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BİYOLOJİK AŞIRI
METABOLİZMASI

FOSFOR

GİDERİMİNİN

MİKROBİYAL

TÜRLERİ

VE

ÖZET
Farklı karbon kaynaklarının biyolojik aşırı fosfor giderimi üzerine etkisini araştırmak
üzere çeşitli karbon türleri ile beslenen laboratuvar ölçekli anaerobik-aerobik ardışık
kesikli reaktörler işletilmiştir.
Çalışmanın ilk aşamasında, ardışık kesikli reaktör glikozla beslenmiş ve aktif çamur
biyolojik aşırı fosfor giderimi sistemi ile çalışan bir atıksu arıtma tesisinden
alınmıştır. Ardışık kesikli reaktörün performansını izlemek amacıyla düzenli olarak
anaerobik sürecin başında, anaerobik ve aerobik sürecin sonunda numune
alınmıştır. Biyolojik aşırı fosfor gideriminin performansını ve mikrobiyal türlerdeki
değişimi izlemek amacıyla işletme koşulları çalışma boyunca değiştirilmemiştir.
Ardışık kesikli reaktörün performansı ve mikrobiyal türlerin yapısındaki değişim
izlenerek glikozun biyolojik aşırı fosfor giderimi üzerine etkisi kimyasal ve moleküler
analizlerin sonuçları birlikte yorumlanarak değerlendirilmiştir.
Karbon kaynağı olarak sadece glikozla beslenen ardışık kesikli reaktörde (AKR)
biyolojik fosfor giderimi gerçekleştirilebilmiş ancak reaktörün işletim süresince
zamanla kötüleşmiştir. İlk dönem, anaerobik süreçte 40 mg/l fosfor salınımı, esas
olarak 3HV’den oluşan PHA üretimi ve 10 mg/l civarında düşük glikojen tüketimi ile
belirgin şekilde BAFG aktivitesi gözlenmiştir. Bu dönemde yürütülen moleküler
analiz sonuçları birçok farklı fermentasyon bakterilerinin varlığını göstermiştir.
Anaerobik koşullarda üretilen laktik asitle birlikte Lactococcus spp. (lactik asit
bakterileri) türleriyle yakından ilişkili Firmicutes filumunun baskın olması açıkça
glikoz fermentasyonunu göstermektedir. Glikoz fermentasyonundan oluşan laktik
asitin, BAFG aktivitesinin önemli bir parçası olarak PAO’lar tarafından PHA’ye
dönüştürüldüğü düşünülmüştür. İkinci dönemde, GAO’ların çoğalmasını ve baskın
hale gelmesini destekleyen populasyon dinamiğinde belirgin bir değişim meydana
gelmiştir ve PHA oluşumunda önemli oranda azalma ve glikojen oluşumu ve
tüketilmesinde artma ile birlikte BAFG aktivitesinde kötüleşmeye yol açmıştır.
Anaerobik süreçte oluşan laktik asit tüketilmemiştir. Mikroskopik ve filogenetik
analizler, mikrobiyal topluluktaki değişimi doğrularken çevrim içindeki önemli
organiklerin akibetini de desteklemektedir. γ-Proteobacteria’nın %17’si Candidatus
Competibacter Phosphatis türüyle yakından ilişkilidir. GAO’ların PAO’lara üstün
gelerek baskın olması, fosfor giderimini zarar verici şekilde etkilmektedir çünkü
glikojen, PHA oluşumu için enerji kaynağı ve indirgeyici güç olarak kullanılabilmekte
ve enerji kaynağı için polifosfatın hidrolizine gereksinimi azaltmaktadır. Üçüncü
dönemde populasyon dinamiğindeki önemli değişim, ciddi kabarma problemine
neden olan ve sonuçta AKR’nin işletilmesini sonlandıran filamentli organizmaların
çoğalması olmuştur. Deneysel sonuçlar, glikozun laktik asite fermente olarak BAFG
aktivitesine destek olurken once glikojen metabolizması ile GAO’ları sonrasında ise
filamentli çoğalmayı destekleyerek populasyon dinamiğinde değişime sebep
olduğunu göstermiştir.

xv

Çalışmanın ikinci aşamasında, ardışık kesikli reaktör aspartat ve glutamat karışımı
ile beslenmiştir. Mikrobiyal çeşitlilik ve bakteriyel türlerdeki değişim ile birlikte ardışık
kesikli reaktör performansı işletme süresince analiz edilmiştir. Ardışık kesikli
reaktörün aerobik sürecinin sonundan alınan aktif çamurla yürütülen kesikli
deneylerde aspartat ve glutamat tek karbon kaynağı olarak beslenmiş ve aspartat ile
glutamatın biyolojik aşırı fosfor giderimi üzerine etkisi araştırılmıştır. Gözlenen
stokiyometri ile birlikte kütle ve redoks dengeleri hesaplanmıştır. Mikrobiyal tür
analizlerinin sonuçları ile birlikte biyolojik aşırı fosfor giderimi mekanizmasına dahil
olan önemli parametre lerin anaerobik ve aerobik süreç boyunca izledikleri yol
incelenerek aspartat ve glutamatın metabolizmaları değerlendirilmiştir.
Aspartat ve glutamatla beslenen BAFG sisteminde, AKR için fosfor alımına karşı
fosfor salınımı oranları 1.31 – 1.67 arasında değişmiştir ki bu değerler asetatla
yapılan çalışmalardan yüksektir. Bu sonuç aspartat ve glutamatla beslenen BAFG
sistemlerinde verimli fosfor gideriminin gerçekleşebileceğini açık olarak
kanıtlamaktadır. BAFG çamurunda bulunan baskın gruplar FISH ile belirlenmiştir.
Yüksek miktarda polifosfat biriktiren organizmaların varlığını gösteren DAPI ile sarı
boyanan küçük yuvarlak hücreler ve kümeler halindeki küçük koklar yoğun olarak
gözlemlenmiştir. BAFG aktivitesinin iyi olduğu 90. günde PAOmix-pozitif hücreler
eubacterial hücrelerin %24’ünü oluştururken BAFG aktivitesinin kötüleştiği 214.
günde azalmıştır. 90. günde DAPI ile boyanmış hücreler RPAO’lardan farklı bir
morfolojide gözlenmiştir. DAPI boyama ile birlikte uygulanan FISH, HGC69a pozitif
hücrelerin polifosfat biriktirdiğini ortaya koymuştur. DAPI ile boyanmış bu hücreler
küçük kok veya dörtlü olarak görülmüştür. Mikrobiyal analizlerin sonuçları,
Rhodocyclus-ilişkili bakterilerin ve Actinobacteria’ların aspartat ve glutamate
karışımı ile beslenen AKR’de baskın olarak birlikte bulunduklarını ve fosfor
gideriminde beraber rol aldıklarını vurgulamaktır. Glutamatın yuvarlak
Actinobacterial PAO’ların çoğalmasını teşvik ettiği bulunmuştur. Glutamatla
beslenen kesikli deneylerde, PHA oluşumu aspartatla beslenen kesikli deneylere
göre belirgin şekilde az gözlemlenmiştir. Glutamatla beslenen kesikli deneylerde
Actinobacterial PAO’ların glutamatı hücre içine almada daha avantajlı olabilmesi
daha az PHA oluşumunu açıklayabilir. Glutamatla beslenen kesikli deneylede depo
ürünü belirlenememiştir ancak çamurda bazı aminoasitlerin belirmesi ve
konsantrasyonlarının artması, glutamarın bilinmeyen bir depo polimeri olarak
depolandığını göstermektedir. Yürütülen kesikli deneylerde, aspartat glutamat ile
karşılaştırıldığında en yüksek karbon geri kazanma oranını göstermiştir. Bunun en
muhtemel nedeni, Rhodocyclus-ilişkili PAO’ların Actinobacterial PAO’lara karşı
aspartatı hücre içine almada daha avantajlı olmasıdır.
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MICROBIAL COMMUNITY AND METABOLISM OF ENHANCED BIOLOGICAL
PHOSPHORUS REMOVAL
SUMMARY
The effect of different carbon sources on enhanced biological phosphorus removal
was studied by operating laboratory-scale alternating anaerobic-aerobic sequencing
batch reactors supplied with various carbon sources.
In the first part of the study, sequencing batch reactor was fed with glucose and the
activated sludge was obtained from a wastewater treatment plant with ongoing
enhanced biological phosphorus removal. Samples were taken regularly at the start
of the anaerobic, end of the anaerobic and end of the aerobic phases to monitor the
sequencing batch reactor performance. The operational conditions were not
changed throughout the study to monitor the changes in microbial community and
enhanced biological phosphorus removal performance. The sequencing batch
reactor performance and the alterations in microbial community structure along the
operation of the reactor were monitored and the effect of the glucose on enhanced
biological phosphorus removal was evaluated by interpreting the results of the
chemical and molecular analyses.
The sequencing batch reactor (SBR) fed with glucose as sole carbon source
achieved biological phosphorus removal but deteriorated gradually along the
operation of the reactor. The first period indicated predominant EBPR activity,
involving 40 mg/l of P release in the anaerobic phase with parallel PHA production,
which primarily consisted of 3HV and a relatively low glycogen consumption of
around 10 mg/l. The results of the molecular analysis performed during this period
show the presence of many diverse fermentative bacteria. The abundance of
Firmicutes which are closely related to Lactococcus spp. (lactic acid bacteria)
together with the high levels of lactate production under anaerobic conditions clearly
indicated the glucose fermentation. Lactate generated from glucose fermentation
was presumably converted to PHA by PAOs as an essential part of the EBPR
activity. In the second period a major shift occurred in the population dynamics
favoring the preferential growth and the predominance of GAOs deteriorating the
EBPR activity with a significant decrease in PHA accumulation and increase in
glycogen formation and utilization. Lactate generated remained untouched in the
anaerobic phase. The microscopic and phylogenetic analyses confirmed the shift in
the microbial community and provided support for the fate of significant organics
during cyclic operation. 17% of the γ-Proteobacteria were closely related to the
Candidatus Competibacter Phosphatis. The dominance of GAOs detrimentally affect
phosphorus removal by out-competing the PAOs since glycogen can be used as the
energy source and reducing power for PHA accumulation reducing the dependency
on polyphosphate degradation for energy supply. The significant feature of the
population dynamics in the third period was the proliferation of filamentous
microorganisms leading to serious bulking problem which practically ended the SBR
operation. The experimental results clearly indicated that glucose while supporting
EBPR through fermentation to lactate, induced a shift in the population dynamics
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first favoring GAOs by means of glycogen metabolism and then filamentous growth
through direct utilization.
In the second part of the study, sequencing batch reactors were fed with the mixture
of aspartate and glutamate. The microbial diversity and the changes in the bacterial
community structure were analyzed throughout the operation of the sequencing
batch reactors accompanying with sequencing batch reactor performance. Batch
tests were carried out with the activated sludge taken from the sequencing batch
reactor at the end of the aerobic period by adding aspartate and glutamate as sole
carbon source to investigate the effect of aspartate and glutamate on the
performance of the enhanced biological phosphorus removal. The mass and
the redox balances were calculated together with the observed stoichiometry. The
fate of the significant parameters involved in enhanced biological phosphorus
removal mechanism through the anaerobic and aerobic period were also studied for
the evaluation of the aspartate and glutamate metabolism together with the results
of the microbial community analyses.
In the aspartate and glutamate fed EBPR, phosphorus uptake versus phosphorus
release ratio changed in the range of 1.31 – 1.67 for the SBR which is quite high
than reported studies with the acetate. This result clearly proves that effective
phosphorus removal could be achieved in aspartate and glutamate fed EBPR
systems. The predominance of major groups in the EBPR sludge was determined
by FISH. Small coccoid cells and small cocci in clusters stained yellow with DAPI
were found in abundance showing high amount of polyphosphate accumulated
organisms. PAOmix-positive cells accounted for 24% of eubacterial cells for day 90
when EBPR activity was high but decreased on day 214 when deterioration in EBPR
activity was observed. DAPI stained cells of day 90 were showing different
morphology from the RPAOs. FISH combined with DAPI staining revealed clearly
that HGC69a positive cells accumulated polyphosphate. These DAPI stained cells
appeared as tetrads or small cocci. The results of the microbial analyses highlighted
the co-existence and abundance of Rhodocyclus-related bacteria and Actinobacteria
in the SBR fed with the mixture of aspartate and glutamate and their involvement in
phosphorus removal activity. Glutamate was found to be promoting the growth of
these cocci Actinobacterial PAO. In the batch tests fed with glutamate, PHA
formation was remarkably small compared to aspartate fed batch tests. In the
glutamate fed batch reactors Actinobacterial PAO might be favorable in the
competition for the glutamate and this could explain much less formation of PHA.
The storage compound in the glutamate fed batch tests could not be identified but
detected appearance and increase of some amino acids detected in the sludge
hydrolysate indicates that glutamate was stored as an unidentified storage polymer.
Aspartate presented the highest carbon recovery ratio compared to glutamate in the
batch tests performed. The most probable reason for this result could be the outcompeting of Rhodocyclus-related PAO over Actinobacterial PAO for the aspartate.
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INTRODUCTION

