 1.3 1.4 0.9 0.9 1.3 1.9
+ 0.2 0 0.6 04 0.2 0.4 0.2

Glye/HAc 0.2 0.1 0.2 0.7 0.3 0.4 0.2 0 0.5 1.1
+ 0.1 0 0 0.2 0.1 0 0.1

PHB 79 84 67 67 83 77 75 100 100 73
+ 3 7 1 0 8 0 9

PHV 18 14 29 32 17 20 25 N.D. N.D. 24
o + 5 7 3 0 8 0 9

PH2MB 1 1 1 0 0 2 0 N.D. N.D. N.D.

+ 0 0 0 0 0 0 0

PHOMYV 2 1 3 0 0 1 0 N.D. N.D. 2
+ 2 0 2 0 0 1 0
GAO! /PAO¢ 0.1 0.1 1.7 2.1 0.1 0 0.8
+ 0 0 0.3 0.7 0.1 0 0.1
OoBﬁmm.m\w»pO 0.1 0.1 0.1 1.3 0.1 0 0.1
+ 0 0 0 04 0.1 0 0

?Acetate PAO models introduced by Smolders et al. (1994b) and Acetate GAO model introduced by Zeng et al. (2002)
bGAO refers to total GAO as measured by gqFISH (sum of GAOmix, DEF1mix, DEF2mix and DF1013 and DF1004);
‘PAO refers to total Accumulibacter as measured by qFISH and the PAOmix probe

dCompeti. refers to Competibacter as measured by qFISH with GAOmix
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Figure 5.9: Correlation between the glycogen, the PHA and the phosphate yield per
acetate consumed in anaerobic conditions for the different WWTPs tested - PT_1 (dia-
monds), DK_1 (squares), DK_2 (triangles), DK_3 (circles) in comparison with the values
obtained by Zhou et al. (2009) (stars) for a typical cycle operation and for 2 different star-
vation conditions (I and II). (*) A detailed description of the conditions used to produce
these starvation phases are described in Zhou et al. (2009)
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availability: if microorganisms are starved or have low glycogen available they will re-
sort to the TCA cycle to generate their reducing equivalents anaerobically. However, as
glycogen becomes more available, they progressively use the TCA cycle less and glycol-

ysis more, which is in fact energetically more favourable (as discussed below).

Therefore the TCA cycle is suggested to play a more important role than initially
predicted by laboratory-enriched cultures, as was also determined by Pijuan et al. (2008).
This could be due to the fact that in WWTPs the aerobic phases have longer durations
(ranging in this case from 5 to 15 h) than in laboratory reactors (ranging from 2 to 4 h) (e.g.,
Carvalho et al. (2007); Flowers et al. (2009); Lanham et al. (2011); Smolders et al. (1994b);
Zhou et al. (2009)). This longer aerobic phase may lead to glycogen depletion, rather than
polyphosphate depletion or cell decay, once the PHA reserves are exhausted, as shown by
Lopez et al. (2006). Additionally, sludge in WWTPs still has to endure another starvation
period during the settling and recycling process, where glycogen pools are most likely to
be further depleted.

The hypothesis that the TCA cycle is active to different extents in WWTP sludge
due to glycogen limitation leads to the question of what is the effect that this shift in
metabolism might bring to the EBPR performance. Theoretically, the glycolysis metabo-
lism should be more efficient and beneficial for EBPR, since at the end of the anaerobic pe-
riod cells will contain more PHA (1.33 C-mol PHA /C-mol acetate with glycolysis vs. 0.89
C-mol PHA/C-mol acetate with the TCA cycle) and will have released less phosphate
anaerobically. This was verified experimentally (Figure 5.10), where the net P removed
per net P released ratio increased from approximately 1.0 (P-mol) to 1.5 (P-mol), while
the glycogen per acetate yield increased from 0.05 to 0.5 C-mol/C-mol. This increase in
efficiency was even greater if taking into account the P released by other processes such

as by chemical P release as discussed above.

Therefore, by using the TCA cycle, PAOs lose a fraction of their potential in the EBPR
process and that carbon limitation might affect negatively the efficiency of the process.
Interestingly, DK_1 and DK_2, where the strategy of RSS was used, precisely as a way to
increase readily biodegradable carbon loading to the WWTP, presented the best results
with a lower utilisation of the TCA cycle as when compared to PT_1 or DK_3.

In order to obtain a better understanding of the EBPR process, further research should
be carried out to determine in more detail the factors that trigger the use of the TCA cycle
over the glycolysis (as also pointed out by Zhou et al. (2010), as well as the impact of
the TCA cycle on the aerobic and anoxic yields of P removal. If this information were
incorporated into the metabolic models, it would be possible to describe a higher level
of metabolic versatility for the EBPR microorganisms, and also to determine what would
be the role of this metabolic versatility in the competition between PAOs and GAOs.
Further work is needed to relate PAO/GAQO metabolic models to the results generated
from full-scale sludge. Additionally, it is important to stress that the role and metabolism
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Figure 5.10: Correlation between the Glyc/HAc yield, as an indication for the use of the
TCA cycle vs. glycolysis, and the efficiency of the EBPR process expressed in terms of
the net P removed per net P released anaerobically - PT_1 (diamonds), DK_1 (squares),
DK_2 (triangles), DK_3 (circles).

of other unknown PAOs and GAO:s is still unclear, e.g., little could be inferred on the role
of Tetrasphaera, which could potentially affect the stoichiometry and the kinetics of the
process. Therefore, future work should provide a deeper insight into the metabolism and
physiology of lesser known PAOs and GAOs, which could then be tested in experiments
with activated sludge fed with complex substrates in order to better understand their
contribution to the process.

5.4 CONCLUSIONS

The following main conclusions can be taken from this work:

¢ All plants had a significant PAO population, composed of Accumulibacter and Tetras-
phaera PAOs. Only 2 of the 6 plants surveyed, one Portuguese and one Danish,
contained an abundant GAO population (4-8%). Though it was hypothesised that
GAOs might be more abundant in the Portuguese plants due to the higher operat-

ing temperatures, this did not seem to be the case in this study.

e The anaerobic metabolism in acetate-fed batch tests showed differences between
plants in the relative importance of the TCA cycle and glycolysis as a source of
reducing equivalents. This was apparently due to differences in the initial glycogen
pools that may cause glycogen limitation in some of the sludges. This demonstrated
that both mechanisms are important to various extents in different WWTPs, or even
in the same WWTP in different periods of time, and that these differences probably
resulted from the operating conditions or the characteristics of the influent.
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e Overall, it was determined that many of the factors expected from lab-scale experi-
ence to impact on EBPR were not found to fully explain the results obtained with
full-scale sludge, most likely due to the impact of other less well characterised fac-
tors and also due to the higher dynamism and complexity observed in full-scale
plants. Therefore, in order to obtain a comprehensive understanding of the system,
further research should focus on capturing the metabolic versatility of the involved
microorganisms when facing non-steady-state conditions and under limitation of

substrates and/or nutrients.
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enhanced biological phosphorus
removal sludge: anaerobic TCA
cycle vs. glycolysis

Summary This study investigates, for the first time, the application of metabolic models
incorporating polyphosphate accumulating organisms (PAOs) and glycogen accumulating organ-
isms (GAOs) towards describing the biochemical transformations of full-scale enhanced biological
phosphorus removal activated sludge from four wastewater treatment plants (WWTPs). For this
purpose, previous metabolic models applied to lab-scale systems were modified by incorporating
the anaerobic utilisation of the TCA cycle and the aerobic maintenance processes based on se-
quential utilisation of PHA, followed by glycogen and polyphosphate. The abundance of the PAO
and GAO populations quantified by fluorescence in situ hybridisation (FISH) served as the ini-
tial conditions of each biomass fraction, whereby the models were able to describe accurately the
experimental data. The kinetic rates were found to change among the different plants, or even in
the same plant during different seasons, either suggesting the presence of additional PAO or GAO
organisms, or varying microbial activities for the same organisms. Nevertheless, these variations
in kinetic rates were found to be proportional to the difference in acetate uptake rate, suggest-
ing a viable means of calibrating the model. The application of the metabolic model to full-scale
sludge also revealed that different Accumulibacter clades likely possess different acetate uptake
mechanisms, as a correlation was observed between the energetic requirement for acetate trans-
port across the cell membrane with the diversity of Accumulibacter present. Using the model as a
predictive tool, it was shown that lower acetate concentrations in the feed as well as longer aerobic
retention times, favour the dominance of the TCA metabolism over glycolysis, which could explain
why the anaerobic TCA pathway seems to be more relevant in full-scale WWTPs than in lab-scale
systems.
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6.1 INTRODUCTION

The biological removal of phosphate (also known as enhanced biological phosphorus re-
moval or EBPR) has been incorporated into several wastewater treatment plant (WWTP)
configurations and provides a more economical and sustainable alternative to chemical
precipitation methods of P removal (Mino et al., 1998; Oehmen et al., 2007).

For more than 20 years, an effort has been made to develop and apply activated
sludge models (ASM) to describe and predict the activated sludge processes, which are
a useful tool for plant design and optimisation (Henze et al., 2000). While ASM models
use a grey-box approach and focus on macroscopic processes, a different modelling ap-
proach, relying on metabolic and biochemical pathways, describes the energy, redox and
mass balances of the cell processes (Smolders et al., 1994b). When comparing the two
strategies, ASM models require a plant-tailored calibration procedure that can affect a
higher number of variables, whereas metabolic models have been reported to require a
simpler calibration procedure, since all of the equations for the microbial processes are
inter-dependant (Seviour et al., 2010a). Both approaches have been combined in the Tech-
nical University of Delft model (TUDP) and successfully applied for full-scale WWTPs,
describing anaerobic, anoxic and aerobic processes of polyphosphate accumulating or-
ganisms (PAOs) (Brdjanovic et al., 2000; Meijer et al., 2001; Veldhuizen et al., 1999).

