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Summary

Enhanced biological phosphorous removal (EBPR) is widely accepted as one of the most

economical and sustainable processes to remove and recover phosphorus from wastewater,

but at the same time it is the most complex and least understood treatment process. Very little

is known about the microbiological fundamentals; engineering and modeling is based on

empirical observations and assumptions. Specific bacteria are believed to be responsible for

the process, but they were not identified until very recently and pure cultures are still not

available.

We used long-term cultivation of activated sludge under dynamic conditions to attain

stable and highly enriched EBPR cultures. Two anaerobic-aerobic sequenced batch reactors

were operated with two different carbon sources (acetate vs. a complex mixture) for three

years and showed pronounced cyclic accumulation and degradation of poly-ß-hydroxy-

butyrate (PHB) and polyphosphate as is typical for EBPR-systems.

Both sludge communities were then phylogenetically analyzed by 16S rRNA-targeted

molecular methods. Fluorescent in situ hybridization (FISH) with group specific probes

showed that the acetate-fed sludge was dominated by bacteria that are closely related to

Rhodocyclus spp- the phototrophic ancestors of the ß-Proteobacteria. The sludge fed with

the complex medium was also predominated by this phylogenetic group but to a lesser extent;

its community structure was similar to real wastewater treatment plants. More detailed taxo-

nomic information on the dominant bacteria was obtained by constructing clone libraries of

16S rDNA fragments. Based on the retrieved 16S rDNA sequence, more specific FISH

probes were constructed. Staining of intracellular polyphosphate- and PHB-granules

confirmed that the dominant bacterium accumulates PHB and polyphosphate just as predicted

by the metabolic models for EBPR. Since the bacterium did not grow phototrophically, a

provisional new genus and species named Candidatus Accumulibacter phosphatis is

proposed.

An anaerobic phase is a key factor for the EBPR process. Therefore, we studied the

stoichiometry and enzymatic reactions of the anaerobic metabolism in the acetate-fed sludge.

The high enrichment grade of Candidatus Accumulibacter phosphatis allowed to get conclu¬

sive results on some of the key metabolic pathways, even so a mixed culture was studied.

Enzyme assays showed that acetate activation is performed by acetyl-CoA synthetase.

Results of nC-NMR measurements after feeding 13C-labeled acetate indicated that glycogen

is degraded via the Entner-Doudoroff pathway. Energy is supplied by utilization of glycogen
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and polyphosphate, and probably also by hydrolysis of pyrophosphate stemming from ATP.

We assume that additional energy is generated by the efflux of MgHP04, as it was recently

discovered for Acinetobacter johnsonii strain 210A. The ratio of phosphate released to

acetate taken up is variable and apparently dependent on the contents of polyphosphate and

glycogen. A biochemical model is proposed explaining the experimental results in terms of

carbon, redox, and energy balances. Anaerobic operation of an incomplete tricarboxylic acid

cycle (TCA) is proposed to explain the generation of additional reducing equivalents.

For a while, we operated the two reactors under conditions that allowed to study enhanced

biological phosphate removal (EBPR) in combination with nitrification and denitrification.

We found that considerable amounts of nitrogen were released as nitrous oxide (N20). This

was caused by simultaneous nitrification and denitrification (SND) during the aerated phase.

Since N20 contributes to global warming and destruction of the ozone layer, its emission is of

concern. Therefore, we studied the N20-emission phenomenon in our systems in more

details. Emphasis was put on identifying the controlling parameter for the N20 emission by

experimental parameter variations. The limiting factor for overall N2O emission was the

persistence of anoxic zones inside the sludge floes, which was dependent on the floe size, the

oxygen uptake rate (OUR), and the bulk dissolved oxygen concentration. In the acetate-fed

system, the floe sizes were rather large and the OUR was high. Consequently, the N20 emis¬

sion was also high. Preliminary data from a second SBR system that was fed with a complex

organic medium indicated also significant N20 emission. As a consequence, we could expect

that full-scale wastewater treatment plants that perform combined EBPR and nitrification

may be significant sources for N2O emission, especially when they have a SBR type

configuration.

During the course of this thesis, two new methods for the determination of poly-ß-hy-

droxybutyrate (PHB) and -valerate (PHV) were developed. Both methods are based on

propanolic digestion of PHB/PHV to 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate

(3HV). For quantification of 3HB and 3HV separately, a method based on ion-exchange

chromatography and conductivity detection proved to be suitable (IC-method). Alternatively,

the total of 3HB and 3HV is quantified using a commercial enzymatic test kit and

photometric detection (Enzyme method). Both detection methods are easier to perform than

previously reported methods and are suitable for complex matrices such as activated sludge.

The IC-method is best for high sample throughputs or if distinction between PHB and PHV is

essential. Enzymatic detection is favorable if a few samples per day have to be measured

immediately for process control or if an ion Chromatograph is unavailable.
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Zusammenfassung

Erhöhte biologische Phosphateliminierung (EBP) ist allgemein als eines der

wirtschaftlichsten und nachhaltigsten Verfahren anerkannt, um Phosphat aus Abwasser zu

entfernen und wiederzugewinnen. Es ist aber auch der komplexeste und am wenigsten

verstandene Prozess in der Abwasserreinigung. Über die mikrobiologischen Grundlagen

liegen nur sehr wenige gesicherte Erkenntnisse vor. Verfahrensauslegung und Modellierung

beruhen auf empirischen Beobachtungen und Annahmen über die mikrobiologischen

Grundlagen. Es wird vermutet, dass bestimmte Bakterien für den Prozess verantwortlich sind,

aber diese waren bis vor kurzem noch nicht identifiziert und Reinkulturen sind bis jetzt nicht

verfügbar.

Durch Langzeitkultivierung von Belebtschlamm unter dynamischen Bedingungen gelang

es uns stabile und hoch angereicherte EBP-Kulturen zu erhalten. Zwei anaerob-aerob

sequenzierte Batch Reaktoren (SBR) wurden während drei Jahren mit zwei verschiedenen

Kohlenstoff Substraten (Acetat bzw. komplexer Mischung) betrieben. Beide Systeme wiesen

stark ausgeprägte gegenläufige Auf- und Abbauzyklen der Speicherstoffe Poly-ß-Hydroxy-

butyrat (PHB) bzw. Polyphosphat auf, wie es für EBP-Systeme typisch ist.

Beide Biozönosen wurden mit Hilfe von molekularbiologischen Methoden, die auf die

16S-rRNS ausgerichtet sind, phylogenetisch analysiert. In situ Hybridisierung mit fluor¬

eszierenden, gruppenspezifischen Sonden (FISH) zeigten, dass der mit Acetat gefütterte

Belebtschlamm von einem Bakterium dominiert wurde, das eng mit Rhodocyclus Spezies

verwand ist - den phototrophen Urahnen der ß-Proleobakterien. Der Belebtschlamm, der mit

der komplexen Substratmischung gezüchtet wurde, wurde ebenfalls von dieser Bakterienart

dominiert, allerdings in geringerem Ausmass; seine Organismenverteilung war der einer

realen Abwasserkläranlage sehr ähnlich. Genauere taxonomische Informationen über das

dominante Bakterium aus dem „Acetat-Reaktor" wurden durch die Auswertung von Klon-

Bibliotheken aus 16S-rDNS-Fragmenten gewonnen. Basierend auf der fast vollständig

ermittelten 16S-rDNS-Sequenz wurden spezifischere Sonden entwickelt. Mikroskopische

Untersuchungen nach Anfärbungen der intrazellulären Speicherstoffkörper aus Polyphosphat

und PHB bestätigten, dass das dominante Bakterium beide Speicherstoffe akkumulierte,

genau so wie es das metabolische Model für EBP-Organismen erfordert. Da das Bakterium

aber nicht phototroph wuchs, wird ein neuer provisorischer Genus und eine provisorische

Spezies vorgeschlagen: Candidatus Accumulibacter phosphatis.
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Die anaerobe Phase ist ein Schlüsselfaktor des EBP-Prozesses. Deshalb untersuchten wir

Stöchiometrie und enzymatische Reaktionen des anaeroben Metabolismus anhand des Acetat-

Belebtschlamms. Der hohe Anreicherungsgrad von Candidatus Accumulibacter phosphatis

erlaubte es schlüssige Ergebnisse über zentrale Stoffwechselwege zu erhalten, obwohl hier

eine Mischkultur untersucht wurde. Enzymtests ergaben, dass die Aktivierung von Acetat

durch Acetyl-CoA Synthetase katalysiert wird. Nach Zugabe von 13C-Acetat zeigte sich

anhand von ,3C-NMR-Messungen, dass Glykogen über den Entner-Doudoroff-Weg abgebaut

wird. Energie wird gewonnen aus der Hydrolyse von Polyphosphat und der Glykolyse von

Glykogen und wahrscheinlich auch aus der Hydrolyse von ATP-stämmigem Pyrophosphat.

Wir vermuten, dass zusätzliche Energie bei der Ausschleusung von MgHPÛ4 generiert wird,

so wie es kürzlich bei Acinetobacter johnsonii strain 210A entdeckt wurde. Das Verhältnis

von rückgelöstem Phosphat zu aufgenommenem Acetat ist variabel und anscheinend

abhängig von den Gehalten an Polyphosphat und Glykogen. Ein biochemisches Modell wird

vorgeschlagen, welches die experimentellen Resultate in Hinsicht auf Kohlenstoff-, Redox-

und Energiebilanzen erklären kann. Eine anaerobe Stoffwechselaktivität eines Teils des

Tricarbonsäure-Cyclus wird vorgeschlagen, um die Generierung von zusätzlichen

Reduktionsäquivalenten zu erklären.

Zeitweilig wurden die beiden Reaktoren auch in einer Kombination von EBP mit Nitrifi¬

kation und Teil-Denitrifikation betrieben. Dabei entdeckten wir, dass erhebliche Mengen des

Stickstoffeintrages als Lachgas (N20) emittiert wurden. Dies beruhte auf simultaner Nitrifika¬

tion und Denitrifikation (SND) während der belüfteten Phase. Da N20 zur Klimaerwärmung

und zum Abbau der Ozonschicht beiträgt, ist seine Emission bedenklich. Deshalb

untersuchten wir das Phänomen der N20-Emission in unseren Systemen genauer. Der

Schwerpunkt wurde dabei auf die Identifizierung des limitierenden Faktors für die

Gesamtemission gelegt. Als limitierender Faktor ergab sich die Persistenz von anoxischen

Bereichen innerhalb der Flocken, was von der Flockengrösse, der Atmungsaktivität und der

Konzentration an gelöstem Sauerstoff abhängig war. Im Acetat-Reaktor waren die Flocken

vergleichsweise gross und die Atmungsaktivität hoch, entsprechend war auch die N20-

Emission hoch. Vorläufige Daten über die N20-Emission aus dem mit Komplexmedium

beschickten Reaktor deuten auf ein Potential für signifikante N20-Emission auch aus realen

Abwasserbehandlungsanlagen mit kombinierter EBP und Nitrifikations-Auslegung hin, be¬

sonders für SBR-JConfigurationen.
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Im Laufe der experimentellen Arbeiten wurden zwei neue Methoden zur Bestimmung von

PHB und PHV (Poly-ß-Hydroxyvalerat) entwickelt. Beide Methoden basieren auf propa-

nolischem Aufschluss von PHB/PHV zu 3-Hydroxybutyrat (3-HB) bzw. 3-Hydroxyvalerat

(3-HV). Für eine separate Bestimmung von 3-HB und 3-HV wurde eine Ionenaustausch-

Chromatographie mit Leitfähigkeitsdetektion als geeignet gefunden (IC-Methode). Alternativ

kann zur Bestimmung der Summe aus 3-HB und 3-HV ein kommerzieller, enzymatischer

Test mit photometrischer Messung verwendet werden (Enzym-Methode). Beide

Bestimmungsmethoden sind einfacher durchzuführen als andere Methoden und sind auch

geeignet für eine so komplexe Probenmatrix wie Belebtschlamm. Die IC-Methode ist gut

geeignet für hohe Probendurchsätze und wenn die separate Bestimmung von PHB bzw. PHV

essentiell ist. Die Enzym-Methode ist vorteilhaft, wenn wenige Proben pro Tag sofort für eine

Prozesskontrolle bestimmt werden müssen oder wenn kein Ionenchromatograph zur

Verfügung steht.
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CHAPTER 1

General Introduction

Phosphorus: Natural fate and human influence. Phosphorus (P) is an essential macro

nutrient for all life forms. Its chemical form in the biosphere is almost exclusively the

completely oxidized phosphate (PO43). Weathering and dissolution of rocks is the natural

supply of inorganic phosphate (Pi) for plants and microorganisms. Via growth and decay it is

partly cycled on land but, since many of its salts are readily soluble, its final fate is the ocean.

There is not much of a global cycle as we know it for carbon (C) or nitrogen (N), since P is

not transformed into a gaseous compound which could be transported back to the land via the

atmosphere. Consequently, P is limiting the biological productivity in many habitats on land

and in inshore waters (Benhardt, 1978).

Before the intensification of agriculture (which then enabled the industrial revolution), the

P-cycle was more closed than today, since P was partly recycled by applying manure and

organic wastes to farmland. Import of P from other areas was negligible. The need for P-

containing fertilizers and animal feed in intensive agriculture as well as the use in textile

detergents has decreased the proportion which is recycled and increased the amount of P

washed out into the aquatic environment or accumulated in agricultural soil. In fact,

utilization of fertilizers in intensive agriculture is often excessive. For Switzerland, as

example, it has been estimated that the P input on agricultural land was twice as high than the

demand in 1994 (Siegrist & Boller, 1997). The increased P input into the aquatic environment

triggered eutrophication with detrimental effects like algae blooms in lakes and coastal ocean

areas, fish dying, reducing biological diversity, difficulties in drinking water production.

Phosphorus: Excess and Shortage. Phosphorous challenges mankind in two opposite

ways. While industrialized countries struggle with the symptoms of excessive P-release, a

severe phosphorous shortage limits food production in developing countries (Boiler, 1997). P

is also a limited resource. The known deposits rich in mineral phosphates will be depleted at

some point. World wide, around 140 million tonnes of phosphate rock are extracted each year

(CEEP, 1998). Around 80% of phosphates are used in ferilizers, with a further 5% being used

to supplement animal feed. In order to increase the global sustainability level, it is required to

decrease the consumption of P in industrialized countries, especially in agriculture. At the

same time the local recycling ratio of P should be increased.
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Phosphorus and sewage treatment. One of the measures to counteract the

eutrophication problems was the introduction of enhanced chemical or biological P-removal

in sewage treatment. In the chemical process, P; is precipitated by the addition of iron or

aluminum salts, which bind phosphates rapidly and tightly. The technology of P-precipitation

is relatively simple and was quickly available. This is the reason for its wide introduction in

some countries including Switzerland. However, the requirement for large amounts of

precipitating reagents and the inevitable generation of about 30% more waste sludge are

important disadvantages of chemical P-removal. Furthermore, the strong binding properties

of iron and aluminum render the phosphates poorly accessible to agricultural crops and make

industrial recycling of the phosphates technically and economically difficult (CEEP, 1998).

Phosphorous removal from sewage should be reached with as little resources as possible

and with a P recycling ratio as high as possible. The enhanced biological phosphorus removal

process has advantages in both aspects (CEEP, 1998).

Enhanced Biological Phosphorous Removal (EBPR). The principle behind the EBPR

process is the accumulation of polyphosphate (PolyP) in special PolyP accumulating

organisms (PAO). These bacteria fix more phosphate than they need for growth (Fuhs&Chen,

1975). The accumulation of PolyP is stimulated by alternating aerobic and anaerobic

conditions, coupled with the introduction of the influent wastewater only to the anaerobic

phase (Barnard, 1975). Technically this is accomplished by the integration of a non-aerated

tank in the activated sludge system of sewage treatment plants. In the anaerobic zone, short

chain fatty acids, mainly acetate and propionate, are produced by fermentation. PAO are able

to take up those fatty acids and store them internally until oxygen gets available again. This

ability gives them a selective advantage and explains the important role of the anaerobic zone

for EBPR. (Mino et al, 1998)

The simplest models to explain the EBPR process more detailed use acetate as a model

substrate (Comeau et al., 1986): Under anaerobic conditions, acetate is taken up by the cells

and stored in the form of polyhydroxybutyrate (PHB). The necessary energy is gained from

the degradation of intracellular PolyP, whereby the concentration of phosphate in the water

increases initially. Under aerobic conditions, the accumulated PHB is utilized for growth and

replenishment of the PolyP store. A temporary energy surplus from the respiration of PHB

occurs in the cells and more polyphosphate is produced than was previously decomposed,

resulting in an overall net removal of phosphate. Both PolyP and PHB are stored as

osmotically inert granules in the bacteria.
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CHAPTER 1

Since the PHB is more reduced than acetate, its synthesis requires reduction equivalents.

The data available from activated sludges suggest that the reducing power is supplied by

degradation of intracellular glycogen stores, which are replenished during the aerobic phase

(Mino et al, 1998). The glycogen is transformed to polyhydroxyvalerate (PHV), which is

stored in mixture with the PHB as polyhydroxyalkanoate (PHA). There is also some

experimental evidence that a small fraction of acetate is metabolized through the tricarboxylic

acid (TCA) cycle in order to supply additional reducing equivalents (Pereira et al, 1996).

The ability to take up acetate and transform it into a storage compound under anaerobic

conditions gives a selective advantage to the PAO which causes their enrichment in the

activated sludge (van Loosdrecht et al, 1997b). Most other bacteria cannot utilize acetate as

efficiently as PAO under the given process conditions (absence of oxygen and nitrate as

external electron acceptors). The only known significant exception are glycogen

accumulating organisms (GAO). These bacteria are able to accumulate acetate coupled only

to glycogen degradation without the need for PolyP (Mino et al, 1998). It seems that good

EBPR performance depends also on the outcome of the competition between PAO and GAO.

EBPR: The unknown fundamentals. The EBPR process is well established in practice,

and many full scale EBPR plants are in operation world wide (Mino et al, 1998). We have a

set of more or less consistently observed in situ phenomena. Nevertheless, EBPR is the least

understood nutrient removal process in wastewater treatment. The organisms responsible for

the phenomena observed in activated sludge (AS) have not been isolated, identified and

shown to perform their functions and to be present in AS in sufficient numbers to carry out

these functions (Jenkins & Tandoi, 1991). The lack in knowledge about the organism hinders

also progress in understanding the biochemistry and ecological competition. As a

consequence, the process design is often a trial and error procedure, and the cause of

disturbances can often not be detected (van Loosdrecht et al, 1997a).

Since 'the Search for the Organism' is of high importance for improving our fundamental

understanding of the EBPR process, the following section analyses in detail the current

knowledge about this topic.

EBPR Organisms

Many investigators have isolated pure cultures of microorganisms claimed to be involved in

EBPR as phosphate accumulating organisms (PAO). The three most discussed isolates

(Acinetobacter, Microlunatus, Lampropedid) are introduced in the following.
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Acinetobacter. Since the first investigation on the microbiology of EBPR (Fuhs & Chen,

1975) the most commonly isolated organisms from EBPR-sludges have been members of the

genus Acinetobacter. Acinetobacter served as model organism not only to inspire and

illustrate the first biochemical models which explained the observed dynamics of phosphate,

acetate and PHB in anaerobic/aerobic cycles as interconnected processes in one organism but

it also was the model organism to study some aspects the of PolyP biochemistry.

However, the physiology of the studied Acinetobacter strains deviates from characteristic

observations made on activated sludge performing EBPR. As summarized by van Loosdrecht

et al (1997a) the pure cultures:

- do not release P, in significant amounts under anaerobic conditions in the presence of

acetate and acetate is not taken up in the absence of an electron acceptor;

- do not accumulate P, under aerobic conditions in the absence of external substrates

(acetate);

- take up acetate and P, concomitantly under aerobic conditions, whereas the P, uptake by the

sludge is inhibited by the presence of acetate.

Results obtained with culture-independent methods, like fluorescent antibodies (Cloete &

Steyn, 1987), respiratory quinone profiles (Hiraishi et al, 1989) and the use of fluorescent

rRNA-targeted oligonucleotide probes for In-situ hybridization (FISH) (Wagner et al, 1994)

have put the role of Acinetobacter in question. The numbers found in EBPR-sludges are

mostly below 5%, which excludes them as dominating organism as it was once thought. They

still may play a minor part in EBPR.

Microlunatus phosphovorus. This Gram-positive polyphosphate-accumulating bacterium

was isolated from activated sludge by Nakamura et al (1991, 1995). The coccus-shaped

organism was found to be an aerobic chemoorganotroph that had a strictly respiratory type of

metabolism in which oxygen was a terminal electron acceptor. It accumulates large amounts

of PolyP under aerobic conditions (up to 166 mgP per g of cells), which is then used as the

energy source for the anaerobic uptake of carbon sources like glucose and L-glutamate.

However, it is unable to accumulate acetate, propionate, and lactate anaerobically in the form

of PHA (Nakamura et al, 1995) and the specific P-release rate is much lower than typically

found in EBPR-sludge. A NMR study showed that anaerobically assimilated glucose was

fermented to acetate, which was not converted to PHA (Santos et al, 1999). This suggests

that Microlunatus is a PAO in a limited sense but certainly not a typical EBPR-organism.
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CHAPTER 1

The anaerobic uptake pattern may be explained by the media composition during

enrichment. The seed sludge was originally grown on corn steep liquor, the anaerobic/aerobic

SBR for enrichment was fed with a medium containing 1.4 g L"1 Na-glutamate and 180 mg L"

1
KH2PO4, and the agar medium for isolation contained glucose, peptone, Na-glutamate and

yeast-extract as organic substrates.

A phylogenetic analysis based on 16S rRNA sequences showed that Microlunatus

belongs to the high-G+C-content gram-positive group (HGC). Thus, it may be a suitable

model organism for the HGC-PAO, which some researchers believe to play an important role

in EBPR (Bark et al, 1993; Kämpfer et al, 1996; Kortstee et al, 2000; Wagner et al, 1994).

However, only few cells were found in EBPR-sludges when the FISH probe designed against

Microlunatus phosphovorus was applied (Lee et al, 2002; Kawaharasaki et al, 1999).

Ubukata et al (1994) isolated a Gram-positive bacterium by using a media with casamino

acids as main component and yeast-extract, propionate and acetate as minor organic

substrates. Since it was also a Gram-positive organism isolated in Japan with a similar

medium, we describe it together with Microlunatus. In shake flasks, the authors measured a

Prrelease of 25 mgP L"1 and an DOC reduction of about 80 mgDOC L'1 in one day. Only

start and end concentrations were measured and the starting cell concentration is not given.

The cells were then separated by centrifugation and resuspended in basal medium to remove

the remaining organic substrates. An Pj uptake of about 25 mgP L" in one day was observed.

The anaerobic/aerobic cultivation cycle was repeated five times and almost identical release

and uptake ratios were found. It was not determined if acetate was also taken up, or if the

decrease in TOC was due only to uptake and fermentation of the three other organic

substrates. The pH values at the end of the cycles are not reported. Disappointingly, no

further data on this organism was ever published thereafter.

Lampropedia. A Lampropedia sp. was isolated from EBPR activated sludge laboratory

plants operating on dairy and piggery wastewater (Stante et al, 1997). Under anaerobic

conditions, this Lampropedia strain sequestered acetate and stored PHB simultaneously with

a small P; release. The starting acetate concentration of 1.2 g L"1 and the end concentration of

0.5 g L"1 are high compared to the usual ranges in EBPR processes. The ratio between P;

released and acetate taken up was very low, on average 0.044 mg PO4-P per mg HAc at pH

7.5. Fractionation analyses showed that the released phosphate came from cellular

polyphosphate. Although, the PolyP content after aerobic growth was only 0.07% (on dry

weight basis), the Lampropedia sp. was proposed as an EBPR-model organism because of its

easy isolation, culturing and recognition in activated sludge. Indeed, the morphology is
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distinct; the cells are almost cubical and are arranged in square tablets, the smallest unit being

tetrads. The cells of a tablet are enclosed within a complex structured envelope which gives a

shiny appearance under the microscope (Murray, 1984). The genus is, in fact, based mainly

on morphological features and consists of a single species L. hyalina. Mino et al (1998)

mention that the unusual morphology of Lampropedia is not commonly found in EBPR

sludges. It would be interesting to know how the reducing equivalents for the PHB

production are generated. Unfortunately, no further data on the physiology or identity are

available.