Excessive

phosphorus

discharges

to

closed

water

bodies

can

cause

environmentally detrimental eutrophication known as extraordinary growth of algae.
Since phosphorus is the limiting factor for algae growth, removal of phosphorus from
wastewaters has been more widely adopted in wastewater treatment due to growing
awareness of the need to control phosphorus discharges which is reflected in
stringent regulations. Enhanced biological phosphorus removal process (EBPR) is
developed for the removal of phosphorus from wastewaters to meet the strict
discharge limitations. It is a well established process in practice for efficient
phosphorus removal from municipal wastewater compared to chemical precipitation
with less excess sludge production and remarkably lower operating costs. However
the stability problems and failure in enhanced biological phosphorus removal
processes have often reported depending upon the operational problems or outcompeting of non-phosphate removing organisms over phosphate accumulating
organisms (PAOs). Enhanced biological phosphorus removal mechanism has been
studied by many research groups but the microbiological and biochemical aspect of
the EBPR is still incomplete and a deeper understanding of the process is crucial to
improve the reliability of the process.
The efficiency of the enhanced biological phosphorus removal is affected by
operational parameters, environmental conditions and carbon source. Since short
chain fatty acid (SCFA) is believed to be the favorable substrates for biological
phosphorus removal, the majority of the studies on EBPR, focus on the metabolism
of acetate or propionate. However the organic matter composition of the
wastewaters in full-scale plants is heterogeneous and complex and they often reach
to the wastewater treatment plants without complete acid fermentation. It is obvious
that adding external short chain fatty acids (SCFA) to achieve EBPR is not feasible
and economical. A wide range of organic substances like carboxylic acids, sugars
and amino acids can be taken up anaerobically by PAO enriched sludges but the
metabolism of these organic substrates is not clear yet. Hence, the effect of carbon
sources other than acetate on EBPR has to be considered deeply.
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Organic substances found in domestic sewage are mostly proteins (40-60%),
carbohydrates (25-50%) and fats (10%) and these polymeric organic compounds
are converted to glucose, amino acids and volatile fatty acids after hydrolysis.
However, as mentioned above the organic content of the domestic wastewater often
can not complete acid fermentation and acetate and propionate concentrations can
be quite low. The composition of the organic substrates in domestic wastewater
varies remarkably among countries and/or wastewater treatment plants. The VFA
composition of municipal sewage of Istanbul was studied and acetate and
propionate concentrations were analyzed as 18 mg/l and <1 mg/l, respectively. This
study was performed in Tokyo and the concentration of acetic acid is generally low
(<3 mg/l) in most municipal sewage of Japan.
The effect of amino acids and glucose on the performance of enhanced biological
phosphorus removal was investigated in this research study as the acetate and
propionate content of the municipal sewage is minor and the most common organic
compounds in municipal sewage are proteins which are degraded to amino acids via
hydrolysis and glucose is a significant simple sugar found widely in wastewaters
with an important role in biochemical pathways.
The effect of selected carbon sources was studied by operating laboratory-scale
alternating anaerobic-aerobic sequencing batch reactors (SBRs) supplied with
glucose and the mixture of aspartate and glutamate. The activated sludge was
obtained from a full-scale wastewater treatment plant with ongoing EBPR. The
operational conditions were not changed throughout the study to monitor the
changes in microbial community and EBPR performance. Batch tests were carried
out to compare the effect of aspartate and glutamate on the performance of the
EBPR. The mass and the redox balances were calculated together with the
observed stoichiometry. The fate of the significant parameters involved in EBPR
mechanism through the anaerobic and aerobic period were also studied for the
evaluation of the EBPR metabolism with glucose and amino acids together with the
results of the microbial community analyses.
Since it is difficult to interpret the chemical data in the absence of the knowledge
about the structure of the responsible microbial community, detailed process
performance analyses in combination with microbial community analyses are
necessary for a complete understanding of EBPR mechanism. The microbial
diversity and the changes in the bacterial community structure were analyzed
throughout the operation of the SBRs accompanying with detailed chemical
analyses. The diversity and the alterations in the phylogenetic structure of the
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microbial communities along the operation of the SBR were monitored by
polymerase chain reaction (PCR) – denaturing gradient gel electrophoresis (DGGE)
analyses. The amplicons from the sludge samples of selected periods of SBR were
analyzed by PCR-cloning followed by sequencing reaction. The predominance of
major groups in the EBPR sludge was determined by FISH. FISH was applied to the
activated sludge samples taken at the end of the aerobic period. The oligonucleotide
probes EUBmix, PAOmix, GAM42, HGC69a and MP2 targeting the Bacteria,
Candidatus Accumulibacter Phosphatis, γ-Proteobacteria, Actinobacteria and
Microlonotus phosphovorus were used. The polyphosphate accumulating organisms
in EBPR sludge were detected by the combination of FISH with DAPI staining.
The data obtained from monitoring results of the long-term operated SBRs, detailed
cycle measurements, batch experiments and microbial analyses interpreted and
evaluated to understand the responses of enhanced biological phosphorus removal
sludge to carbon sources exist in municipal wastewater in significant amounts.
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2.

LITERATURE REVIEW

2.1

Enhanced Biological Phosphorus Removal (EBPR) Mechanism

Nutrient control has become increasingly important in water quality management.
The discharge of basic nutrients such as carbon, nitrogen and phosphorus to
receiving bodies cause excess depletion of oxygen, fish toxicity, cyanobacteria and
algae booming and deterioration in water quality known as eutrophication which
results in less diversified biota consisting of more tolerant species and primarily
threatens poorly replenished water bodies. The consumption of eutrophied water
also causes serious health threat as some of the cyanobacteria are toxigenic. The
control of carbon does not prevent formation of eutrophication due to nitrogen and
phosphorus’ potential of biomass growth. So it’s crucial to remove the nitrogen and
phosphorus from receiving waters. Phosphorus is considered to be more critical
since cyanobacteria can fix the atmospheric nitrogen gas for their primary
production and the eutrophication control strategies are generally based on the
removal of phosphorus (Orhon and Artan, 1994; Seviour et al., 2003).
The presence of excessive phosphorus is mostly oriented from the runoff of the
fertilizers, industrial and household discharges (synthetic detergents, etc.). The
limitations on discharge of phosphorus from municipal and industrial sources to
closed water bodies such as rivers, lakes, inland seas are being increasingly
stringent due to the growing recognition of the need to control phosphorus.
Phosphorus removal from wastewaters has been more widely adopted in
wastewater treatment to meet the strict discharge limitations (Blackall et al., 2002;
Tong and Chen, 2007; Martin et al., 2006; Oehmen et al., 2007).
Chemical phosphorus removal and biological phosphorus removal processes are
most widely used treatment alternatives. Problems associated with chemical
precipitation include high operating costs, increased sludge production, sludge with
poor settling and dewatering characteristics, and depressed pH. The conventional
activated sludge plants are designed to remove organic carbonaceous material and
phosphorus removal is achieved by cellular growth of microorganisms. The
phosphorus content ranges between 1.5-2% of the sludge dry weight which means
conventional treatment process removes 1-2 mg/l of influent phosphorus content
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which cannot meet the phosphorus discharge limitations as the influent total
phosphorus content of the domestic wastewater is around 10-15 mg/l P. Enhanced
Biological Phosphate Removal (EBPR) is recently a developed technique for the
removal of phosphorus and can achieve effluent total phosphorus content as 0.1-0.2
mg/l P (Blackall et al., 2002). Biological phosphorus removal (BPR) systems can
offer the benefits of reduced sludge production, improved sludge settleability and
dewatering characteristics, reduced oxygen requirements, and reduced process
alkalinity requirements. However, the major obstacle towards wider acceptance of
this process is its instability with respect to effluent quality over extended periods of
operation (Arun et al., 1988).
Biological phosphorus removal is the enrichment of activated sludge with phosphate
accumulating organisms (PAOs). Enhanced biological phosphorus removal (EBPR)
process is the circulation of activated sludge through anaerobic and aerobic phases
and microorganisms capable of taking up organic carbon sources anaerobically and
have the ability to accumulate phosphate in the form of polyphosphate are favored.
In the anaerobic period of EBPR significant amount of phosphorus is released and
in the subsequent aerobic period greater amount than the released phosphate is
taken up by PAOs resulting in the removal of phosphorus from the wastewater by
waste sludge. The basic biochemical transformations observed in enhanced
biological phosphorus removal process are the uptake of carbon sources by
phosphate accumulating organisms and storage of the carbon sources in the form of
polyhydroxyalkanoates (PHA), degradation of polyphosphate coupled by the release
orthophosphate in the anaerobic phase and the removal of the released phosphorus
by taking up orthophosphate, utilizing stored PHA as carbon and energy source and
glycogen in the aerobic phase (Mino et al., 1998). Figure 2.1 shows the basic
biochemical transformations of the enhanced biological phosphorus removal
process.
In anaerobic phase; PAOs degrade the stored poly-P in the bacterial cells as an
energy source to biotransform the substrates to PHA and bulk liquid phosphate
concentration increases. Stored glycogen in the cell is utilized to provide the
required reducing power for PHA synthesis. In aerobic phase; PAOs utilize the
stored PHA as an energy source to transport orthophosphate into the cells and
convert it to poly-P, glycogen is synthesized replenishing the storage polymer.
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Figure 2.1: Fate of the biomass & supernatant in the biological phosphorus removal
process
The biochemical transformations in the biomass can be observed by microscopically.
The biomass taken at the end of the anaerobic period will be stained positive for
intracellular PHA and in the biomass taken at the end of the aerobic period; cells
stained for polyphosphate will be abundant (Seviour et al., 2003).
Polyphosphate accumulating organisms can synthesize intracellular storage
compounds under the feast-famine conditions which give them advantage to outcompete with the other bacterial populations (Seviour et al., 2003). PAOs can take
up carbon sources such as volatile fatty acids and store them intracellularly as
carbon polymers in the form of PHA. The energy for this reaction is obtained from
the degradation of the polyphosphate. The chemical composition of the
polyhydroxyalkanoates (PHA) depends on the carbon source. Polyhydroxybutyrate
was the first storage polymer identified in the phosphate accumulating sludges in the
case of acetate feeding. Comeau et al. (1987) reported that PHA is composed of 3hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV). Later, Satoh et al. (1992)
revealed that PHAs composed of 4 types of 3-hydroxyalkanoates, 3HB (3hydroxybutyrate), 3HV (3-hydroxyvalerate), 3H2MB (3-hydroxy-2-methylbutyrate)
and 3H2MV (3-hydroxy-2-methylvalerate). The production of various types of PHA
requires different amounts of energy and reducing power (Matsuo et al., 1992). The
precursors of these building units are shown in Table 2.1.
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Table 2.1: The precursors of polyhydroxyalkanoates (PHA)
PHA unit