EBPR is a complex process to model, since PAOs function in anaerobic, anoxic and
aerobic conditions and use three different internal storage compounds, i.e., polyphos-
phate, glycogen and polyhydroxyalkanoate (PHA), as a resource for energy, reducing
power and carbon. Additionally, PAOs have to withstand competition from glycogen ac-
cumulating organisms (GAOs), for which external parameters, such as temperature, pH,
COD:P ratio and carbon source, play a significant role (Oehmen et al., 2007). Hence, the
initial metabolic model developed in Delft for PAOs (Kuba et al., 1996a; Murnleitner et al.,
1997; Smolders et al., 1995; Smolders et al., 1994b), was expanded to include the metabolic
pathways of two main GAO-like organisms, i.e., Competibacter and Defluviicoccus vanus-
related organisms, as well as the effects of temperature, carbon source and pH on their
metabolism (Lopez-Vazquez et al., 2009b). Additionally, the denitrification capacities of
Accumulibacter, the main PAO known, and Competibacter- and Defluviicoccus-GAOs were
further added by Oehmen et al. (2010b).

However, these new additions have only been validated in lab-scale systems contain-
ing enrichments of PAOs and GAOs and have not previously been tested on full-scale
sludge. While simplified metabolic model calibration strategies have been proposed
based on lab-scale results (Oehmen et al., 2010b), it is necessary to test these theories using
full-scale sludge in order to evaluate their applicability to more complex situations. It is
noteworthy to mention that when modelling the performance of full-scale systems there
is an added complexity, since, not only could there be unknown PAOs and/or GAOs
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whose contribution to the phosphorus removal process is still unknown, but known
PAOs such as Tetrasphaera could be active, whose metabolism related to EBPR is still
largely unclear. Adding to this complexity is the fact that PAOs and GAOs make up a
much smaller fraction of the total microbial community in full-scale sludge as compared

to lab-scale systems, which can potentially have an impact on their metabolic behaviour.

Although PAOs have been typically modelled as using the glycolysis pathway as their
sole source of anaerobic reducing power generation, it has been suggested that the role of
the anaerobic TCA cycle in real WWTPs might be greater than expected as compared to
lab-scale results (Pijuan et al., 2008 and Chapter 5). In fact, Zhou et al. (2009) have shown
that the TCA might have a particularly prominent role when PAOs face conditions of
glycogen shortage. Since WWTPs deal with variable influent compositions and often
with limited carbon substrate availability, this might be the reason for a greater reliance
on the TCA cycle in WWTPs as opposed to lab-scale reactors (cf.,.Chapter 5 ). Therefore,
in order to improve the applicability of metabolic models, particularly with respect to
full-scale situations, the relevance of incorporating the TCA cycle activity into the model
should be assessed.

Furthermore, in previous metabolic models the aerobic maintenance processes pre-
dict cell decay at low PHA levels, which is not consistent with literature findings. Ex-
periments on the endogenous metabolism of PAOs (Lopez et al., 2006; Lu et al., 2007)
observed that the aerobic maintenance processes were dependant on glycogen and poly-
phosphate degradation following PHA depletion, with minimal cell decay. This is a
particularly relevant factor to include when applying the model to full-scale systems,
whereby the level of polymers stored by the sludge is much lower as compared to lab-

scale systems.

In this study, a simplified version of the metabolic models previously developed by
Lopez-Vazquez et al. (2009b) and Oehmen et al. (2010b) were adapted in order to incor-
porate the anaerobic TCA utilisation of PAOs, in addition to the previously implemented
glycolytic pathway. The resulting model was tested by describing the anaerobic/aero-
bic chemical transformations observed in activated sludge batch tests fed with acetate as
carbon source, from four different EBPR WWTPs with differing microbial compositions
(Accumulibacter, Competibacter and Defluviicoccus) and metabolisms, as shown in Chapter
5. Special attention was paid to the required calibration procedure necessary in order to
describe the activity of each biomass, and where possible, simplified calibration proce-
dures that could be applicable to the modelling industry were evaluated. In addition,
theoretical simulation studies were conducted between PAOs using solely the TCA cycle
(ACC_TCA) and PAOs using glycolysis (ACC_Glyc) in order to better understand the
conditions which may lead to the use of one metabolic pathway over the other. Thus,
this study is also relevant to improve our knowledge about factors that influence the mi-
crobial metabolism in EBPR systems, which is necessary in order to better understand
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and optimise the performance of the process.

6.2 MATERIALS AND METHODS

6.2.1 Experimental results

Four WWTPs were modelled in order to describe the anaerobic and aerobic chemical
transformations observed in activated sludge tested in lab-scale batch tests, fed with ac-
etate, at neutral pH (7) and at 20°C. The WWTPs studied had either an A2/O configu-
ration (Portuguese WWTPs: PT_1 and PT_2) or a Biodenitro configuration coupled to a
return sludge side-stream hydrolysis process (RSS) (Danish WWTPs: DK_1 and DK_2).
Experiments were carried out in winter and summer for the Portuguese WWTPs and only
in winter for the Danish WWTPs and for most cases (PT_1 winter, PT_2 winter and sum-
mer and DK_2) the experimental results were averaged from two replicate batch tests.
Two of the WWTPs (PT_1 and DK_2) only had Accumulibacter-PAOs (approximately 4%
as determined by quantitative fluorescence in situ hybridisation (qFISH)), whereas PT_2
had significant amounts of Defluviicoccus- and Competibacter-GAOs (4-8%). DK_1 pre-
sented one time point with almost 1% of Competibacter. Also, Type I and Type II Accu-
mulibacter were quantified (Flowers et al., 2009) and while in the Portuguese winter tests
and in the tests from DK_1 an equivalence between the sum of Type I and Type II and
total Accumulibacter was observed, in the Portuguese summer tests and in the tests from
DK_2, the total Accumulibacter population was not described by the sum of Type I and
Type 11, suggesting an unknown diversity of other Accumulibacter Types, as high as 50%
of the total Accumulibacter population. Tetrasphaera-PAOs were also present in all plants
(15-25%), however since their metabolism is yet unclear, this group was not considered
in the model. A complete account of the WWTPs characterisation, the batch test results

and the microbial population quantification can be seen in Chapter 5.

6.2.2 Model description

The model developed in this study was based on a simplified version of previous metabo-
lic models defined by Lopez-Vazquez et al. (2009b) and Oehmen et al. (2010a) and was
compiled using AQUASIM software (v. 2.1, Reichert (1994)). The present model focused
only on acetate as the sole external carbon source, converted into polyhydroxyalkanoate
(PHA). It does not address pH nor temperature dependencies (since these were con-
trolled at 7 and 20°C in all batch tests) and aims at describing the anaerobic and aero-
bic transformations of Accumulibacter-PAOs (abbreviated to ACC) and Competibacter and
Defluviicoccus-GAOs (abbreviated to GB and DEF).
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The model describes the acetate (Siac) and the phosphate (Spos) concentrations ob-
served in the medium, the fraction of PHA (Xpp4), glycogen (Xcry) and polyphosphate
(Xpp) inside the bacterial cells, as well as the concentration of PAOs and GAOs (X acc,
Xcp and Xpgr). The initial values for these parameters in the model were based on the
experimental results. The initial concentrations of the PAO and GAO biomass fractions
were based on the active biomass concentrations (as given by the volatile suspended
solids (VSS) minus the organic storage polymers, PHA and glycogen, cf., Smolders et
al. (1994a) multiplied by the fraction of Accumulibacter, Competibacter and Defluviicoccus
detected by qFISH (Oehmen et al., 2010b). In systems containing PAOs and GAOs simul-
taneously, their initial fraction of glycogen and PHA was estimated based on the specific
anaerobic yields for each compound (cf., Table 6.1) in each type of organism as exempli-
fied in Eq. 6.1 for the initial PHA fraction of Competibacter (X5F , »).

GB
fep X YpBHA HAC

% (6.1)
GB ACC DEF
feB X Ypra gac + facc X Yo pac + fDEF X Ypiia ac

GB _
XPHA,im' - XPHA,im'

where fcp, facc and fper are the fraction of each of these organisms as exemplified in

Eq. 6.2 for Competibacter.

XcB
B+ Xacc + XpEr

fcp = Xe (6.2)

The anaerobic stoichiometry of PAOs was based on acetate uptake coupled with
polyphosphate hydrolysis, phosphate release, glycogen degradation and PHA produc-
tion. Anaerobic maintenance processes were modelled as polyphosphate hydrolysis and
subsequent phosphate release, which was followed by glycogen degradation, if low poly-
phosphate levels were attained. A complete account of the anaerobic reactions and kinet-
ics in the model is given in Appendix A-I. The anaerobic yields were defined based on the
utilisation of the anaerobic TCA cycle or the glycolysis pathway, as determined experi-
mentally by the anaerobic glycogen per acetate yield determined in the activated sludge
batch tests (Chapter 5). The overall reactions for the TCA cycle or the glycolysis stoi-
chiometry were based on Smolders et al. (1994b) and are presented in Eqs. 6.3 and 6.4,
respectively. Greater explanation of the incorporation of the TCA cycle stoichiometry is
detailed in Section 6.3.1.