Interestingly, the description of Lampropedia is very similar to Tetracoccus cechii,

previously known as 'G' bacteria, which were isolated independently by Cech & Hartman

(1993) and Carucci et al. (1994). According to a phylogenetic analysis this organism belongs

to the alpha-3 group of the Proteobacteria (Blackall et al, 1997). To my understanding, there

is not a single feature published which is suitable to distinguish between Lampropedia and

Tetracoccus. In fact, they may be closely related, though, Tetracoccus sp. are thought to be

GAO.

Mino et al (1998) and van Loosdrecht et al (1997a) concluded that there is still no report

in the literature which describes a pure culture having all characteristics of EBPR

phenomenology. A number of bacteria that store PolyP under aerobic conditions have been

isolated; but, under anaerobic conditions, either phosphate release, acetate uptake, or PHB

accumulation were missing or of low activity. According to the most recent review paper this

situation has remained unchanged until now (Seviour et al, 2003).

In the following results from culture-independent methods are summarized, which are

based on comparative sequence analysis of ribosomal 16S-RNA (rRNA) and tools for

quantitative detection of bacteria in complex communities (Amann et al, 1995).

Actinobacteria. Actinobacteria (Gram-positive bacteria with a high G+C content) have

been proposed as PAO candidates because they were found to be prominent in EBPR-sludges

and they were claimed to be the principle organisms containing PolyP inclusions (Kämpfer et

al, 1996; Wagner et al, 1994). With Neisser staining, PolyP inclusions were mainly found in

those cell morphotypes, which were typical for Actinobacteria as visualized by FISH. PHA

inclusions could not be found in the same morphotypes.

Using a dual staining method of FISH and DAPI, Kawaharasaki et al (1999) found PolyP

inclusions in 82% of the Actinobacteria in an SBR performing EBPR. This confirmed the
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tentative link between Actinobacteria and PolyP inclusions assumed in the earlier studies.

Nevertheless, they accounted for only less than 10% of the total cells.

Combining FISH with DAPI and Sudan Black staining has revealed that the actino-

bacterial Nostocoida Limicola II and Tetrasphaera elongata accumulated PolyP aerobically

but not PHA in situ (Blackall et al, 2000; Hanada et al, 2002).

Using FISH together with microautoradiography (MAR) showed that Actinobacteria and

Rhodocyclus-rc\atcd organisms accumulated 33P, aerobically (Lee et al, 2003). The number

of Actinobacteria was found to show a similar degree of correlation to the P-content in the

sludge as the Rhodocyclus-ve]ated organisms - but only in a system without N-removal.

However, the contribution of Actinobacteria to the total Eubacteria counts were only in the

5% range. The authors concluded that it is likely that other PAOs besides Rhodocyclus-

related bacteria exist but it stays to be resolved when and to what extend these other PAOs

play a role in EBPR. This view is also shared by the recent review papers, which name

Actinobacteria as potential PAO (Seviour et al, 2003; Blackall et al, 2002).

However, a report showing a high enrichment of Actinobacteria (>50%) in activated

sludge with a correlating high EBPR activity seems not to exist until now. Evidence for PHA

accumulation coupled to anaerobic acetate uptake is also missing fox Actinobacteria.

Beta-Proteobacteria. The first study which used FISH to analyze activated sludge

reported a dominant role of ^-Proteobacteria in EBPR as well as in non EBPR-sludges

(Wagner et al, 1994). This was later supported by another study addressing a full scale

wastewater treatment plant (Kämpfer et al, 1996). Both studies applied also staining for

PolyP and PHB inclusions. For the morphotypes detected by probe BET, PolyP inclusions

were not found, whereas PHB granules were quite abundant. The absence of PolyP granules

in ^-Proteobacteria was also reported after application of a novel dual staining method with

FISH and DAPI (Kawaharasaki et al, 1999).

In a non-EBPR-sludge the ß-1 subgroup of the Proteobacteria was found to be dominant

(33%) (Snaidr et al., 1997). In a SBR with a poor EBPR-activity, 92% of the cells were ß-

Proteohacteria but did not hybridize with the BONE23a or BTW023a probes (Bond et al,

1999). However, when this SBR had reached a good P removal capacity, the ß-2 subgroup of

the Proteobacteria (55%) together with the Actinobacteria (35%) were then dominating. As a

consequence both groups were thought to be implicated with EBPR.

In March of 2000 a paper was published which reported an enrichment of >80% for the ß-

2 Proteobacteria in a SBR performing EBPR and the development of FISH probes being

specific for a novel cluster which is closely related to the Rhodocyclus genus (Crocetti et al,
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2000). Furthermore, a correlation coefficient of >0.9 was found for the P-content of different

sludges and the number of cells binding the new probes. This paper essentially corroborates

our data presented in chapter 3 of this thesis, which introduced the provisional systematic

name Candidatus Accumulibacter phosphatis for this newly discovered phylogenetic cluster

(Hesselmann et al, 1999). Crocetti et al. sequenced several clones and designed three probes

with differing specificity. Furthermore, they could demonstrate directly that Accumulibacter

stores PolyP aerobically by using sequential FISH and PolyP staining. These two reports have

since led to intense research activity to examine structure-function relationships in EBPR

communities (Seviour et al, 2003).

Below, for the sake of clarity, all bacteria which were detected by using one of the FISH

probes for Accumulibacter spp. (RHX991, PA0462, PA0651, PA0846) are referred to as

Accumulibacter, although some authors used the term Rhodocyclus-rclated bacteria. The

meaning of the latter name is unnecessarily vague; all ^-Proteobacteria are Rhodocyclus-

related because Rhodocyclus is their common ancestor.

Liu et al, (2001) found members of Accumulibacter as the predominant population in a

EBPR-sludge (35%). They combined FISH, PolyP, and PHA staining and were able to show

on the same specimen that Accumulibacter contained PolyP and PHA inclusions.

Furthermore they used electron microscopy with energy-dispersive X-ray analysis to validate

the staining specificity for the PolyP staining method. They also reported that a novel group

of Actinobacteria closely related to Tetrasphaera, a N. limicola II, and a novel y-

proteobacterial group were accumulating PolyP. The latter accumulated also PHA.

Levantesi et al, (2002) reported 53% of the EUB count as being Accumulibacter in their

lab-scale SBR, which was running on a mixture of acetate, propionate and butyrate for 4

years. The community structure was narrow and stable. Besides Accumulibacter, about 25%

were tetrad forming organisms (TFOs), 13% Cand. Competibacter phosphatis, and 12% a not

further identified ^-Proteobacteria. When only the PA0462 FISH probe was used, only 25%

of the cells hybridized, instead of the 53% when the recommended PAOMIX suite was used.

They proofed the anaerobic/aerobic cycling of PHA in Accumulibacter unambiguously by

using combined FISH and post-FISH Nile Blue staining.

In a SBR fed with acetate as sole carbon source, the percentage of ^-Proteobacteria fell

from 77% to 38% when the phosphorous/carbon (P/C) ratio was changed from 1:10 to 1:50

(Kong et al, 2002). Correspondingly, the proportion of Accumulibacter (PA0462) fell from

20% to 10% of the total bacteria and the EBPR capacity declined also. At the same time, the
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proportion of tetrad-forming cocci and the glycogen content of the biomass increased. Those

cocci were identified as members of the a- and ^-Proteobacteria.

Accumulibacter was abundantly present in anaerobic/anoxic EBPR-SBRs, which

suggested that this organism is capable of utilizing nitrate as electron acceptors for

phosphorus uptake, and thus may play a major role as denitrifying PAO (Ahn et al, 2002).

Accumulibacter was also abundant in two other EBPR-SBRs operated at anaerobic-

aerobic and anaerobic-anoxic modes (Zeng et al, 2003). When the anaerobic-anoxic system

was supplied with oxygen instead of nitrate, aerobic Pi-uptake occurred immediately. When

the anaerobic-aerobic system was switched to anaerobic-anoxic, a 5-h lag period elapsed

before Pj-uptake proceeded. These results give a strong hint about the capabilities of

Accumulibacter as denitrifying PAO.

Jeon et al (2003) reported convincing evidence that their EBPR-SBR was also highly

enriched with Rhodocyclus-veiated bacteria; unfortunately, they did not use FISH.

Transmission electron microscopy after staining with uranyl acetate and lead citrate indicated

the existence of glycogen and PolyP inclusions in the cells of the dominant organism. These

are probably the first transmission electron micrographs of Accumulibacter. A quinone

analysis of the enrichment culture showed that Q-8 was the predominant type (about 70%),

followed by Q-l 0 with 18%.

In two pilot plants (with and without N-removal) Accumulibacter (PA0651) were present

in both systems in significant numbers (4 to 28%) throughout the 2.5 years study period (Lee

et al, 2003). The correlation between their relative amount and P-removal was = 0,5. This

low value may be explained by the fact that the P-removal activities were generally rather

small and, thus, also the absolute differences in P-removal. Under such conditions, it may be

difficult to find clear correlations to the abundance of single bacterial groups. FISH/MAR

indicated that a significant part of the ^-Proteobacteria were able to take up 33P„ [3H]-acetate

and [3H]-glucose. Interestingly, not all Rhodocyclus-related bacteria showed uptake of the

radioactive substrates.

In a full scale EBPR systems of the UCT type (University of Cape Town), 23% of the

total EUB count were Accumulibacter (Zilles et al, 2002). Based on DAPI staining to

enumerate PolyP containing cells, Accumulibacter represented 73% of the PolyP

accumulating organisms. In an aerated-anoxic EBPR process of the Orbal type (no anaerobic

zone), Accumulibacter accounted for 16% of the total EUB count and 26% of the total PAO

population. Based on anaerobic P-release experiments with acetate, the sludge from the UCT
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type plant had a two times higher EBPR-capacity. The authors report that the number of

PolyP-positive cells decreased when the samples were subjected to the hybridization and

washing steps of the FISH protocol. The results confirmed the involvement of

Accumulibacter in full-scale EBPR and suggest a putative correlation between the process

type and the PAO community.

The predominance of Accumulibacter in SBRs on four continents (Europe, Australia,

North America, and Asia) suggests that such EBPR systems can be exquisitely selective for

this apparently highly specialized and ubiquitous organism (McMahon et al, 2002). Since

Accumulibacter were also identified as important PAO in continuous flow EBPR systems, it

is now clear that these bacteria are important populations in EBPR (Seviour, et al, 2003).

However, EBPR communities with low enrichment levels are phylogenetically divers.

Therefore, it is still suggested that there is probably a diversity of organisms involved in

PolyP accumulation and Accumulibacter is presumed to be only the first of many confirmed

PAOs (Blackall et al, 2002). Other candidates are Actinobacteria (Wagner et al 1994); oc-

Proteobacteria (Kawaharasaki et al, 1999), and y-Proteobacteria (Liu et al, 2001).

EBPR Biochemistry

Very little is known on the enzymatic level and even less on the regulation of EBPR

metabolism. As pointed out before, this is a consequence of the lack of knowledge on the

organisms.

Acinetobacter johnsonii strain 210A served as model organism to study the enzymes

involved in PolyP metabolism and P; transport. Energy production from PolyP utilization

under anaerobic conditions depends on PolyP:AMP phosphotransferase (van Groenestijn et

al, 1989). This mechanism may play also a role in PAO, since PolyP:AMP

phosphotransferase activity showed some correlation with the EBPR capacity in activated

sludges (van Groenestijn et al, 1987). Another contribution to the anaerobic energy supply

for A. johnsonii strain 210A was discovered by van Veen et al, (1994). They found a new

secondary Pi transport system, which couples the efflux of a metal phosphate complex to

proton translocation.

Recently, the gene for a novel polyphosphate kinase (PPK) was retrieved from highly

enriched EBPR-sludge (80% Accumulibacter) (McMahon et al., 2002). The novel PPK has a

high degree of amino acid similarity to the PPK of Rhodocyclus tenuis and its gene was

expressed in the sludge. This study demonstrates the power of using dynamic enrichment
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cultures together with modern molecular tools in order to gain detailed information on

biochemistry and genotypes without having a pure culture.

Although acetate activation to acetyl-CoA must be the most energy intensive step of the

anaerobic EBPR-metabolism, its biochemical mechanism has not been elucidated. Acetate

kinase has been assumed in all EBPR-models. However, it seems that acetate kinase is not

used by PAO for acetate activation, since only marginal activities were detected in EBPR

sludges (van Niel et al, 1998). Alternatively, acetyl-CoA synthetase could be involved. This

activation which consumes factually 2 ATP could create such a steep acetate gradient that an

active uptake is not needed.

Almost nothing is known about the transport mechanisms for acetate, phosphate, and the

counter cations for PolyP in PAO. The release and uptake of relatively large amounts of such

small molecules must be important for the energy budget. Clearly, there is a challenge and an

opportunity for a bacterium. The generation of a concentration gradient by degradation of an

osmotically inert storage compound like PolyP gives a chance for energy production, as

demonstrated for A. johnsonii strain 210A. Similarly, the osmotic neutrality of PHA allows

the accumulation of acetate by keeping the intracellular acetate concentration low. The

investigation of transport and storage processes in PAO will probably lead to the discovery of

new interesting transport systems.

Little is known about the glycolytic pathway for the utilization of glycogen in PAO or

GAO. Is it the Embden-Meyerhof-Parnas (EMP) pathway (yielding 3 ATP), or the Entner-

Doudoroff (ED) pathway (yielding 2 ATP) or just another pathway? The specific pathway

can make a considerable difference for the energy budget and it could be important for the

competition of PAO and GAO if they are using different pathways.

Earlier metabolic models were based on fixed stoichiometric ratios for the main

processes. However, those ratios vary substantially in different experimental systems even

when acetate is the sole organic substrate (Mino et al, 1998). Recent models include new

features to explain these variations: A branched glycogen catabolism was proposed for

anaerobic/aerobic systems with and without EBPR (Satoh et al, 1992). It enables bacteria to

cope with varying supplies of reduction equivalents by varying the ratio between PHB and

PHV formation. Pereira et al (1996) proposed a simultaneous operation of glycolysis and the

tricarboxylic acid cycle (TCA) for NADH production. However, a verified model considering

all those metabolic variations is missing. Certainly, a lot of interesting questions about the

biochemistry and regulation ofPAO wait to be answered.
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Scope and Outline

For a better understanding of EBPR, verified metabolic and ecological models are needed.

Current metabolic models are based on basically unverified assumptions. Although most

parts of the EBPR metabolism will be composed of well known metabolic pathways, there

may be alternative pathways catalyzing the same overall reactions but demanding different

optimal conditions with respect to start and end concentrations of substrates and products,

different intermediates and byproducts, and different energetic requirements or yields.

Therefore, elucidation of the metabolic pathways is indispensable to obtain verified metabolic

models.

When this study was started, the organisms involved in the EBPR process had not been

identified. Thus, all reflections on the ecology of EBPR, including possible competitors, were

highly speculative. Municipal wastewater treatment plants performing EBPR have a high

diversity of bacterial communities, which complicates the identification of the responsible

organisms and the elucidation of their metabolism. On the other hand, many research groups

have tried to isolate the responsible organism but failed.

Therefore, we first focused on the development of dynamic enrichment cultures in bench-

scale sequenced batch reactors (SBR). We hoped a high degree of enrichment would allow to

identify the EBPR organisms and to elucidate their metabolism. One reactor (A) was fed with

acetate as sole organic substrate, in order to obtain a high enrichment of EBPR bacteria. The

other reactor (B) was fed with a complex organic substrate mixture similar to wastewater.

This reactor should mimic the full scale situation and, as such, serve as a reference system.

The initial optimization work is not described in this thesis in detail, since, basically the

approach of Appeldom et al (1992) was followed. The resulting cultivation methods are,

however, the basis for chapters 3 to 5 and are described there.

Analytical Methodsfor PHB and PHV. A large set of compound determinations is necessary

to elucidate the EBPR process. This includes the storage compounds PHA and glycogen. The

established methods for PHB and PHV quantification are tedious and sensitive to

unsystematic errors. Chapter 2 describes two new analytical methods for PHB and PHV,

which involve fewer and simpler sample treatment steps.

Search for the Organism. Modern methods based on comparative sequence analysis of

ribosomal RNA (rRNA) allow cultivation-independent in situ detection and phylogenetic
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classification of bacteria. In Chapter 3 such methods were used to analyze the community

structures of both enrichment cultures. Furthermore it describes the identification and in situ

detection of a EBPR bacterium, its phylogenetic classification and a characterization of its

phenotype.

Anaerobic Metabolism. Chapter 4 focuses on the fundamental biochemistry of the anaerobic

EBPR metabolism in the highly enriched sludge. The main questions addressed were the

molecular mechanisms for acetate uptake and activation, for glycolysis and for hydrolysis of

PolyP. Based on the experimental results, a descriptive metabolic model is proposed, which

can explain variations in the overall stoichiometries and explains the possibility for a partial

operation of the TCA cycle under anaerobic conditions.

Combination ofEBPR, nitrification and denitrification. The initial scope of Chapter 5 was

to test if EBPR can be combined with nitrification and denitrification in a simple SBR opera¬

tion mode, since this combination has a high potency to be increasingly used in the future.

While studying this question, we discovered that a significant part of the N-elimination was

due to nitrous oxide (N2O) emission by simultaneous nitrification and denitrification (SND)

in the aerated phase. Since the external factors (bulk D.O., pH, NH4' and NO2"

concentrations, as well as organic load) were all in ranges where previous studies would

neither predict significant SND nor N20 emission, we wondered what would be the specific

factors causing this phenomenon. The motivation was two sided. On one hand, emission of

N2O is problematic due to its contribution to global warming and destruction of the ozone

layer; consequently, more emission due to EBPR could be problematic. On the other hand,

SND has recently raised interest as alternative N elimination process. The main part of

chapter 5 is, therefore, dedicated to identifying the limiting factor for N20 emission in our

two EBPR bench-scale systems.

In chapter 6 (Concluding remarks) the major findings of this thesis are critically reflected

and suggestions for further investigations are put forward.
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CHAPTER 2

Determination of Polyhydroxyalkanoates in Activated Sludge

by Ion Chromatographic and Enzymatic Methods

Abstract

Two new detection methods for the determination of poly-ß-hydroxybutyrate (PHB) and

-valerate (PHV) are described. Both methods are based on depolymerization of PHB/PHV to

3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV). Depolymerization was achieved by

either propanolic or hydrolytic digestion. Propanolic digestion transformed commercial

PHB/PHV stoichiometrically into 3HB/3HV and yielded apparently complete recoveries of

bacterial PHB/PHV from activated sludge. Hydrolytic digestion was suitable only for PHB

determination. For quantification of 3HB and 3HV directly from digested sludge, a method

based on ion-exchange chromatography and conductivity detection was developed (IC-

method). Alternatively, the total of 3HB and 3HV was quantified using a commercial

enzymatic test kit and colorimetric detection (Enzyme method). Both detection methods are

easier to perform than previous methods and are suitable for complex matrices such as

activated sludge. The IC-method is recommended for high sample throughputs or if

distinction between PHB and PHV is essential. Enzymatic detection is recommended if a few

samples per day have to be measured immediately or if an ion Chromatograph is unavailable.
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1 Introduction

Polyhydroxyalkanoates (PHA) are important bacterial storage materials. Increasing

interest in bacterial PHA stems from three areas. Firstly, several PHA are used as bioplastics

[1]. Secondly, PHA are an inexpensive source for enantiomerically pure building blocks for

chiral syntheses [2]. Thirdly, a copolyester of poly-ß-hydroxybutyrate (PHB) and poly-ß-

hydroxyvalerate (PHV) is an important intermediate storage product for enhanced biological

phosphorus removal in wastewater treatment plants [3]. For all those applications, adequate

analytical methods for the quantification of PHA are required. The determination in activated

sludge is challenging because of the complexity of the matrix and the relatively low PHA

contents (< 10% of dry weight).

Gravimetric [4], nephelometric [5] and spectrophotometry [6, 7] analytical methods are

insensitive, involve tedious purification steps and cannot detect PHV or distinguish between

PHB and PHV [8, 9]. PHB and PHV can be determined by extraction (chloroform/methanol)

and subsequent conversion into monomeric ethyl esters which are measured gas

chromatographically [10]. This approach allows separate optimization of the extraction and

the derivatization but it requires extra time. Currently, the most widely used methods are

based on acidic methanolysis in the presence of chloroform (simultaneous extraction and

derivatization) followed by gas chromatographic analysis of the methyl esters [11]. The poor

recovery of only 50-60% [12] is a limiting factor for analyzing such low PHA contents as

found in activated sludge. An improved method, briefly described by Smolders et al [13],

combines features introduced by Comeau et al [9], and Riis and Mai [14]. It includes

lyophilization of the sample, transesterification with propanol in the presence of hydrochloric

acid and 1,2-dichloroethane (DCE), washing the organic phase with water, drying with

Na2S04 and gas chromatographic analysis of the propionyl esters. However, this method is

lengthy and requires the handling and disposal of a volatile chlorinated solvent.

In principle, GC-methods may be hampered by incomplete derivatization and incomplete

extraction into an organic phase [12, 14]. A hydrolysis of PHB/PHV and the direct analysis of

3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) in water would be ideal. However,

alkaline hydrolysis of PHB to 3HB is either slow (under mild alkaline conditions) or results

in crotonate formation due to dehydration (Fig. 1) [15]. PHB is extremely resistant to acidic

hydrolysis and crotonization takes place at harsh conditions [16]. Although acidic hydrolysis

of PHB to 3HB was judged to be impossible at all [17], the literature is too sparse to draw

such a final conclusion.
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/, |j
2 H COOH

Fig. 1. Formation of crotonic acid from 3-hydroxybutyric acid. The same mechanism transforms 3-

hydroxyvaleric acid to pentenoic acid.

A preparative method for 3HB employs methanolysis of PHB in the presence of 1,2-

dichloroethane, followed by removal of the dichloroethane and alkaline hydrolysis of the

methyl ester [18]. Although this approach circumvents an extraction, it uses a chlorinated

solvent and yields a recovery below 60%. Interestingly, acidic methanolysis of PHB was

mentioned to be possible also in the absence of chlorinated solvent [17].

In this article, we describe two depolymerization methods which omit the use of a

chlorinated solvent: (i) acidic alcoholysis followed by alkaline hydrolysis and (ii) acidic

hydrolysis. For quantification of 3HB and 3HV, we developed a method based on high-

pressure liquid ion-exchange chromatography and conductivity detection. Alternatively, a

commercial enzymatic method for the determination of 3HB in blood, urine or foodstuffs was

used. Both detection methods were evaluated in combination with both digestion procedures.

2 Materials and Methods

2.1 Chemicals

All Chemicals were of analytical grade and commercially available unless otherwise

stated. 3HV was not available as free acid or salt. Therefore, solutions of 3HV were prepared

from the corresponding methyl-ester (FLUKA) by hydrolization of 1 mM in 0.1 M NaOH

(25°C, 30 min). Commercial PHB/PHV copolymer 7:3 (FLUKA, no. 27819) was of technical

grade; the indicated ratio of 7:3 is only a rough estimate of the molar ratio of PHB:PHV [19].