precursors

3HB

2 acetyl-CoA

3HV

acetyl-CoA + propionyl-CoA

3H2MB

acetyl-CoA + propionyl-CoA

3H2MV

2 propionyl-CoA

The formation of PHA requires reducing power and various models proposed for the
source of reducing power. Mino et al. (1998) showed strong evidence that the
reducing power required for the PHA formation is derived from the glycolysis of the
internally stored glycogen.
Since, short chain fatty acid (SCFA) is believed to be the favorable substrates for
EBPR, mostly researches focus on the metabolism of acetate. The conversion of
acetate to PHA requires reducing power, as PHA is a reduced polymer. In the
Comeau-Wentzel model partial oxidation of acetyl-CoA through the TCA cycle under
anaerobic conditions is assumed to produce the required reducing power. In the
Mino model, the reducing power is considered to be derived from degradation of
intracellularly stored glycogen via the EMP pathway, whereas the adapted Mino
model, proposed the ED pathway as alternative to the EMP pathway. The significant
difference between them is that in the ED pathway, 2 ATP are produced during the
conversion of glucose-1-P to two moles of pyruvic acid, whereas 3 ATP are
produced in the EMP pathway. The Mino model has been preferred widely due to
experimental evidences supporting the model. Mino et al. (1995) developed an
integrated biochemical model for anaerobic uptake of various carbon sources by
PAOs in which glycogen functions as regulator of the redox balance in the cell.
Conversion of glycogen to acetyl-CoA and CO2 generates reducing power, whereas
conversion to propionyl-CoA via the succinate-propionyl-CoA pathway consumes
reducing power (Mino et al., 1998). Besides providing the reducing power, glycogen
catabolism is also thought to be a source of energy for PHA production (Seviour et
al., 2003).
Pereira et al. (1996) used nuclear magnetic resonance (NMR) showing clearly the
anaerobic operation of the TCA cycle and the transformation of glycogen mostly to
propionyl moiety of the 3HV and proposed that both glycogen and the TCA cycle
were the source of the reducing power. The biochemistry of EBPR has been studied
using mixed cultures enriched with EBPR (Mino and Satoh, 2006). Martin et al.
(2006) used a genomic approach and reported the complete genome of Candidatus
Accumulibacter Phosphatis, known to be prevalent organism in EBPR sludge. They
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determined that the anaerobic operation of the full TCA cycle or the split TCA cycle
were present in Accumulibacter providing an alternative pathway to glycolysis for the
reducing power requirement.
2.2

Enhanced Biological Phosphorus Removal with Amino Acids

Satoh et al. (1998) studied the anaerobic uptake mechanisms of glutamate and
aspartate and both amino acids as sole carbon sources maintained a stable EBPR.
For the case of aspartate, accumulation of polyhydroxyalkanoates (PHA) and beside
the aspartate, consumption of carbohydrates was observed. The amount of released
ammonia indicated that aspartate was metabolized through deamination. The
observed ratio of acetyl-CoA to propionyl-CoA converted to PHA was 1.0. Based on
the results a metabolic pathway was postulated. The proposed metabolic model for
the conversion of aspartate to PHA is shown in Figure 2.2.
ATP

ADP

1 oxaloacetate

ADP ATP

1 phosphoenolpyruvate

1 pyruvate

FADH2
FAD

NADH2

1 malate

1 acetyl-CoA
NADH2

2 aspartate

NH3

2 fumarate

NAD

ADP

FADH2

ATP

FAD

1 succinate
Total redox balance

ATP

1 succinyl-CoA

PHA

1 propionyl-CoA

ADP

ATP…….0
(H)………0
Figure 2.2: Metabolic model to explain the conversion of aspartate into PHA (Satoh
et al., 1998)
In the case of glutamate fed batch test, a small amount of PHA was formed a carbon
balance was not followed. They conducted amino acid analyses and observed that
some part of the glutamate was accumulated as γ-aminobutyrate. They proposed
that glutamate was accumulated as a polymer containing γ-aminobutyrate and an
unknown amino acid.
Randall et al. (1997) reported that some amino acids might have been a
contributing factor to the detrimental effect on EBPR in batch experiments and fullscale settings due to the deamination and fermentation of amino acids to propionic
9

acid as in their study phoshorus removal decreased in EBPR with propionic acid.
They also hypothesized that nitrogen rich influent compounds were forced towards
protein biosynthesis which might exclude PHA synthesis.
Ubukata et al. (1994) observed EBPR with casamino acid and glutamic acid and
assumed that they could be stored as low molecular weight amino acids not as PHA
although they drove EBPR.
Hood and Randall (2001) cultivated SBR-mixed liquors with propionate and tested
with glutatamic acid in batch tests. They observed that glutamate was slightly
beneficial but clearly showed anaerobic phosphorus release and aerobic uptake.
2.2.1

Fermentation of amino acids

Organic compounds serve as electron donor and electron acceptor in fermentation
mechanism. Fermentable compounds should yield both oxidizable and reducible
intermediates; hence it must be neither too oxidized nor too reduced. Among
organic compounds, sugars are the most widely and readily used substrates by
fermentative organisms. Beside sugars and organic acids, amino acids can also be
utilized by anaerobes as energy and carbon source and many fermentative
organisms have the capability of degradation of mixtures of amino acids or single
amino acids to organic end products similar to products of sugar fermentations,
together with ammonia. The end products of the fermentation process are closely
related to the type of the organism that carries it out, the nature of the substrate
fermented and the environmental factors (Gottschalk, 1986; Plugge, 2001; Stainer
et al., 1963). The outline of the amino acid fermentations is shown in Figure 2.3.
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Figure 2.3: Anaerobic degradation of proteins (Jördening et al., 2005)
Amino acids can not be stored or excreted on the contrary of fatty acids and glucose.
The degradation of amino acids mainly involves the removal of the α-amino group
and the conversion of the resulting carbon skeleton into a major metabolic
intermediate. The conversion of the 20 standard amino acids (amino acids of
proteins) into metabolic intermediates follows diverse pathways due to their differing
carbon skeletons. The 20 fundamental amino acids are degraded to seven
metabolic

intermediates;

pyruvate,

α-ketoglutarate,

succinyl-CoA,

fumarate,

oxaloacetate, acetyl-CoA and acetoacetate. The amino acids are classified in two
groups according to their catabolic pathways. The carbon skeletons of the amino
acids that are converted into pyruvate, α-ketoglutarate, succinyl-CoA, fumarate or
oxaloacetate are termed glucogenic amino acids. The carbon skeletons of the amino
acids that are degraded to acetyl-CoA or acetoacetate are called as ketogenic
amino acids. Leucine and lysine are reported as solely ketogenic whereas
isoleucine, phenylalanine, tryptophan and tyrosineare are both ketogenic and
glucogenic amino acids. The rest of the 14 amino acids are classified as solely
glucogenic. However, this classification is not accepted universally as different
quantitative criteria might be applied (Stryer, 1995; Voet et al., 1995).
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Amino acids are fermented mainly in two ways. Single amino acids, including
aspartic acid, glutamic acid, histidine, lysine, glycine, alanine, γ-aminobutyrate, δaminovalerate, serine, threonine, and tyrosine can be fermented individually via
different pathways to organic compounds, mostly short-chain and branched-chain
organic acids. In some cases, an amino acid can be degraded by more than one
pathway. Certain pairs of amino acids can be fermented through Stickland reactions;
oxidation of one amino acid is coupled with the reduction of the other amino acid. In
1934, Stickland, discovered that Clostridium sporogenes, could not ferment amino
acids individually, but it could degrade pairs of amino acids in coupled oxidationreduction reactions. It is now well known that many species of Clostridium use
certain pairs of amino acids as energy source through Stickland reaction (Barker,
1981; Gaudy et al., 1980; Ramsay et al., 2001; Battstone et al., 2002).
In Stickland reaction, one pair of amino acid functions as an electron donor and the
other pair functions as electron acceptor. The product of the electron donor has one
carbon atom less than the original amino acid (i.e. alanine; C3 → acetate; C2)
whereas the product of the electron acceptor has the same number carbon atoms
(i.e. glycine; C2 → acetate; C2). Amino acids may differ in functioning as electron
donor or acceptor and Stickland status of the amino acids are shown in Table 2.2
(Ramsay et al., 2001).
The products of the fermentation are mainly C2, C3, C4, C5, C6 iso and normal
organic acids with some aromatics, CO2, H2, NH3 and reduced sulfur. Uncoupled
degradation of amino acids may produce less hydrogen or formate.
The degradation of amino acids was summarized above as the removal of the
amino group to excrete the excess nitrogen and subsequently the conversion of the
remaining carbon skeletons to metabolic intermediates. The breakdown of amino
acids under anaerobic conditions usually starts with deamination reaction with the
object of initiating the degradation process. The removal of ammonia from the αamino carboxylic acid which is eased by substituents at the β-carbon atom is the
prerequisite reaction for deamination. Hence, amino acids such as serine, threonine,
aspartate and glutamate are usually exposed to deamination (Gottschalk, 1986).
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Table 2.2: Amino acid Stickland acceptor/donor/uncoupled status (Ramsay et al.,
2001)
Amino acid