The overall acetate uptake reaction where the TCA cycle is incorporated is shown

below (C-mol basis):

1
Acetate + (0.5 + a pocc)HPO3 + (§ —0.5+a4c0)HO (6-3)
— 0.89PHA +0.11CO, + (05 + tXAcc)H3PO4
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The overall acetate uptake reaction where glycolysis is incorporated is shown below
(C-mol basis):

Acetate + 0.5Glycogen + (0.25 + x pycc)HPO3 — 1.33PHA + 0.17CO7 + (0.25 + a o) H3 POy

+ (152 — (025 + “ACC)) H,O

(6.4)

where a 5cc is the energy of transport of one C-mol of acetate across the cell mem-

brane.

GAOs were modelled in the same way as PAOs, except with a different stoichiometry
(see Table 6.1) and excluding the processes dependant on polyphosphate or phosphate.
The overall anaerobic acetate uptake of GAOs is shown in Eq. 6.5.

1 1
Acetate + (1 + 2a40)Glycogen — (1.75 + gzcho)PHA + (ZL + ngGAO)COQ (6.5)

Table 6.1: Anaerobic stoichiometric parameters for Accumulibacter (ACC), Competibacter
(GB) and Defluviicoccus (DEF) at pH 7, 20°C and with acetate as the carbon source. The
yields for the two possible metabolisms for Accumulibacter, with glycolysis (ACC_Gly)
and with the anaerobic TCA cycle (ACC_TCA) are indicated.

C-mol or P-mol”? ACC_Gly ACC_TCA GB DEF
Phosphate released per acetate yield ~ Ypos Hac 0.5 0.75 0 0
Glycogen consumed per acetate Yy HAC 0.5 0 112 1.12
yield
PHA produced per acetate yield YpHA HAC 1.33 0.89 1.86 1.86

® Accumulibacter yields given by Smolders et al. (1994b) and GAO yields given by Filipe et al. (2001a);
Zeng et al. (2002)

The aerobic stoichiometry and kinetics of the PAO model are based on the method
proposed by Murnleitner et al. (1997), where PHA is degraded to contribute to phos-
phate uptake, polyphosphate formation and glycogen replenishment. Growth is deter-
mined in the model from the difference between the degraded PHA and the glycogen
and polyphosphate produced (Figure 6.1). The aerobic stoichiometry depends on the
ATP production yield per NADH oxidised with oxygen, through the oxidative phospho-
rylation mechanism, known as the P/O ratio or §. The same processes are applied to
the GAO models with the exception of the phosphate uptake and the polyphosphate for-
mation processes. As explained in more detail in Section 6.3.1, the aerobic maintenance
processes rely sequentially on PHA, glycogen and polyphosphate as energy sources. The
kinetic processes and parameters utilised in this model, summarised in Appendixes A-I,
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PHA PP

W‘ k/y
GLY

02’ - kx\ > Growth

Figure 6.1: Kinetic structure of the aerobic model illustrating that the growth rate (kx)
and the oxygen consumption rate (kpp) are modelled indirectly from the PHA degra-
dation rate (kpya) and the polyphosphate and glycogen formation rates (kpp and kgry
respectively) (Adapted from Murnleitner et al. (1997))

were mostly consistent with those specified in Lopez-Vazquez et al. (2009b); Oehmen et
al. (2010b), except for the differences specified in Section 6.3.1.

6.2.3 Model calibration

The PAO model was first calibrated using the results from two batch tests of plant PT_1,
in winter time, at standard conditions (acetate as the carbon source, pH=7 and 20°C). The
calibration procedure was mainly performed on the kinetic parameters, namely g7%;,
kpp, kpra and kgry. A full account of the altered parameters is given in Table 6.5. The
resulting calibrated model was adjusted to the experimental values obtained in PT_1,
but in summer, and to the experimental values obtained in the other WWTPs. The ad-
justments were based on recalibrating g%, which then largely affected the aerobic rates
proportionally, as suggested by Oehmen et al. (2010b). During this procedure, the initial
concentrations of acetate, phosphate, PHA, glycogen and polyphosphate were set to the

initial experimental values.

The Competibacter model and the Defluviicoccus model were first calibrated in one
batch test of plant DK_1 and two batch tests of plant PT_2 (summer), respectively. The
same procedure as for PAOs was applied to adapt the models to the experimental results
of plant PT_2 (winter).

6.2.4 Sensitivity and error analysis and simulation studies

The deviation for n data points of the values predicted by the model (x"*% at time point
i) and the experimental values (x; © at time point i) was determined by calculating the

normalised root mean squared deviation (NRMSD) as stated in Eq. 6.6:
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n eprxmodel)z
1

i1 (X;
NRMSD = ¥ (6.6)

max xmin

ex ex . « . .
where xib and xmi}; are the maximal and minimal experimental values measured for
that parameter.

For long-term simulations, which were performed either for sensitivity analysis pur-
poses or for microbial competition estimates, a sequencing batch reactor (SBR) was de-
fined in AQUASIM as a mixed 8-L reactor compartment with variable volume, with a
sludge retention time (SRT) of 10 d, a hydraulic retention time of approximately 0.6 d,
and a 7-h cycle. The simulations were executed for 40 d until steady state conditions
were achieved (4 x SRT) (similar to what is described in Oehmen et al. (2010b).

Sensitivity analyses were performed to assess the impact of the aerobic PHA degra-
dation rate and of the initial polyphosphate concentration by varying the value of these
parameters by 4= 50% and then determining the effect on growth, levels of storage com-
pounds (PHA, glycogen and polyphosphate) and on phosphorus removal.

Simulations were performed to determine the theoretical competition between the
two anaerobic metabolisms that are at the focus of this work. In this set of simulations,
either the anaerobic TCA metabolism or the glycolysis metabolism was modelled in a
distinct PAO population, with all the other parameters being equivalent between the
different "organisms". While it is recognised that PAOs can potentially perform both
processes simultaneously, this approach allowed examination of the factors that influence
the competition between different metabolic pathways. Due to hypotheses suggested in
Chapter 5, the competition between the two metabolisms was assessed at different acetate
concentrations in the feed, from 0.25 to 5 C-mM, and at different aerobic phase durations,
from 3 to 12 h.

6.3 RESULTS AND DISCUSSION

6.3.1 Model development

The goal of this study was primarily to adapt metabolic models developed for lab-scale
systems to describe the processes occurring in full-scale sludge. Although it is unde-
niable that lab-scale systems are essential to achieve a deeper understanding about key
metabolic transformations, the higher complexity of full-scale WWTP might require ad-
justments to the models developed upon lab-scale data, regarding the diversity of influ-
ent characteristics and operating conditions existing in WWTPs. In particular for EBPR
systems, the diversity of PAOs and GAOs, and of their metabolic activities, in real plants

might be much higher than that obtained in lab-scale reactors. Moreover, the enrichments
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obtained in the latter can contain a greatly amplified abundance of these specific popula-
tions with respect to full-scale systems, thus diluting possible competition and synergetic
interactions of flanking populations. In this study, some parameters and concepts had to
be adjusted from the models developed by Lopez-Vazquez et al. (2009b) and Oehmen
et al. (2010a), as detailed below.

6.3.1.1 Incorporating the TCA cycle stoichiometry

Pijuan et al. (2008) and also in Chapter 5, two EBPR studies concerning full-scale acti-
vated sludge, have observed the partial utilisation of the anaerobic TCA cycle to differ-
ent extents, as shown by the stoichiometric yields, which, as reviewed by Oehmen et al.
(2010a), can indicate that different biochemical pathways are being employed. Smolders
et al. (1994b) proposed two metabolic models for the anaerobic metabolism of PAOs, one
using the TCA cycle and the other employing glycolysis. The anaerobic TCA cycle util-
isation is associated with a higher phosphorus release to acetate uptake yield (Yg‘ocfH A0)
and a lower glycogen consumption and PHA production per acetate uptake (Yé‘EfH acand
Yl‘,“gg, Hac Tespectively) than what is observed when using the glycolytic pathway (Smol-
ders et al. (1994b) cf., Table 6.1). In Chapter 5 different degrees of TCA cycle utilisation
were observed in different plants, and even in the same plant at different periods in time,
which were proportional to the glycogen consumption to acetate uptake yield. There-
fore, the incorporation of the TCA cycle metabolism was performed by adjusting the
YI‘,“SEH acand the Ylélgg,H cyields such that they are dependent on the Yéfy(fH cyields ob-

served in the batch tests.

Another important aspect is that, within the cases where the anaerobic TCA cycle
was relevant, a discrepancy was observed between some of the Ylﬁlgﬁi 4cvValues obtained
experimentally and those predicted by the TCA model. The reason for this likely stems
from the fact that YI‘;‘&(,:H 4cis dependent on the energetic requirement for acetate uptake
across the cell membrane (xpsp), which may vary depending on whether PAOs employ
the TCA cycle or glycolysis. Thus, the a 4cc value that Smolders et al. (1994b) found us-
ing the glycolysis pathway (via a lab-scale culture) is not necessarily transferable to the
TCA cycle model. This energetic requirement (x acc), is known to be dependent on pH
(Filipe et al., 2001a; Smolders et al., 1994b) but also on the VFA uptake mechanism of
the cell (Oehmen et al., 2010a). Since pH was controlled at 7 in all experiments, we hy-
pothesised that the reason for this occasional discrepancy was due to the a 4cc parameter
changing as a function of the PAO population, with different Accumulibacter sub-groups
possessing different VFA uptake mechanisms. Supporting this hypothesis is the fact that
a correlation was observed between the aocc parameter and the abundance of Accu-
mulibacter Type I and Type Il vs. total Accumulibacter. In cases where total Accumulibacter
correlates closely (between 75 and 100%) with the sum of Type I plus Type II, a higher
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xacc, and consequently a higher Yzé(ng acWas observed. When Type I plus Type II ac-
counted for between 25 and 75% of the total Accumulibacter population, the a 4cc agrees
well with that predicted by the glycolysis model. Interestingly, Zhou et al. (2009) also
found a higher YI?SEH 4cvalue than the one predicted by Smolders et al. (1994b) when
the TCA cycle was active, corroborating the results of this study. Therefore, the value of
Yf;‘ng 4c Was incorporated in the model (Egs. 6.7 and 6.8) by introducing a first term that
accounts for a higher Ylfng 4cvalue when the TCA cycle is active instead of glycolysis,
due to the necessity to increase the hydrolysis of polyphosphate to accommodate for all

the ATP production that is no longer being generated by glycolysis.