Therefore, the ratio was determined by
'
H-NMR and 13C-NMR after dissolution in

deuteriated chloroform. The spectra were measured on a BRUKER ASX-400 NMR

spectrometer at 100.6 MHz (13C) and 400.1 MHz (!H) using a 5-mm probehead. The molar

ratio of PHB:PHV was found to be 3.3:1 by integration of the methyl group protons at 1.27

ppm (PHB) and 0.89 ppm (PHV) in the 'H-NMR spectrum. This ratio was confirmed by

integration of carbon resonance lines from an inverse-gated decoupled 13C- spectrum using a

long relaxation delay of 60 seconds between individual pulses.
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2.2 Samples

Activated sludge was taken from the aerated compartment of a wastewater treatment plant

performing enhanced biological phosphate removal (Neugut, Zürich, Switzerland). In an

anaerobic batch experiment, 1 liter of sludge (2.52 g dry weight per liter) was fed with 120

mg acetate and 20 mg propionate to increase the PHB and PHV content. After 3 hours, when

both substrates were completely taken up by the sludge (monitored ion chromatographically),

10 ml aliquots were pipetted into screw cap test tubes (PYREX) containing 80 (xl H2S04

(50%). The acid stabilizes the samples for several hours. After centrifugation at 4000 rpm for

10 min, 9 ml supernatant were removed. The pellet and remaining supernatant (total volume 1

ml) was stored at -20°C. Some samples were shock frozen in liquid nitrogen and lyophilized.

2.3 Hydrolytic Digestion

The sludge samples (total volume 1 ml) were thawed and resuspended using magnetic

stirring bars. Then, 1 ml of concentrated H2S04 was added. To determine recovery efficiency

PHB or PHB/PHV was weighed directly into the tubes and suspended in 1 ml of deionized

water prior to acid addition. The closed tubes were heated for 90 min at 90°C without mixing.

After cooling, the digest was quantitatively transferred into a volumetric flask (50 or 100 ml)

using deionized water. 2 ml of the diluted digest were centrifuged (15 min, 21'000xg) and 1

ml of the supernatant was used for ion chromatography.

For the enzymatic assay, the digest was diluted to 10 ml with deionized water. One

milliliter of the diluted digest was adjusted to pH 8 with 400 ul 10 M KOH and 100 pi Tris-

HC1 (4 M, pH 7.8). After centrifugation at 21'000xg for 2 min, the supernatant was used in

the enzymatic assay.

2.4 Propanolic Digestion

Sampling was done as described above, except that after centrifugation 9.5 ml supernatant

were removed. After resuspension of the pellet, 0.8 ml of propanol and 0.2 ml concentrated

H2S04 were added. The closed tubes were heated for 60 min at 90°C to transform PHB/PHV

into a mixture of monomeric acids and propionyl esters. After adding 8.5 ml deionized water

and mixing, 0.1 ml of this diluted digest was mixed with 50 ul 1 M Ca(OH)2 and 950 pi H20

to allow spontaneous hydrolization of the propionyl esters. After centrifugation (2 ml, 15

min, 21'000xg), the supernatant was used for ion chromatographic analysis.
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For use in the enzymatic assay, 1 ml of the diluted digest was mixed with 80 pi 10 M

KOH and stored for 10 min at room temperature to hydrolyze the formed propionyl esters.

Subsequently, 100 pi Tris-HCl (4 M, pH 7.8) was added to adjust the pH. The neutralized

aliquot was centrifuged (2 min, 21'OOOxg) and the supernatant was used for further analysis.

2.5 Ion Chromatography

The IC system from DlONEX consisted of a gradient pump GP40, anion trap column

ATC-1, autosampler AS 3500, guard and analytical columns AGIO and AS 10, suppressor

ASRS-1 and conductivity detector CD20. The suppressor was operated in recycle mode at

500 mA. The elution program for 3HB and 3HV was a linear gradient from 6 to 10 mM

NaOH in 10 min, a flush at 140 mM for 11 min and equilibration at 6 mM for 10 min. The

calibration range was 1 to 16 mg/1 of 3HB using a quadratic regression function.

For simultaneous determination of 3HB, 3HV, crotonate and trans-2-pentenoate the

elution program was expanded to a linear gradient from 6 to 10 mM NaOH in 10 min, a step

followed by a linear gradient from 23 to 30 mM NaOH in 6 min, a flush at 140 mM for

11 min and equilibration at 6 mM for 10 min. Typical retention times were 11.2, 12.9, 17.2

and 20.0 min for 3HB, 3HV, crotonate and pentenoate, respectively.

2.6 Enzymatic Assays

3HB and 3HV were quantified using a commercial kit for 3HB determination based on

enzymatic reactions (BOEHRINGER MANNHEIM). The enzymatic oxidation of 3HB is coupled

to the reduction of NAD+. The formed NADH is enzymatically reoxidized with iodnitro-

tetrazoliumchloride (INT) producing a formazan which is spectrophotometrically quantified

at 492 nm. The reoxidation of NADH is necessary to displace the equilibrium reaction in

favor of acetoacetate formation.

(1) (R) - 3HB + NAD+ <
L^J1ËP_M > acetoacetate + NADH + H+

(2) NADH + INT + H+ i*^ > NAD+ + formazan.

According to the technical description, the (Ä)-3-Hydroxybutanoate:NAD

oxidoreductase (3HBDH) is specific for (i?)-3HB, and the (S)-configuration is not oxidized.

However, according to Bergmeyer et al [20] (i?)-3HV and (i?)-3-hydroxyhexanoate are also

transformed, albeit at a 20 times slower rate, whereas 3-hydroxypropionate is not oxidized.

The reagents and sample volumes recommended by the supplier were reduced by 66%

without loss in accuracy. Thus, the assay could be performed in 1-ml-cuvettes at reduced
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costs per sample. Absorption at 492 nm was measured after 0, 20 and 30 min. The response

was linear in the range of 2.4 - 58 nmol (tf)-3HB or (/?)-3HV per assay.

Acetate and (i?,S)-lactate were determined enzymatically using commercial test kits

(Boehringer Mannheim, no. 148261 and 1112821).

3 Results and Discussion

3.1 Ion Chromatography

The affinity of 3HB and 3HV to the anion-exchange resin was very weak. Consequently,

a column with a high anion-exchange capacity and a weak NaOH eluent gave the best

chromatographic separation. Lower starting concentrations of NaOH increased the retention

of 3HB and 3HV but not their resolution.

Because 3HV could not be obtained commercially, we used 3HB as reference standard for

quantification of 3HV peaks. To estimate the difference in detector response for 3 HB and

3HV, we compared 2-hydroxybutyrate (2HB) and 2-hydroxyvalerate (2HV) which were

available as sodium salts of analytical grade. The peak area of 2HV was 3.5±0.6% smaller

than of 2HB at equimolar solutions of 38 uM. Assuming the same difference for 3HV and

3HB, the calibration for 3HB was used to quantify 3HV peaks. This procedure was verified

by preparing 3HV standards from commercial 3HV methyl ester. Both methods gave

identical response factors for 3HV.

No loss due to volatilization of 3HB or 3HV was observed in acidic samples for storage

periods ofup to 7 days at room temperature. Compared to standards in pure water, the acidity

did not influence the quantification of 3HB, 2HB or 2HV (data not shown). Therefore,

samples were not neutralized before IC-determination. Remaining propanol from alcoholytic

digestion and the subsequent alkalization using Ca(OH)2 did also not hamper the

quantification of 3HB or 3HV (data not shown).

The relative standard deviation (RSD) of the complete method (sampling, digestion,

measurement) was 2% (n = 3) using propanolic and 6% (n = 3) using hydrolytic digestion of

a sludge with a PHB content of2.6% of dry weight. Tests with different sludges revealed that

in some cases homogenization was necessary to achieve standard deviations better than 10%.

The detection limit for PHB/PHV was estimated to be 0.1 % of dry weight using aerated

sludge with low PHB/PHV contents.
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3.2 Recoveries

Propanolic digestion followed by alkaline hydrolysis of the propionyl esters and ion

chromatographic determination of 3HB and 3HV achieved complete recoveries of

commercial PHB and PHV (Table 1). When applied to wet sludge, it yielded the highest

absolute values of 3HB and 3HV compared to all other methods. Using 13% H2S04, 53%

propanol and 90°C, the yields from sludge were equal after digestion times of 60, 90 and

120 min (data not shown). This indicates completeness of the depolymerization as well as

absence of secondary reactions. The same values of 3HB and 3HV were also obtained by

digesting dried sludge in 20% acid and 80% propanol for 60 min. In contrast, digestion of

commercial PHB and PHB/PHV required 120 min before the recoveries were 100%, since

complete dissolution of the particles required about 100 min. When added to sludge,

commercial PHB/PHV was completely recovered. Thus, the sludge matrix did not decrease

the recovery. Without alkalization only 44/46% of PHB/PHV was recovered as 3HB/3HV,

the rest was present as propionyl esters. The alkaline hydrolysis of the esters was complete

after 1 min at pH 13 and 10 min at pH 12 (data not shown). Water did not decrease the

efficiency of the propanolic digestion when its volume was adjusted to below 50% of the

digestion mixture. Therefore, the digestion could be performed directly with fresh (wet)

sludge.

Table 1. PHB and PHV determination using propanolic or hydrolytic digestion and ion

chromatographic detection of3HB and 3HV

Digested material Dry weight Propanolic digestion Hydrolytic digestion

(mg)
% Recovery3

PHB PHV PHB PHV

PHB
2 101 ±3" — ^~^ —

PHB/PHV 2 99 ±3 104 ±3 87 ±3 27 ±1

PHB/PHV+ dryrf sludge 2+10 100 ±12 106 ±12

% Relative Yield^

Wet sludge 25 100^2 100*±2 88 ±3 65 ±1

Dry"7 sludge 10 98 ±7 95 ±4 66 ±12 35 ±10

"

the weighed values of commercial PHB and PHB/PHV were taken as 100%;

relative standard deviation (n=3); ^commercial PHB/PHV, 3.3:1 mol/mol; lyophilized;

the values obtained by propanolic digestion of wet sludge (highest values) were taken as 100%;

302 u.mol per g dry weight; 8\ 83 umol per g dry weight.
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The use of ethanol or methanol instead of propanol resulted in lower recoveries (Table 2),

if applied to samples containing water. For dry commercial PHB/PHV, the recoveries were

almost identical. The lower recoveries in the presence of water are probably caused by the

lower boiling points of methanol or ethanol, since at 90°C their concentrations in the liquid

phase are reduced in favor of the gas phase.

Initial experiments with hydrolytic digestion revealed that yields of 3HB and 3HV from

sludge were highest using 50% acid, 90°C and 90 min. Prolonged digestion decreased the

yield of 3HV. Below 40% acid, very little 3HB was released from sludge; e.g., at 35% acid

only 8% of the maximum. Above 60% acid, substantial amounts of PHB was transformed

into crotonic acid. The narrow range of the optimal acid concentration (50±5%) may explain

the negative results in previous studies using hydrolytic digestion [17]. Using the optimized

conditions, the yields of PHB/PHV from wet sludge were 88%/65% as compared to

propanolic digestion (Table 1). The formation of crotonate or trans-2-pentenoate was

negligible (<1%) and did not account for the deficits in recoveries. Drying of sludge reduced

the recoveries further. To achieve complete dissolution of commercial PHB and PHB/PHV,

the hydrolytic digestion had to be prolonged to 180 min. The corresponding recoveries were

87% for PHB but only 27% for PHV.

Table 2. PHB and PHV determinations using different alcohols for alcoholysis and ion

chromatographic detection.

% Relative Yield
"

% Recovery

from wet sludge from commercial material
h

PHB PHV PHB PHV PHB PHV

53% alcohol 53% alcohol 80% alcohol

13% H2S04 13% H2S04 20% H2S04
e

44% sludge
'

44% water
d

Propanol 100 100 98 103 90 97

Ethanol 41 22 84 99 92 91

Methanol 15 3 46 63 91 95

"the values obtained by propanolic digestion (highest values) were taken as 100%; PHB/PHV: 3.3:1 mol/mol;

(0.8 ml alcohol + 0.2 ml acid + 0.5 ml concentrated sludge;

^0.8 ml alcohol + 0.2 ml acid + 0.5 ml H20;

£0.8 ml alcohol + 0.2 ml acid + 0.75 mg PHA.

Hydrolytic digestion was also compared to the GC-method described by Smolders et al

[13] using sludge from a laboratory reactor. The yields of PHB/PHV were 89%/71% as

compared to the GC-method. Since the hydrolytic digestion yielded approximately the same

percentage as compared to propanolic digestion and ion chromatographic determination
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(88%/65%, Table 1), the propanolysis/IC-method and the GC-method gave comparable

results.

3.3 Coeluting substances

Structurally related compounds were tested for coelution with 3HB or 3HV. We found

that 4-hydroxybutyrate (4HB) coelutes with 3HB and that propionate, iodate and glycolate

coelute with 3HV (Table 3). Technical reports from the supplier of the analytical column

(DlONEX) showed, that all di- and tricarboxy acids, including their hydroxy derivatives, and

all monocarboxy acids containing aromatic structures or double bonds elute behind 3HV. All

common inorganic anions, except fluoride and iodate, also elute behind 3HV. Thus, the

number of potential coeluting substances is rather small. The occurrence of propionate or

other coeluting substances in the original sample may be easily checked and corrected for by

measuring the culture liquid after removing the biomass by filtration or centrifugation using

the same IC-method.

Table 3. Ion chromatographic retention times of 3HB, 3HV, "sludge-peak", crotonate, pentenoatc and

structurally related compounds

compound elution

(min)

compound elution

(min)

fluoride

3HB

4HB

Lactate
a

4-oxovalerate

"sludge-peak"

acetate

glycerate
'

glycolate
c

iodate

3HV

propionate

10.2

11.2

11.3

12.0

12.0

12.0

12.1

12.2

12.7

12.9

12.9

13.0

2HB 13.4

butyrate 14.8

formate 16.0

2HV 16.3

crotonate 17.2

valerate 17.3

pyruvate 17.7

gluconatee 17.8

3-pentenoate 18.7

2-pentenoate 20.0

3HOr >23

glyoxylate g >23

hydroxypyruvate >23

glucoron >23

alanin >23

"2-hydroxypropionate; ^-dihydroxypropionate^-hydroxyacetate; 2-oxopropionate;

'pentahydroxyhexanoate; 3-hydroxyoctanoate; soxoacetate.
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To check for the presence of coeluting substances after digestion of sludge biomass,

sludge was aerated for several hours to allow the microbes to use up their PHA. During

aeration, the peaks assigned to 3HB and 3HV always decreased rapidly. After 6 hours of

aeration the peak associated with 3HB was reduced to 5% of the starting value (< 0.3% of dry

weight), and a 3HV-peak was not detected. This shows that digestion of the sludge did not

produce significant amounts of substances which coelute with 3HB or 3HV. Taken together,

the results suggest that the ion chromatographic assay is not hampered by coeluting

substances.

3.4 "Sludge-peak"

Digested sludge samples always contained substances eluting as one major peak between

3HB and 3HV, which we refer to as "sludge-peak" (Fig. 2). Its peak area corresponded to the

amount of digested sludge. Digestion of commercial glycogen produced a peak eluting at the

same retention time. Bacterial glycogen is, therefore, thought to contribute to the "sludge-

peak". The "sludge-peak" coeluted with acetate, lactate, glycerate and 4-oxovalerate (Table

3). Enzymatic determinations revealed that about 50% of the peak area could be attributed to

acetate and about 1 % to lactate. The remaining must be related to one or more substances. A

likely candidate is 4-oxovalerate, since its methyl ester was identified as product of acidic

methanolysis of activated sludge in previous studies [9], and it is produced from glycogen

under acidic conditions [21].

Fig. 2. Ion-chromatogram of activated sludge after

propanolic digestion, containing per gram dry weight
302 and 183 umol PHB and PHV, respectively (3HB,

3-hydroxybutyrate; BM, "sludge-peak"; 3HV, 3-

hydroxyvalerate).

11 12 13

Time (min)
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If the chromatographic separation of 3HB, "sludge-peak" and 3HV is insufficient for

reliable quantification, two options exist. First, a borate eluent could be used (instead of

NaOH) to achieve a slightly better separation [22]. Secondly, ion-exclusion chromatography

(IEC) would provide a far better separation of 3HB, "sludge-peak", and 3HV [22], Because of

the better separation from the "sludge-peak", more sample can be applied to the column

permitting a better quantification of low PHB/PHV contents. For PHB/PHV contents below

0.5%) of dry weight IEC with conductivity detection is the method of choice. However, the

suppressor for IEC cannot be operated in auto-suppression mode, making IEC less convenient

and more costly than ion-exchange chromatography. Since our samples contained enough

PHB/PHV for reliable quantification, the use ofborate eluents or IEC was not necessary.

3.5 Enzymatic assay

(R)-3HB and (/?)-3HV (prepared from its methyl ester) were detected with identical

response factors (Fig. 3). Consequently, all data obtained with this assay represent the total

sum of 3HB and 3HV. Since (iv)-3-hydroxyhexanoate (3HH) is transformed at a similar rate

as 3HV [20], it would also contribute to the value of APHA. However, significant amounts of

3HH has never been reported for activated sludge. (/?)-3-Hydroxyoctanoate was not detected

by the assay, even at high concentrations (2 mM). According to our results and those of

Bergmeyer et al [20], the substrate spectrum of the dehydrogenase is limited to the C4-, C5-

and C6-homologs of the 3-hydroxyalkanoates. (i?)-3-Hydroxyheptanoate was not tested.

0.8 - yS

i 0.6 - jg
CM j<

g 0.4 - yS

0.2 - s*

0 10 20 30 40 50

(R)-3HB, (R)-3HV (uM)

Fig. 3. Response of the enzymatic determination of (K)-3HB, (•), and (fl)-3HV, (O). The stock

solution of (iï)-3HV was prepared from (R)-3HV methyl ester.
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(5)-3HB is not detected by the assay [20]. Although microbial PHA contain exclusively

(#)-enantiomers of the 3-hydroxy acids, the monomers may be transformed into the (S)-

conformation during digestion [17]. Occurrence of enantiomerization was tested by digesting

a solution of (S)-3HB as starting material. Any enzymatic detection of 3HB must then have

resulted from enantiomerization of (5)-3HB into (i?)-3HB. For propanolic digestion, no such

transformation was observed as indicated by the recovery of 0% (Table 4). The absence of

enantiomerization was also shown by a 100% recovery when (i?)-3HB was subjected to

propanolic digestion, as well as by the 96% recovery for (i?)-3HV. In contrast, hydrolytic

digestion obviously transformed 16% of (5)-3HB into (#)-3HB and led to a comparable

enantiomerization of (/?)-3HB as indicated by the reduced recovery (76%). The most likely

mechanism for the enantiomerization is dehydration to crotonic acid (Fig. 1) and subsequent

racemization as crotonic acid is rehydrated to 3HB [17].

Table 4. PHB and PHV determination using enzymatic detection of the sum of 3HB and 3HV.

Digested material Propanolic digestion Hydrolytic digestion

% Recovery

(S)-3HB
a

0 16 ±2
"

(7?)-3HB 100 ±1
76 ±4 (49 c)

(R)-3ttVd 96 ±3 (9C)

PHB" 97 ±5 64 ±2

PHB/PHVe 98 ±\f

% Relative Yield5

wet sludge PHB/PHV 96 ±2 58

°detected is (Ä)-3HB formed from (5)-3HB; relative standard deviation (n=3);
cd V

240 min of digestion; prepared from methyl ester; 150 min of digestion;

sum of PHB and PHV; ^relative to values determined by IC-detection (after

propanolic digestion) which were taken as 100%.

Prolonging the hydrolytic digestion to 240 min reduced the recoveries of (J?)-3HB and

(i?)-3HV to 49% and 9%, respectively (Table 4, values in parentheses). The higher losses of

(fl)-3HV compared to (i?)-3HB can allow differentiation of PHB and PHV contents, if both

digestion procedures are applied. After propanolic digestion the total sum of PHB/PHV is

determined, whereas after prolonged hydrolysis in 50% H2S04 almost only PHB is detected,

36



Chapter 2

albeit at a recovery of only 50%. A combination of both results gives an estimate for the

percentage of PHB and PHV.

After propanolic digestion, 97% of commercial PHB was detected as (/?)-3HB and 98%

of commercial PHB/PHV as sum of (Ä)-3HB/(.ß)-3HV. This confirmed the completeness of

the depolymerization and the stability of the (/?)-enantiomers during the digestion. The

reduced recovery of PHB (64%) using the hydrolytic digestion can be explained by

enantiomerization.

The relative yields of the sum of PHB/PHV from sludge samples presented in Table 4

were calculated by setting the yield obtained by propanolic digestion and ion chromatography

to 100%. The good agreement (96%) of the results independently obtained by

chromatographic and enzymatic methods increases the confidence in the accuracy of both

detection methods. Apparently, the results obtained by ion chromatography for 3HB/3HV

were not falsely increased by coeluting substances, and the reactions of the enzymatic assay

were not inhibited considerably by the matrix components of digested sludge.

The new methods presented here increase the applicability of routine PHB/PHV

measurements in wastewater treatment plants, since they require less resources and are easier

to perform than previous methods. The IC-method can be adapted to quantify 3-

hydroxyhexanoate and 3-hydroxyoctanoate and may also be useful in the field of bioplastics

where C6- and C8-hydroxyalkanoates are important compounds.
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CHAPTER 3

Enrichment, Phylogenetic Analysis and Detection of a Bacterium That

Performs Enhanced Biological Phosphate Removal in Activated Sludge

Summary

Activated sludge communities which performed enhanced biological phosphate removal

(EBPR) were phylogenetically analyzed by 16S rRNA-targeted molecular methods. Two

anaerobic-aerobic sequenced batch reactors were operated with two different carbon sources

(acetate vs. a complex mixture) for three years and showed anaerobic-aerobic cycles of

polyhydroxybutyrate- (PHB) and phosphate-accumulation characteristic for EBPR-systems.

In situ hybridization showed that the reactor fed with the acetate medium was dominated by

bacteria phylogenetically related to the Rhodocyclus-group within the ^-Proteobacteria (81%

of DAPI-stained cells). The reactor with the complex medium was also predominated by this

phylogenetic group albeit at a lesser extent (23% of DAPI-stained cells). More detailed

taxonomic information on the dominant bacteria in the acetate-reactor was obtained by

constructing clone libraries of 16S rDNA fragments. Two different types of Rhodocyclus-Mke

clones (Rl and R6) were retrieved. Type-specific in situ hybridization and direct rRNA-

sequencing revealed that R6 was the type of the dominant bacteria. Staining of intracellular

polyphosphate- and PHB-granules confirmed that the R6-type bacterium accumulates PHB

and polyphosphate just as predicted by the metabolic models for EBPR. High similarities to

16S rDNA fragments from other EBPR-sludges suggest that R6-type organisms and may play

an important role in EBPR in general. Although the R6-type bacterium is closely related to

the genus Rhodocyclus, it did not grow phototrophically. Therefore, we propose a provisional

new genus and species Candidatus Accumulibacter phosphatis.
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Introduction

Enhanced biological phosphate removal (EBPR) is a suitable process for a more

sustainable municipal wastewater treatment. Since EPBR does not require chemical

précipitants and produces less sewage sludge, it forms a good alternative to the chemical

removal of phosphate in sewage treatment plants (MEGANCK and Faup, 1988). Due to its

economical and ecological benefits, it is being increasingly used, although the underlying

microbiological processes are not fully understood yet (JENKINS and TANDOI, 1991).

To induce EBPR-activity, activated sludge is exposed to alternating anaerobic and aerobic

conditions. Current models of the EBPR process assume so-called Bio-P bacteria which take

up acetate and transform it into the polymeric storage compound polyhydroxybutyrate (PHB)

under anaerobic conditions (COMEAU et al., 1986). Energy is gained by degrading

intracellular polyphosphate (PolyP) to orthophosphate, which is released into the surrounding

medium. Degradation of intracellular glycogen supplies reducing equivalents for PHB

synthesis and additional energy (MINO, 1987). Under subsequent aerobic conditions, the

accumulated PHB is utilized for growth and replenishment of the PolyP and glycogen stores.

Since usually more phosphate is taken up than was previously released, a net removal of

phosphate results. PolyP and PHB can be observed by light microscopy as granules in the

bacterial cytoplasm when specific stainings are applied.

For more than 20 years and up to date, it has not been possible to obtain pure cultures of

Bio-P bacteria with all the physiological characteristics described above (MINO et al., 1998).

A number of bacteria that store PolyP under aerobic conditions have been isolated; but, under

anaerobic conditions, either phosphate release, acetate uptake, or PHB accumulation were

missing or of low activity. Due to the unavailability of pure cultures, specific detection and

identification of Bio-P bacteria has not been achieved yet.