Form of R group

Donor/acceptor/uncoupled

Glycine
Alanine
Valine
Leucine
Isoleucine
Serine
Threonine
Cysteine
Methionine
Proline
Phenylalanine
Tyrosine
Tryptophan
Aspartic acid
Glutamic acid
Lysine
Arginine
Histidine

Hydrogen
Alkyl
Alkyl
Alkyl
Alkyl
Alcohol
Alcohol
Sulphur containing
Sulphur containing
Forms ring with amino
Aromatic
Aromatic
Aromatic
Carboxyl
Carboxyl
Nitrogen containing
Nitrogen containing
Nitrogen containing

Acceptor
Donor
Donor
Donor/acceptor
Donor
Donor
Donor/acceptor
Donor
Donor
Acceptor
Donor/acceptor
Donor/acceptor
Donor/acceptor
Donor
Donor
Donor
Donor
Uncoupled

Amino acids can be deaminated oxidatively, reductively or without any transfer of
electrons. Reductive deamination results in corresponding fatty acid and this
reaction can be performed by only anaerobic bacteria. Oxidative and redox-neutral
deaminations yield oxo acid intermediate resulting in a one-carbon atom shorter
fatty acid, carbon dioxide and reducing equivalents (Plugge, 2001). Deamination
reaction can be summarized as:
R – CHNH2COOH + NAD+ + H2O = R – COCOOH + NH3 + NADH + H+

(2.1)

Ramsay et al. (2001) studied the stoichiometry for amino acid fermentation and the
summary of these stoichiometric equations are shown in Table 2.3. These equations
cover common pathways reported in literature but do not include specific pathways
performed by specialist bacteria and it should be noted that in some cases an amino
acid can be degraded through more than one pathway.
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Table 2.3: Stoichiometry for amino acid fermentation – catabolic reactions (Ramsay et al., 2001)
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No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Reaction
C6H1302N (Leu) + 2H2O → C5H10O2 (3-methylbutyrate) + NH3 + CO2 + 2H2 + ATP
C6H1302N (Leu) + H2 → C6H12O2 (4-methylvalarate) + NH3
C6H1302N (Ile) + 2H2O → C5H10O2 (2-Methylbutyrate) + NH3 + CO2 + 2H2 + ATP
C5H1102N (Val) + 2H2O → C4H8O2 (2-Methylpropionate) + NH3 + CO2 + 2H2 + ATP
C9H1102N (Phe) + 2H2O → C8H8O2 (phenylacetate) + NH3 + CO2 + 2H2 + ATP
C9H1102N (Phe) + H2 → C9H10O2 (phenylpropionate) + NH3
C9H1102N (Phe) + 2H2O → C6H6 (phenol) + C2H4O2 (acetate) + NH3 + CO2 + H2 + ATP
C9H1103N (Tyr) + 2H2O → C8H8O3 (hydroxyphenylacetate) + NH3 + CO2 + 2H2 + ATP
C9H1103N (Tyr) + H2 → C9H10O3 (hydroxyphenylpropionate) + NH3
C9H1103N (Tyr) + 2H2O → C6H6O (cresol) + C2H4O2 (acetate) + NH3 + CO2 + H2 + ATP
C11H1203N2 (Trp) + 2H2O → C10H9O2N (indole acetate) + NH3 + CO2 + 2H2 + ATP
C11H1203N2 (Trp) + H2 → C11H11O2N (indole propionate) + NH3
C11H1203N2 (Trp) + 2H2O → C8H7N (indole) + C2H4O2 (acetic acid) + NH3 + CO2 + H2 + ATP
C2H502N (Gly) + H2 → C2H4O2 (acetate) + NH3
C2H502N (Gly) + 1/2H2O → 3/4C2H4O2 (acetate) + NH3 + 1/2CO2 + 1/4ATP
C3H702N (Ala) + 2H2O → C2H4O2 (acetate) + NH3 + CO2 + 2H2 + ATP
C3H602NS (Cys) + 2H2O → C2H4O2 (acetate) + NH3 + CO2 + H2S + 1/2H2 + ATP
C5H1102NS (Met) + 2H2O → C3H6O2 (propionate) + CO2 + NH3 + CH4S + H2 + ATP
C3H703N (Ser) + H2O → C2H4O2 (acetate) + NH3 + CO2 + H2 + ATP
C4H903N (Thr) + H2O → C3H6O2 (propionate) + NH3 + CO2 + H2 + ATP
C4H903N (Thr) + H2 → C2H4O2 (acetate) + 1/2C4H8O2 (butyrate)+ NH3 + ATP
C4H704N (Asp) + 2H2O → C2H4O2 (acetate) + NH3 + 2CO2 + 2H2 + 2ATP
C5H904N (Glu) + H2O → C2H4O2 (acetate) + 1/2C4H8O2 (butyrate) + NH3 + CO2 + 2ATP
C5H904N (Glu) + 2H2O → C2H4O2 (acetate) + NH3 + CO2 + H2 + 2ATP
C6H902N3 (His) + 4H2O → CH3ON(formamide) + C2H4O2(acetate) + 1/2C4H8O2(butyrate) + 2NH3 + CO2 + 2ATP
C6H902N3 (His) + 5H2O → CH3ON (formamide) + 2C2H4O2 (acetate) + 2NH3 + CO2 + H2 + 2ATP
C6H1402N4 (Arg) + 6H2O → C2H4O2 (acetate) + 4NH3 + 2CO2 + 3H2 + 2ATP
C6H1402N4 (Arg) +3H2O → ½C2H4O2(acetate)+½C3H6O2(propionate)+H2+½C5H10O2(valerate)+4NH3+CO2 +ATP
C5H902N (Pro) + H2O + H2 → ½ C2H4O2 (acetate) + ½ C3H6O2 (propionate) + ½ C5H10O2 (valerate) + NH3
C6H1402N2 (Lys) + 2H2O → C2H4O2 (acetate) + C4H8O2 (butyrate)+ 2NH3 + ATP

Type
Stickland
Stickland
Stickland
Stickland
Stickland
Stickland
Non-Stickland
Stickland
Stickland
Stickland
Stickland
Stickland
Non-Stickland
Stickland
Non-Stickland
Stickland
Stickland
Stickland
Either
Non-Stickland
Stickland
Either
Stickland
Non-Stickland
Stickland
Non-Stickland
Stickland
Stickland
Stickland
Either

Oxidation
Reduction

Oxidation
Reduction
Oxidation
Reduction
Oxidation
Oxidation
Reduction

Oxidation
Reduction

All amino acids consist of two important functional groups, a carboxylic acid group (–
COOH) and an amino group (–NH2) and the general structure of them is shown in
Figure 2.4. Amino acids vary according to the side group (abbreviated R) attached
to the α-carbon. The side chains may differ from simplest structures to aromatic
ringed structures in amino acids. The side chain may itself contain a carboxylic acid
group, as in aspartic acid and glutamic acid, causing them to be acidic as shown in
Figure 2.5 (Madigan et al., 2003).

Figure 2.4: General structure of the amino acids (Madigan et al., 2003)

Figure 2.5: Structure of R groups of aspartate and glutamate (Madigan et al., 2003)
2.2.1.1

Fermentation of aspartate

Aspartate is a nonessential, glucogenic and acidic amino acid. It is also a metabolite
in the urea cycle as urea is synthesized from aspartate and ammonia and it
contributes to gluconeogenesis. The structural formula of aspartate is illustrated in
Figure 2.6.

Figure 2.6: The structural formula of aspartate
Aspartate is one of the most important commercial amino acid beside glutamate and
phenylalanine, used as a food additive. The demand of its use increased as
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aspartate is an ingredient of artificial sweetener aspartame which is a constituent of
diet soft drinks and sugar-free products (Voet et al., 1995; Ratledge et al., 2001).
Aspartate fermentation has been studied and reviewed by various researchers.
Based on the information given by Gottschalk (1986), many facultative and some
obligate anaerobic bacteria can ferment aspartate. Fermentation of aspartate
involves firstly deamination to fumarate and subsequently partly reduction of
fumarate to succinate and partly oxidation of fumarate to acetate. The pathways
engaged in the degradation of aspartate are similar to fumarate and malate
fermentations.
Aspartate deamination is a nonoxidative reaction. Amino acid ammonia-lyases
(trivial name, α-deaminases) catalyzes nonoxidative deaminations. Aspartic
ammonia lyase (aspartase), which belongs to this group of enzymes, catalyzes the
following reaction.
(2.2)

L-aspartic acid → Fumaric acid + NH3

Aspartase is a typical bacterial enzyme which is strictly specific to L-aspartic acid
and fumaric acid (Colowick et al., 1955).
Some species of Clostridium, convert aspartate to alanine or β-alanine by
decarboxylase (Gottschalk, 1986).
HOOC – CH2 – CH(NH2) – COOH → CO2 + CH3 – CH(NH2) – COOH

(2.3)

HOOC – CH2 – CH(NH2) – COOH → CO2 + NH2 – CH2 – CH2 – COOH

(2.4)

Campylobacter species and Bacteroides melaninogenicus utilize L-Aspartic acid
(Barker, 1981). Campylobacter species convert 0.3 mol of aspartate to 0.6 mol of
CO2, 0.1 mol of acetate, 0.1 mol of succinate, and 0.3 mol of ammonia through the
oxidative pathway; and convert 0.7 mol of aspartate to succinate and ammonia via
the fumarate reductase system, which is known to contribute in electron transport
phosphorylation and the formation of 0.66 mol of ATP equivalent in the reduction of
aspartate to succinate is reported.
0.3C4H704N + 0.6 H2O → 0.1 C2H4O2 + 0.1 C4H6O4 + 0.3 NH3 + 0.6 CO2 + 0.7 NADH2
(2.5)