The second term defines a new value for a4cc, according to the diversity observed
in the Accumulibacter population. Furthermore, it is important to note that this increase
in ATP requirement for acetate transport was not observed when the glycolysis pathway
was active, but only when the TCA cycle was used and the total Accumulibacter popu-
lation was well described by the sum of Type I and Type II. This suggests that different
Accumulibacter sub-populations possess different acetate uptake mechanisms. Addition-
ally, when comparing the VFA uptake energetic requirements of PAOs and GAOs (cf.,
Table 6.2), it can be observed that this parameter appears to be dependent on the level
of glycolysis activity of the cell, in addition to the VFA uptake mechanism. For instance,
PAOs and GAOs are capable of using additional VFA uptake mechanisms besides the
direct use of ATP (see Oehmen et al. (2010a) for a review). These mechanisms become
more prevalent when higher quantities of glycogen are used by the cell, and thus, they
are more significant in GAOs than PAOs. Furthermore, Defluviicoccus GAOs have been
found to have two simultaneous extra proton motive force (pmf) generation capacities
(i.e. through fumarate reductase and methylmalonyl-CoA decarboxylase), while Com-
petibacter GAOs only have one (through fumarate reductase) (Burow et al., 2008; Saun-
ders et al., 2007). This correlates very well with the ATP requirement for transport found
in these organisms through metabolic models (Filipe et al., 2001a; Oehmen et al., 2006).

ACC
1 A Y
ACC _ CC_Gly ACC_TCA GLY,HAc ACC
YposHAc = i (Yoryiae = Yorvaac ) % (1 — —4ccary) + hac (6.7)
GLY,HAc
ACC 1 Y& HaA
, C
Kigac = —1.1+0.19 x pH+ 1(1 — 7ACC_Gly) X fACCI,ACCII (68)
GLY,HAc

where faccraccris 1 for a higher coverage of total Accumulibacter by Types I and 11
(75-100% of total Accumulibacter) and O for a lower coverage (25-75% of total Accumulibac-
ter). As previously reported by Smolders et al. (1994b), the range of « is constrained
between 0 and 0.5 mol ATP / C-mol acetate uptake. The values of the yields for the two
Accumulibacter metabolisms (ACC_TCA and ACC_Gly) are stated in Table 6.1.
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YACS . was defined using a similar strategy as for Y;‘&CH e (Eq. 6.9), where more

PHA is produced via the glycolysis pathway as compared to the TCA cycle per mole of
acetate uptake.

ACC
yAcC — yACC_TCA (YACC_Gly _ YACC,TCA) YGLY,HAC (6.9)
PHA,HAc — “PHA,HAc PHA,HAc PHA,HAc ACC_Gly .

GLY,HAc

6.3.1.2  Anaerobic maintenance processes

The batch tests conducted in WWTPs that carried out a chemical phosphate precipita-
tion polishing step, namely DK_1 and DK_2, presented a relatively high anaerobic P
release, which could be partially due to anaerobic dissolution of iron-phosphate pre-
cipitates caused by iron-reducing bacteria (Nielsen, 1996). For simplicity reasons, it was
opted to model this additional P-release as an increased anaerobic maintenance coeffi-
cient, instead of adding a new chemical P release process. The anaerobic maintenance
coefficient (mﬁlc\lé‘) was determined in a blank test without the addition of acetate, and its
value was determined by calculating the rate of ATP production from the rate of P release
observed during this test (Table 6.5).

6.3.1.3  Aerobic maintenance processes

In previous models, the aerobic maintenance was modelled as a function of cell growth,
which is indirectly related to PHA degradation (Murnleitner et al., 1997). For this reason,
at low PHA concentrations, the model predicted negative growth or cell decay, which
contrasted with studies where the endogenous mechanisms of PAOs were characterised
(Lopez etal., 2006; Lu et al., 2007). Based on the results of Brdjanovic et al. (1998), Lopez et
al. (2006) and Lu et al. (2007), the aerobic maintenance process was expanded to include
a sequential dependence on PHA, glycogen and then polyphosphate. These studies have
shown that PAOs tend to rely on energy generation from their storage polymers prior
to cell decay, an effect that is of high importance particularly in the substrate-limited
conditions that normally exist in full-scale WWTPs, unlike lab-scale systems. The three

sequential aerobic maintenance processes are defined in Egs. 6.10 to 6.12.

AER AER Xpia
_ PH
Mmucc,paA = Mpra X Xacc X YACC 4 ACT (6.10)
pHA T KpHA
AER AER Xpia Xor
PH
macc,cry = Mory X Xace X | 1= Taee, vace | X wace . gace  (611)
Xpra + Kppa Xery + KGry
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AER AER X?ﬁg

mucc,pp =Mpp X Xace X |1 — Saee vace
XGna+Kona (6.12)

ACC ACC

« 1= XCry % Xpp
ACC ACC ACC ACC
Xeor + Koy Xpp~ + Kpp

where, mﬁﬁi, méf{f and mﬁER are the aerobic maintenance coefficients based on

PHA, glycogen and polyphosphate respectively. m4ER was defined according to Lopez-

Vazquez et al. (2009b) (Eq.6.15), while méf{} and m?ﬁR are defined in this study. From
Egs. 6.13 and 6.14, the degradation of one C-mol of glycogen or of one P-mol of polyphos-
phate produces % or 1 ATP-mol, respectively. These coefficients are proportional to how
much glycogen or polyphosphate would be needed to produce the ATP requirements for
aerobic maintenance, defined as mﬁ%ﬁ (Smolders et al., 1994b), hence obtaining the ex-

pressions presented in Egs. 6.16 and 6.17.

Glycogen degradation to produce ATP (C-mol basis):

1 2 1 1 1+9¢
Glycogen + —Oy — -PHA + -CO, + - HO + iATP (6.13)
4 3 3 3 2
Polyphosphate degradation to produce ATP:
HPO3 + Hy0 — ATP + H3POy4 (6.14)
12 x m4ER
AER ATP
= A
MPHA = 6 076 (615
(cf., Lopez-Vazquez et al., 2009)
2« mAER
AER ATP
= S 2 ATP 1
GLY 156 (6.16)
i = it ©17)

The stoichiometric matrix for these maintenance coefficients is given in Table 6.3.

It was assumed that the aerobic maintenance processes would be similar in GAOs,
as in PAOs, i.e. with the sequential utilisation of PHA and glycogen for aerobic mainte-
nance, excluding of course the process dependant on polyphosphate. However, GAOs
aerobic maintenance processes have been far less studied than PAOs, therefore further

research is needed to confirm this assumption.
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Table 6.3: Stoichiometric matrix for the aerobic maintenance coefficients. For a definition
of the different yield coefficients, cf., Appendix A-I

Processes

AER AER AER
M4cc,PHA Mycc,cry  Macc,pp

Components (Lopez-Vazquez et al., 2009b) this study this study

yACC

So2 vace — 1 -1
0y, X
Spo4 igp,p X Y)?,?—ICAC 1
Xacc _Yfg,%CAc
xiss
x5 :
X4cc -1

6.3.2 Model calibration and application in the different WWTPs

One of the main differences in transposing a model that was developed and validated
in lab-scale cultures to WWTP sludge is that the proportion of PAOs and GAOs shifts
from high quantities in enriched cultures (normally >60% of the total population), to
only a minor fraction of the total community (in this study, usually approximately 5%
of the total population, and never surpassing 12%). The strategy used in this study was
to input the abundance of each type of organism (Accumulibacter, Competibacter and De-
fluviicoccus), as determined by quantitative FISH, multiplied by the active biomass con-
centration (i.e. VSS minus PHA and glycogen, converted to CmM via the biomass for-
mula of CH; 8400 5N.19 (Zeng et al., 2003d) for the initial biomass fractions of each group
(Oehmen et al., 2010b). This step alone yielded a fairly correct description of the chemical
transformations, with some adjustment required with respect to the kinetic parameters.
In general the rates were slightly lower than the values obtained by (Lopez-Vazquez et
al., 2009b), except for glycogen, which had a slightly faster rate than found in lab-scale
systems (Table 6.5). After the calibration procedure, the model fitted remarkably well
with the experimental results, with error values below 5%, as determined by the NRMSD
(Table -6.7).