Modern methods based on comparative sequence analysis of ribosomal RNA (rRNA)

supply cultivation-independent tools for detection and phylogenetic classification of bacteria

in complex communities (AMANN et al., 1995). Recent studies of the community structures in

municipal wastewater treatment plants which used in situ hybridization with rRNA-targeted

probes suggested that Bio-P bacteria belong to the gram-positive bacteria with a high G+C

DNA content (WAGNER et al., 1994; KÄMPFER et al., 1996). The same conclusion was

derived by analyzing a 16S rDNA clone library which was retrieved from a laboratory EBPR-

reactor (CHR1STENSSON, 1998). In contrast, BOND et al. (1995) concluded that bacteria

related to the genus Rhodocyclus may be involved in EBPR, based on comparing clone
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frequencies in libraries obtained from two different laboratory reactors, with and without Bio-

P activity, respectively.

In our study, a 4-step-approach was used to detect and classify a Bio-P bacterium. First,

Bio-P bacteria were enriched during long-time cultivation in laboratory reactors under

selective conditions. Second, the community structure of these enrichment cultures was

analyzed by in situ hybridization with group- and genus-specific, fluorescence-labeled,

rRNA-targeted, oligonucleotide probes. Third, 16S rDNA-sequences were retrieved using

specific PCR-primers. Fourth, direct 16S rRNA-sequencing, in situ and dot blot

hybridizations with sequence-specific probes were used to determine the abundance of the

retrieved sequences.

To supplement the characterization, phototrophic growth tests were performed, and PolyP

and PHB-granules were stained to demonstrate the alternating accumulation of both storage

compounds microscopically.

Materials and Methods

All chemicals were of analytical grade and commercially available unless otherwise

stated. The reference strains Rhodocyclus tenuis DSM 109 and R. purpureus DSM168 were

obtained from DSM (Braunschweig, Germany). Azoarcus strain 6a2 was kindly provided as

fixed slide sample by Barbara Reinhold-Hurek (Max-Planck-Institut fur terrestrische

Mikrobiologie, Marburg, Germany).

Bio-P enrichment cultures: Two laboratory reactors, A and B, were operated for 3 years

before the start of this study. Both reactors were started up with activated sludge from an

experimental EBPR-wastewater treatment plant (MAURER et al., 1997). The reactors had a

working volume of 1.5 liter (Model JML, Mituwa Bio Systems, Japan) and were operated at

20 °C in a sequenced batch mode basically according to APPELDOORN et al. (1992). Each

sequence of total 6 h consisted of a 15 min feed period with medium, 120 min anaerobic

period, 180 min aerobic period, 30 min settling period and 15 min for removal of supernatant.

The pH was maintained at 7.35 ± 0.05 using C02 gas as acid and NaHCC>3 solution as base.

During the aerobic phase, the dissolved oxygen concentration was controlled to 2.5 ± 0.5 mg

L"1. The reactors were stirred in the anaerobic and aerobic phase (300 rpm). During the

medium feed and removal, the head space of the reactors and the feed storage tanks were

flushed with nitrogen gas, and 1 liter of supernatant was replaced by fresh medium. Once per

day, 200 ml of mixed sludge were removed; since the concentration of suspended solids in the

withdrawn supernatant was usually below 20 mg L"1, the biomass retention time was
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approximately 7 days. Fresh medium was prepared daily from stock solutions. Weekly, the

reactors were cleaned to prevent wall growth of nitrifiers and sulfate reducing bacteria. Every

second day, 7.5 mg thiourea was added to the reactors to achieve complete suppression of

nitrification. A removable cover kept the reactor vessel in the dark.

The medium of reactor A contained (mg L"1): 400 acetate, 1 yeast extract, 57 NH4C1, 60

NH4HCO3, 44 KH2PO4, 34 KHSO4, 394 NaHC03, 220 CaCl2-2H20, 150 MgS04-7H20, and 2

ml L"1 of a trace element solution, which contained (g L"1): 2.73 citric acid, 2.00 hippuric

acid, 0.36 Na3NTAH20, 0.15 Na3EDTA-4H20, 1.50 FeCl3-6H20, 0.25 H3B03, 0.15

ZnS04-7H20, 0.12 MnCl2-4H20, 0.06 CuS04-5 H20, 0.03 KI, 0.03 Na2Mo04-2H20, 0.03

CoCl2-6H20, 0.03 NiCl2-6H20, and 0.03 Na2W04-2H20. The final concentrations of all

inorganic components and the organic complexing agents (citric acid, hippuric acid, NTA,

EDTA) are in the range found in municipal wastewater (KOPPE and STOZEK, 1990).

The medium of reactor B was identical, except that the acetate of medium A was

substituted by (mg L~'): 50 acetate, 40 meat peptone, 40 soya peptone, 20 yeast extract, 60

casein, 30 sucrose, 30 starch, 30 asolectin, 10 cellulose, 10 Marlon A, 5 urea. Marlon A

(Hüls, Marl, Germany) is a mixture of linear alkylbenzensulphonates which are widely used

in household detergents. Casein, starch, asolectin and cellulose represent particulate

substrates. Medium B resembles municipal wastewater more closely than medium A.

Phototrophic cultures: Rhodocyclus strains DSM109 and DSM168 were grown in

completely filled 100-ml anaerobic flasks with rubber stopper on a shaker at 20 °C in the light

of a 100-W Tungsten lamp. The medium was DSM 27 supplemented with 0.5 g sodium

malate per liter (DSM, 1993). After inoculation, the flasks were kept for 12 h in the dark,

before exposing to light. Identical cultivation was used for flasks inoculated with 2 ml of

activated sludge from culture A.

Analyses: For dry mass (MLSS) determination, samples were filtered through a polycar¬

bonate filter (0.45 (im pore size), dried for 12 h at 105 °C and weighed. The ash content was

determined by incinerating 100 mg dry mass for 2 h at 650 °C. Acetate, phosphate, nitrate,

nitrite and sulfate concentrations were quantified in the supernatant (1 ml sample for 2 min at

13000 rpm) by ion-exchange chromatography using an AS 11 column, ASRS1 suppressor, and

CD20 conductivity detector (Dionex, Olten, Switzerland). PHB was measured by ion-

exchange chromatography after hydrolytic digestion of the biomass (HESSELMANN et al.,

1999). Glycogen was determined with an enzyme kit (GOD-Perid method, Boehringer,

Mannheim, Germany) after digestion to glucose in 0.6 M HCl for 2 h at 100 °C.
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Staining of PolyP and PHB: Polyphosphate was visualized as dark granules in bright-

field microscopy using Neisser's method (ElKELBOOM and VAN BUIJSEN, 1983). PHB was

visualized as orange-fluorescent granules in fluorescence microscopy using Nile Blue A and

the filter set HQ-CY3 (AF Analysentechnik, Tübingen, Germany) (OSTLE and HOLT, 1982).

In situ hybridization: Fixation and in situ hybridization of samples with the probes

ALF lb, BET42a, BONE23a, BTW023a, CF319a, GAM42a, EUB338, HGC69a, ACA23a

was performed as described by WAGNER et al. (1994) and SNAIDR et al. (1997), including the

use of competitor oligonucleotides for BET42a, GAM42a, BONE23a and BTW023a.

Coating of the glass slides with gelatin was omitted. Directly before application to the slides,

the fixed samples were homogenized by adding 50 u.1 of 2 M sodium pyrophosphate to 1 ml

and sonication for 1 min at 20% output and 10% duty cycle (Branson Sonifier 450 with micro

tip, Skan AG, Basel, Switzerland). The new probes presented in Table 1 were hybridized

using 30%) formamide at 46 °C for 90 min and washed in 100 mM NaCl at 48 °C for 20 min.

All probes were labeled with the indocarbocyanine dye CY3 and obtained from MWG

Biotech (Ebersberg, Germany) or Microsynth (Zürich, Switzerland). The specimens were

counterstained with DAPI (4,6-Diamidino-2-phenylindole) at a final concentration of 1 mg L~

1
for 5 min at room temperature and mounted in Citifluor (Citifluor Ltd. London, U.K.).

Table 1. 16S rRNA-targeted oligonucleotide probes for in situ and/or dot blot hybridization

Probe name (abbr.) Target organismsa Sequence (5'-3') Position'

S-G-Rhc-0175-a-A-18 (RHC175) Rhodocylus cluster

S-G-Rhc-0439-a-A-l 8 (RHC439) Rhodocylus cluster

S-G-Rhw-0456-a-A-18 (RHW456) clone R1

S-G-Rhw-0991-a-A-18(RHW991) clone Rl

S-G-Rhx-0456-a-A-18 (RHX456) clone R6

S-G-Rhx-0991 -a-A-18 (RHX991 ) clone R6

TGCTCACAGAATATGCGG 175-192

CNATTTCTTCCCCGCCGA 439-456

CGGGTATTAACCGAAGCA 456-473

GTTCTCTTTCGAGCACTC 991-1008

AGGGTATTAACCCAAGC A56-A12

GCTCTCTTGCGAGCACTC 991-1008

aCross-specifities see Table 3.

b16S rRNA position according to E. coli numbering (BROSIUS et al., 1981).

Microscopy and probe-specific cell counts: The specimens were examined with an

Olympus BH2-RFCA fluorescence microscope (Olympus AG, Volketswil, Switzerland)

using filter sets UG-1 (Olympus) for DAPI and HQ-CY3 (AF Analysentechnik) for CY3. Cell

counts were done after image capture on a 15-inch color screen using a color chilled digital

camera set (Type 5810, Hamamatsu Photonics, Herrsching am Ammersee, Germany) at

exposure times of 0.08 s for phase-contrast and 10-60 s for epifluorescence. Phase-contrast
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observation was used to focus before applying UV light. Digital images of CY3 and DAPI-

fluorescence from the same microscopic field were taken and temporarily stored before

counting. This omitted fading problems while counting, and it allowed to switch between

CY3 and DAPI-images which improved the identification of cells against abiotic particles.

For each sample, standard deviations of the mean (SD) were calculated based on enumerating

at least 10 microscopic fields or a minimum of 1,000 DAPI-stained cells.

DNA isolation from sludge samples: Cells were recovered by centrifugation of 10 ml

activated sludge from reactor A, which had been stored frozen at -20 °C. The pellet was

resuspended in 5 ml of TENP-buffer (50 mM Tris-HCl, 20 mM Na2EDTA, 100 mM NaCl,

1% [w/v] polyvinylpolypyrrolidone, pH 8.5). An aliquot of 1.5 ml of this suspension was

transferred to a screw-capped vial to which 0.3 g glass beads (0 0.1 mm) had been added.

The mixture was then shaken three times for 1 min at 4000 rpm in a Braun Cell Homogenizer

(Inotech AG, Dottikon, Switzerland) with 1 min intervals on ice. The suspension was

subsequently centrifuged for 2 min at 15000xg. Total DNA in the supernatant was recovered

and purified by two passages through BioSpin 30 columns (BioRad, Glattbrugg, Switzerland),

and once by Elutip-D treatment (Schleicher and Schuell, Dassel, Germany).

Amplification, cloning, and sequencing of 16S rDNA fragments: Fragments of 16S

rDNA from Rhodocyclus -like strains were amplified from the isolated sludge DNA by PCR.

Two overlapping DNA fragments were obtained using two primer sets: I) a conserved

forward bacterial primer (6F) and a reverse "Rhodocyclus-primer" (RHC439, Table 1), and II)

a conserved reverse bacterial primer (151 OR) and a forward "Rhodocyclus-primer"

(RHC172). Primers 6F (5'-GGAGAGTTAGATCCTGGCTCAG-3') and 1510R (5'-

GTGCTGCAGGGTTACCTTGTTACGACT-3') were modified from WEISBURG et al. (1991);

RHC172 (5'-TACCGCATATTCTGTGAGC-3') was modified from RHC175. Both primer sets

were applied at an annealing temperature of 40 °C. A fragment of 0.5-kb was obtained for

primer set I, and of 1.1 -kb for primer set II.

Both fragments were recovered and purified from the PCR mixture by using Qiaquick

spin columns (Qiagen, Basel, Switzerland), and ligated to pGEM-T-Easy (Promega,

Wallisellen, Switzerland). Transformation of the ligation mixtures into Escherichia coli

DH5a resulted in several different recombinant strains, from which plasmid DNAs were

isolated according to SAMBROOK et al. (1989). Plasmid inserts of the proper size were

sequenced on both strands by using a Thermosequenase Kit (Amersham, Little Chalfont, UK)

with IRD-800 labeled primers (MWG Biotech, Ebersberg, Germany). Sequence transcripts
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were separated and analyzed on a LiCOR 4000L automated DNA sequencer (LiCOR,

Lincoln, Ne, USA).

Isolation, dot blot hybridization and sequencing of 16S rRNA from sludge: Total

RNA was isolated from a 5-ml sludge sample of reactor A. Cells were pelleted by 3 min

centrifugation at 15,000 rpm, and resuspended in 2x0.5 ml TES-buffer (10 mM Tris-HCl, 1

mM EDTA, 100 mM NaCl, pH 8.0). Cells were lysed by adding sodium dodecylsulfate, and

RNA was extracted with hot acid phenol (AIBA et al., 1981). DNA contaminating the

extracted RNA was removed by DNasel digestion (Boehringer, Mannheim, Germany). RNA

was precipitated with 0.1 volume of 3 M sodium acetate and 2 volumes of ethanol at -20 °C.

For dot blot hybridization, the precipitated RNA was serially diluted, denatured for 2 min

at 94 °C, placed on ice and blotted on Hybond N+ membrane (Amersham) by use of a dot blot

manifold (6 mm gasket, Life Technologies, Basel, Switzerland). DNA standards composed of

serially diluted plasmid DNAs containing inserts of Rhodocyclus 16S rDNA were included on

the blots. Nucleic acids were fixed onto the membrane by UV-irradiation. Membranes were

then hybridized to biotin-labeled oligonucleotides in a buffer containing SDS and Bovine

Serum Albumine (BAUMANN et al., 1996). The tested oligonucleotides were: EUB338 (at 55

°C), BET42a (at 47 °C), RHC439 (at 55 °C), RHW456 (at 47 °C), RHW991 (at 47 °C),

RHX456 (at 45 °C) and RHX991 (at 52 °C) (see Table 1). To increase the specificity of

hybridization, RHW456 and RHW991 were included as unlabeled competitors in a 1:1 ratio

in hybridizations with RHX456 and RHX991, respectively. The oligonucleotides were

labeled at the 3' end by incubation with biotin-16-ddUTP and terminal transferase

(Amersham), and their concentrations were adjusted in accordance to labeling efficiency.

Washings were performed for 2 times 5 min in 1 X SSC and 0.1% Sodium dodecylsulphate at

the respective hybridization temperature of the probe. Detection of the biotin label after

hybridization was performed by using the Tropix Southern Light system (Tropix, Bedford,

Ma.), and exposure to Hyperfilm MP (Amersham). Densities were measured on a Molecular

Dynamics Laser Densitometry Scanner and normalized against plasmid standards of known

concentration.

Partial sequences of the 16S rRNA were determined directly from purified total sludge

RNA by dideoxy chain termination using AMV reverse transcriptase (according to

recommendations of the supplier, Amersham USB) and the IRD-800 labeled primers

EUB785R (5'-CTACCAGGGTATCTAATCC-3\ conserved primer), RHX395 (5'-

CTGCGCACGCTTTACGCC-3'), and RHX929 (5'-AGGGTTGCGCTCGTTGCG-3'). RHX395

and RHX929 are complementary to the 16S rRNA of clone R6.
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Data analysis and probe design: Sequences were compared to the EMBL data bank

entries by using the FASTA and GAP routines of the Wisconsin sequence analysis software

package 8.0 (Genetics Computer Group, Madison, WI). The design of probes RHC175 and

RHC439 was supported by the ARB probe design program (STRUNK AND LUDWIG, 1996;

Technical University Munich, Germany). Phylogenetic inferences were derived on a subset of

aligned 16S rDNA sequences extracted from the Ribosomal Database Project (MAIDAK et al.,

1997). Bootstrapping (100 replica's), DNA distance calculations (DNADIST), maximum

parsimony analysis (DNAPARS) and neighbor joining analysis (NEIGHBOR) were carried out

using the routines in the program package PHYLIP (version 3.52c; FELSENSTEIN, 1993). The

sequence of clone R6 was deposited at the EMBL gene data bank under accession number

AJ224937.
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Results

Bio-P performances. At the start of this study, both reactors, A and B, showed a

pronounced Bio-P activity and were in steady state regarding biomass concentration,

phosphate, PHB and glycogen dynamics for 9 months. Figure 1 shows typical time profiles

for the anaerobic and aerobic phases. In both reactors acetate was completely taken up before

the aeration started and all released phosphate was taken up during the aerobic phase. Due to

the higher acetate concentration in the feed of reactor A, more PHB was accumulated during

the anaerobic phase and more phosphate released than in reactor B. Glycogen concentrations

also fluctuated stronger in reactor A suggesting direct coupling to the acetate and PHB

metabolism. Sulfate concentrations did not decrease during the anaerobic phase and no nitrate

or nitrite were detected during the whole cycle. Thus, the contribution of bacterial sulfate

reducers and denitrifiers on the anaerobic acetate uptake was negligible.

4

Time (min)

Fig. 1. Compound dynamics in the sequencing batch reactors during one anaerobic-aerobic cycle. In

the anaerobic phase, acetate () is completely assimilated by the cells and stored as PHB (a); the

simultaneous increase of the phosphate concentration (o) indicates the degradation of PolyP. In the

following aerobic phase, phosphate is completely assimilated and the PHB storage is consumed.

Glycogen (x) changes reciprocal to PHB (note the different axis scales for reactor A and B). Dry

weight concentrations were 3.0 g L"1 (20% ash) for reactor A and 2.7 g L'1 (25% ash) for reactor B.
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In situ community analysis. In both reactors, ^-Proteobacteria were the most abundant

group accounting for 89% (reactor A) and 34% (reactor B) of the cells (Table 2). The use of

acetate as sole organic substrate in reactor A had strongly favored the enrichment of ß-

Proteobacteria, whereas the complex substrate mix in the feed of reactor B supported a

higher ecological diversity. The high enrichment of ^-Proteobacteria in culture A made this

population most promising for a more detailed study in order to identify Bio-P bacteria.

The community of reactor A was further analyzed using the probes BONE23a and

BTW023a (SNAIDR et al., 1997), which allow differentiation of the two major groups of the

^-Proteobacteria, the ß-1 and ß-2 subgroup as defined by WOESE et al. (1984). Whereas

BONE23a hybridized with only few cells (< 1%), BTW023a hybridized to approximately the

same percentage of cells as probe BET42a.

Table 2. Community structures of Bio-P cultures determined by in situ hybridization with rRNA-

targeted probes

Taxonomic Group Probe Reactor A Reactor B Municipal

Plant"

EUB338

Mean % of DAPI counts (±SD)

Bacteria 88±8 77±9 80

Mean % of EUB counts (±SD)

a-Proleohacteria ALF lb 3±2 9±4

^-Proteobacteria BET42a 89±10 34±7

y-Proteobacteria GAM42a 2±2 7±5

Gram-positive bacteria (HGC)b HGC69a < i 20±9

Cyiophaga-Flavobacterium cluster CF319a 5±3 ]6±5

Acinetobacter spp.
ACA23a < 0.01 5±4

aData from WAGNER et al. (1994).

bWith a high G+C DNA content.

cValues in parentheses were determined after addition of 20 mg acetate per liter for 3 days.

Based on these findings, we examined the community of reactor A for the presence of

members of the genus Rhodocyclus, since this genus was suspected to be involved in EBPR

(BOND, 1995) and contains the complementary sequence to BTW023a (Fig. 2). The probes

RHC175 and RHC439 (Table 1) were designed for specific detection of Rhodocyclus spp.

based on three R. tenuis and one R. purpureus sequences (Accession No. D16208, D16209,

D16210 and M34132). However, both probes are also complementary to Azoarcus strain 6a2

(AF011347), a close relative of Rhodocyclus. Probe RHC439 indeed hybridized with the
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24 (34)c
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19(32)

11

8(6)

50



CHAPTER 3

Fig. 2. Micrographs of bacterial cells from reactor A. Bar, 10 um (all panels). (A) Bacterial cells

stained with DAPI. arrows indicate cells which are not detected with the rRNA probe as shown in

panel B. (B) //; situ hybridization with rRNA probe RHX991 (identical microscopic field as in A).

(C) Bright field image from the end of the aerobic phase after Neisser's staining; 1 : R6-lypc bacterium

with two PolyP granules; 2. large coccoid rod without granules. (D) PHB-staining from the end of

the anaerobic phase; PHB granules are visible as dark bodies within the light cell outline

(epifluorescence of PHB is shown dark-light inverted and an inverted phase-contrast image was

superimposed to make the cell outlines visible). 1: R6-type bacterium with two PHB granules; 2:

bacterium without granule 3: large coccoid rod with several PHB granules. (E) Epifluorescence

image of the same microscopic field as in panel C showing whole-cell fluorescence of large coccoid

rods; arrows (1 and 2) arc in the same positions as in panel C. (F) In situ hybridization of large

coccoid rods with rRNA probe GAM42A (bright spots); a phase contrast image was superimposed to

make other cells (mostly R6-typc) visible.
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reference strains R. tenuis DSM109, R. purpureus DSM 168, and Azoarcus strain 6a2. It also

hybridized in situ with 81% of DAPI-stained cells from reactor A. Probe RHC175, on the

other hand, seemed not to target a useful site for in situ hybridization since it did not

hybridize with the reference strains nor with any cell from reactor A. This suggested that

there was a very dominant population in reactor A, which hybridized with BET42a,

BTW023a, and RHC439, and which was a likely candidate for dominating the Bio-P-activity

as well. Probing reactor B with RHC439 revealed that 23% of DAPI-stained cells gave

positive signals.

Determination of 16S rDNA fragments of the dominant Bio-P bacterium. To obtain

more detailed taxonomic information on the dominant Bio-P bacterium in reactor A, we

constructed clone libraries of 16S rDNA fragments from this sludge by PCR. With conserved

bacterial primers no Rhodocyclus-like sequences were obtained. In contrast, Rhodocyclus-like

16S rDNA fragments could be recovered when two primer sets which included the

Rhodocyclus-specOic primers RHC172 (forward) and RHC439 (reverse) were used. After

cloning and sequencing these rDNA fragments, we found two different types of sequences,

which were very similar to one another and which contained both Rhodocyclus primer

sequences. Of six sequenced plasmid inserts, five were of type Rl and one was of the other

type, R6.

The in situ abundance of the two clone types was determined by dot blot hybridization of

the total RNA isolated from sludge A with rRNA-targeted probes (Fig. 3). Judged from visual

observation, the Rhodocyclus-specific probes RHC175 and RHC439 hybridized as strongly as

the probes EUB338 and BET42a. From densitometric analysis of hybridized RNA dilution

series, which were normalized to known plasmid DNA concentrations (containing the

respective 16S rDNA insert), probe RHC439 hybridized as strongly as EUB (26±1 vs. 26±4

pg DNA equivalents per pg RNA). Two probes derived from the type Rl-sequence

(RHW456 and RHW991) gave very weak signals (0.08 and 0.15 pg DNA equivalents per pg

RNA), whereas the two probes at the same region of the R6-sequence (RHX456 and

RHX991) and Rhodocyclus probe RHC175 hybridized at about 10-20% of the signal intensity

as RHC439 probes (2.3, 8.4 and 2.1 ±0.4 pg DNA equivalents per pg RNA, respectively). No

optimal distinction could be made between plasmid DNA carrying the clone Rl and that

containing the clone R6 sequence by hybridization with probes RHX456, RHW456,

RHX991and RHW991. However, the cross-hybridization could be reduced to 25% by

incorporating the respective unlabeled competitor probe (i.e., RHW456 as competitor with
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RHX456). This cross-hybridization did not seem to play an important role in RNA-

hybridizations (considering the weak signals obtained with RHW456 and RHW991 to RNA

from sludge A).