0.7C4H704N+0.7NADH2→0.7 C4H6O4 + 0.7 NH3
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The fermentation of aspartate by the reductive pathway can also be coupled to the
oxidation of hydrogen or formate. Almost all aspartate is reduced to succinate with
excess formate. The initial step in aspartate utilization is catalyzed by aspartase.
Fumarase, fumarate reductase, malic enzyme, malate dehydrogenase, isocitrate
dehydrogenase, and hydrogenase which are also present in extracts beside
aspartase, are most probably involved in fumarate oxidation or reduction. Cells
grown anaerobically with aspartate contain cytochromes b and c and menaquinone,
compounds associated with fumarate reductase systems in other organisms.
Bacteroides melaninogenicus forms the same products as Campylobacter from Laspartate, but the yields of carbon dioxide and acetate are higher and the yield of
succinate is lower. In contrast to Campylobacter, Bacteroides melaninogenicus form
succinate only by the reductive pathway (Barker, 1981).
Based on the work by Ramsay et al. (2001), in the fermentation of one mol
aspartate, one mol of acetate, one mol of ammonia, two moles of carbon dioxide
and two moles of hydrogen are formed with a net production of two moles of ATP as
demonstrated below.
C4H704N(Asp) + 2H2O → C2H4O2 (acetate) + NH3 + 2CO2 + 2H2 + 2ATP
Hume et al. (1997) studied in vitro

(2.6)
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C-amino acid fermentation by CF3TM (a

characterized continuous-flow competitive exclusion culture of caecal bacteria).
Broiler caecal bacteria maintained in a continuous-flow culture (CF3TM), containing
15 facultative anaerobes and 14 obligate anaerobes, were used as inoculum for
media containing arginine, aspartic acid, serine or threonine. The chemostat culture
of CF3TM was developed in a Viande Levure (VL) broth medium including tryptose,
sodium chloride, yeast extract, glucose, beef extract, Bacto agar and cysteine
hydrochloride. A portion of CF3TM culture transferred to the anaerobic chamber and
various amino acids were added to tubes containing VL broth or VL broth minus
glucose. After incubation of 8 hours in VL broth with aspartate, formation of lactic
acid, formic acid, propionic acid, acetic acid and butyric acid were observed. When
incubation period was increased to 36 h; the concentrations of lactic and formic
acids decreased whereas acetic acid, propionic acid and butyric acid formation
increased. Cultures in VL medium minus glucose produce significantly higher levels
of acetic acid, propionic acid and butyric acid compared to VL broth and formic acid
formation was not observed.
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Wong et al. (1977) investigated the fermentation of L-[14C] aspartate as a single
substrate by Bacteroides melaninogenicus. The study reported that Bacteroides
melaninogenicus ferments L-aspartate individually to succinate as the major end
product. L-[14C] aspartate was fermented to the
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C-labeled end products of

succinate, acetate, CO2, oxaloacetate, formate, malate, glycine, alanine and
fumarate in the relative percentages of 68, 15, 9.9, 2.7, 1.8, 1.0, 0.7, 0.5 and 0.06,
respectively. Based on these results, it was suggested that L-aspartate might be
oxidatively deaminated to oxaloacetate due to the detection of oxaloacetate, malate
and fumarate and high amounts of ammonia production. Subsequently, enzymes of
tricarboxylic acid cycle could catalyze the intermediate reactions of reduction of
oxaloacetate to succinate via malate and fumarate. L-aspartate might be also
directly converted to fumarate, catalyzed by the aspartase found in many facultative
bacteria. The end products of CO2, acetate, formate and trace amounts of glycine
and alanine indicates that the oxidative pathway of L-aspartate fermentation must be
also present.
Takahashi et al. (2000) studied the pathways for aspartate and tryptone
metabolism by Prevotella intermedia and Prevotella nigrescens. This study
attempted to determine pathways for aspartate and tryptone degradation based on
the assays for metabolic end products and enzymatic activities involved in
degradation process. In tryptone-based medium, growth of the Prevotella strains
was observed under anaerobic conditions and their growth increased upon the
addition of aspartate. Prevotella strains fermented aspartate to succinate, acetate,
fumarate, malate, formate and ammonia whereas they metabolized tryptone to
isobutyrate, isovalerate, succinate, fumarate, malate, formate, acetate and ammonia.
The metabolic end products formed from aspartate were observed in the relative
percentages of 48% of succinate, 9% of fumarate, 4% of malate, 11% of formate,
and 28% of acetate by Prevotella intermedia and 50% of succinate, 5% of fumarate,
4% of malate, 13% of formate and 28% of acetate by Prevotella nigrescens.
Aspartate ammonia-lyase was detected predominantly in the cell extracts of the
tryptone-grown cells which catalyzed the conversion of aspartate to fumarate. The
dominance of aspartate ammonia-lyase over aspartate aminotransferase revealed
that initial step of aspartate degradation in P.intermedia and P.nigrescens catalyzed
by

aspartate

ammonia-lyase

as

the

main

enzyme.

Although

aspartate

aminotransferase is known as an alternative ezyme for aspartate degradation, it
seemed not to be the case for Prevotella. The formed fumarate was further
degraded through two different routes, reductive and oxidative pathways. For the
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reductive pathway in which fumarate was reduced to succinate, methylviologendependent fumarate reductase was found to be responsible enzyme. And for the
oxidative pathway, a series of enzymatic activities, including fumarase, NADdependent malate dehydrogenase, oxaloacetate decarboxylase, methylviolegendependent pyruvate oxidoreductase, phosphotransacetylase and acetate kinase,
were detected for the oxidative conversion of fumarate to acetate. Pyruvate formatelyase and NAD-dependent format dehydrogenase were found to be involved in the
reactions of the production and consumption of formate, respectively. Pyruvate
formate-lyase could catalyze the conversion of pyruvate, a metabolic intermediate,
to formate and acetyl CoA in the oxidative pathway. A part of formate could be
further metabolized by formate dehydrogenase into CO2 with reduction of NAD to
NADH.
The outline of the proposed metabolic pathways is shown in Figure 2.4.
Methlyviologen:NAD(P) oxidoreductase was found to be responsible for the transfer
of the reducing potential between the reductive and oxidative pathways in P.
intermedia and P.nigrescens. The metabolic pathway suggested seemed to be
correct as the calculated values of reduction/oxidation ratio and carbon recovery
during aspartate degradation were close to theoretical values. The metabolic
pathway proposed by Takahashi et al. (2000) is illustrated in Figure 2.7.
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Figure 2.7: The proposed metabolic pathway for aspartate in P. intermedia and
P.nigrescens (Takahashi et al., 2000). 1: aspartate ammonia-lyase; 2: fumarate
reductase; 3: fumarase; 4: malate dehydrogenase; 5: oxaloacetate decarboxylase;
6: pyruvate oxidoreductase; 7: phosphotransacetylase; 8: acetate kinase; 9:
pyruvate formate-lyase; 10: format dehydrogenase; 11: methlyviologen:NAD(P)
oxidoreductase.
2.2.1.2

Fermentation of glutamate

Glutamate is a nonessential, glucogenic and acidic amino acid. The acidic amino
acids, aspartic acid and glutamic acid are negatively charged above pH 3 and they
are often referred as aspartate and glutamate in their ionized state. L-glutamate is
directly required for cell synthesis as it is the key molecule for cell metabolism and
for the supply of amino groups through transaminase reactions. Glutamate is the
most important commercial amino acid used as a flavor enhancer (monosodium
glutamate-MSG) (Voet et al., 1995; Ratledge et al., 2001). The structural formula of
glutamate is illustrated in Figure 2.8.
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Figure 2.8: The structural formula of glutamate
Glutamate fermentation has been also studied and reviewed by numerous
researchers. Clostridium tetanomorphum ferment glutamate through an unusual
pathway discovered by Barker (1981). In methyaspartate pathway, L-glutamate is
first converted to L-threo-β-methyl-aspartate which is catalyzed by glutamate
mutase, B12-dependent enzyme, and further deaminated to mesaconate yielding
ammonia. Upon the addition of water to mesaconate, citramalate is formed and
citramalate lyase is the responsible ezyme for the formation of pyruvate and acetate
form citramalate. Subsequently, pyruvate is degraded to acetate, butyrate, carbon
dioxide and hydrogen. In the case of Acidaminococcus fermentans and
Peptostreptococcus asaccharolyticus, fermentation of glutamate yields same end
products of Clostridium tetanomorphum but follow a different pathway, named
hydroxyglutarate

pathway

(Figure

2.9).

Acidaminococcus

fermentans

and

Peptostreptococcus asaccharolyticus first convert glutamate to α-ketoglutarate and
finally acetate and butyrate are formed (Gottschalk, 1986; Barker, 1981).
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Figure 2.9: Methyaspartate pathway (a) and hydroxyglutarate pathway (b) of
glutamate fermentation. 1: Glutamate mutase; 2: β-methylaspartase; 3: citramalate
dehydratase; 4: citramalate lyase; 5: glutamate dehydrogenase; 6: αhydroxyglutarate dehydrogenase; 7: a dehydratase & a CoA transferase are
involved; 8: glutaconyl-CoA decarboxylase; 9: dismutation of crotonyl-CoA
(Gottschalk, 1986)
Nanninga et al. (1986) isolated glutamate and aspartate fermenting bacteria from
the first upflow reactor of an anaerobic purification plant fed with wastewater from a
potato-starch producing factory. L-aspartate and L-glutamate were selected as
primary carbon and energy sources. All strains of aspartate-fermenting bacteria
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fermented aspartate to acetate, succinate, carbon dioxide and ammonia. The strains
of glutamate-fermenting bacteria produced different metabolic end products. The
strain DKglu16, metabolized glutamate to acetate, propionate, ammonium and
carbon dioxide whereas the fermentation products of DKglu26 isolate were acetate,
butyrate, ammonium, carbon dioxide and hydrogen. The third type of glutamatefermenting bacteria isolated (DKglu21) produced acetate, formate, ammonium and
carbon dioxide. The study also investigated the characteristics of the isolated strains.
The cells of the aspartate-fermenting strain were Gram-negative, non-spore forming,
motile curved rods and L-aspartate, L-asparagine, L-malate and fumarate were the
only fermentable substrates for these strains. The cells of the DKasp15 isolate could
grow in stationary cultures under microaerophilic conditions. All these characteristics
with aspartate fermentation strongly indicated that this isolate might belong to the
genus Campylobacter. The glutamate-fermenting strains DKglu26 and DKglu16
were strictly anaerobic and capable of fermenting a limited range of substrates.
DKglu26 isolate could only grow on glutamate, glutamine and histidine and identified
as C. cochlearium. The strain DKglu16 coulf ferment glutamate, aspartate, pyruvate
and lactate and this strain was assigned to a new species belonging to the genus
Selenomonas.
Plugge (2001) reviewed the glutamate-degrading microorganisms. Glutamate can
be metabolized in various pathways under anaerobic conditions depending on the
organism responsible. Clostridium, Fusobacterium and Peptococcus species
ferment glutamate into acetate, butyrate, ammonia, carbon dioxide and hydrogen.
Dehning et al., (1989) discovered that few homoacetogenic Sporomusa species
metabolize glutamate yielding only acetate. Glutamate can be also fermented to
acetate and propionate by Anaeromusa (Selenomonas) acidaminophila where
propionate is formed reductively via the succinate pathway (Nanninga et al., 1986).
In this pathway (methylmalonyl-CoA pathway), glutamate is first converted to αketoglutarate and further to succinyl-CoA yielding succinate. Succinyl-CoA is
converted to methylmalonyl-CoA and the latter compound is decarboxylated to
propionyl-CoA yielding propionate (Figure 2.10). In the methylaspartate pathway,
glutamate is converted to acetate and pyruvate and part of this pyruvate is degraded
to oxaloacetate and subsequently propionate is formed.
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Figure 2.10: Methylmalonyl-CoA of glutamate fermentation (Plugge, 2001)
Based on the work by Ramsay et al. (2001), fermentation of glutamate might follow
two different pathways. One mol of glutamate is fermented to one mol of acetate,
one and a half mol of butyrate, one mol of ammonia, and one mol of carbon dioxide
are formed with a net production of two moles of ATP through Stickland reaction.
C5H904N(Glu)+H2O→C2H4O2(acetate)+1/2C4H8O2(butyrate)+NH3+CO2+2ATP