Similarly to lab-scale studies, the calibration procedure involved the adjustment of
the g1j%., the kppa, the kppand the kgry parameters (Table 6.5). Other minor modifica-
tions from the lab-scale models are shown in Table 6.4, notably of which was the need

ax

to increase the maximal glycogen fraction (fZ}y), which was found to exceed the previ-
ously estimated threshold (0.27 C-mol/C-mol as used in Lopez-Vazquez et al. (2009))
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when measured in the activated sludge. This parameter was introduced in the model to
prevent the prediction of an unrealistically high level of glycogen accumulation (Meijer et
al., 2002). However, considering the low quantity of PAOs and GAOs in full-scale sludge,
the measured glycogen value might be more highly influenced by e.g. the presence of
other hydrolysable sugar-polymers resulting from exopolymeric substances, for exam-
ple, from the presence of other EBPR bacteria (e.g. Tetrasphaera or unidentified popula-
tions) or other populations present in the sludge. It is noticeable that despite the fact that
glycogen levels are approximately 1 C-mmol/L in sludge from PT_1, the microorganisms
hardly consume glycogen anaerobically (Figure 6.2), which could suggest a depletion of
their internal storage reserves and that the remaining glycogen quantified resulted from
other glucose sources.

A similar effect was observed for PHA levels, which seem to not decrease beneath a
value of approximately 0.5 C-mmol/L (Figure 6.2 and Figure 6.3). This suggests there
could be other PHA sources from PHA accumulating organisms other than PAOs and
GAO:s (also suggested by Meijer et al. (2002)). Further, aerobic phosphate uptake seemed
to be influenced by a factor other than PHA limitation, since a deceleration was observed
even when PHA was still available. This was likely due to the level of poly-P accumula-
tion within PAOs, which is known to affect the P uptake rate (Smolders et al., 1995) and
was taken into account by adjusting the initial poly-P concentration in the modelling of
some batch tests. Nevertheless, a good correlation was not found between the quantifi-
able total phosphorus and the adjusted initial polyphosphate concentration of the model.
This was likely due to the fact that other organisms besides Accumulibacter can also store
poly-P, and the impact from chemical P precipitates. The total phosphorus measured
was 2 to 3 times higher (30.6 to 61.5 mg-P/g VSS for a 5% enrichment in Accumulibacter)
than what is expected from other literature results (e.g., Acevedo et al. (2012) obtained
300 mg-P/g VSS for an 80%-enrichment in PAOs). However, a sensitivity analysis in
long term simulations (40 d) showed that even when varying the initial concentrations of
polyphosphate by 50%, the models converged to the same steady-state conditions (less
than 1% error) and therefore this effect is only relevant to accurately describe the start-up

conditions.

The calibration of the GAO models necessitated the inclusion of PAOs as well, since
in the set of WWTPs modelled, there was no situation where GAOs, either Competibac-
ter or Defluviicoccus, were present without PAOs. Despite this challenge, the phosphate
profile was effectively described by introducing, as initial concentrations, the GAO abun-
dance in the proportions determined by qFISH, confirming once more the success of this
methodology. However, although the stoichiometry of glycogen and PHA was generally
well described, some discrepancies arose for these two parameters, especially for glyco-
gen, when calibrating the experimental results from PT_2, which could result from the
fact that the redox balances did not close in plant PT_2 (Chapter 5)
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Figure 6.2: Calibration for a) PAOs in PT_1 (winter), b) PAO model to DK_1, c) Com-
petibacter and PAOs in DK_1, d) Defluviicoccus and PAOs in PT_2 (summer). Experimen-
tal data shown for phosphate (circles), PHA (squares), acetate (triangles) and glycogen

(diamonds)

Table 6.4: Adjusted parameters during the calibration

PAO model (Portugal) PAO model (Denmark)
m ﬁgg‘ mol-ATP/C-mol/h 2.35* 40
Kgygt C-mol/C-mol/h 0.01 0.01
oy C-mol/C-mol 0.8 0.8

?According to Smolders et al. (1994b)
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The next step was to apply the calibrated models to other experiments for the same
plant and also for different plants. Once more, the strategy of inputting the PAO and
GAO abundance as determined by FISH proved very effective in determining the overall
cycling of the target parameters (Figure 6.3 and Table 6.7).

When transposing the model to the Danish plants, the anaerobic maintenance coeffi-
cient had to be adjusted in order to account for a higher phosphorus release. This was
resolved by determining the experimental value of the maintenance coefficient from the
phosphorus release in a batch test performed without the feeding of acetate (Table 6.4).

What differed from plant to plant, as well as in experiments within the same plant,
were the kinetic parameters presented in Table 6.5. Interestingly, different kinetics were
observed in Portuguese plants when comparing summertime (faster) and wintertime
(slower) experiments. In Denmark, where experiments were all performed in winter-like
conditions, while DK_1 revealed the same kinetics as the summertime Portuguese exper-
iments, DK_2 agreed with the wintertime kinetics (Table 6.5 and Table 6.6), suggesting
this effect might not entirely be related to seasonal effects, but could translate either dif-
ferent levels of activity of PAO and GAO cells, or the presence of other PAOs and GAOs
besides Accumulibacter, Competibacter and Defluviicoccus. It is noteworthy to mention that
the factor by which the anaerobic kinetics changed also generally correlated well with
the changes in aerobic kinetics, which is in agreement with the findings from lab-scale
studies (Oehmen et al., 2010Db).

One exception, however, was the aerobic PHA degradation rate, which remained con-
stant in most experiments (except in DK_2, cf., Table 6.5) and therefore was independent
of the overall activity factor discussed above. Since PHA is not an exclusive polymer of
PAOs and GAOs, it could be produced or consumed by other organisms present in the
sludge, thus influencing the rates observed. Nevertheless, Meijer et al. (2002) already
discussed that the model was more sensitive to stoichiometry than to kinetics, in steady
state conditions. In fact, when varying the aerobic PHA degradation rate by &+ 50%, a dif-
ference was observed in the PHA and in the glycogen levels by 55 and 27% respectively,
whereas a difference of less than 10% was observed for growth and for the concentration
of phosphate after 40 d, which in fact are the most vital parameters for modelling EBPR.
Considering the finding that the kppsrarely changed, and when it did change an appre-
ciable effect on the prediction of P removal or growth was not observed, it is suggested
that this kinetic parameter can be assumed to be constant while 55, kpp and kgry can be
assumed to vary by an identical factor. This could be a useful strategy during future full-
scale metabolic model calibration endeavours, thereby avoiding the direct measurement

of PHA and glycogen, which are usually not feasible to quantify at full-scale facilities.
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Figure 6.3: Model description of a) and b) PAO model in PT_1 and DK_1, ¢) PAO
and GAO model in PT_2 (winter), with experimental data for phosphate (circles), PHA
(squares), acetate (triangles) and glycogen (diamonds)

Table 6.5: Kinetic constants for the PAO model applied to different tests, given as a func-
tion of the initially calibrated kgry, kpra, kpp and g7, for PT_1 (winter)

C-mol/C-mol/h PT_1 PT_1 DK_1 PT 2 PT 2 DK 2 PAO*
orPmol/Cmol/h - (Winter) (summer) (winter) (summer) (winter) (winter) model
THAc 015 3qpi.  SafA.  34aic  1aHa  laa. 02
kpp 0.01 3 kpp 3 kpp 3 kpp 1 kpp 1kpp  0.02
kpra 0.2 lkpwa  lkpua  lkpwa  2kpua  lkpua 038
kory 0.02 3kcry 3kary 3kcry 1kgry 1kgry 0.015

?(Lopez-Vazquez et al., 2009b)
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Table 6.6: Kinetic constants for the GAO models in applied to different experi-
ments, given as a function of the initially calibrated rates in DK_1 (Competibacter) and
PT_2_summer (Defluviicoccus)

Calibration Kinetic adjustment
GB DEF GB DEF
cmol/c-mo/n - DK_1 - PT_2 (summer) PT_2 (winter)
9ac - 03 0.2 0.5 9 %4c.ce 04 GFac,pEF
kpma 0.3 0.2 1kSE 0.8 kBEE
kgry 0.2 0.13 0.5 kGB, 0.4 kRED

Table 6.7: The normalised mean root squared deviation (NRMSD) between the experi-
mental results and model predictions in the different experiments

NRMSD (%)
Glycogen PHA POy

PAO model
PT_1 (winter) 24 24 1.7
PT_1 (summer) 4.5 3.8 1.7
DK_1, exp. 1 3.7 4.1 14
DK_1, exp. 2 5.8 54 24
DK_2 7 32 06
PAO and GAO models

DK_1, exp. 3 8.5 32 15
PT_2 (summer) 28.3 3.8 3.6
PT_2 (winter) 13.3 2.9 2
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6.3.3 Competition between PAOs using glycolysis vs. TCA

The additional elements incorporated in this study to the metabolic models developed
previously (Lopez-Vazquez et al., 2009b; Oehmen et al., 2010b) were successful in de-
scribing the overall transformations observed in activated sludge performing enhanced
biological phosphorus removal with acetate as the carbon source. Thus, the model was
used as a tool to understand the mechanisms that could lead to an advantage of the TCA
metabolism (ACC_TCA) over the glycolysis metabolism (ACC_Gly). It is desirable to
understand the factors that lead to the observation of the TCA metabolism in WWTPs,
and explain why it is observed at a lesser extent in lab-scale SBRs.