• RHC175

ARHX991

ARHX456

EUB

ORHC439

«-RHW456

RHW991

9
o

1

RNA amount (pg)

Fig. 3. Densitometrie analysis of dot-blot hybridizations on total RNA isolated from reactor A. Plotted

arc normalized densities of dots (y-axis) obtained with serially diluted RNA samples (x-axis).

Normalization was performed by comparing the density of each RNA-derived spot with those from a

hyperbolically-fitted standard curve of densities derived from a known standard series of diluted

plasmid DNA molecules. Each value can therefore be understood as density 'per fig of DNA from the

standard'. Dividing the normalized density by the amount of RNA in the spot results in the values

mentioned in the main text. For probe description, see Table 1.

In accordance to the dot blot hybridization results, the R6-targeted probe RHX991

hybridized in situ with about the same percentage of cells as with probe RHC439 (Fig. 2A

and 2B). The same result was obtained using probe RHX456, however, the signal intensity of

stained cells was relatively weak. The Rl-targeted probes RHW456 and RHW991 gave no

and very few positive signals, respectively. Apparently, the true abundance of the Bio-P

bacterium in the sludge was not reflected in the clone libraries.

To confirm the abundance of the R6-type in sludge from reactor A and exclude the

possibility that the R6-type sequence was composed of chimeric 16S rDNA sequences during

the PCR, we directly sequenced the 16S rRNA on total RNA isolated from sludge samples.

Even though the total RNA was principally a mixture of 16S rRNAs, the high abundance of

the dominant Bio-P-organism resulted in a single readable sequence. The partial sequences

obtained by using three different primers were identical to that of the R6-type sequence. Thus,
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all data suggested that the R6-type sequence was not an artifact of PCR amplification, but

indeed the 16S rDNA sequence of the dominant Bio-P organism in the sludge.

Phototrophic growth tests. The capability of phototrophic growth under anaerobic

conditions is an important criterion for classifying a bacterium as a Rhodocyclus species

(TRÜPER and IMHOFF, 1992). With inocula from reactor A, phototrophic growth could not be

obtained during incubations for up to 4 months. However, control incubations with R. tenuis

DSM 109 and R. purpureus DSM 168 grew to dense and deeply colored cultures in less than a

week. Apparently, the dominant bacteria of the R6-type were not able to grow

phototrophically.

PolyP and PHB staining. Microscopic examinations for PolyP- and PHB-granules in

bacterial cells were applied to reactor A only. At the end of the aerobic phase, 77±13% of the

counterstained cells contained 1 or 2 large stained PolyP-granules (Fig. 2C), whereas PHB-

granules could not be observed. At the end of the following anaerobic phase, only a few

granules were still visible (picture not shown). They were smaller and only weakly stained

compared to the granules in samples from the end of the aerobic phase. In samples stained for

PHB, 91 ±9% of the cells showed 1 to 5 PHB-granules at the end of the anaerobic phase (Fig.

2D). These PHB-granules disappeared completely during the following aerobic phase (picture

not shown). The cells hybridizing with probes RHC439 and RHX991, the cells containing

PolyP-granules, and the majority of cells containing PHB had the same morphological

appearance, rods of 2.1 pm length and 1.2 pm width. PolyP- or PHB-staining could not be

combined with in situ hybridization on the same slide, since (i) PolyP-granules disappeared

during fixation for in situ hybridization, and (ii) the PHB-stain (Nile Blue) was extracted by

the mounting fluid.

In preliminary experiments, PHB- and PolyP-staining were applied sequentially to the

same specimen as described by REES et al. (1992). However, the results using the combined

procedure were not satisfying, since the PHB-stain produced a whole-cell fluorescence rather

than staining the PHB-granules. Apparently, the subsequent staining procedure for PolyP

extracted the PHB-stain from the PHB-granules. The sequential staining also caused a cross-

specificity-problem; in samples from the end of the aerobic phase, some large coccoid rods

showed a whole-cell fluorescence at the excitation wave length for Nile Blue (Fig. 2E). This

fluorescence was also observed when Neisser's stain was applied alone, but, when Nile Blue

was applied alone, the cells did not show the whole-cell fluorescence or any stained granules.
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The large coccoid rods were easily noticeable microscopically due to their large size (2.6

pm x 1.9 pm). At the end of an anaerobic phase, they contained PHB-granules (Fig. 2D),

which disappeared during the aerobic phase. PolyP-granules could never be observed (Fig.

2C), and the cell walls did not stain gray-blue with the Neisser stain. Those cells hybridized

in situ with probe GAM42a (Fig. 2F) but not with probes BET42a, RHC439, RHX991 or

ACA23a. These stainings and in situ hybridizations were performed six months after the first

population analysis presented in Table 2. During the six months the percentage of the large

coccoid rods had increased from about 1% to 8% and it was then the second most prominent

cell type in reactor A.

Discussion

EBPR-communities. The main purpose of analyzing EBPR-community structures is the

identification of potential Bio-P organisms. Municipal wastewater treatment plants perfor¬

ming EBPR have bacterial communities relatively rich in bacteria of the ^-Proteobacteria and

gram-positive bacteria with a high G+C DNA content (WAGNER et al., 1994; KÄMPFER et al.,

1996). However, no single group of bacteria dominated these mixed cultures in such a way as

to unambiguously infer a prominent role in Bio-P activity for one of these groups. For this

purpose, we tried to enrich Bio-P bacteria in reactor A by exposing activated sludge to an

anaerobic/aerobic cycle with acetate as sole organic substrate. Previous studies have shown

that such conditions result in a strong Bio-P activity (WENTZEL et al., 1988; APPELDOORN et

al., 1992). According to our results, the long-term cultivation under these conditions indeed

resulted in a high Bio-P-activity and also in a very pronounced enrichment of ß-

Proteobacteria.

The dominance of the ß-2 subgroup in reactor A was different to results obtained for a

non-EBPR-sludge, where the ß-1 subgroup was more abundant (SNAIDR et al., 1997). Thus,

the community of reactor A differed not only in the higher percentage of ^-Proteobacteria,

but also in the relative abundance of the two subgroups. Future studies must show if this is a

general difference between EBPR and non-EBPR-plants.

By using increasingly specific rRNA probes (RHC439, RHX991) it became clear that

most likely a single species was dominating the Bio-P population, represented by the 16S

rRNA sequence of clone R6, which is phylogenetically related to Rhodocyclus. This is in line

with evidence obtained by other groups analyzing 16S rDNA clone libraries (BOND et al.,

1995; McMahon et al., 1999) and in situ hybridizations from EBPR-sludge (MCMAHON et

al., 1999).
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Reactor B was designed to mimic the EBPR-process of municipal wastewater treatment

plants, especially regarding the spectrum of organic substrates. The in situ analysis revealed

that the diversity at the group level was indeed comparable to that of activated sludge from

municipal plants (Table 2, compare data sets from reactor B and WAGNER et al., 1994). Thus,

reactor B can be used as a reference system for municipal wastewater treatment plants. Since

23% of the DAPI-stained cells in sludge B hybridized with probe RHC439, we conclude that

bacterium R6 (or a closely related species) played an important role for the EBPR-activity in

reactor B, and may therefore also be important in full-size plants. The lower abundance of

RHC439-type cells in reactor B (~ 30% of the percentage in reactor A) explains roughly the

lower maximal (initial) phosphate release rate which was about 40% ofthat in reactor A (0.9

versus 2.2 mmol per g dry weight per hour). The lower acetate concentration in reactor B

apparently did not limit the initial P-release rate (determined during the first 15 min), since

this rate was almost constant during the first 30 min of the cycle. Therefore, it is justified to

compare the EBPR-activity of the two reactors based on the initial P-release rates. The

maximal P-uptake rates were less suitable for comparing reactor A and B because of

differently sized and structured sludge floes. Sludge A had much larger and denser floes

which probably limited the maximal P-uptake rate by the diffusion ofoxygen into the floes.

Based on enumeration by plating methods and their ability to store PolyP, Acinetobacter

spp. had long been thought to play an important role in EBPR (LÖTTER and MURPHY, 1985;

VAN GROENESTIJN et al, 1987; WENTZEL et al., 1988). However, cultivation-independent

studies showed that their numbers in Bio-P cultures were below 10% (CLOETE and STEYN,

1987; HIRAISHI et al., 1989; WAGNER et al., 1994). Our results for reactor B are in

accordance to these studies. Nevertheless, a population of 5% ofAcinetobacter may still have

a significant impact on the P-removal, since the relative cell size, the absolute amount of P-

removal in the system, and the physiological upper limit of P-accumulation has to be taken

into account. The Acinetobacter cells in reactor B were at least two times larger than the

average, i.e., their cell mass was probably close to 10% of the total. The P-uptake during the

aerobic phase equalled approximately 2.2% of the dry weight and the physiological upper

limit of P-accumulation in Acinetobacter is around 20% of dry weight (TANDOI et al., 1998).

Thus, the 5% Acinetobacter cells may have maximally accounted for about 66% of the total

P-uptake. However, in reactor A we could not detect a single Acinetobacter cell. This, at

least, confirms beyond doubt that Acinetobacter are not required for Bio-P activity. Similarly,

this conclusion is valid for gram-positive bacteria with a high G+C DNA content, as their
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percentage in reactor A was much too small to account for the observed phosphate and PHB

dynamics alone.

The large coccoid rods in reactor A, which accumulated PHB under anaerobic conditions

without having PolyP-granules, apparently took up acetate and transformed it into PHB

without energy supply from PolyP degradation. Obviously, these ^-Proteobacteria could

compete to some extent with the PolyP-accumulating Bio-P organisms for acetate. The

metabolism of the large rods seems to be similar as described for the so-called G-bacteria,

which use glycogen for anaerobic energy supply (CECH and HARTMAN, 1993; LIU et al.,

1994; BLACKALL et al, 1997; NIELSEN et al, 1999). However, the original G-bacteria have a

distinct morphology (tetrad-arranged cocci) and were identified as a-Proteobacteria. Thus,

this type of anaerobic/aerobic metabolism does not seem to be restricted to one closely related

type of organisms.

Microscopic detection of PolyP and PHB. Since in situ hybridization with probe

RHX991 and the stainings for PolyP and PHB could not be applied simultaneously to the

same microscopic specimen, it was not possible to directly assign PolyP or PHB storage to

bacterium R6. However, due to the high percentage of positively stained cells in each of the

three stainings (> 50%) and their homogenous morphology, it could be indirectly inferred that

alternating accumulation and degradation of PolyP and PHB actually take place in the

dominant organism. We are aware that Neisser's method may stain also other metachromic

granules than PolyP and Ostle's method may stain also other lipophilic granules than PHB

(REES et al, 1992). However, the measured phosphate release and uptake as well as PHB

accumulation and degradation in reactor A confirmed that the stained granules either

consisted mainly out of PolyP or PHB. To our knowledge, this is the first time that a link

between PolyP and PHB in the same cells could be demonstrated microscopically with a

reasonable reliability. We therefore conclude that bacterium R6 is a "genuine" Bio-P

bacterium, corresponding to the most essential features of a Bio-P model organism.

Phylogenetic classification. Comparative analysis of the 16S rRNA sequence identified

the Bio-P bacterium R6 as a close relative to the genus Rhodocyclus, which contains the

phototrophic species of the ß-2 subgroup of the Proteobacteria (Fig. 4). The ecological niche

of Rhodocyclus requires the ability to cope with changing light and oxygen availability.

Consequently, all species of the genus are able to grow heterotrophically in the dark using

oxygen respiration; in a dark and anaerobic environment they are able to survive by
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fermentation of stored polysaccharides, e.g., glycogen (TRÜPER and IMHOFF, 1992). As they

are also able to accumulate PolyP and PHB, this genus possesses many metabolic capabilities

which are expected for a Bio-P bacterium. The rod-shape of bacterium R6 distinguished it

clearly from R. tenuis (curved rod) and R. purpureus (half-circle). Taking this and the high

16S rRNA similarity values into account (Table 3), R6 and Rl could be new Rhodocyclus

species. However, the negative results in phototrophic growth tests with inocula from reactor

A, showed that organism R6 should not be classified as a Rhodocyclus. In fact, phototrophy is

not a competitive advantage in a reactor mainly kept in the dark.

Azoarcus tolulyticus To!-4

Thauera aromatica DSM6984

Zooglea ramigera

Ft. tenuis SW18

ft purpweus DSM 168

ft tenuis DSM109

ft te/JufeDSM110

Clone R6

Clone R1

Nitrosospira briensis

Azoarcus denitrificans

Escherichia coli

N. briensis 2

N. tenuis 2

N. tenuis 3

N, tenuis W. multiformis 3

Leptothrix discophora 2
R. eutropha

B. andropogonis

C. testosteroni

A. faecalis

Aicaiigenes denitrificans

0.1

Fig. 4. Single phylogenetic tree of the clone R6 and Rl 16S rDNA sequences and 20 close relatives

derived from the database of the Ribosomal Database Project (Maidak et al, 1997). E. coli was used

as outgroup, but is not shown to scale. The tree was obtained by DNA Distance calculations and

Neighbor-Joining Analysis (both programs from the software package Phylip 3.52 (FELSENSTEIN,

1993) on a subalignmcnt of 1322 residues without gaps, retrieved from the RDP-database, to which

the Rl sequence was manually aligned. Values at the forks indicate the number of times that particular

branching occurred among 100 resamplings of the dataset (generated with bootstrapping) as

determined by consense maximum parsimony analysis. The bar indicates 0.1 changes per site.

Database entries: Azoarcus tolulyticus TOL-4: L33694, Azoarcus denitrificans: L33688, Burkholderia

andropogonis: X67037, Comamonas lestosteroni Ml 1224, E. coli: Dl5061, Leptothrix discophora 2:

L33974, Nitrosospira tenuis: M96404, N. tenuis 2: M96405, N. tenuis 3: M96397, N. briensis:

M96396, N. briensis 2: L35505, N. multiformis 3: L35509, Ralstonia eutropha: M32021, Rhodocyclus

purpureusM 34132, R. tenuis: D16208, R. tenuis DSM109: D16209, R. tenuis DSM110: D16210,

Thauera aromatica: X77118, Zooglea ramigera: D14254.

58



CHAPTER 3

Propionibacter pelophilus, Dechlorimonas agitatus, and Azoarcus strain 6a2 are, at

present, the closest, cultured, non-phototrophic relatives. Their 16S rRNA similarities to R6

are below 96%, which suggests that R6 represents a new species (ATLAS, 1997; LUDWIG et

al, 1998). The published data about the phenotype of these organisms give no indication that

the bacterium R6 should be lumped with one of them into a common genus. Further studies

must compare the phenotypes in order to support classification and to identify possible links

to the Bio-P metabolism.

The clones smkl07, unc225, and unsbr2090 have the highest similarities to R6.

Interestingly, each of them was obtained from different EBPR-sludges, which suggests that

R6-type organisms are widely spread in EBPR-systems. The significance of the similarity

values is limited, due to the small size of the sequenced fragments (around 410 base pairs).

Nevertheless, it is reasonable to assume that all three clones belong to the same or a closely

related species as R6. For clone smkl07, this assumption is strongly supported by its 100%-

match with probe RHX456, since this target site is a highly variable region, e.g., all

Rhodocyclus spp. differ in more than 3 nucleotides in the same region.

Table 3. Similarities of related organisms to the clone R6 and probe specifities for those organisms.

Organism or Clone (Accession No.) Nucleo¬ Similarity Mismatches with Probes Reference

tides to clone

R6 (%)

BTWO- RHC- RHC- RHX- RHX

23a 175 439 456 991

clone smk 107 (X78630) 411 99.4 a 0 0 0 — Schupplcr, 1995

clone unc225 (AJ225358) 415 98.6 0 — — — — Christcnsson, 1998

clone unsbr2090 (X84620) 394 97.7 — 0 — — — Bond, 1995

Rhodocyclus tenuis (D16209) 1460 97.0 0 0 0 3 3 Hiraishi, 1994

Rhodocyclus tenuis (D16208) 1460 96.1 0 0 0 6 4 Hiraishi, 1994

Rhodocyclus tenuis (D16210) 1460 96.1 0 0 0 6 4 Hiraishi, 1994

Rhodocyclus purpureus (M34132) 1478 95.3 0 0 0 9 2 Woese, 1990

Propionibacter pelophilus (AF016690) 1485 95.5 1 0 2 10 3 Meijcr, 1997

Azoarcus strain 6a2 (AF011347) 1436 94.6 0 0 0 6 5 Hurek, 1997

Dechlorimonas agitatus (AF047462) 1506 94.2 0 0 1 4 5 Achenbach, 1998

clone opb37 (AJ224937) 1485 91.5 1 7 0 4 4 Hugenholtz, 1998

Pirelhda staleyi (X81946) 1485 76.1 6 5 9 8 0 Ward, 1995

aProbe target site lies outside the sequenced fragment.
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Based on our data, we propose to classify Bio-P bacterium R6 in a provisional new genus

and new species Candidatus Accumulibacter phosphatis according to the recommendations of

the International Committee on Systematic Bacteriology for the provisional status Candidatus

(Murray and Stackebrandt, 1995); (Ac.cu.bac'ter phos.pha'tis. accumuli- from L. v.

accumulare, to accumulate; -bacter, from Gr. n. bakterion, small rod; phosphatis from L. n.

phosphas, phosphate: a rod-shaped bacterium which accumulates phosphate). Cand. A.

phosphatis can be distinguished from Rhodocyclus species by its inability for phototrophic

growth, its cell shape, and in situ hybridization with probe RHX991. Characteristic is the

ability to metabolize acetate and accumulate PHB under anaerobic conditions using

polyphosphate as energy source.

Applicability of the probes for in situ hybridization: The development of the 16S

rRNA-targeted probes RHC439 and RHX991 for in situ hybridization has made the search for

Rhodocyclus-relatcd organisms and bacterium R6 in diverse Bio-P treatment plants feasible.

Further investigations must show how far phosphate removal correlates with the number of

these bacteria. After all, our results do not suggest that our dominant bacterium is the only or

the most important Bio-P bacterium.

Besides to Rhodocyclus strains and clone R6, the probe RHC439 is also complementary to

Azoarcus strain 6a2, clone smkl07, and clone opb37 (Table 3). Probe RHX991 has a cross-

specificity to Pirellula staleyi. However, simultaneous in situ hybridization with probes RHC-

439 and RHX991 (labeled with two different fluorescence stains) should allow specific detec¬

tion of the organism R6 since the cross-specificity of both probes do not overlap. In addition,

the probe RHW991 can be used as unlabeled competitor in hybridizations with RHX991.

Insufficient accessibility of defined target sites are a frequently encountered problem with

in situ hybridization (AMANN et al, 1995). Apparently, a problem of this kind applied for

probes RHC175 (no signal) and RHX456 (weak signal), since dot blotting of culture A gave

good signals with both probes. It should be mentioned that for all probes that did not

hybridize in situ, a range of different formamide concentrations had been tested, in order to

exclude suboptimal hybridization stringency as possible cause for the failure.

The probe BTW023a was originally used only as unlabeled competitor to increase the

specificity of BONE23a for the ß-1 group of the Proteobacteria (SNAIDR et al, 1997). There¬

fore, the specificity of BTW023a was evaluated by comparing its sequences with the EMBL

data bank (March 1998). From a total of 146 matching sequences, 86% could be assigned to

the ß-2 and ß-2a groups of the Proteobacteria as (WOESE et al 1984), whereas 12% of the

hits were definitely false-positive. The assignments were based on phenotypic and phyloge-
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netic information supplied by the submitters or on sequence similarities. Although BTW023a

is not strictly specific and comprehensive regarding the ß-2 subgroup, it is useful in structur¬

ing the ^-Proteobacteria at a super-genus level.

Representativeness of rDNA clone libraries: Our failure to clone Rhodocyclus-like se¬

quences when using conserved bacterial primers was probably caused by low efficiencies for

extracting and/or amplifying this specific DNA (AMANN et al, 1995). This could be

overcome by using more specific primers for amplification, however, in the resulting rDNA

library type R6 was strongly under-represented against Rl. At this point, it cannot be

excluded that both the R6 and Rl 16S rDNA sequences actually derive from different

ribosomal opérons of the same organism. However, both clone libraries were an extreme

example that clone frequencies may not represent the true abundance in a complex

community and that a combination with in situ hybridization is indispensable to obtain

reliable quantification. Consequently, the studies of EBPR-communities which rely solely on

rDNA clone libraries do not give reliable quantitative data. This may explain why such

studies resulted in inconsistent results (BOND et al, 1995; CHRISTENSSON et al, 1998).
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CHAPTER 4

Anaerobic Metabolism of Bacteria Performing Enhanced Biological

Phosphate Removal

ABSTRACT

Enhanced biological phosphate removal (EBPR) is an established activated sludge process

although many of the fundamental metabolic mechanisms are still poorly understood. There¬

fore, the stoichiometry and enzymatic reactions of the anaerobic phase of this process were

studied in a laboratory reactor with acetate as organic substrate. Enzyme assays showed that

acetate activation is performed by acetyl-CoA synthetase. Results of 13C-NMR measurements

after feeding 13C-labeled acetate indicated that glycogen is degraded via the Entner-

Doudoroff pathway. Energy is supplied by glycolysis, hydrolysis of polyphosphate and

probably also by hydrolysis of pyrophosphate and the efflux of MgHPCM- The ratio of phos¬

phate released to acetate taken up is variable and apparently dependent on the contents of

polyphosphate and glycogen. A biochemical model is proposed explaining the experimental

results in terms of carbon, redox, and energy balances. Anaerobic operation of an incomplete

tricarboxylic acid cycle (TCA) is proposed to explain the generation of extra reducing

equivalents.

_-! ,.-'\

NOMENCLATURE

ACS = acetyl-CoA synthetase PHV = polyhydroxyvalerate
AK = acetate kinase P, = ortho-phosphate
ATP = adenosine triphosphate (metabolic energy PolyP = polyphosphate

equivalent) PP, = pyrophosphate
DM = dry mass PTA = phosphotransacetylase
EBPR = enhanced biological phosphate removal rmax

= specific maximum uptake rate (mol min"' g'1)

ED = Entner-Doudoroff TCA = tricarboxylic acid

EMP = Embden-Meyerhof-Parnas

[H] = metabolic reducing equivalent (0.5 NADH,

NADPH or FADH2)
HAc = acetic acid

A'M = half-saturation concentration of enzymatic
reaction rate (mol L"1)

Ki, - half-saturation concentration of uptake rate

(mol L"1)
PEP = phosphoenolpyruvate
PHB = polyhydroxybutyrate
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INTRODUCTION

Enhanced biological phosphate removal (EBPR) has become a well-established activated

sludge process. Anaerobic EBPR-metabolism with acetate as substrate is characterized by

five main processes: (i) acetate uptake and activation to acetyl-CoA, (ii) polyhydroxybutyrate

and -valerate (PHB, PHV) synthesis, (iii) glycogen degradation, (iv) polyphosphate (PolyP)

degradation, and (v) concurrent release of orthophosphate, potassium and magnesium (P-

release) (Mino et al, 1998). Although sophisticated structured metabolic models for the

EBPR process have been developed, most of the basic biochemical premises are still missing

verification.

Earlier metabolic models were based on fixed stoichiometric ratios for the main proc¬

esses. However, those ratios vary substantially in different experimental systems even when

acetate is the sole organic substrate (Mino et al, 1998). Recent models include new features

to explain these variations: A branched glycogen catabolism was proposed for anaerobic/

aerobic systems with and without EBPR (Satoh et al, 1992). It enables bacteria to cope with

varying supplies of reduction equivalents by varying the ratio between PHB and PHV

formation. Pereira et al (1996) proposed a simultaneous operation of glycolysis and the tri¬

carboxylic acid cycle (TCA) for NADH production. However, a model considering all

metabolic variations is missing.