(2.7)

If glutamate is fermented through uncoupled reaction, one mol of acetate, one mol
of ammonia, one mol of carbon dioxide and one mol of hydrogen will be the end
products together with 2 moles of ATP production.
C5H904N(Glu) + 2H2O → C2H4O2 (acetate) + NH3 + CO2 + H2 + 2ATP

(2.8)

Voet et al. (1995) classified the degradation of amino acids depending on their
catabolic pathways. As mentioned above, aspartate and glutamate are grouped as
glucogenic amino acids as their carbon skeletons are degraded to pyruvate, αketoglutarate, succinyl-CoA, fumarate or oxaloacetate. Based on this classification,
aspartate can be first converted to either fumarate or oxaloacetate and glutamate
can be first degraded to α-ketoglutarate (Figure 2.11).

24

Figure 2.11: Degradation of amino acids to common seven metabolic intermediates
(Voet et al., 1995)
Madigan et al. (2003) outlined the major routes of the anaerobic breakdown of
various fermentable substances including aspartate and glutamate illustrated in
Figure 2.12. According to this scheme, aspartate and glutamate is fermented to
pyruvate which may be further converted to acetyl-CoA or/and succinyl-CoA yielding
acetate and propionate.
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Figure 2.12: Major routes of the anaerobic breakdown of various fermentable
substances (Madigan et al., 2003).
2.2.2

Metabolism of fermentation end products by phosphate accumulating
organisms (PAOs)

Phosphate accumulating organisms (PAOs) can utilize various kinds of fermentation
products; including acetate, propionate, butyrate, succinate under anaerobic
conditions to accumulate internal storage product, PHA, and the required ATP for
the transport of the fermentation end products to the biomass is most probably
supplied by the release of phosphate.
As stated in section 2.2.1, the most probable fermentation products of aspartate and
glutamate are reported as acetate, propionate, succinate and butyrate depending on
the pathway used by the fermentative organism.
Satoh et al. (1996) studied the anaerobic uptake of acetate, propionate, lactate,
pyruvate, malate and succinate by activated sludge obtained from a pilot scale of
EBPR plant. In the anaerobic batch experiments conducted, it was observed that the
uptake of succinate, pyruvate and lactate was faster than acetate and propionate,
and among all malate was the slowest. The release of phosphate was observed as
the maximum level with acetate and propionate, whereas significant phosphate
release in the supernatant observed with lactate and succinate. The consumption of
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carbohydrates in the sludge was detected in all batch tests. The carbon recovery
were determined as 71% for acetate, 100% for propionate, 73% for lactate, 47% for
pyruvate, 76% for malate and 61% for succinate. The carbon recovery ratio was
calculated as the ratio of accumulated PHA to the sum of the substrate taken up and
the carbohydrates in sludge consumed. PHA content of the acetate and propionate
fed batch tests were observed as 3HB and 3HV as the major fractions, respectively.
In the case of lactate, malate and succinate, 3HV was the major monomer of PHA
accumulated and a minor fraction of 3H2MV was detected with succinate.
Mino et al. (1994) postulated that phosphate accumulating organisms (PAOs)
uptake the organic substrates, consume the glycogen and convert to PHA through
the combination of three different metabolisms as stated in Table 2.4. In metabolism
I, glycogen is utilized and converted to PHA via acetyl-CoA with the production of
NADH whereas in metabolism II, glycogen is utilized and converted to PHA via
propionyl-CoA with the consumption of NADH. The metabolism of the external
substrate depends on the reducing power as if PHA generation requires reducing
power, PAOs will follow metabolism I, despite the conversion of organic substrate to
PHA produces reducing power, PAOs will follow metabolism II. Here, a resembles
the mol numbers of 3HA, x for ATP and y for reducing power.
Table 2.4: Metabolisms occuring in PAOs*3 (Mino et al., 1994)
Type of
metabolism
Metabolism I

Metabolism II

Moles of Moles of
Moles of
Moles of
ATP
NADH
Acyl3HA unit
produced produced
CoA(*1)
produced
(*2)
produced

Overall reaction
(-C6H10O5-) + 3(ADP+Pi) + 3NAD →
(-3HA-) + 2CO2 + 3ATP + 3(NADH+H+)
(-C6H10O5-) + 3(ADP+Pi) + 3NAD →
(-3HA-) + 3ATP + 3(NADH+H+)

2

1

3(2)

3

2

1

1(0)

-3

External
Substrate + x(ADP+Pi) + yNAD...... →
2a
a
x
Substrate
+
Metabolism a(-3HA-) + xATP + y(NADH+H ).........
*1: Acetyl-CoA or propionyl-CoA
*2: EMP pathway assumed (ED pathway assumed)
*3: moles are expressed based on the utilization of 1 mol of glycogen/external substrate

y

The authors calculated the stoichiometry of anaerobic metabolism of selected
substrates as shown in Table 2.5. Here, the transport of the substrate into the cell
requires 1 mol of ATP.
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Table 2.5: Stoichiometry of anaerobic metabolism by PAOs (Mino et al., 1994)
Substrates
Acetic acid
Propionic acid
Malic acid
Succinic acid
Lactic acid

Pathway assumed
Acetic ac.→ Acetyl-CoA → PHA
Propionic ac.→Prop-CoA→ PHA
Malic ac.→ Prop-CoA → PHA
Succinic ac.→ Prop-CoA → PHA
Lactic ac. → Prop-CoA → PHA

Stoichiometric
Coefficients (*1)
a

x

y

0.5
0.5
0.5
0.5
0.5

-1
-1
1
-2
-1.5

-0.5
-0.5
-1.5
-0.5
0

Molar Ratios
Gly:Sub:PHA:Pi
1:6:4:3
1:6:4:3
1:2:2:-1
1:6:4:9
0:2:1:3

A:P
ratio
in PHA
(*2)
100:0
25:75
50:50
25:75
50:50

Randall et al. (1997) studied the phosphorus removal efficiencies of volatile fatty
acids and dicarboxylic acids. Succinic acid, a decarboxylic acid, significantly was
beneficial to biological phosphorus removal compared to C2-C5 volatile fatty acids.
The authors emphasized on the importance of carboxyl functional group for EBPR
rather than the substrate carbon chain length as carboxylated substrates are proper
for the biosynthesis of polyhydroxyalkanoate (PHA).
Hood et al. (2001) investigated the effect of acetic acid, propionic acid, isovaleric
acid, succinic acid, cystine and glutamic acid on enhanced biological phosphorus
removal by conducting batch tests with populations cultivated on acetic acid and
propionic acid. Due to the results of the batch experiments, acetic acid, isovalric acid
and succinic acid were the most beneficial substrates for phosphorus removal. In
the case of propionic acid and glutamic acid, anaerobic phosphorus release and
aerobic phosphorus uptake was observed but in contrast to all, cystine was slightly
detrimental to phosphorus removal. In Table 2.6, stoichimetry of probable pathways
for PHA synthesis is outlined.

The probable biochemical pathways for each

substrate are reviewed from the literature by the authors. The biochemical pathway
for PHA synthesis is derived from Gottschalk (1979), Steinbuchel (1996) for acetic
acid: Michal (1993), Satoh et al. (1992), Doi (1990), Mino et al. (1994) for propionic
acid; Michal (1993), Steinbuchel (1996) for glutamate; and Michal (1993), Satoh et
al. (1992) for succinic acid. In Table 2.7, efficiency of potential conversion of each
substrate to PHA and net production of NADH per unit of substrate and PHA based
on the pathway followed is shown.
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Table 2.6: Stoichiometry and NADH2 production of probable pathways for PHA
synthesis (Hood et al., 2001)
Stoichiometry of metabolic pathways
2Acetate → 2acetyl-CoA → acetoacetyl-CoA → 3-hydroxybutyrl-CoA − 1NADH2 → poly-3HB −
1NADH2
2Propionate → 2propionyl-CoA → propionyl-CoA + acryloyl-CoA + 1FADH2 → propionyl-CoA +
[malonate semialdehyde or pyruvate] + (1FADH2 + 1NADH2) → propionyl-CoA + acetyl-CoA +
CO2 + (1FADH2 + 1NADH2 + [1NADPH2 or 1NADH2]) → poly-3HV + CO2 + (1FADH2 + 1NADH2
+ [1NADPH2 or 1NADH2] −1NADH2)
2Propionate → 2propionyl-CoA → poly-3H2MV −1NADH2
Acetate + Propionate → acetyl-CoA + propionyl-CoA → 3HV −1NADH2
Glutamate → 4-hydroxybutyrate + NH3 + CO2 −1NADH2 → crotonyl-CoA + CO2 + NH3
−1NADH2 → 3-hydroxybutyrl-CoA + CO2 + NH3 −1NADH2 → acetoacetyl-CoA + CO2 + NH3 +
(−1NADH2 + 1NADH2) → poly-3HB + CO2 + NH3 + (−1NADH2 + 1NADH2)
2Succinate → 2succinyl-CoA → propionyl-CoA + 2CO2 → poly-3H2MV + 2CO2 − 1NADH2
2Succinate → 2succinyl-CoA → 2propionyl-CoA + 2CO2 → propionyl-CoA + 2CO2 + acryoylCoA + 1FADH2 → propionyl-CoA + 2CO2 + [ malonate semialdehyde or pyruvate] + (1FADH2 +
1NADH2) → propionyl-CoA + acetyl-CoA + 3CO2 + (1FADH2 + 1NADH2 + [1NADPH2 or
1NADH2]) → poly-3HV + 3CO2 + (1FADH2 + 1NADH2 + [1NADPH2 or 1NADH2] −1NADH2)
Succinate + Acetate → succinyl-CoA + acetyl-CoA → propionyl-CoA + CO2 + acetyl-CoA →
poly-3HV + CO2 −1NADH2