In Chapter 5, it was hypothesised that low carbon substrate levels in the influent, as
well as long aeration periods, could lead to a lower availability of glycogen and hence
to the use of the TCA cycle over the glycolysis pathway. Simulations were carried out at
different acetate concentrations in the influent and also in SBR cycles with different aer-
ation periods (Figure 6.4). Although higher acetate concentrations clearly led to higher
overall growth as compared to lower acetate concentrations, the relative proportion of
ACC_TCA and ACC_Gly was investigated, and indeed found to vary. The results re-
veal that at higher substrate concentrations, e.g., at 5 C-mmol/L of acetate in the feed,
a situation similar to the conditions used in most lab-scale reactors (e.g., 3.4 C-mmol/L
in Acevedo et al. (2012), 4.7 C-mmol/L in Zhou et al. (2009) and 6.25 C-mmol/L in
Lopez et al. (2006)), a predominance of the glycolytic metabolism is observed, whereas
for lower substrate concentrations, i.e., lower than 2 C-mmol/L, which is closer to the
acetate or total volatile fatty acid (VFA) concentration available in WWTPs (Zeng et al.,
2006), the TCA metabolism gains an advantage. As seen by the simulations, this ad-
vantage likely derives from the fact that the aerobic replenishment of storage polymer
is prioritised as compared to growth (Murnleitner et al. 1997), therefore the ACC_Gly
will spend more PHA on restoring the consumed glycogen in aerobic conditions than
the ACC_TCA. Thus, at lower acetate concentrations, the ACC_TCA metabolism gains
an advantage, since less PHA will be used for glycogen production, and therefore, more
PHA will be available for growth in comparison with ACC_Gly. Additionally, at lower
acetate concentrations, PAOs become limited in glycogen resources and hence, while the
ACC_TCA will continue to be able to take up acetate anaerobically, since this process
is not dependant on glycogen, the glycolytic metabolism will no longer be able to sup-
port acetate uptake. The reason why the glycolysis pathway likely dominates in lab-scale
systems, which are commonly operated with higher carbon concentrations, is because
ACC_Gly are able to produce more PHA anaerobically than ACC_TCA. At non-limiting
acetate concentrations, this higher PHA content will lead to more biomass growth by
ACC_Gly than ACC_TCA.

The effect of the aeration phase duration is less pronounced on the selection of one
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Figure 6.4: Effect of acetate feed concentration (a) and duration of the aerobic phase
(b) on the competition between the two metabolisms: TCA cycle (circles) vs. glycoly-
sis (squares). Simulations were run for 40 d using the PT_1 (summer) calibrated model.
Simulations in (a) were conducted with an aeration period of 4 h and simulations in (b)
were performed at an initial acetate concentration of 2 C-mM

metabolism over the other. However, for aeration periods lasting 3-4 h, which consti-
tute the most common conditions in lab-scale reactors (e.g., 2.7 h to 3.5 h in Lopez et al.
(2006), Zhou et al. (2009) and Acevedo et al. (2012)) the glycolytic metabolism is preva-
lent, whereas for longer aeration periods, such as higher than 6-7 h, which are typical
aeration retention times in WWTPs (e.g. the four WWTPs modelled in this study) the
TCA metabolism appears more favourable. This effect likely results from glycogen limi-
tation as well, but due instead to the aerobic maintenance processes, which in this model
rely on glycogen and then on polyphosphate after PHA depletion, as suggested by Lopez
et al. (2006) and Lu et al. (2007). The previous models, which based aerobic maintenance
indirectly on PHA through modelling a decrease in the biomass concentration (Murn-
leitner et al., 1997; Lopez-Vazquez et al., 2009; Oehmen et al., 2010b), predicts aerobic cell
decay when PHA levels are depleted, observable even in cycles of 6 h (typical of lab-scale
SBRs). This does not describe what is known for PAO’s aerobic endogenous metabolism,
where cell decay was minimal as compared to glycogen and polyphosphate degradation
(Lopez et al., 2006; Lu et al., 2007). Therefore, the model proposed in this study predicts
a consumption of glycogen, and eventually, if glycogen levels are depleted, a release of
phosphate, which agrees better with what was observed in previous studies (Lopez et al.,
2006; Lu et al., 2007).

6.4 CONCLUSIONS

In this study, a metabolic model was applied to describe the activity of PAOs and GAOs
in sludge collected from four WWTPs. The model incorporates the anaerobic TCA cycle
activity of PAOs in order to describe the observed biochemical transformations, as well as
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the modification of previously proposed anaerobic and aerobic maintenance processes.
The model was able to predict accurately the experimental results, by defining the ini-
tial abundance of PAOs and GAOs with the fraction quantified by FISH. The changes
in anaerobic acetate uptake rate amongst the different sludges correlated very well with
changes in aerobic P uptake rate and glycogen production rate, while the aerobic PHA
kinetics remained largely stable in different plants and for different seasons. This sug-
gests a simplified model calibration procedure that avoids the need for PHA and glyco-
gen measurements. Additionally, it was suggested that the acetate uptake mechanism
of Accumulibacter varies according to the different clades, with differences observed in
the energetic requirements for acetate uptake depending on the Accumulibacter diversity.
Long-term simulations using the model showed that low carbon substrate concentra-
tions in the feed and long aerobic phases lead to an advantage of the anaerobic TCA
metabolism over the glycolysis metabolism, which would explain the higher importance
of this metabolism in WWTPs as opposed to what is most commonly observed in lab-
scale reactors. This study illustrated how metabolic modelling could be used as a research
tool to test hypotheses and to determine new metabolic properties of Accumulibacter, par-
ticularly with respect to its acetate uptake mechanism. It was found to be a robust and
simplified tool to describe and predict with relative ease the EBPR metabolism observed
in full-scale WWTPs. Further research should be conducted to integrate this improved
version of the metabolic model with ASM models in order to describe the operation of

biological nutrient removal plants in steady-state or dynamic conditions.
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Conclusions and future work

Summary This chapter presents some of the main overall conclusions that resulted from
this thesis. In addition, some aspects that could be addressed in the future are discussed.

129



130 7. CONCLUSIONS AND FUTURE WORK



7. CONCLUSIONS AND FUTURE WORK

This work provided several contributions that constitute another step forward to-
wards an improved understanding of microbial EBPR communities and mechanisms in
full-scale WWTPs.

First of all, special attention was paid to the analysis and quantification of internal car-
bon storage polymers (glycogen and PHA), since they constitute a vital resource for EBPR
bacteria and also since they are related to the overall phosphorus and carbon removal per-
formance. It was made clear that these methods depend on the structure of the biomass,
whether it is aggregated in flocs or in granules, and for PHA, on the type of monomers
composing the co-polymer. Therefore, the application of these methods should consider
the type of system, the composition of the polymer and the type of biomass. Once a re-
liable method for PHA and glycogen quantification was established, it was possible to
characterise the identity and the performance of the EBPR microbial communities in ac-
tivated sludge collected from six different WWTPs. PAOs were present in all plants with
similar abundances, whereas GAOs were only systematically observed in two plants, one
in Portugal and one in Denmark, which suggested that a warmer climate was not the sole
factor for GAO selection. Parallel aerobic and anoxic batch tests showed different levels
of activity of denitrifying PAOs in the WWTPs tested. Anaerobic batch tests with acetate
revealed that the anaerobic metabolism relied, to different extents, on the anaerobic util-
isation of the TCA cycle and glycolysis, hence demonstrating a metabolic diversity from
plant to plant and even within the same plant but at different periods.

The incorporation of the TCA cycle in metabolic models was successfully used to de-
scribe the experimental data of the anaerobic-aerobic batch tests conducted with sludge
from the different WWTDPs. Interestingly, through describing the anaerobic metabolism of
PAOs and correlating it with the abundance of organisms as quantified by FISH, different
acetate uptake mechanisms in different Types of PAOs were revealed. By simulating the
TCA metabolism in PAOs, vs. the glycolysis mechanism, in addition to the adjustment of
the aerobic maintenance processes, the model described well the experimental data ob-
tained with full-scale sludge. In long-term simulations, the anaerobic TCA metabolism
was shown to be favoured by lower acetate concentrations and longer aeration phases.
This explains why the TCA metabolism was observed to a greater extent in full-scale sys-
tems as opposed to glycolysis, more frequently observed in lab-scale enriched cultures.

After more than 30 years of research into the operational, microbiological and metabolic
aspects of EBPR, there is an undisputable solid foundation of knowledge on this process,
which has allowed for the development of new configurations and control strategies to
improve its operation. So far, engineers and microbiologists have been assembling in-
formation that forms mainly a two-dimensional plot, where one axis is the identity of
the organisms and the other their metabolism. Recent work, and this study is no ex-

ception, has been expanding the limits of these axes by exploring the diversity within
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the PAO and GAO groups, by studying new organisms, or by finding a higher diver-
sity within the ones already known. Recent findings suggest that different organisms
possess different metabolic capacities, therefore future work should continue this line
of investigation and use advanced microbiological or molecular biology techniques to
clarify the phylogeny and activity of PAOs and GAOs. On the other hand, there is ev-
idence that the EBPR-related microorganisms might have more complex and adaptable
metabolisms than initially thought and therefore, further research should address the
behaviour of EBPR in limiting conditions, stress conditions and continuously dynamic
conditions, such as the ones encountered in real systems. The so called "omic" studies
could provide useful insight on the metabolic versatility of PAOs and GAOs by identi-
fying their genetic potential, as well as different levels of gene expression in response to
operational conditions.

While these two axes should continue to expand, a more complicated task will be to
incorporate a third dimension related to the ecophysiology of the microorganisms. This
activity should be indirectly related to interactions between the EBPR microbial commu-
nity with the other communities and with system’s conditions, in regard to the opera-
tional parameters and to processes such as predation, competition and symbiotic inter-
actions. To do this, experiments will have to incorporate higher levels of complexity,
for instance by using more complex substrates such as real wastewater, and will need
more powerful analytical tools that can measure in real time the cycling of components

in different organisms and their reaction to dynamic conditions.