Although acetate activation is the most energy intensive step of the anaerobic EBPR-

metabolism, its biochemical mechanism has not been elucidated. Acetyl-CoA can be either

formed by acetyl-CoA synthetase (ACS), which consumes 2 ATP equivalents (1 ATP -> 1

AMP + pyrophosphate), or by the combined action of acetate kinase (AK) and phosphotrans-

acetylase (PTA) consuming 1 ATP equivalent (Oberlies et al, 1980). The AK/PTA-system

has been assumed in all EBPR-models. However, acetate activation by AK is only found in

environments with high acetate concentrations (Jetten et al, 1989), since its half-saturation

concentration (Km) for acetate is commonly > ImM, whereas the Km of ACS is generally <

ImM. In EBPR systems, uptake of acetate is effective down to concentrations < 0.1 mM. At

such low concentrations the AK7PTA-system could have a reasonable activity only when the

internal acetate concentration is increased due to active uptake. However, active transport of

acetate has never been found in bacteria; diffusion seems to be the common bacterial uptake

mechanism for acetate (Fleit, 1995). Consequently, it is likely that ACS is the activating

enzyme.

The prophosphate (PP,) produced by the action of ACS can replace ATP in substrate

phosphorylation reactions or be used for proton translocation by a membrane bound pyro-
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phosphatase (Kulaev and Vagabov, 1983). However, hydrolysis by a soluble pyrophosphatase

would not yield energy for the cell. Thus, the type of PP; transformation is important for the

energy budget and needs experimental verification.

Utilization of glycogen may occur via the Embden-Meyerhof-Parnas (EMP) pathway

(yielding 3 ATP) or via the Entner-Doudoroff (ED) pathway (yielding 2 ATP) (Maurer et al,

1997). Since this has a considerable impact on the energy budget, the prevailing type of

pathway should be determined.

To answer the questions raised above, the stoichiometry and biochemical pathways of the

anaerobic EBPR-metabolism was studied in a well-defined laboratory reactor with acetate as

organic substrate. A model is proposed to explain the results.

MATERIALS AND METHODS

A sequenced batch reactor system (1.5 liter working volume) was operated with a sludge

retention time of = 7 days. The medium contained 394 mg L"1 acetate, 10 mg L'1 PO4-P and

NH4, Mg, K and other mineral salts as described in Hesselmann et al (1999b). Nitrification

was suppressed with 7.5 mg thiourea added every 48 hours. The reactor was started one year

before the beginning of this study using an inoculum from a EBPR-pilot plant.

Cell extract and enzyme assays. One gram of wet sludge was washed and resuspended

at 4°C in 5 ml of Tris-HCl buffer (20 mM Tris-HCl, pH 7.2, 5 mM MgCl2, 1 mM dithiothre-

itol, 3 pg L"1 of DNase I). Cells were disrupted by sonication for 8 min with a Branson

Sonifier 450 (Skan AG, Basel, Switzerland) at 20% output and 10% duty cycle while cooling

with an ice/water bath. The crude cell extract was centrifuged (13 min at 16,000xg ). The

protein content in the supernatant varied from 1 to 2 g L"1. The extraction efficiency was

between 10 to 20% ofthe total protein.

All enzyme assays were performed with sludge cell extract at room temperature. Acetyl-

CoA synthetase was measured by coupling the formation of AMP from ATP to the oxidation

of NADH (Oberlies et al, 1980). To distinguish between the activity of acetate kinase and

acetyl-CoA synthetase, adenylate kinase was inhibited by 0.2 mM Ap5A [P',P5-di(adenosine-

5) pentaphosphate]. Pyrophosphate:phosphoenolpyruvate: AMP phosphotransferase

(PPi:PEP:AMP-PT) was measured at 340 nm by coupling the formation of ATP from AMP,

PP, and phosphoenolpyruvate (PEP) to the reduction of NADP+ via hexokinase (HK), and

glucose-6-phosphate dehydrogenase (G6P-DH); adenylate kinase was inhibited by 0.2 mM

Ap5A. The reaction mixture contained 50 mM Tris-HCl (pH 7.5), 8 mM MgCl2, 3 mM PP;, 2

mM PEP, 4 mM AMP, 0.4 mM NADP+, 5 mM D-glucose, 1 U adenylate kinase, 0.7 U HK,
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0.7 U G6P-DH, and 400 pi cell extract. Polyphosphate:AMP phosphotransferase

(PolyP:AMP-PT) was measured by coupling the formation of ADP from AMP and PolyP to

the reduction of NADP+ (van Groenestijn and Deinema, 1987). Isocitrate lyase was measured

by following the formation of glyoxylate phenylhydrazone (Reeves et al, 1971).

Analyses. For dry mass determination, samples were filtered through a polycarbonate

filter (0.45 pm pore size), dried for 12 h at 105°C and weighed. Ash content was determined

by incinerating 100 mg dry mass for 2 h at 650°C. Sludge volume was determined after 30

min of sedimentation in a 250-ml graduated cylinder. Acetate, phosphate, nitrate, nitrite and

sulfate concentrations were quantified by ion-exchange chromatography using an ASH

column, ASRS1 suppressor, and CD20 conductivity detector (Dionex, Olten, Switzerland);

for potassium, magnesium and calcium a CGI2 column, CSRS1 suppressor, and CD20

detector was used. Total phosphorus was determined by ion-chromatography after sludge

digestion with the Oxisolv-microwave method (Merck, Dietikon, Switzerland). PHB and

PHV were determined by ion-exchange chromatography after hydrolytic sludge digestion

(Hesselmann et al, 1999a). All samples for ion chromatography were centrifuged 2 min at

13000 rpm. Glycogen was quantified as glucose with an enzyme kit (GOD-Perid method,

Boehringer, Mannheim, Germany) after sludge digestion in 0.6 M HCl for 2 h at 100 °C,

protein in cell extracts with the Bio-Rad protein assay kit (Bio-Rad, Munich, Germany), and

the total protein content of the sludge by Lowry's method.

For solid-state 13C-NMR, 30 ml sludge were centrifuged (1 min, 4000 rpm), the pellet

immediately frozen in liquid nitrogen, and lyophilized. Dry samples were homogenized with

a known amount of adamantane (CioHiö) as internal standard and measured on a Bruker

ASX-400 spectrometer at 100.6 MHz using a 4-mm magic angle spinning probehead. Quan¬

titative 13C-spectra were measured by 45° single-pulse excitation with proton decoupling

(hpdec) at a spinning rate of 5.5 kHz and recycle delays of 20 or 180 sec between individual

13C-pulses. At least 1000 scans were acquired before Fourier transformation. Chemical shifts

T 1

were referenced to the carbonyl group of glycine. Sampling and set-up for solid-state P

NMR were the same as for 13C-NMR. A hpdec sequence was applied with: MAS rate 10 kHz,

recycle delay 10 sec, 400 scans, external reference for chemical shifts to H3P04-

Anaerobic batch experiments. Aliquots of sludge were taken out of the reactor at the

end of the aerobic phase and filled into 50- or 100-ml-flasks. After sedimentation for 30 min,

a part of the supernatant was replaced with new medium. The medium was identical to the

reactor feed, except that acetate was omitted and 100 mM HEPES (pH 7.2) was included as

pH buffer. The suspensions were flushed with argon for 5 min to remove dissolved oxygen,
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spiked with acetate, closed with rubber stoppers (to maintain anaerobic conditions), and

placed on a magnetic stirrer plate in a water-bath at 20°C.

To determine the apparent half-maximum acetate uptake concentration (Xs), two anaero¬

bic batch experiments were set up in 100-ml flasks with 10-fold diluted sludge and 10-fold

lower added acetate. At time intervals, 1 -ml-samples for acetate measurements were taken by

penetrating the rubber stopper with a needle. Parameter estimation was done with AQUASIM

(Reichert, 1994) assuming a Monod-type kinetic, coupling the estimation for Ks, and allowing

different maximum rates for the two experiments.

To determine the maximum P-release under acetate saturated conditions, two anaerobic

batch experiments were set up in 50-ml flasks with an acetate concentration of 9.5 mM. The

sludge was 2-fold diluted to prevent precipitation of phosphate.

To determine the effect of a varied acetate input, four anaerobic batch experiments were

set up in 100-ml flasks with 2-fold diluted sludge. Acetate was added in a range of 1.32 to

4.93 mM. After an incubation time of 120 min acetate, P;, PHB, PHV, and glycogen were

measured. This experiment was performed after a week of operating the reactor with a

doubled phosphate concentration in the feed.

Experiment with 13C-labeled acetate. To determine the prevailing type of glycolytic

pathway, sludge was fed l-l3C-acetate and the fate of the labeled carbon was followed basi¬

cally according to Maurer et al (1997). Aliquots of 100 ml sludge were filled into three 100-

ml-flasks. After sedimentation, 66 ml supernatant were replaced with acetate-free medium.

The content of flask 1 was used to determine the starting concentration for glycogen, solid-

state NMR and dry weight measurements. Flasks 2 and 3 were spiked with 4.75 mM 1- C-

acetate (isotopic enrichment 99%) to start the anaerobic phase. After 60 min, flask 2 was

sampled for glycogen measurements and the content of flasks 2 and 3 were transferred sepa¬

rately into two magnetically stirred 300-ml-Erlenmeyer flasks to start the first aerobic phase

(surface aeration). After 180 min of aeration, flask 2 was completely used for sampling,

whereas the content of flask 3 was transferred back into the 100-ml-flask, flushed with argon

for 5 min and a second anaerobic/aerobic cycle was initiated by adding 4.75 mM non-labeled

acetate.

The total 13C-content in 2-, 3- and 5-C of glycogen was evaluated by integration of their

common NMR resonance line at 73 ppm and quantified on the CH2-signal intensity of the

internal standard adamantane at 38 ppm. Integrals obtained at a pulse delay of 20 sec were

increased by a factor of 1.47 to account for the slow 13C spin-lattice relaxation of the glyco-
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gen carbons. This correction factor was determined by comparing 2,3,5-C-integrals measured

at 180 and 20 sec.

RESULTS

Steady state. Complete acetate uptake in the anaerobic phase, as well as complete phos¬

phate uptake in the aerobic phase was achieved after 6 weeks of operation. From then on, the

dry mass concentration fluctuated around a constant value (2.97±0.22 gDM L"1, n=25) and the

sludge volume index stayed between 40-80 ml gDM ' During the following five months, slow

shifts occurred in P-release (increase from 2.2 to 3.0 mM), glycogen degradation (decrease

from 1.3 to 0.9 mM) and PHB accumulation (increase from 1.3 to 2.3 mM). The maximum P-

uptake rate increased from 10 to 29 pmol min"1 gDM1. Nitrification and bacterial sulfate

reduction were negligible. For the remaining 10 months of the study, all indicator values

suggested a steady state. A parallel study of the microbial population using 16S rRNA

targeted probes indicated a fairly stable community dominated by a single gram negative

bacterium species (> 50% of DAPI count) belonging to the ß-Proteobacteria (Hesselmann,

1999b). If not stated otherwise, all results presented are from the steady state period. Figure 1

shows a typical time profile for the anaerobic and aerobic phase.

0 50 100 150 200 250 300

Time (min)

Fig. 1. Acetate (O), PHB (A), PHV (A), glycogen (), and phosphate (x) profiles during a typical

anaerobic-aerobic cycle in the sequenced batch reactor. Dry mass was 3.0 gDM L"1.

In this anaerobic phase the uptake of 4.21 mM acetate (Aacetate) was coupled to a P-release

(AP,) of 3.11 mM, synthesis of 2.34 mM PHB (APHB) and 0.49 mM PHV (APHV), and

degradation of 0.88 mM glycogen (Aglycogen). At the end of the aerobic phase, the ash
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content was 20%, total protein 35%, glycogen 16%, total P 6% and PHB 1% of the dry mass.

Phosphate, potassium, and magnesium were released in molar ratios of 0.3Ü0.01 AK/AP and

0.30±0.02 AMg/AP (n=3) suggesting a monomeric composition of MgK(P03)3 for the

degraded PolyP. The calcium concentration stayed fairly constant throughout the cycle and

did not correlate with the release or uptake of phosphate.

Acetate uptake and activation. From two parallel batch experiments with diluted sludge

and acetate concentrations the Ks value of acetate uptake was estimated to be 0.07±0.01 mM.

The independently estimated specific maximum uptake values (rmax) for the two batches

agreed well (56 vs. 57 pmol min"1 gDM-1)-

Cell extract prepared from the EBPR-sludge catalyzed an acetate- and CoA-dependent

formation of AMP from ATP, as it is typical for acetyl-CoA synthetase (Table 1). The

inhibitor Ap?A strongly reduced the activity indicating a negligible activity of acetate kinase.

Table 1. Acetyl-CoA synthetase activity in sludge cell extract

Assay
a

Relative activity

(%)

Complete 100 (617 ±22*)
- acetate 8

-CoA 8

- acetate, - CoA, -ATP 0.6

- cell extract 0

+ Ap5A 6

Complete assay minus or plus the specified components.

Specific activity (umol acetate min g protein). SD for four determinations.

The apparent KM value for acetate activation (Fig. 2) compared well with literature values

for ACS from pure cultures (Jetten et al, 1989). The activity correlated linearly to protein

concentrations in the range of 10 to 80 mg L"1. When calculated on the basis of total protein

in the sludge, the maximum potential ACS activity was four times higher than required to

account for the maximum acetate uptake rate in the reactor.
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Fig. 2. Determination of the apparent

affinity constant Km for acetate acti¬

vation by acetyl-CoA synthetase in

cell extract. The rates were corrected

for the remaining rates after addition

of the inhibitor Ap^A. Parameter

estimation was done by direct data

fitting to a Michaclis-Menten kinetic.

0 0^2 0.4 0.6 0.8 1

Acetate (mM)

Maximum P-release. In batch experiments, a specific maximum P-release of 1.44 mmol

gDM-1 was obtained when 2.97 mmol acetate per g were taken up (Fig. 3). The maximum P-

release gives an estimate of the PolyP content (74% of total P). After the maximum P-release

was reached, acetate uptake ceased. The specific P-release in these batch experiments was 1.5

times higher than in the reactor at steady state, whereas the specific acetate uptake was 2

times higher. The higher specific P-release in the batch experiments indicated that, the P-

release in the reactor at steady state was not limited by the availability of PolyP. The ratio

between released phosphate and acetate taken up (AP/AAc-ratio) was 0.48 mol/mol. This was

lower than the AP/AAc-ratio in the reactor at steady state (0.74 mol/mol).

10

8

Z 4

<

2

0:
0 50 100 150 200 250 300

Time (min)

Fig. 3. Maximum P-release (x) using surplus acetate (o) in two anaerobic batch experiments with two¬

fold diluted sludge (1.51 gDM L"1). Error bars show standard deviations (n = 2).
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PolyP and PPi utilization. The enzyme assays showed specific activities of PolyP:AMP

phosphotransferase and PP^PEPiAMP phosphotransferase of 1.5 and 1.8 pmol min"1 g''protein

respectively. The rates were corrected for the background rates without AMP.

Solid-state 31P-NMR spectra of samples from the beginning and the end of an anaerobic

phase showed a decrease in the resonance signal at -23 ppm (Fig. 4). This signal belongs

mainly to the internal phosphate groups of PolyP. The remaining signal after the anaerobic

phase, still accounted for 35% of the starting concentration, which confirmed that steady state

P-release in the reactor was not limited by availability of PolyP. In the starting sample, the

integral of all PolyP resonances was equal to 75% of the total P integral.

0 -50

Chemical Shift (ppm)

Fig. 4. Solid-state " 'P NMR spectra from the start and end of a typical anaerobic phase in the reactor.

The PolyP resonance at -23 ppm and its spinning side bands (gray background) confirm the existence

of PolyP and its anaerobic-aerobic alternation. The peak at 0 ppm belongs mainly to ortho-phosphate.

Glycogen utilization. Table 2 shows the main experimental data and the expected l3C

distributions for the experiment with l-13C-acetate as calculated basically according to

Maurer et al. (1997). The difference between the ED and EMP pathway arises during the

second cycle; the observed decrease of l3C in the combined signal from 2-, 3-, and 5-C-

glycogen was clearly in better agreement with the ED pathway. After the second anaerobic

phase, the 2,3,5-C-peak still accounted for 62 pmol l3C per g dry mass suggesting that about
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18% of the labeled glycogen fraction was not degraded. The missing amount of degraded

glycogen must have been from the non-labeled fraction. This mixed degradation of labeled

and non-labeled glycogen was accounted for in the calculations.

Involvement of the glyoxylate cycle in the gluconeogenesis is an important assumption

for calculating the distribution of the 13C as used above. We verified this assumption by

measuring the activity of isocitrate lyase, which is a key enzyme of the glyoxylate cycle. The

measured activity of 29±2 pmol min"1 gprotcm
"'

(n = 3) accounted for the maximum glycogen

synthesis rate of the sludge (13 pmol min"1 gprotein '), since two glyoxylate molecules have to

be synthesized for one glycogen monomer.

Table 2. Experiment with l-'3C-acetate to determine the glycolytic pathway

Sample Glycogen I 13C in 2,3,5-C

(pmol gDM"') (pmol gDM" )

Expected Measured

0. AEÛ 811 24 20

LAN'' 453 14
c

l.AE 901 306 310

2. AN 429 — 62

2. AE (ED/EMPr7 1003 224/120 253

end of aerobic phase; ''end of anaerobic phase;

not determined due to overlapping from 4-C-PHB resonance;

expected values calculated for ED- or EMP-palhway.

Increased P-input. To test the effect of an increased P-input, the phosphate concentration

in the feed was doubled during the last week of operation. In that period phosphate was still

completely taken up in the aerobic phase; thus, the PolyP content must have increased. The P-

release also increased steadily from 75 to 110 mgp L"1.

In batch experiments with varied acetate inputs, accumulation of PHB behaved approxi¬

mately linear to acetate uptake (Fig. 5); linear regression gives a slope of 1.02 C-mol PHB

per C-mol acetate. This is in the range of steady state PHB/Ac-ratios observed in the reactor

(1.00-1.15), which means this ratio did not change significantly during the period of higher P-

input. The molar AP/AAc-ratio decreased from 1.80 to 1.06 with increasing amounts of

acetate taken up; even the lowest ratio was clearly higher than the values during steady state

(~ 0.65-0.75). In contrast to the AP/AAc-ratio, the APHV/AAc-ratio increased with increasing

acetate uptake. Similarly, the AGlycogen/AAc-ratio increased also. The experiment under¬

lines that the AP/AAc-ratio is not strictly constant even for an identical biomass.
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Fig. 5. P-relcase (x), PHB (A) and PHV(A) production, and glycogen degradation (a) in batch

experiments with different acetate starting concentrations (3.21 gDM L"1, pH 7.2). Error bars show

standard deviations (n = 3).

DISCUSSION

Results from the present work provide the basis for a metabolic model to explain the

stoichiometry and energetics of the anaerobic metabolism of enhanced biological phosphate

removal. The model requires empirical data, since a given input can lead to different steady

states. A step-by-step data analysis quantitatively linking the processes is demonstrated with

a typical data set from our EBPR system (Tab. 3). The variability of the AP/AAc-ratio is dis¬

cussed in the context of our data and previous findings. A mechanism for an incomplete

anaerobic operation of the TCA cycle is proposed.

Acetate uptake, activation and utilization. In our sludge, the K$ value of acetate uptake

was in the same range as the apparent /Cm value for acetate activation. This argues against

involvement of active transport which should create a significant difference between Ks and

.Km- The measured ACS activity was presumably sufficient to maintain the intracellular

acetate concentration low enough to drive passive uptake. As a consequence, the most likely

mechanism for acetate uptake was facilitated or simple diffusion of acetic acid (HAc). Since

the acidic proton of HAc is incorporated into the PHB, the proton-motive force is not dissi¬

pated. Thus, the cell does not require energy for acetate uptake (AI, Tab. 3).
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Acetate activation was mainly performed by acetyl-CoA synthetase (A2, Tab. 3). This

contradicts all published models, which implicitly assume acetate kinase as the activating

enzyme (Comeau et al, 1986; Wentzel et al, 1986; Mino et al, 1987; Smolders et al, 1995).

To test if our findings are generally valid, further verification is needed by measuring enzyme

activities in a number of different EBPR systems.

According to a well established route, we assume that acetyl-CoA is dimerized to

acetoacetyl-CoA, reduced to 3-hydroxybutyryl-CoA with NAD(P)H, and polymerized to

PHB (A3, Tab. 3). In principal, the same pathway is assumed for the formation of

polyhydroxyvalerate (PHV) from propionyl- and acetyl-CoA. In the following, the usage of

[H] symbolizes either 0.5 NAD(P)H or 0.5 FADH2.

Table 3. Metabolic model for the anaerobic phase shown in Fig. 1 (all values in mM).

Reaction Stoichiometry [H] ATP,
equ

Al (acetate uptake) 4.21 [(HAc)0UtMde —> (HAc)lnsldc] — —

A2 (acetate activation) 4.21 [HAc + ATP + HS-CoA —> Acetyl-S-CoA + H20 + AMP + PP,] — -8.42

A3 (acetate to PHB) 4.21 [Acetyl-S-CoA + [H] —> 0.5 PHB + HS-CoA] -4.21 —

Gl (glycogen to PHB) 0.24 [Glycogen + 2 ADP + 2 P, —> PHB + 2 C02 + 2 ATP + 6 [H]] 1-41 0.47

G2 (glycogen to PHV) 0.49 [Glycogen + 2 ADP + 2 P, —> PHV + C02 + 2 ATP] — 0.98

G3 (glycogen to C02) o. 12 [Glycogen + 4 ADP + 4 P, —> 6 C02 + 24 [H] + 4 ATP] 2.80 0.47

PI (ATP from PolyP)" 3.11 [PolyPn + AMP —> PolyPn.i + ADP]
* —3.11

P2 (ATP from P, efflux) 3.11 [(HP042"),ns,d, + V3ADP + V3P, —> (HP042")„uK,dl; + V3ATP] — 1 04

P3 (ATP from PP.) 0.84 [PP, + PEP + AMP—> P, + pyruvate + ATP] — 0.84

P4 (ATP from PP,) 3.36 [PP, + 2/3ADP —> 4/3P, + 2/3ATP ] — 2.25

Total 4.21 HAc+ 0.84 Glycogen+ 3.11 PolyPn—> 10 £ 0.73

2.34 PHB + 0.49 PHV + 3.11 PolyPn., + 3.11 P, + 1.66 C02

"ATP equivalents, e.g., 1 ATP —> 1 AMP equals 2 ATPcqu.

The ADP formed can be transformed to ATP by adenylate kinase.

Glycogen utilization. Based on our 13C-NMR results, the Entner-Doudoroffpathway was

used for glycogen utilization, which yields 2 ATP per glycogen converted to pyruvate.

Pyruvate may lead to acetyl-CoA (via the pyruvate dehydrogenase reaction) or to propionyl-

CoA (via the modified succinate-propionate pathway). Therefore, some glycogen may be

transformed to PHB (Gl, Tab. 3) and some to PHV(G2, Tab. 3). It is assumed that all PHV

formed originates from glycogen. The glycogen transformed into PHB did not supply
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sufficient reducing equivalents for the PHB formation from acetate (only 33% of the

requirement). We therefore assume in accordance to Pereira et al (1996) that some glycogen

was oxidized to C02 via the TCA cycle to supply [H] (G3, Tab. 3).

PolyP and PPi utilization. We found a specific activity of PolyP:AMP-PT three times

higher than was reported by the only other study (van Groenestijn and Deinema, 1987).

Therefore, the observed P-release is assigned to the action of the this enzyme yielding 1 ATP

equivalent per cleaved phosphate residue (PI, Tab. 3).

Most studies on concurrent cation release with phosphate show molar ratios close to 1:3

for both K:P and Mg:P (Fleit, 1995), just as found in our system. The build-up of high intra¬

cellular ion concentrations due to PolyP degradation is a potential energy source for the cells

due to the resulting inherent electrochemical gradients. We propose the following coupled

mechanism, (i) Efflux of MgHP04 is coupled to proton translocation via a secondary trans¬

porter (van Veen et al, 1994). (ii) Efflux of 2 K+ is coupled to the reflux of Mg2+ (Fuhrmann

and Rothstein, 1968). (iii) To allow a complete efflux of P, in the form of MgHP04, an

intermediate reflux of iC is coupled to proton extrusion as an energetically neutral process

(Bakker and Mangerich, 1981). In this way, the efflux of the cations is energetically neutral

and 0.33 ATP are gained with each phosphate released from the cell (P2, Tab. 3).