Table 2.7: Patterns of NADH and substrate production/consumption in the
production of each molecule of PHA (Hood et al., 2001)
Substrate
Acetic acid
Propionic acid
Propionic acid
Acetic+ Propionic acid
Glutamic acid
Succinic acid
Succinic acid
Succinic + Acetic acid

NADH
produced
per unit
substrate
-0.5
+1
-0.5
-1
0
-0.5
+1
-1

NADH
produced
per unit PHA
-1
+2
-1
-1
0
-1
+2
-1

Moles PHA
produced
per mol substrate
0.5
0.5
0.5
1
1
1
0.5
1

3HB
3HV
3H2MV
3HV
3HB
3H2MV
3HV
3HV

%substrate
carbon
converted to
PHA
100
83.3
100
100
83.3
75
62.5
100

Yagci et al. (2003) proposed a metabolic model for anaerobic acetate uptake by
mixed culture of phosphate accumulating organisms (PAOs) and glycogen
accumulating organisms (GAOs). In the proposed model, PAOs obtain the energy
required for the anaerobic acetate uptake from poly-P degradation and glycolysis
mainly serves for retaining redox balance. According to the model, glycogen is
degraded to pyruvate and then to acetyl-CoA with the production of NADH2 and ATP.
The external substrate, acetate, is transported into the cell and activated to acetylCoA and this reaction necessitates ATP consumption. The pathway followed for the
formation of propionyl-CoA depends on the amount of glycogen. If the amount of
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glycogen is limited, the production of additional reducing power necessary for PHA
synthesis might be possible through glyoxylate pathway in which propionyl-CoA and
NADH2 is formed from acetyl-CoA. But if the glycogen is not limited, it is assumed
that pyruvate is converted to propionyl-CoA via succinate-propionate pathway by
consuming NADH2. The overall reaction postulated for PAOs is shown below. Here,
fGLX resembles the fraction of acetyl-CoA produced from pyruvate and if the
glycogen is not limited, glyoxylate pathway may not work (fGLX=0).
Acetate + (1/6+3 fGLX)Glycogen → (4/6+3 fGLX)PHB + (fGLX /6+3 fGLX)PHV +(1/3)CO2
(2.9)

+ (1+2αPAO = 3/6+ fGLX)Pi

Oehmen et al. (2005) proposed a metabolic model for anaerobic propionate
utilization by phosphate accumulating organisms. In this model, the energy required
for the uptake of propionate into cells and the conversion to propionyl-CoA is
obtained both from poly-P degradation and glycolysis. Acetyl-CoA is formed through
glycolysis and PHA is formed from the condensation of acetyl-CoA and propionylCoA. The reducing power used in PHA synthesis is provided by glycogen
degradation. The formation of PHA monomers depends on the random or selective
condensation of acety-CoA and propionyl-CoA. If the precursors are condensed
randomly, PHV, PHB and PH2MV are assumed to be formed. The overall reaction
for this approach is shown below.
– CH2O2/3(propionate) – 1/3CH10/605/6(glycogen) – (2/9+αPAO ) HPO3 (PolyP) +
(2/9+αPAO ) H3PO4(phosphate) + 1/18CH1.5O0.5 (PHB) + 5/12CH1.6O0.4 (PHV) +
3/4CH5/3O1/3 (PH2MV) + 1/9 CO2 - (αPAO – 1/18)H2O = 0

(2.10)

In the case of selective condensation of the precursors, PHB formation is not
occurred and PHV and PH2MV are produced in different amounts. The
stoichiometric reaction is stated below.
– CH2O2/3(propionate) – 1/3CH10/605/6(glycogen) – (2/9+αPAO ) HPO3 (PolyP) +
(2/9+αPAO ) H3PO4(phosphate) + 5/9CH1.6O0.4 (PHV) + 2/3CH5/3O1/3 (PH2MV) + 1/9
(2.11)

CO2 - (αPAO – 1/18)H2O = 0

The experimental data is compared with the hypothesized metabolic pathways and
PHV and PH2MV were the primarily storage polymers of PHA when propionate is
utilized by PAOs in contrast to anerobic acetate metabolism of PAOs where PHB is
the main PHA unit.

30

Lemos et al. (2003) used in vivo

13

C and
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P nuclear magnetic resonance

techniques to clarify the carbon and phosphorus metabolism in phosphate
accumulating organisms and proposed a metabolic pathway for propionate
utilization (Figure 2.13). The conversion of propionate to PHA was detected with a
composition of 74.2% for 3HV, 16.9% for 3H2MV, 8.6% for 3H2MB and 0.3% for
3HB.

Figure 2.13: Metabolic model for the conversion of propionate and glycogen into the
four different types of PHA (Lemos et al., 2003).
2.3

Enhanced Biological Phosphorus Removal with Glucose

Several reports claim that glucose as sole carbon source lead to deterioration in
EBPR process. Cech et al. (1993) reported the deterioration of EBPR due to the
predominance of G-bacteria when acetate and glucose were fed to system as these
bacteria do not accumulate polyphosphate under aerobic conditions and are
capable of utilizing glucose without the release of phosphate under anaerobic
conditions. It was also observed that G-bacteria were able to compete with PAOs
for acetate even when glucose was not present in the reactor influent. Although Gbacteria were reported to be able to grow in acetate-fed reactor, glucose promotes
the growth of G-bacteria (Hollender et al., 2002).
Liu et al. (1996) studied the anaerobic substrate uptake and microfloral diversity of
glycogen accumulating organisms using an anaerobic-aerobic activated sludge
system fed with acetate and with no EBPR. They found that glucose was taken up
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and stored as cellular glycogen and PHA. The microscopic observations showed
that microflora of glycogen accumulating organisms were diverse. They had the
ability to scavenge most of the dissolved substrate of the wastewater and dominate
in the deteriorated enhanced biological phosphorus removal processes.
Randall et al. (1994) reported that glucose was detrimental to phosphorus removal
and concluded that enhanced biological phosphorus removal was dependant on the
glucose fermentation. In their study, glucose was rapidly transported to the cells of
non-fermentative organisms before it could be fermented.
The response of an EBPR sludge developed in an SBR fed with propionate to
glucose was investigated (Pijuan et al., 2004). The phosphorus release was
decreased and instead of glycogen degradation, glycogen production was observed.
The conversion of glucose to PHA was relatively lower because some part of it was
stored as glycogen.
However, some researchers could maintain a stable EBPR performance with
glucose as the dominant substrate. Wang et al. (2002a) reported that glucose could
be used as the dominant substrate to maintain a successful EBPR process
emphasizing specific operation conditions as longer anaerobic reaction time, higher
glucose content in the feed and shorter aerobic reaction time with DO level. On the
other hand, compared to the conventional EBPR process using acetate as the
dominant substrate, it was found that less phosphate was released into the medium
and 3-HV enriched PHA, rather than 3-HB enriched PHA, was accumulated during
the anaerobic condition.
Liu, 1998 observed good phosphorus removal using glucose as the main organic
substrate when the sludge carbohydrate content was low but declined rapidly
although the operational conditions were not changed. During this period the sludge
carbohydrate content increased concurrently.
Jeon et al. (2000a) applied C-NMR technique to investigate the mechanism of
glucose as a sole carbon source in EBPR system. It was reported that EBPR was
accomplished by two kinds of microorganisms, a lactic acid producing organism and
a polyphosphate accumulating organism (PAO) when glucose was supplied as a
sole carbon source. They postulated that the lactic acid producing organism rapidly
accumulate glucose as glycogen in the cell and the requirement of ATP for the
glycogen storage was supplied by lactate formation through glycolysis of glucose
rather than consumption of polyphosphate explaining the decrease of pH at the
beginning of the anaerobic stage. Glycogen in the lactic acid producing organism
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was assumed to be converted to storage polymer at the anaerobic stage, but part of
glycogen was also converted into poly 3-hydroxy alkanoic acids (PHAs). The lactic
acid producing organisms are facultative bacteria and produce lactic acid to obtain
energy for the glycogen storage. Later, PAO slowly convert lactic acid produced by
the lactic acid producing organism into PHAs with consumption of polyphosphate.
The ATP for the glycogen storage from glucose is supplied by glycolysis of glucose.
In the proposed model, EBPR is accomplished not by glucose-utilizing PAO but by
lactate-utilizing PAO.
Jeon et al. (2000b) analyzed the morphology of the EBPR sludge developed in
glucose fed SBR. Cuboidal organisms were dominant and coccus shaped bacteria
detected at much lower frequencies in the activated sludge. Cuboidal organisms
were believed to be lactate producing organisms and coccus shaped bacteria
assumed to be lactate-usinf phosphate accumulating organisms regarding to the
electron microscopic observations.
Jeon et al. (2003) analyzed the microbial communities in an anaerobic/aerobic SBR
fed with glucose as a sole carbon source using a polyphasic approach incorporating
electron microscopy analysis, quinone analysis, and slot hybridization and a
sequencing approach to 16S rRNA genes. Quinone analysis showed the
predominancy of Q-8 in the SBR sludge suggesting the beta subclass of
Proteobacteria was the most abundant species as slot hybridization and 16S rRNA
gene sequencing studies also indicated the dominancy of these species. Electron
microscopic analysis demonstrated the polyphosphate granules contained in
separate coccus-shaped microorganisms. It was inferred that the Rhodocyclus
group of coccus shape within the Proteobacteria beta subclass was responsible for
EBPR process fed with glucose as a sole carbon source. Actinobacteria were
suggested to be the one of the major phylogenetic groups in EBPR sludge due to
the observation of MK-8 (H4) homologs. It was postulated that Actinobacteria might
have an important role related to glucose metabolism for EBPR since they were not
detected in the EBPR sludge with acetate as a sole carbon source although the
same inoculum was used. Actinobacteria were also detected as one of the major
populations in the PCR cloning approach to 16S rDNA genes. Electron microscopic
analysis revealed that dominated cuboidal packet organisms did not contain
polyphosphate granules or glycogen inclusions. Some of the Actinobacteria group,
high G+C Gram-positive coccus-bacteria of tetrads or packet shape have been
detected in recent studies. Thus, it was presumed that the cuboidal packet
microorganisms could be assigned to the Actinobacteria group. Regarding to their
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metabolism proposed for EBPR with glucose (Jeon and Park, 2000a), they
suggested that the packet bacteria (Actinobacteria) and the separate coccus-shaped
bacteria (beta subclass of Proteobacteria) converted glucose to SCFAs and
accumulated polyphosphate, respectively, so EBPR was achieved by their
cooperation.
Several studies detected the fermentation of glucose to acetate, propionate and
lactate during the anaerobic phase in EBPR systems (Carucci, 1999; Sudiana,
1999; Jeon and Park, 2000a) however some studies did not analyze any
fermentation product (Hollender et al., 2002). In the study of Carucci et al. (1999)
glycogen storage was observed in both cases of EBPR-performing and non-EBPRperforming periods and they assumed that the energy source was polyphosphate
hydrolysis or lactic acid fermentation, respectively.
Satoh et al. (1992) proposed a model for the anaerobic lactate uptake with the
consumption of intracellular carbohydrates by phosphate accumulating organisms.
In this proposed metabolism, half of the pyruvate is converted to acetyl-CoA and the
rest to propionyl-CoA. The production of propionyl-CoA is assumed to be through
propionate fermentation pathway via oxaloacetate. However, in this model
significant consumption of intracellular carbohydrates could not be explained as
reducing power is not necessary for the conversion of lactate to PHA. In the lactate
metabolism, 3HV rich PHA was accumulated.
Sudiana et al. (1999) operated EBPR reactors supplied with acetate or glucose as
carbon source under phosphorus rich and poor conditions. It was observed that
glucose was converted to carbohydrate and PHA under anaerobic conditions and
fermentation products like acetate may be utilized by PAOs and converted to PHA.
In the study, PAOs seem to have higher acetate and glucose uptake rates and Gbacteria accumulate more glycogen than PAOs. No significant difference was
detected among glucose or acetate fed P rich or poor sludge in term of respiratory
quinone profile and phylogenetic microbial structure measured by FISH. As the
deterioration in P removal was not observed in the glucose fed sludges, it was
pointed out that glucose feeding does not always lead to proliferation of G-bacteria.
2.4