As the complexity of the information grows, it will be necessary to employ sophisti-
cated mathematical and statistical tools to interpret and integrate the results. Metabolic
modelling, alone or in conjunction with ASM models, will most likely play a strong role
in this task, since it will be able to compile high amounts of interactions, while still requir-
ing simple and easily obtainable inputs. However, as the models become more complete,
the challenge is to keep them easy to use. Therefore, a very important aspect will be to
critically judge when will the resolution be enough. This question may have two answers,
according to the specific goals in mind: a lower resolution could be enough for describing
real systems and a higher resolution could be extremely useful to use the model as a tool
to understand particular aspects of the process.

A tool that is emerging in many sciences is augmented reality, a virtual tool that al-
lows to modify by computer software the perception of reality. Rosling (2010), a Swedish
medical doctor and statistician, in his work "200 Countries, 200 Years, 4 Minutes" clearly
demonstrated the power of integrating in a virtual environment large quantities of data,
in both number and complexity, and extracting very visual and clear interactions. It could
be extremely interesting to compile the information available so far, on ecology, metabolic
diversity, microbial identity and interactions in activated sludge, in such a virtual envi-
ronment, to simulate the microbial interactions in a WWTP. This could potentially be a
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multidisciplinary project, involving experts from the different areas relevant to biotech-
nological processes and wastewater treatment, entitled "2 million bugs, 200 days, 4 tanks
(AN/AX/AE/settler)" where the goal would be to define the new gaps in knowledge
and new possibilities in concepts such as symbiosis, competition, adaptability and re-
silience. This could provide interesting new concepts that could potentially be used to
find new treatment systems or even be transferable to other areas such as health or even

to human sociology.

Furthermore, future work should definitely address public perception and that is not
only the role of the science promoters or communicators, but it is the role of each scientist.
Due to the emergent phosphorus crisis, with potentially dramatic economical, social and
political consequences, and to the even more drastic water crisis, it is important to debate
what contributions could be made to revolutionise the role of WWTPs, in order to further
promote the paradigm "from waste to value" and transform WWTPs in a centre for value

and for strategic resources.
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Appendix A: Stoichiometric matrix for Accumulibacter-PAQOs

Components
Process 1 2 3 4 5 6 7
ACC ACC ACC
Soz SHac Sros Xucc X Xery Xop
Accumulibacter
Anaerobic
ACC_Gly ACC_Gly ACC_Gly ACC_Gly
acetate uptake -1 Y, PO4,HAc Y, PHA,HAc - GLY ,HAc -Y, PP,HAc
Gycolysis
Anaerobic
ACC_TCA ACC_TCA ACC_TCA ACC_TCA
A bi acetate uptake I’PO4,HAC Y, PHA,HAc -, GLY ,HAc - YPP,HAc
naeropic TC A
Processes Anaerobic
PAO .
maintenance 1 1
on
polyphosphate
Anaerobic 5
maintenance g -1
on glycogen
Aerobic PHA _yHce _yAce yAcc 1
degradation 0, ,PHA PO, X X ,PHA
Aerobic AerObiC
ACC ACC ACC
Processes glycogen Yo ey Yoo, o1y -Yorrx 1
PAO production
Aerobic Poly- Acc _yHcc _yHAcc 1
P formation 0,,PP PO, ,PP PP.X




Components

Process 1 2 3 4 5 6 7
So2 SHac Sros Xucc X X&ry X
Aerobic Y;f,i
8 maintenance Y;CCC -1 Ipg.p XY, ,}4, e -Y, )}4, .
on PHA 0,,X
) Aerobic 1 2
Aerobic maintenance —— — -1
Processes 4 3
PAO (cont.) on glycogen
Aerobic
maintenan:
10 Oen ce 1 1

polyphosphate




Appendix B: Stoichiometric matrix for GAOs: Competibacter and Defluvicoccus
Components
Process 1 2 3 8 9 10
GB GB
So2 SHac Sros Xen X pra Xory
Competibacter (GB)
Anaerobic 11 Anaerobic acetate uptake -1 Yot siae Yo e
Processes 5
GB 12 Anaerobic maintenance 3 -1
Aerobic PHA
13 degradation X5, Yo x Yy pra -1
Aerobic glycogen GB GB GB
Aerobic 14 production Yo.aur Yro,ur torx !
Processes Aerobi ™" y B
GB |5 /Aerobic maintenance on Hie X _ iy, XY Y
PHA YOGZZ’?X BM ,P X,HA X ,HA
16 Aerobic maintenance on 1 2 1
3

glycogen



Appendix B (cont): Stoichiometric matrix for GAOs:

Competibacter and Defluvicoccus

Components
1 2 3 11 12 13
DEF DEF
Process Soz SHAc Sp04 XDEF XPHA XGLY
Defluviicoccus
(DEF)

. Anaerobic acetate y DEF y DEF
Anaerobic uptake -1 PHA,HAc “LGLy Hac
Processes
DEE Anaerobic é 1

18 maintenance
Aerobic PHA
19 degradation i YO?*E;’F 1A i Y‘%TX Y’%Z/‘ -1
Aerobic glycogen y DEF y DEF _yDEF 1
Aerobic 20 prOduction 0,,GLY PO,,GLY X,GLY
Processes Aerobic YR
DEF maintenance on Y =1 S S ~Yy e
21 PHA 0,.X
Aerobic
. 1 2
maintenance on —-= - -1
22 glycogen 4 3



Appendix C: Anaerobic and aerobic yields for Accumulibacter, Competibacter and Defluviicoccus

Accumulibacter
yAcc  _ Y, X ,PHA
0,,PHA —
0,,X
Acc YX,PHA _ 1
0,,GLY —
YOZ,X x YGLY,PHA YOZ,GLY
AcCc _ YX,PHA _ 1
0,,PP —
YOZ,X X YPP,PHA YOZ,PP
acc _
Yoo, x = lovep XYy pra
ace e XYy pa
PO,.GLY —
YGLY,PHA
acc_ teup X YX,PHA 1
PO,,PP — %
PP,PHA
yAcc Y, X ,PHA
GLY,X — %
GLY,PHA
ACC YX,PHA
Yopy =—"—
’ Y
PP,PHA
Competibacter
yoB  _ YX,PHA
0,,PHA — Y

0,,X

GB Yy pria 1
YOZ,GLY = % % - %
0,.x XLy pra Lo, 6Ly
GB .
YPO4,X =gy p X YX,PHA
GB ey p X Yy pra
PO,,GLY —
Yory pra
yoE  _ Yy b
ay.x Ty
GLY,PHA
D. vanus related GAOs
yoer - Yerm
0,,PHA =
0,,X
DEF Yy pra 1
0,,GLY =
Yo x %Yoy s Yo, ey
DEF .
YP04,X =iy p %Yy pra
peEF_ lsmp X Yy pis
PO,.GLY =
Yorv pra
yoer Lo
ar.x Ty
GLY,PHA



Appendix C (cont.): Anaerobic and aerobic yields for Accumulibacter, Competibacter and Defluviicoccus

Where,

v 2501064 +1278)x (64 + 275 +8 5 +3035)
HI2019304 + 318000K, A + 67877148 + 81343555 + 2692408 + 381000K., 3

g _(62+48B+2745+3050)
PP.PHA — 12x(5 +¢)

v _ (BA+4B)x(6A+8B+275+3035)
GLr.pr 24x(2A+3A5+2B+4/35)

-1
RedoxPHA RedoxBM
Y, 0,,X — -
4 X YX ,PHA 4

4xY,

PP,PHA

-1
RedoxPHA
Y, 0P = | T

-1

R PHA

YOz,GLY = (% - IJ
X

GLY ,PHA



Appendix D. Anaerobic stoichiometric parameters of Accumulibacter, Competibacter and

Defluviicoccus.
Parameter Value Units Description Source
ACC_Gly PHA stored per C-mol acetate taken up Smolders et al.
Yotuu iuae 1.33 C-mol Giyeolysis) (1994a)
ACC_TCA PHA stored per C-mol acetate taken up Smolders et al.
Yous fise 0.89 C-mol (TCA) (19942)
yAcc_aty 05 C-mol Glycogen consumed per Smolders et al.
GLY,HAc ‘ C-mol acetate taken up (Glycolysis) (1994a)
yAcc_rcd 0 C-mol Glycogen consumed per C-mol acetate Smolders et al.
GLY,HAc taken up (TCA) (1994a)
ACC_Gly Poly-P consumed per C-mol acetate Smolders et al.
+ - .
Yor »HAc 0.25 + aace P-mol taken up (Glycolysis) (1994a)
ACC_TCA Poly-P consumed per C-mol acetate Smolders et al.
_ n ;
IIPP,HAC 0.5+ aace P-mol taken up (TCA) (1994a)
ATP necessary to transport C-mol Smolders et al.
0.19- pH -1.1 -
BACCHAS 7 ATP-mol . tate through cell membrane (1994a)
5
1.75+=-a | X,
Y PC;Z A ( 3 a] aB.ri C-mol PHA stored per C-mol acetate taken up Zeng et al.
HAc (2003b)
GB ) Glycogen consumed per C-mol acetate Filipe et al.
YGLY’HAC I+ 2 0Gnac C-mol taken up (2001)
ATP necessary to transport C-mol Filipe et al.
0.057- pH —0.34 -
0GB, HAc 7 ATP-mol acetate through cell membrane (2001)
DEF Zeng et al.
5 - -
Y orua rac [1~75+§aj Koo C-mol PHA stored per C-mol acetate taken up (2003b)
DEF ) Glycogen consumed per C-mol acetate Filipe et al.
YGLY,HAc 1 +2-0pgFac C-mol taken up (2001)
ATP necessary to transport C-mol Filipe et al.
. 0.057- pH —0.34 -
O/DEF HAc P ATP-mol ctate through cell membrane (2001)




Appendix E. Aerobic parameters for Accumulibacter, GB, and DEF.