Since our sludge showed PPjiPEPiAMP phosphotransferase activity, some PPi from

acetate activation may be used to regenerate ATP from AMP (P3, Tab. 3). This utilization of

PPi is limited by the availability of PEP from glycolysis; the ED pathway yields 1 PEP per

glycogen monomer degraded. The remaining PP, could be hydrolyzed by a proton translo¬

cating pyrophosphatase. Thermodynamically, it is possible to yield 2/3 ATP per PP,

hydrolyzed (P4, Tab. 3).

Linking the processes. The quantitative results are summarized in Table 3. The step-wise

approach is explained in the following. All acetate taken up is accounted for as being

transformed into PHB (AI, A2, and A3). The remaining PHB comes from glycogen (Gl).

PHV accumulation is a measure of glycogen transformed into PHV (G2). The theoretical

redox balance determines how much glycogen is oxidized into the TCA-cycle (G3). The

measured P-release determines how much PolyP was degraded and released as P; (PI and

P2). The amount of acetate activated (A2) determines the amount of PP; available. The total

amount of glycogen degraded determines how much of the PP, is converted by

PP,:PEP:AMP-PT (P3); the rest is hydrolyzed by a proton translocating pyrophosphatase

(P4).
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The plausibility of this metabolic model can be checked by comparing the expected

Aglycogen (calculated as sum from Gl, G2, and G3) with the value measured and by the ATP

balance. The measured Aglycogen of 0.88 mM agrees well with the prediction of 0.85 mM.

The ATP balance results in a reasonable surplus of about 9% of the total ATP requirement for

acetate activation.

AP/AAc-ratio. The AP/AAc-ratio in our sludge was clearly lower than described for a

similar system (0.74 vs 1.00 mol/mol) (Smolders et al, 1995). A major difference to the other

system was the higher acetate-to-phosphate ratio in our feed (40 vs 25 mg mgP"'). The

AP/AAc-ratio increased in our system during the period with increased P-input (Ac/P-feed

ratio = 20 mg mgP"'). Since all other parameters were kept constant, the major change in this

period was an increase in the PolyP content. A positive correlation between PolyP-content

and P-release was also reported by Mino et al. (1987) and Liu et al. (1996). The glycogen

content at the end of the aerobic phase was higher in our system compared to Smolders et al

(1995) (3 mM vs 2 mM) as was the consumption of glycogen during the anaerobic phase (0.9

mM vs 0.5 mM). Due to the lower PolyP and higher glycogen contents in our sludge

relatively more energy for the anaerobic metabolism was presumably gained from glycogen.

The apparent variability of glycogen and polyphosphate utilization makes it difficult to

predict the AP/AAc-ratio. It is therefore indispensable to measure, rather than predict, the

actual AP/AAc-ratio, until a better understanding of all regulatory factors is achieved.

In our model we assume that branched glycogen fermentation is performed by EBPR-

bacteria; however, glycogen accumulating organisms (GAO) may catalyze the same reaction

(Satoh et al, 1992). The presence of GAO in EBPR systems influences the AP/AAc-ratio. In

our metabolic modeling approach, the possible contribution by GAO are inherently accounted

for, since the respective reactions are included.

Anaerobic operation of TCA cycle. The FADH2 produced in the TCA cycle by

succinate dehydrogenase was accounted as equal to NADH in the redox balance (G3, Tab. 3).

This is a controversial simplification, since FADH2 has a significantly higher reduction

potential than NADH. Use of FADH2 in PHA synthesis is not described yet. The required

reoxidation of FADH2 is therefore an open question (Mino et al, 1998). However, the

simultaneous operation of the modified succinate-propionate pathway offers a solution shown

in Figure 6. The succinate dehydrogenase of the TCA cycle is deactivated under anaerobic

conditions if the FADH2 cannot be reoxidized. The accumulating succinyl-CoA will be

incorporated into PHV via the modified succinate-propionate pathway. A complete TCA

cycle is not required, since the oxaloacetate can be replenished by the transcarboxylase
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reaction between methylmalonyl-CoA and pyruvate. The possibility to channel oxaloacetate

in the two different pathways offers the organism additional flexibility to adapt to changing

requirements for reduction equivalents. The amount of oxaloacetate transformation into

citrate will be regulated according to this requirement. The mechanistic difference between a

full or partial TCA cycle does not change the overall stoichiometry applied in Table 3. It is

therefore justified to assume a separate operation of a full TCA cycle and a modified

succinate-propionate pathway for modeling purposes.

Glycogen

0.85
4[H]

Pyruvate

0.49

Acetate

2[H] CO
421

'M 1 2.—p. Acetyl-'Acetyl-CoA

Oxalacetate -2^—- Citrate

Methylmalonyl-CoA

-co.

Propionyl-CoA

2[H] —

0.49

PHV

[H]

2.34
u

PHB

Fig. 6. Combined operation of enzymes from the TCA cycle and a modified succinate-propionate

pathway enables oxidation of acetyl-CoA to C02 (tentative scheme). Not all intermediate steps are

shown. Numerical values shown in italics represent substance fluxes as derived from Table 3 (values

inrnM).

CONCLUSIONS

Acetate is taken up by diffusion and activated by acetyl-CoA synthetase. Glycogen is

degraded via the Entner-Doudoroff pathway. Energy is supplied by glycolysis, hydrolysis of
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PolyP and PP„ and also by proton translocating efflux of MgHP04. The ratio of ?, released to

acetate taken up is variable and dependent on the contents of PolyP and glycogen. A tentative

scheme for an incomplete TCA cycle combined with a modified succinate-propionate

pathway is proposed.
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CHAPTER 5

N20-Emmission by Simultaneous Nitrification/Denitrification in a

Combined Biological Phosphate and Nitrogen Removal Process

ABSTRACT

While operating two activated sludge laboratory sequencing batch reactors to study enhanced

biological phosphate removal (EBPR) in combination with nitrification and denitrification,

we found that a considerable amount of nitrogen was released as nitrous oxide (N2O). Since

N2O contributes to global warming and destruction of the ozone layer, its emission is a

concern. Although, the combined enhanced biological nutrient removal is in use for quite a

while now, our understanding of the complex interactions is limited. This is especially true

for the more recent concepts of sequencing batch reactor configurations (SBR) and

simultaneous nitrification/denitrification (SND). Therefore, we studied the N20-emission

phenomenon in our systems more detailed. Emphasis was put on identifying the limiting

parameter for the N20 emission by experimental parameter variations. As specific methods

we used dispersion of sludge floes and oxygen uptake measurements. The emission ratio of

N2O was caused by simultaneous nitrification and denitrification (SND) during the aerated

phase. The limiting factor for overall N20 emission was the persistence of anoxic zones

inside the sludge floes, which was dependend on the floe size, the oxygen uptake rate (OUR),

and the bulk dissolved oxygen concentration. In a system fed with an acetate medium, the

floe sizes were large and the OUR was high. Consequently, the N20 emission was also high.

Preliminary data on N20 emission from a system fed with a complex organic medium

indicate a potential for significant N20 emission also for full-scale plants with combined

EBPR/nitrification, especially for SBR type configurations.
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— INTRODUCTION —

In order to reduce the eutrophication of inshore waters and shallow seas, enhanced biological

phosphorus removal (EBPR) is being increasingly used in domestic wastewater treatment

plants (Schön, 1994). In order to reduce also the nitrogen discharge, the combination of

EBPR with biological nitrification and denitrification is an attractive alternative (Egli &

Zehnder, 1994). Although a process configuration of this type was already developed in the

early 1970s in South-Africa, the underlying partial processes and especially their complex

interactions in single sludge systems are still poorly understood (Wentzel et al, 1992).

Microbial nitrification and denitrification can both produce nitrous oxide (N20) as by¬

product when the environmental conditions are unfavorable (Itokawa et al, 1996). N20 is a

greenhouse which is 150 times mre efficient than C02 and it plays an important role in the

destruction of the stratospheric ozone layer (Conrad, 1996). Therefore, a number of studies

have addressed the N20-emission potential from wastewater treatment systems. For Swiss

activated sludge plants the potential contribution to the overall N20 emission was estimated

to be negligible based on an extensive study including modeling and measurements at one

full-scale plantfvon Schulthess & Gujer, 1996). Only 0.021-0.072% of the incoming total

nitrogen was released as N20. However, other studies reported considerably higher N20

emission ratios (factor 10-100) depending on the type of the process (Körner et al, 1993) or

special milieu factors (Czepiel et al, 1995; Krauth, 1993; Steinecke & Wappler, 1985).

Especially high N20 emission are reported for wastewater treatment plants with high organic

or ammonium loads (Itokawa et al, 1996; Osada et al, 1995). In most studies, oxygen-

limitation and nitrite accumulation were found to be important factors favoring the formation

ofN20.

One process which has recently demonstrated significant potential for biological nutrient

removal (BNR) is the sequencing batch reactor (SBR) (von Munch et al, 1996). However,

exactly this process configuration was reported to have a potential for high N20 emissions,

e.g., (Krauth, 1993), 78% of denitrified N removed as N20; (Itokawa et al, 1996), 0.24-55%;

(Osada et al, 1995), 1-35%. Most of the N20 was emitted during aeration, which can be

explained by the stripping effect of aeration (von Schulthess et al, 1995). Consequently, the

aeration regime had a great impact on the emission ratio; intermittent aeration caused much

lower emission than continous aeration. Unfortunately, gas transfer coefficients (KLa) were

not reported.
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Simultaneous nitrification and denitrification (SND) in aerated systems has been

described as a phenomenon for various systems (von Munch et al, 1996). It is likely to have

caused some of the N20 emission from the wastewater treatment systems mentioned above.

However, SND has also become a new emerging concept for biological N-removal from

wastewater, since it has the potential to short-cut the usual sequence of subsequent

nitrification and denitrification (NH4+-»N03"-»N2) at the nitrite step (NH/->N02"->N2),

which then needs less organic substrate for generating the reduction power (Jetten et al,

1997). This would be especially beneficial for combined biological P- and N-removal from

wastewater with a low ratio of organic substrate to nitrogen.

Our original aim was to study EBPR in combination with N-Elimination in well defined

SBR systems, in order to, first, test the feasibility and, secondly, contribute to a better under¬

standing of the interaction of both processes. Therefore, two lab-scale SBR were operated

under the same conditions besides two different synthetic wastewater compositions. One was

a pure acetate medium, the other contained a complex mixture of organic substrates medium.

To our surprise we discovered a considerable N20 emission caused by SND activity in

the aerated phase of both systems and decided to study this phenomenon more detailed.

Emphasis was put on identifying the limiting parameter for the N20 emission. To our

knowledge, this is the first report addressing N20 emission from activated sludge performing

combined biological P and N removal.

— MATERIALS AND METHODS —

Media preparation. Reactor A was fed with an acetate based medium in order to achieve

a high EBPR-activity. It contained (mg L"1): 372 Na-acetate, 164 NH4-acetate, 4 acetic acid,

120 NH4HCO3, 44 KH2PO4, 34 KHSO4, 330 NaHC03, 220 CaCl2-2H20, 150 MgS04-7H20,

and 2 ml L"1 of a trace element solution (Hesselmann et al, 1999b). The inorganic

constituents and trace elements are in realistic concentrations for a typical European domestic

wastewater including the pH buffer (5.5 mM HCO3). The total NH4-N was 51 mg L"
,
the

total PO4-P was 10 mg L"1, and the pH was 7.5.

The medium for reactor B contained the same inorganic constituents and trace elements

as medium A but had an organic substrate mixture designed to mimic the complexity of

municipal wastewater more closely. It contained (all values in mg L" ): 68 Na-acetate, 40

meat peptone, 40 soy peptone, 20 yeast extract, 60 casein, 30 sucrose, 30 starch, 30 asolectin,

10 cellulose, 10 Marlon A, 5 urea. Asolectin is a phospholipid mixture and was included to
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mimic the lipid fraction of domestic wastewater. Casein, starch, cellulose and asolectin

represent particulate and colloidal substrates. Marlon A (Hüls, Germany) is a commercial

mixture of linear alkylbenzensulphonates widely used in household detergents and mimics

the typical detergent fraction of domestic wastewater. The detergent helped to prevent

excessive coagulation of the particulate fraction or their adhesion to equipment. The absolute

concentrations and the relative contribution of the major organic wastewater fractions

(carbohydrates, proteins, lipids, and organic acids) as well as their distribution in solubilized

and particulate fraction is quite close to typical domestic wastewater in middle Europe

(Raunkjaer et al, 1994; Koppe & Stozek, 1990). The total NH4-N of 21 mg L'1 is lower than

in medium A due to the omission of NH4-acetate, but peptone and yeast extract contribute

about 20 mg L"1, so that the total N input is identical to medium A.

The feed media were prepared fresh every day using autoclaved stock solutions. Only the

stock suspension for the organic substrates of medium B was not autoclaved but stored in

ready portions at -20 °C, since autoclaving caused formation of large agglomerates.

The stock solutions were poured directly into 5-L glass flasks and diluted with sterile

filtered deionized water. For each reactor, two sets of flask, lid and tubing for the peristaltic

pump were used in daily exchange to allow cleaning and heat disinfection (95 °C overnight)

before the next filling. The daily exchange of the complete medium supply system together

with the medium preparation method prevented significant bacterial growth in the feed tanks

although the media were neither prepared under sterile conditions nor autoclaved. Omission

of excessive wall growth is an important issue in such small lab system, because its impact on

the biological system is much stronger than in technical size systems due to the much larger

surface-to-volume ratio.

The methods for feed preparation and handling used in this study reduce the requirement

for resources and preparation time compared to sterile feed systems and are also closer to

reality of wastewater treatment systems.

Sequenced batch reactor systems. Two temperature controlled laboratory reactors

(Model JML, Mituwa Bio Systems, Japan) with working volumes of 1.5 liter were operated

at 20°C in a sequenced batch mode. One sequence cycle consisted of a 30 min fill phase, a 75

min anaerobic phase, a 165 min aerobic phase, a 60 min settle phase, and 30 min draw phase

(total 6 h). Once per day, 120 ml of mixed sludge were removed to adjust the sludge age to

-12 days. In the anaerobic and aerobic phase a baffle stirrer run at 250 rpm. During the

aerobic phase, the dissolved oxygen concentration (D.O.) was adjusted to 2.5 ± 0.5 mg L" by

a controller which switched the air supply (18 L h"1) on and off. In reactor A, the pH was
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maintained at 7.5 by a pH controller system pumping 0.5 M HCl when required. In reactor B,

the pH was not controlled and shifted between 7.2 (at the end of the anaerobic phase) and 7.6

(during most of the aerobic phase).

In the draw and feed phase, 750 ml of supernatant were replaced by fresh medium from

the feed tank, while the head spaces of the reactors (~ 0.4 L) and the feed tanks were flushed

with a N2/C02 mixture (98:2 v/v) to minimize the introduction of oxygen into the anaerobic

phase. The C02 in the flush gas was necessary to keep the pH of the media in the feed tank at

7.5. The feed tanks were mixed with magnetic stirrers and cooled in a water bath reusing the

reactor cooling water. The mixing prevented sedimentation of the particulate substrates in

medium B and the cooling helped to suppress bacterial growth in the feed tanks, especially

during hot summer periods. Weekly cleaning of the reactors prevented wall growth and a

removable cover kept the reactor vessels in the dark to prevent growth of phototrophic

bacteria and algae. The reactors were started up with activated sludge from an experimental

EBPR-wastewater treatment plant.

Experiments with off-gas sampling. The reactor head space was flushed with helium

during the preceding anaerobic phase to remove dissolved N20. During the aerobic phase, the

D.O. was controlled to the desired level by switching between identical volume flows of a

He/02 mixture (80:20 v/v) and He without 02, respectively. The D.O.-controller switched the

respective solenoid valves automatically at the upper and lower set-points. In this way, the

gas flow through the reactor could be kept constant at 375 mL min"
.
The gas flow was

continuously monitored at the inlet by rotameters; the exact value was periodically measured

with a bubble-flow-meter connected to the bypass of the GC. Additionally, the head space in

the reactor was agitated with a baffle stirrer to ensure homogeneity. Liquid samples were

taken with a syringe via a manual valve and needle assembly.

The gas transfer coefficient (A^a) for this aeration configuration was 115 d" as

determined by stripping N2 from the reactor during an anaerobic phase with the pure helium

flow after N02" and N03" had been consumed (von Schulthess et al, 1994).

N20 emission from dispersed sludge. To determine the importance of the floe structure

for N20 emission, sludge samples (100 ml) from the end of the anaerobic phase were

mechanically treated with two different methods in order to reduce the average floe size

drastically. In the first experiment, a drill-driven potter with Teflon plunger and glass body

was used for floe dispersion, whereas, in the second experiment a Polytron homogenizer

(Kinematica, Switzerland) was used. The dispersed sludge was then filled into a 150-ml-gas-
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wash bottle with diffuser stone and aerated with 200 ml min" during the first 5 min and 100

ml min
"'

thereafter. The off-gas was connected to the sample loop of the gas Chromatograph

for measuring N20. The two-step aeration regime effected a rapid increase to 2 mg L" D.O.

followed by only a slight increase thereafter as determined in control experiments without

off-gas sampling. In the same set-up, original sludge was also aerated for comparing the N20

emission from intact sludge floe.

Oxygen uptake rates. At certain time points during the aerated phase in the reactor,

sludge samples (5 ml) were taken out of the SBR and rapidly transferred into an oxygen

electrode chamber (Rank Brothers, UK). The chamber was stirred and temperature controlled

at 20°C. After closing the chamber, the linear oxygen uptake rate (OUR) was determined

using a strip chart recorder. Meanwhile, a parallel sample of 5 ml sludge was dispersed with

the Polytron homogenizer in an ice water bath for two minutes. The OUR of the dispersed

sludge sample was then determined directly after the measurement of the original sludge was

finished. Finally, 10 pi of a concentrated thiourea solution (10 g L"1) was injected into the

ongoing experiment with the dispersed sludge in order to determine the OUR after inhibition

of nitrification.

Analyses. N20 in the off-gas was measured gas chromatographically using a molecular

sieve column 5Â 80/100 (Chromopack, NL) at 80 °C and a thermal conductivity detector at

120 °C (Baumann et al, 1996). The off-gas was passed through a 2-ml-sample loop and

automatically injected into a helium carrier gas stream at intervals of 12.3 or 15 min.

Acetate, phosphate, nitrate and nitrite concentrations were measured from the supernatant

of centrifuged 1-ml-samples (13000 rpm, 2 min) with an ion Chromatograph (DIONEX,

USA). Ammonium was determined with a modified Indophenol-Method at 635 nm (Schemer,

1976); reagent and sample volumes were reduced, so that the reaction could be performed

directly in 4-ml disposable cuvettes. Total nitrogen was determined after sludge digestion

with the Oxisolv-microwave method (Merck, Germany) and measuring the formed nitrate

with the ion-chromatograph. PHB was determined ion chromatographically after hydrolytic

digestion to 3-hydroxybutyrate (Hesselmann et al, 1999a).

Sludge dry mass (MLSS) was determined with a filtration method. The sludge volume

after 30 min of sedimentation was determined in a 250-ml graduated cylinder.
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— RESULTS AND DISCUSSION —

Steady state results. The two reactors had been operated five month under the same

operating conditions before the experiments described here were performed. After reaching

apparent steady states, the efficiencies of P-removal and nitrification were high in both

reactors (> 90%) as shown by typical time profiles for the anaerobic and aerobic phase (Fig.

1). The dry mass concentrations fluctuated around 3.28±0.18 gDM L" (n=17) in reactor A and

2.98±0.32 gDM L"1 (n=19) in reactor B.

Fig. 1. Typical time profiles ofacetate (V), phosphate (A), ammonium (•), nitrite (), nitrate (), and

J7V, (NH4-N+N02-N+NÖ3-N) (X) in reactor A (upper panel) and B (lowerpanel).
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The maximum rates of acetate uptake, phosphate release and phosphate uptake were at

least three times higher in reactor A (Tab. 1). Thus, as expected, EBPR bacteria were more

enriched in the reactor with the higher acetate amount in the feed. The aerobic P-uptake rate

in reactor A was significantly lower than the anaerobic P-release rate which indicates an

oxygen limitation for P-uptake. In reactor B, this difference was less pronounced.

Table 1. Biological reaction rates

Process Maximum rates

(mg L"1 min"1)

Reactor A Reactor B

Acetate uptake 7.25 1.51

P04-P release 3.33 0.81

PO4-P uptake 2.06 0.63

NH4-N uptake 0.29 0.21

NO3-N release 0.19 0.16

Based on the maximum rates of nitrate release during aeration, the nitrification activity

was almost identical in both reactors (Tab. 1). The net ammonium uptake is less suitable for

comparing nitrification activity, since in reactor B, ammonium was released at the same time

by proteolysis of casein and peptones. In both reactors, the maximum NH4+-uptake was faster

than the maximum nitrate release, which is in line with an always observed intermediate N02"

accumulation. The temporary nitrite concentrations were somewhat higher in sludge A. In all

experiments, the N02" concentration started to decrease exactly when NH4+ was almost

depleted which suggests that the nitrification process caused the nitrite accumulation rather

than a simultaneous denitrification.

From the end of the aerobic phase to the start of the next anaerobic phase, the nitrate

concentration was usually reduced by more than 90%. About 50% of this reduction is

explained by the exchange of nitrate containing supernatant with fresh medium; the

remaining reduction was due to denitrification in the sludge blanket during the settling, draw

and fill phases. The remaining NO3" and N02" was eliminated during the first five minutes of

the anaerobic phase.

The initial question of this study, if a stable combined biological P- and N-removal is

possible with a simple SBR system, was positively answered by these steady state results.
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Since this was true for both media, it seems that the negative influence of a developing

nitrification on EBPR which was reported by Appeldoorn et al (1992), was not caused by the

utilization of an acetate-based feedstock. We assume that the higher SRT (12 vs. 8 d) and the

lower recycle ratio (50 vs. 66%) were the main factors, why nitrification did not disturb the

EBPR process in our systems.

N-Balance and N20 emission. The average steady state N-uptake for biomass growth

during a cycle was 3.5 mgN L"1 for reactor A and 3.4 mgN L"1 for reactor B (estimations

based on the averaged N-content of the sludge dry mass). In the cycle of reactor A presented

in Fig. 1A, the nitrate end concentration (17.6 mgN L" ) accounts for 72% of the NH4-N at

the start of the aeration and the estimated N-uptake for growth for another 14%, which leaves

a deficit of 14% for the total N-balance. Also in all other cycles where the N-balance was

controlled (at least start and end values of the major soluble nitrogen species were measured),

a deficit in the same range or even higher (up to 30%) was found. Another indication was the

time profile of the sum of NH4-N, N02- N and NO3-N Ç£ N{) as shown in Fig. 1; after

reaching a minimum in the middle of the aerobic phase, this sum parameter increased

somewhat again, which suggested that temporarily an undetected N-species was accumulated

and later further oxidized to nitrate. The deficits in the N-balance of reactor A suggested

another N-eliminating process in the aerobic phase besides nitrification and biomass

synthesis. A similar N-balance deficit for the aerobic phase of an SBR performing EBPR,

nitrification and denitrification was reported by Shin et al (1992). The authors concluded on

simultaneous nitrification and denitrification as the cause but did not study the fate of the

missing nitrogen further.

In search for the unidentified process, we checked for N20 in the off-gas as an indicator

for denitrification. Indeed, stripped N20 was found and even in amounts approximately

accounting for the deficit in the N-balance. In the off-gas of reactor B, N20 was also found

but at lower levels. Even so, the estimated N20 emission from reactor B (2% of total N-input)

was still much higher than reported for other activated sludge systems. The above mentioned

N20 results were collected with the original aeration set-up, which allowed only semi¬

quantitative estimates for N20 emission due to the discontinuous aeration regime. These

preliminary N20-experiments are therefore not shown in more detail.