Parameter PAO or GAO Units Description Reference
AER
12mATP
mgflj " 6+276 C-mol/(C-mol - h) Aerobic maintenance coefficient on PHA Smolders et al. (1994b);
where
m'iEx = 0.019 ATP-mol/(C-mol.h)
AER . . .
X
m 255 2xmip C-mol/(C-mol - h) Aerobic maintenance coefficient on this study
1465 glycogen
AER AER Aerobic maintenance coefficient on .
Mpp myrp C-mol/(C-mol - h) polyphosphate this study
S ATP produced per NADH oxidized
(Yxapiiare) 1.85 ATP-mol/NADH-mol (Aerobic P/O ratio) Smolders et al. (1994b)
ATP needed for biomass synthesis from
K; 1.7 ATP-mol/C-mol Acetyl-CoA* Zeng et al. (2003a)
ATP needed for biomass synthesis from
K, 1.38 ATP-mol/C-mol Propionyl-CoA* Zeng et al. (2003a)
. 7 P-mol/NADH-mol Aerobic phosphate transport coefficient Smolders et al. (1994b)
(PAO only)
RedoxPHA 4.5a+4.8b+5¢ Number of electrons PHA degree of reduction Zeng et al. (2003a);
per C-mol
A a+(2b/5) C-mol/C-mol Percentage of Acetyl-CoA* in PHA Zeng et al. (2003a);
B c+(3b/5) C-mol/C-mol Percentage of Propionyl-CoA* in PHA Zeng et al. (2003a);
a Xpup/XpHA C-mol/C-mol PHB fraction in PHA Zeng et al. (2003a);
b Xpav/Xpra C-mol/C-mol PHYV fraction in PHA Zeng et al. (2003a);
c Xpmomv/Xpra C-mol/C-mol PH2MYV fraction in PHA Zeng et al. (2003a);
RedoxBM Atipy =2 0p0 =3 gy +5 ingp Numt;e;r(g_ﬂs;:trons Biomass degree of reduction Lopez-Vazquez et al. (2009)
ismn 1.84 H-mol/C-mol Hydrogen content in biomass Lopez-Vazquez et al. (2009)
ipmo 0.50 O-mol/C-mol Oxygen content in biomass Lopez-Vazquez et al. (2009)
ipuN 0.19 N-mol/C-mol Nitrogen content in biomass Lopez-Vazquez et al. (2009)
ipv.p 0.015 P-mol/C-mol Phosphorus content in biomass Lopez-Vazquez et al. (2009)




Appendix F. Kinetic expressions for Accumulibacter (Meijer et al., 2002; Oehmen et al., 2010; Lopez-Vazquez et al., 2009).

Process Expression Switching functions
. acc Acc AcC
Anaerobic acetate Acc | Siuse . Xip . Xty . S pramax = Srna
HAc ACC ACC ACC Acc
uptake S T KS,HAC Xop +Kspp Xy ¥ Koy Spmame = Fpua + Ks,_/PHA
. . ACC
Anaerobic maintenance mM L x Xop
acc A acc ACC
on polyphosphate X" +K pp
. . Acc AcC
Anaerobic maintenance ANA |y Xy <| 1— Xop
on glycogen Mycc "X acc XAC K YA€ K
GLY S,GLY PP S,PP
. AccC
Aerobic PHA qAER,ACC . pACC g X . Sos
3 PHA PHA ACC AcC
degradation Xy + K oy Sor +Ks 0
. Acc Acc ACC
Aerobic glycogen /G4LE§,ACC . P/ji;CZ/} . 1 X e JeLymax ~ Jary . KXo . So2
H AccC ACC ACC Acc
prOduCthn GLY GLY,max ~ JGLY + KS,GLY XPHA + KS,PHA SOZ + KS,OZ
. ACC ACC ACC
Aerobic Poly-P AER,ACC 1 X prmax —Jpp . X . Ss.poa . Soa
o PP ACC Acc ACC ACC Acc
formatlon J PP PP,max ~ J PP + KS,PP XPHA + KS,PHA SS,PO4 + KS,PO4 SOZ + KS,OZ
Aerobic maintenance miER Ly Sos
ACC,PHA AcC
on PHA SOZ + KS,()Z
. . Acc Acc
Aerobic maintenance m LR x X 1— X % KXoy
on Glycogen ACC,GLY ACC Acc AcC Acc AccC
yeoe Xons + Ky Xory +Kgry
. . Acc Acc Acc
Aerobic maintenance MR x 1— X x| 1— Xy « Xopp
on polyphosphate ACC,PP Acc Acc Acc Acc ACC ACC Acc
Polyphosp Xy +KS,PHA Xy +KS,GLY Xpp +KS,PP




Appendix G. Kinetic expressions for Competibacter (GB) (Lopez-Vazquez et al., 2009; Oechmen et al., 2010).

Process Expression Switching functions
GB GB
. GB SHAe X X, GLY f PHA,max _ J PHA
Anaerobic acetate uptake Qe = . "Agp B : B
SHAC + KS‘HAL‘ XGLY + KS,GLY fPHA,max — J PHA + K.v,/PHA
. . GB
Anaerobic maintenance on ANA Xy
glycogen Mgy~ X g Y 4 K
y GLY S,GLY
GB
X prua . So2

Aerobic PHA degradation

Aerobic glycogen production

Aerobic maintenance on PHA

Aerobic maintenance on
Glycogen

GB GB 2/3
9praox " J pra 'XGB

GB ey 1
Dorvox Sema a5 Xos
GLY

AER
Mep prig X, GB

AER
Mep iy X Xgp

GB
XPHA +KS,_fPHA SOZ +KS,02

GB GB GB
GLY ,max GLY XPHA Soz

GB GB GB
GLY,max ~ J GLY +KS,GLY XPHA +KS,PHA SOZ +KS,02

SUZ
SUZ + KS‘OZ
GB GB
1 _ XPHA x XGLY
XGB + KGB XGB + KGB

PHA S,PHA GLY S,GLY




Appendix H. Kinetic expressions for Defluviicoccus-GAO (DEF) (Lopez-Vazquez et al., 2009; Oehmen et al., 2010).

Process Expression Switching functions
DEF DEF
. DEF N HAc X GLY f PHA,max —_J PHA
Anaerobic acetate uptake Quae " . Xpgr DEF : DEF
SHAc + KS,HAc XGLY + KS,GLY fPHA,max —Jpua T Ks,/PHA
. . XDEF
Anaerobic maintenance on My GLY
DEF DEF DEF
glycogen Xory +Ksary
XDEF S
. . DEF DEF2/3 PHA 02
Aerobic PHA degradation Gpsox Sema X per DEF ’
XPHA + KS,_/PHA SOZ + KS,O2
DEF DEF DEF
. . DEF . DEF2/3 . 1 . X GLY,max _ J GLY XPHA SOZ
Aerobic glycogen production 9cry.ox " J pra DEF <X DEF DEF DEF | | ’ XDEF | g ’ S K
GLY GLY,max ~ JGLY + S,GLY PHA + S,PHA 02 + 5,02

Aerobic maintenance on PHA

Aerobic maintenance on
Glycogen

AER
Mpep pra X, DEF

AER
Mipep 61y X X pr

S()Z
S()Z + KS,()Z

[1 X J Xz

~ "V DEF DEF DEF DEF
X iy +KS,PHA Xy +KS,GLY




Appendix I. Kinetic coefficients for PAOs and GAOs.

Kinetic coefficient Description Value Units Source
K 4 Half-saturation coefficient for acetate 0.001 C-mmol/L Ochmen et al. (2010)
K pra Half-saturation coefficient for PHA 0.01 C-mmol/L Ochmen et al. (2010)
Koy Half-saturation coefficient for glycogen 0.01 C-mmol/L Oehmen et al. (2010)
K pp Half-saturation coefficient for poly-phosphate (poly-P) 0.01 P-mmol/L Oehmen et al. (2010)
K ros Half-saturation coefficient for orthophosphate 0.01 P-mmol/L Ochmen et al. (2010)
Koo Half-saturation coefficient for oxygen 0.01 O,-mmol/L Oehmen et al. (2010)
K fPIA Half-saturation coefficient for the fraction of PHA in biomass 0.01 C-mol/C-mol Oehmen et al. (2010)
J 240.Pp.max Maximum poly-P content per PAO biomass concentration 0.30 P-mol/C-mol Wentzel et al. (1989)
S prit.max Maximum PHA content per PAO or GAO biomass concentration 1.00 C-mol/C-mol Oehmen et al. (2010)
f PAO.GLY max Maximum glycogen content per PAO biomass concentration 0.80 C-mol/C-mol Smolders et al. (1995)
I GB.GLY .max Maximum glycogen content per Competibacter biomass concentration 0.35 C-mol/C-mol | Lopez-Vazquez et al. (2008)
f DEF GLY max Maximum glycogen content per Defluviicoccus biomass concentration 0.35 C-mol/C-mol | Lopez-Vazquez et al. (2008)
mjgé TP ATP necessary for anaerobic maintenance purposes of PAOs 2.35 ( CI-)I-II:(I)Iln-Olll ; 183?21?11(111?31?;21(. 1(91?)492;3)),
mgg’fﬂp & mggﬁv 4rp | ATP necessary for anaerobic maintenance purposes of GAOs 4.70 C-mmol / Zeng et al. (2003a)

(C-mol - h)

Lopez-Vazquez et al. (2007)
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