The high N20 emissions were a surprise for us since the parameters known to trigger N20

emission in activated sludge (low D.O., low pH, high N02\ high NH4+) were in ranges which

should not support N20 emission.
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Floe structure and sludge bulking. In reactor A, the floes were rather large and had a

dense spherical structure, whereas, in reactor B, they were smaller, irregularly shaped and

less dense structured. The sludge volume index (SVI) in reactor A stayed between 75-125 ml

gDM
'
throughout this experimental period. In reactor B it was around 50 ml gDM" for several

month but increased to 200-350 ml gDM"' in only a few days and stayed that high for the

remaining two month ofthis study.

The sudden increase of the SVI in reactor B was accompanied by the appearance of large

filaments growing out of the floes. The floe structure became looser, probably because the

formation of compact sludge floes was sterically hindered. The filaments morphology and

staining reactions (Gram and Neisser) were similar to Nostocoida limicola type III as

described by Eikelboom & van Buijsen (1983). This filament type is often found in

wastewater treatment plants with nitrifying activated sludge and was described also for

activated sludges performing EBPR (Andreasen & Sigvardsen, 1993; Rosenwinkel, 1995;

Rossetti et al, 1993; Seviour et al, 1990).

We could not link the occurrence of this bulking phenomenon to a change in operating

conditions or technical problems. However, on two days just before the bulking started, the

sludge was mixed several times during the settling phase to determine the denitrification

potential. Maybe these disturbances caused the bulking. The P-removal efficiency was not

influenced by the bulking, but the dry mass concentration and the nitrification rate decreased

somewhat. Furthermore, N20 could no longer be detected in the off-air after the bulking was

established. This change prevented a more detailed study of the factors influencing the

originally observed N20 emission in reactor B.

It should be mentioned, that the sludge bulking disappeared in only a few days after

nitrification was inhibited by adding thiourea into the reactor. The then improved settling

property was accompanied by a fast reduction in number and length of the filaments growing

out of the floes and by a change back to more compact floes. The observations suggest a link

between nitrification and this specific type of sludge bulking. However, the interrelation must

be complex, because sludge bulking was never observed in reactor A, although, the operating

conditions (except organic substrate composition) and the nitrification activity were very

similar.

Parameter variations and N20 emission. To determine the prerequisites and the

limiting factor of the N20 emission during aeration, a series of experiments with an improved
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automated aeration set-up were performed which provided a constant gas flow during the

aerobic phase. In the following, only results from reactor A are presented since N20 emission

in reactor B had ceased in the meantime, probably due to the changes in floe structure

described above.

Variation of Dissolved oxygen (D.O.). The influence of the DO. was studied on three

consecutive days by increasing the maximum set-point of the aeration controller. In the first

experiment with the normal D.O. set point of 2.5 mg L"', N20 emission accounted for 19% of

the NH4-N present at start of the aeration (Fig.2A, Table 2). On the two following days, the

set-point was increased to 5.0 mg L"1 and 7.5 mg L"1, respectively for one cycle each (Fig. 2B

and 2C). Since the gas flow and maximum oxygen content were fixed, the D.O. increase was

similar in all three experiments until 2.5 mg L" was reached the first time (around 10 min). In

the experiments with set points 5.0 and 7.5 mg L"1, the D.O. was similar until 5.0 mg L" was

reached (around 40 min). The higher D.O. reduced the total N20 emission and the peak

concentration in the off-gas significantly, whereas the time to reach the maximum stayed

about the same (50 min after start of aeration). The time to completion of NH4-N oxidation

was shorter and accordingly the plateau of NO3-N was reached earlier. The most distinct

differences regarding N20 emission were found after 50 min, when the differences in the

actual bulk oxygen concentration were also most distinct.

According to the literature, a bulk D.O. of > 1.8 mg L"1 should suppress N20

accumulation in activated sludge systems (Krauth, 1993). In our reactor A, however, even 7.5

mg L"1 of dissolved oxygen, which is already close to the saturation limit, could not suppress

N20 emission completely. It is reasonable to assume that at lower bulk D.O. the nitrogen

elimination via denitrification to N20 or N2 would have been even higher. We speculated that

for a relatively long time oxygen limited zones remained inside the floes. This could be due

to the large floe sizes and dense floe structures. Another factor could be a high oxygen uptake

rate (OUR). Both factors were studied more detailed in later experiments.
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Variations of NH4+, NO3", and N02" availability. In four experiments, the roles of

nitrification and denitrification in N20 emission were studied. In experiment 3A the NH4

concentration in the medium was strongly reduced, so that when aeration started only 1.5

mg/L NH4-N were present (Fig. 3A). This provided some nitrogen for growth, but allowed

only negligible nitrification activity. During the first 40 min of aeration, no N20 emission

was detected. After 43 min, KN03 was added in a concentration equal to the N03"

concentration reached during normal operation (normal NH4+ starting concentration). Note

that the phosphate uptake was almost completed already at that time. The nitrate spike did not

cause N20 emission and only a very small and transient nitrite accumulation. The nitrate

concentration stayed almost constant throughout the rest of the cycle. Dissimilatory nitrate

reduction was probably suppressed because, either the oxygen level inside the floes was

already too high, or the availability of reducing equivalents from organic substrates was too

low.

In experiment 3B, the NH4+ was again reduced, and again N20 was not detected after the

aeration was started. However, very soon after a spike with NaN02, N20 was emitted (Fig.

3B). This underlines the central role of nitrite for N20 emission as it was fund in a number of

earlier studies (von Schulthess & Gujer, 1996; Krauth, 1993; Hanaki et al, 1992; Firestone et

al, 1980). Since N20 could not stem from the oxidative metabolism of NH4+, denitrification

starting from nitrite is the only reasonable explanation for the observed N20 accumulation.

Additional nitrite spikes at 50 and 90 min of aeration induced clearly less additional N20

emissions (Fig. 3B). However, around a fourth spike at 120 min, the aeration was interrupted

for 15 min which caused then an even higher N20 emission than the first spike. The different

quantities of N20 emission after the four spikes suggest that not nitrite or organic substrate

availability, but oxygen was the limiting factor for N20 accumulation.

Since organic substrate availability were similar in experiments 3A and 3B, it can be

further concluded that lack of reducing equivalents was not the cause for the negligible nitrate

reduction in experiment 3A. Most likely, at the time of this nitrate spike, the oxygen

concentration throughout the floes was, already high enough for an effective suppression of

denitrification due to the length of the preceding aeration period in combination with the

absence of oxygen requirement for ammonium oxidation.

In experiment 3C, the SBR was spiked with nitrate in a cycle with the normal NH4

amount in the feed. In contrast to the first nitrate spike experiment (Fig. 3A), the total OUR

was now similar to standard conditions since nitrification was going on and the nitrate was
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Fig. 3. Reduced ammonium concentration and nitrate spike (Panel A) or nitrite spikes (Panel B);

nitrate spike after 10 min ofairation (Pane! C). Ammonium (•), nitrous oxide (O), nitrite (U), nitrate

(), phosphate (A).
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added after 14 min of aeration (Fig. 3C), which is considerably earlier than in experiment 3A.

Although the increased availability of nitrate early in the aeration phase increased the

intermediate nitrite accumulation somewhat, the rise of the N20 emission was not

accelerated, the decline from the maximum was faster, and the totally emitted amount was

less (Tab. 2) when compared to the cycle under standard conditions (Fig. 2A). The results

confirmed that denitrification based on nitrate as electron acceptor did not significantly

contribute to N20 emission in reactor A. The experiment also indicated again that the nitrite

concentration was not the limiting factor for increasing the overall N20 emission per cycle.

In experiment 3D, reactor A was spiked with 16 mgNH4-N per liter after 120 min of

aeration. At that point, the initial NH4+ pool had been reduced to zero and it could be

assumed that the floes were mostly oxic by then. Still N02" accumulated temporarily, the

max. concentration being even higher than normal (Fig 3D). It seems, that the regular N02

accumulation in our SBR was not caused by oxygen limitation of nitratation.

0 50 100 150 200 250

Aeration time (min)

Fig. 3D. Ammonium spike in reactor A after 120 min of airation causes nitrite accumulation.

Ammonium (9), nitrite (O), nitrate (9), phosphate (A).

Variation of organic substrate availability. The amount of organic substrate was varied

by increasing the feed acetate concentration in one cycle (experiment 4A) and by omitting

acetate completely in another cycle (experiment 4B). Acetate was always taken up

completely during the anaerobic phase and transformed into PHB. This intracellular storage

material was the actual organic substrate for heterotrophic denitrification.
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In the cycle with increased acetate supply (80% more than normal), the maximum N20

concentration was clearly the highest of all experiments (Fig. 4A). However, the percentage

of emitted N20 in respect to the starting NH4+ was only marginally higher than under normal

conditions. The time to reach the maximum N2O concentration in the gas phase and to

complete the P-uptake was longer than in all other experiments (70-80 min). The latter was

caused by the higher starting phosphate concentration due to the higher P-release in the

preceding anaerobic phase; the P-uptake rate was similar to standard cycles. It seems that the

prolonged oxygen uptake related to P-uptake and PolyP synthesis prolonged also the

condition for ongoing N20 accumulation. This prolonged accumulation phase caused the

higher maximum N20 concentration, rather than a higher accumulation rate. The fast decline

of N20 after the maximum was probably caused by the quickly diminishing nitrite

availability, which, in turn, was caused by the exhausted NH4-N supply. Consequently, the

total N20 emission was presumably limited by the unavailability of nitrite in the second half

of the aeration phase. This showed that the availability of organic substrate under normal

operating conditions was not limiting the total N20 emission from denitrification. However, it

is reasonable to assume that the increased acetate load had an impact on oxygen availability

in time and space inside the floes.

Fig. 4A. Increased acetate concentration in the feed (Panel A); no acetate in the feed (Panel B).

Ammonium (9), nitrous oxide (O), nitrite (D), nitrate (+), phosphate (A).
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In the cycle without acetate in the feed, no N20 was emitted (Fig. 4B). The final N03-N

concentration was close to the starting NH4-N concentration, which can be explained partly

by the absence of nitrogen losses via N20, and partly by a reduced N-uptake for biomass

synthesis caused by the unavailability of organic substrate. Since phosphate was not released

in the preceding anaerobic phase, no oxygen was consumed for P-uptake; therefore, the total

OUR must have been lower than normal. Consequently, a higher oxygen availability inside

the floes can be assumed. Since ammonium uptake and intermediate nitrite accumulation

were similar to the experiment 4A, both seem not to be influenced by the organic load or

higher oxygen availability. In particular, it shows again that the intermediate nitrite

accumulation was not caused by oxygen limitation of nitratation. The experiment clearly

showed the necessity of organic substrate for N20 accumulation.
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Floe size variation. The role of the floe structure for N20 emission was directly tested by

homogenizing sludge samples and then measuring the N20 emission during aeration in a gas

wash bottle. Since the pH was not controlled, it rose quickly to values around pH 8 after aera¬

tion had started. The experiments were stopped after 90 min of aeration; at that time N20

concentrations in the off-gas of all experiments had decreased below detection limit. Since

the conditions were not fully comparable to the ones in the reactor set-up, first, a number of

experiments without sludge dispersion were conducted to establish a method which gave

fairly reproducible results. One important result from this preliminary experiments was the
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decision to add 15 mg N03-N per liter at the start of the aeration, in order to increase the N20

concentrations in the off-gas to a better measurable level. Using the then established proce¬

dure, seven experiments were done on consecutive days. The first three and the last two were

done without dispersion of the sludge. The total emission of N20 in those experiments were

110, 72, 184, 81, and 68 pmol N20-N per liter (in chronological order). In the first

experiment with dispersed sludge, 20 pmol N20-N per liter were emitted. Microscopic

examination revealed that still some larger floes were present after the treatment with the

potter-type homogenisator. Therefore, the Polytron-type homogenisator was used in the

second experiment. This time all sludge floes had been broken down to microflocs of only a

few cell layers while bacterial cells stayed intact and no N20 at all could be detected in the

off-gas.

The great difference in N20 emission after mechanical floe size reduction clearly showed

the importance of the floe structure for N20 accumulation. Taking the results from all

experiments together, it suggests itself that a rapid elimination of anoxic zones caused the

absence of N20 accumulation

Since the large and dense floes in sludge A were obviously an important prerequisite for

SND and the related N20-emission, we must ask what caused this striking feature. Light

microscopy showed a morphological dominance of a coccoid-rod type bacteria in sludge A,

whereas sludge B was much more heterogeneous. A phylogenetic analysis in a later experi¬

mental period revealed that more than 80% of the bacteria were Cand. Accumulibacter

phosphatis (Hesselmann, et al., 1999b). At that point the floes looked still the same as

reported here. Several authors reported that this bacterium tends to form large and dense

clusters also in less enriched activated sludge (Bond, 1999; Crocetti, 2000; Levantesi, 2002).

It seems that this bacterium tends to stick together under such growth conditions. Thus, the

specially large and dense floe structure is probably caused by the high enrichment of Accu¬

mulibacter. The high enrichment ratio is obviously caused by supplying acetate as the sole

organic substrate together with the typical anaerobic-aerobic operational modus for a EBPR-

SBR. Since, Accumulibacter is phylogenetically relatively close to Zoogloea ramigera, which

shows a similar phenomenon (Schlegel, 1992), the responsible genes for this property may be

closely related. Already one of the first reports on the microbiology of EBPR described Zoo-

gloea-like microcolonies of PolyP accumulating coccobacilli of approximately 1 pm diameter

which are held together by an capsular material of unknown composition (Fuchs et al, 1978).

The authors pointed out that this floe-forming ability is an selective advantage in activated

sludge systems due to good settling properties of such agglomerates. If Accumulibacter cells
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form dense clusters also in full-scale wastewater treatment plants, then this property is cer¬

tainly not due to a special electrolytic property of the synthetic acetate medium.

Another factor for the very large floe size in reactor A may be the SBR-type of operation,

since this prevents the need for pumping return sludge, which tends to break down sludge

floes. (Wanner, 1992) explained the occurrence of giant and heavy floes (up to 1 mm) in a

SBR with this argumentation. However, our reactor B did not develop such giant floes even

though exactly the same hydraulic regime was applied.

Oxygen uptake rates. The determinations with a Rank respirometer reveal a highly

dynamic behavior of the OUR (Fig. 5). The starting value of around 125 mg L" h" drops by

90% during the 150 min of aeration. However, the OUR is about constant during the first 45

min. The following decline until 70 min correlates with the diminishing of the bulk P-

concentration. It is clear that the declining oxygen requirement for phosphate metabolism

causes the drastic drop in OUR, a phenomenon already described by Smolders et. al (1994).

Between 70 and 90 min the OUR stays almost constant at about 34 mg L h indicating that

the remaining oxygen consuming processes run at their maximum rates.

Time (min)

Fig. 5. Time profile ofoxygen uptake rates (x) ofactivated sludge A (untreated aliquot) and major

substrates andproducts in reactor A; ammonium (•), nitrite (n), nitrate (+), phosphate (A).

The OUR decline after 90 min can be explained with the diminishing of NH4+ in the bulk

and the inevitable drop in OUR for nitrification. After 140 min, when also nitrite is

completely consumed, another plateau at 6 mg L" h" is reached; it represents the remaining
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OUR coupled to growth, maintenance and perhaps glycogen synthesis (Smolders et al,

1995).

Compared to specific OUR values reported for other EBPR sludges (7.5 mg g" h"

(Wentzel et al, 1989); 22 mg g"1 h"1 (Smolders, et al., 1994)) the maximum specific OUR of

sludge A (37 mg g" h" ) is quite high. This contributes to the assumed oxygen limitation

inside the floes, whereby about 70% can be attributed to EBPR activity and roughly 20% to

nitrification activity.

In Fig. 6A the OUR curve from Fig.5 is combined with the OUR values after dispersive

treatment (to overcome a potential mass transfer limitation) and subsequent thiourea (THS)

addition (to suppress nitrification). For comparison, the same type of experiment was

performed also with sludge B (Fig. 6B), however, at the time of this experiment, N20

emission from reactor B had ceased already.

qL.j I I I I I I I I I
!! _l | | | | I I I I | | 1 1 1 I I I L

0 50 100 150 0 50 100 150

Time (min) Time (min)

Fig. 6. Oxygen uptake rates ofactivated sludges A (panel A) and B (panel B). Untreated aliquot (x),

dispersed aliquot (O), and dispersed aliquot after addition ofthiourea (V).

After dispersive treatment, the max. OUR of sludge A is about 40% higher than of the

sample with the original floe sizes; a clear indication for an existing mass transfer limitation.

With ongoing aeration, the difference in OUR between original and dispersed sludge

decreases from 0.4 to 0.15 mg g" min"
.
This supports the assumption of initial oxygen

limited zones inside the floes being diminished in the course ofthe aeration phase.
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The max. OUR of the dispersed sludge B is only 50% compared to sludge A. This,

together with the smaller and looser floe structures in sludge B, may well explain the lower

N20 emission from sludge B compared to sludge A as it was measured in the initial phase of

this study. The difference in OUR between original and dispersed sludge fluctuates between

0.1 to 0.2 mg g"1 min"1. This is considerably lower than for sludge A and supports the

assumption that the method gives at least a semi-quantitative information on oxygen

limitation inside the floes.

Abiotic N20 production. The gas-wash bottle set-up was also used to test for abiotic

N20 production, since abiotic N20 formation from nitrite in the presence of ferrous iron at

pH 7.5 has been reported (Sorensen & Thorling, 1991), and ferrous iron is certainly present

during the initial aeration phase in EBPR sludges. Therefore, sludge samples (100 ml) from

the end of the anaerobic phase were pasteurized in a water bath at 85 °C for 10 min to inhibit

biological activity. Afterwards they were cooled down to 20 °C, and spiked with sodium

nitrite to 15 mg L"1. The so conditioned sludge was then stripped with air in a first experiment

to impose aerobic conditions, and stripped with helium in a second experiment to impose

anaerobic conditions. However, not even a trace of N20 could be detected in the off-gas from

the two experiments. This proofed that abiotic N20 production was not significant in our

experimental system.

— CONCLUSIONS —

The high emission ratio of N20 from reactor A was caused by simultaneous nitrification

and denitrification (SND) during the aerated phase.

The denitrifying activity was made possible by anoxic and semiaerobic zones which

persisted inside the sludge floes for most ofthe aeration phase even at a D.O of 2.5 mg L"
.

The anoxic zones persisted for such a long time, because of the large size and dense

structure of the floes and also because of a high oxygen uptake rate.

The floe size and density are probably caused by a high enrichment of specific bacteria.

The high enrichment is caused by the use of acetate as sole organic substrate together with

the anaerobic-aerobic cultivation cycle.

The high OUR is due to the combination of a high EBPR activity and a high nitrification

activity.
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The preliminary data on N20 emission from reactor B indicate a potential for SND and

N20 emission also for full-scale plants with combined EBPR/nitrification, especially for SBR

type configurations. The N20 emission should be measured on a few plants.

Floe size distributions and intra-floc mass transfer resistance as well as the role of

intermediates and stripping efficiencies need to be addressed when studying SND processes
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Chapter 6

Concluding Remarks

Model organisms. Combining our results and the most recent literature (chapter 1) we

conclude that Candidatus Accumulibacter phosphatis is certainly the most promising model

organism identified until now, since its EBPR metabolism agrees with the essential

observations reported for the EBPR process and methods for its quantitative detection are

available (chapter 3). It was found as dominant EBPR organism in activated sludge systems

around the world. Furthermore, enrichment levels of > 80% can be achieved in simple bench-

scale SBR (chapter 1). At such high dominance levels, the underlying metabolic pathways

can to a high degree of certainty be elucidated even in mixed cultures (chapter 4).

It seems that Actinobacteria are another group of PAO in activated sludge. Their potential

to accumulate PolyP was confirmed microscopically in several EBPR systems (see chapter

1). However, they are probably not classical EBPR organisms, since PHA accumulation and

anaerobic P-release seem to be absent. Their PolyP accumulation may be stimulated by the P-

dynamic which is generated by EBPR organisms like Accumulibacter.

Isolation. Why did all trials to isolate an EBPR organism fail until now? Extremely slow

growth of the EBPR organisms on agar plates could be an explanation; however, starting

from highly enriched cultures, overgrowing by faster growing organisms should not be an

insoluble problem. Another possibility is that some obscure interactions between different

species may be required to stimulate EBPR metabolism (Pereira et al, 1996), or that parts of

the metabolic capacity might be plasmid encoded and that the plasmids are lost during

isolation because they are not required then (Zehnder, 1993, Personal Communication).

However, missing species interactions or plasmids should not prevent growth and if a

dominant EBPR organism would grow on agar plates, we would be able to detect it using

FISH, even if it would not perform like an EBPR organism anymore. We used our FISH

probes on several slow growing colonies which had been isolated from our sludge A; none of

the isolates hybridized with probes for Rhodocyclus spp. or Accumulibacter phosphatis (Data

not shown). A possible explanation are missing growth factors which are supplied by other

sludge organisms; thus, using sterile filtered activated sludge extracts might be a solution

(Hollender et al, 2002).

Finally, a straightforward explanation is that, although we know all conditions required

for growth of EBPR organisms, it is just too difficult to transfer those conditions into an
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isolation method. At high substrate concentrations and long anaerobic and aerobic periods,

the organisms may suffer by their own metabolism which is tailored for accumulating

substrates.

Metabolism. Combining the results from Chapters 3 and 4, it can be concluded that

Cand. Accumulibacter phosphatis activates acetate via the acetyl-CoA synthetase pathway,

utilizes glycogen via the ED pathway, and utilizes PolyP for ATP generation via PolyP:AMP

phosphotransferase. However, almost every question raised in Chapter 4 asks for further

investigations. It needs to be tested if acetyl-CoA is the principal enzyme for acetate

activation in other highly enriched EBPR systems and also in GAO dominated sludges. The

same should be asked for PolyP:AMP phosphotransferase, pyrophosphate:phospho-

enolpyruvate:AMP phosphotransferase and isocitrate lyase. For a better fundamental

knowledge of the energetics, it is also important to investigate, if the ED-pathway is the

principal pathway for glycolysis in EBPR and GAO organisms. If GAO are able to use the

EMP-pathway, which yields more ATP per glucose moiety, this could explain why GAO can

outcompete PAO under P limited growth conditions.

In our metabolic model, we assumed a generation of metabolic energy by the efflux of

MgHP04 via a secondary transporter. However, this was based only on analogy to

Acinetobacterjohnsonii 210A and needs experimental confirmation. Generally, the transport

processes of the EBPR metabolism have not gotten much attention yet, although their

energetics must be important for the organism.

Finally, the generation of the required reduction equivalents needs to be addressed

further. Our proposal for a combined operation of a partial TCA cycle and a modified

succinate-propionate pathway to allow generation of extra NADH (Chapter 4) is just a

hypothesis which needs to be verified.

EBPR, SND and N2O. In chapter 5, we demonstrated that a combined biological

wastewater treatment for P- and N-removal is possible with a simple SBR system without an

extra denitrification phase. However, we discovered unexpected high N20 emissions from a

highly enriched EBPR system that was also nitrifying. It is out of the scope of this thesis to

estimate if the N2O emission from sewage treatment may become an environmental problem

or if, on the other hand, the ability to simultaneously nitrify and denitrify in such granular

EBPR sludge has more advantages than disadvantages.

Methods. We hope that the new analytical methods for PHB and PHV will contribute to a

widespread monitoring of these key compounds, not only in scientific studies, but also in

technical scale (chapter 2). Solid phase NMR demonstrated its power for quantitative
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determination of intracellular storage compounds (chapter 4). It sure is a valuable tool for

studying fundamental principles of the EBPR process like the glycolytic pathway. In situ

PolyP measurement with solid phase NMR could be used as a reference for the PolyP

determination methods which are based on extraction procedures. The advantages of fluo¬

rescent in situ hybridization were already pointed out in chapters 1 and 3. The recipe of our

synthetic wastewater B offers the possibility to cultivate activated sludge in the laboratory

under well-defined conditions, which simulate well substrate conditions on technical scale

(chapters 5 and 3).
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