Microbiology of EBPR

The first microscopic observations of EBPR were of clusters of coccobacillusshaped microorganisms accumulating intracellular polyphosphate according to
chemical staining methods. Due to their abundance in EBPR reactors and their
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chemical staining profile, these organisms are named as polyphosphate
accumulating organisms (PAOs) (Blackall et al., 2002). Acinetobacter species were
the first isolated from biomass with a high P removal capacity (Fuhs and Chen,
1975). Most subsequent studies for the next decade have focused on this bacterial
genus based on cultivation methods. However, Acinetobacter spp. have failed to
possess PAO metabolism. Furthermore, cultivation-independent methods indicated
that the abundance of these species was overestimated because of cultivation
biases (Kawaharasaki et al., 1999; Loy et al., 2002). Wagner et al. (1994)
proposed

that

the

culture-dependent

methods

lead

to

overestimation

of

Acinetobacter spp. in EBPR sludge since the methods strongly favored the growth
of Acinetobacter on agar plates.
Several other bacteria are isolated from EBPR systems and suggested as PAO
candidates. Nakamura et al. (1995) isolated a high G+C gram-positive coccusshaped bacterium and considered Microlunatus phosphovorus as a candidate for
the dominant PAO in EBPR systems. Though, NMR studies revealed that M.
phosphovorus fails to take up acetate and convert to PHA under anaerobic
conditions (Seviour et al., 2003). Kawaharasaki et al. (1999) applied the dual
staining with oligonucleotide probes and polyphosphate staining dye, DAPI for the in
situ identification of bacteria and observed that the number of M. phosphovorus was
rather small to be dominant in EBPR sludge. Stante et al. (1997) isolated a PHB
storing strain and identified it as Lampropedia spp. which was shown to possess
basic metabolism of PAO, but their acetate-uptake phosphate-release ratio was
lower than EBPR models’ predictions.
Crocetti et al. (2000) suggested that an important group of PAOs in EBPR sludges
are bacteria closely related to Rhodocyclus in acetate-fed laboratory scale EBPR
reactors. Hesselmann et al. (1999) proposed a new genus and species Candidatus
Accumulibacter phosphatis. Zilles et al. (2002) also observed that organisms
related to Rhodocyclus and to Candidatus Accumulibacter phosphatis are important
in the phosphorus removal activity in full-scale EBPR processes. These organisms
have the ability to store polyphosphate and PHA confirmed by chemical staining and
often

dominated

in

acetate

fed

lab-scale

EBPR

systems.

Candidatus

Accumulibacter phosphatis were found in abundance in full-scale wastewater
treatment plants and lab-scale EBPR reactors (Onuki et al., 2002; Chua et al.,
2006; Kong et al., 2004). Candidatus Accumulibacter phosphatis was found in
abundance (4 - 22% of all Bacteria) in full-scale sludge, and concluded to be an
important organism contributing to EBPR (Oehmen et al., 2007). Kong et al. (2004)
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observed that the Accumulibacter metabolism was associated very well with the
PAO phenotype defined by biochemical models proposed for PAOs.
Bond et al. (1999) observed Actinobacteria (Gram-positive HGC bacteria) in
abundance in full-scale wastewater treatment plants; they were including
polyphosphate and suspected to be important in EBPR process. Kong et al. (2005)
found that Actinobacteria could take up phosphate in the form polyphosphate
aerobically but not anoxically, and they do not store PHA intracellularly. They
appeared to thrive on different carbon sources such as amino acids (Oehmen et al.,
2007). Kong et al. (2005) detected Actinobacteria as 35% of all Bacteria in full-scale
treatment plants in Denmark. The role of these organisms in EBPR is still not
clarified.
Mino et al. (1998) concluded that rather than being a single dominant PAO, several
different bacterial groups may be important. Furthermore, Liu et al. (2000) indicated
that even under well-controlled and enriched EBPR systems, the detectable
microbial populations were phylogenetically diverse.
As it was mentioned previously, Cech and Hartman first noticed large numbers of Gbacteria in glucose fed plant with poor EBPR. According to Cech and Hartman
(1993), EBPR should deteriorate when G-bacteria are predominant because they
should be able to use the transformation of glycogen into PHA instead of the
polyphosphate hydrolysis as the energy source for substrate anaerobic uptake. Gbacteria, a morphotype of cocci, are known to be phylogenetically diverse and
contain both Gram-positive and Gram-negative members. These cells are arranged
in tetrads or in clusters (Seviour et al., 2003).
The gram-negative members include several α- and β-proteobacteria, among which
is the genus Amaricoccus, while the Gram-positive G-bacteria contain several
members of the Actinobacteria (Seviour et al., 2000). Due to high numbers of
tetrad-forming G-bacteria in the sludge with good EBPR capacity suggests that the
presence this morphotype does not necessarily indicate potential EBPR
deterioration, or vice versa (Seviour et al., 2003). Actinobacteria closely related to
Tetrasphaera spp. reported to be capable of growing as tetrads and synthesizing
polyP (Seviour et al., 2003). More studies in which detailed chemical analysis are
carried out accompanying with microbial community analysis are crucial in order to
clarify the confusion in the nature of G-bacteria. It is also important to identify the
physiological characteristics for a complete understanding of EBPR mechanism.

36

Crocetti et al. (2002) generated a 16S rRNA gene clone library using a deteriorated
EBPR sludge and designed FISH probes. The GAO phenotype was identified and
named as Candidatus Competibacter phosphatis. These organisms can store PHA
anaerobically but not aerobically and can not store polyphosphate. The dominance
of Candidatus Competibacter phosphatis results in low phosphate release to VFA
uptake ratio and compete with PAOs for anaerobic substrate uptake (Oehmen et al.,
2007). Beer et al. (2004) identified three tetrad-forming organisms belonging to
Alphaproteobacteria showing the GAO phenotype.
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3.

MATERIALS AND METHODS

3.1

Laboratory Scale Sequencing Batch Reactors

Laboratory scale sequencing batch reactors (SBR) were operated to study the effect
of glucose and amino acids on enhanced biological phosphorus removal. Three labscale SBRs with a working volume of 10 l were operated under the anaerobicaerobic configuration and with same operational conditions in an isothermal room
maintained at 20°C. The differences in SBRs operated are given in Table 3.1.
Table 3.1: Operational differences of three SBRs
SBR

Substrates

SBR-1
SBR-2

Glucose
Mixture of aspartate
and glutamate
Mixture of aspartate
and glutamate

SBR-3

SRT
(day)
8
8 (day 0 – day 146)
10 (day 146 – day 288)
10

HRT
(hours)
10
10

Operated time
(day)
54
288

10

134

Operational conditions of the SBRs were designed for four cycles a day consisting
of 30 minutes filling, 90 minutes anaerobic, 150 minutes aerobic, 60 minutes settling
and 30 minutes draw phases. 6 l of clarified supernatant was withdrawn from the
reactor at the end of the settling phase, concentrated substrate and 4 l of nutrient
solutions with tap water was pumped into the reactor in the feed phase
corresponding to 10 hours of HRT. The sludge age was controlled by withdrawing
excess sludge at the end of the aerobic phase. Detailed operational conditions of
the SBRs are shown in Table 3.2 and Figure 3.1. The pH was controlled with 0.1 N
HCl and 0.1 N NaOH during the anaerobic and aerobic phases between 6.8 and 7.2
using pH controller. Dissolved oxygen was removed by nitrogen gas purge during
the feeding phase to maintain the strict anaerobic conditions. The reactor was mixed
with an overhead stirrer containing a 4-blade turbine impellers pitched at a 45° angle
in anaerobic and aerobic phases. During the aerobic phase, air was supplied by an
air pump through a diffuser. SBRs were controlled by a programmable timer.
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Figure 3.1: Operational conditions of the SBR
Table 3.2: Operational parameters of the SBRs
Parameter
Cycle time
Duration of filling period
Duration of anaerobic period
Duration of aeration
Duration of settling
Duration of draw phase
Initial volume
Total volume
V0/VF
Hydraulic retention time
3.2

Symbol
TC
TF
TAN
TA
TS
TD
V0
VT
HRT

Value
6
30
90
150
60
30
4
10
0.67
10

Unit
h
min
min
min
min
min
l
l
h

Activated Sludge Samples

The biomass used for seed sludge was taken from real wastewater treatment plants
located in Tokyo area, Japan. The activated sludge sample used for SBR-1 was
obtained from the returned sludge of AO process of A Municipal Wastewater
Treatment Plant and the sludge seeded to SBR-2 and SBR-3 were taken from the
returned sludge of AO process of B Municipal Wastewater Treatment Plant. The
influent and effluent character of the wastewater treatments plant is shown in Table
3.3.
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Table 3.3: Wastewater quality of B WWTP and A WWTP
Parameter
CODMN
PO4-P
NH4-N
NO2-N
NO3-N
3.3

B-AO Municipal WWTP
Influent (mg/l) Effluent (mg/l)
40
8.6
1
0.12
12.1
0.07
0.1
<0.01
0.2
8.3

A-AO Municipal WWTP
Influent (mg/l)
Effluent (mg/l)
86
10
1.2
0.1
20.8
0.8
0
0.7
0
8.8

Synthetic Wastewater

The each reactor was fed with synthetic wastewater containing different carbon
sources as indicated in Table 3.1. The composition of the synthetic wastewater
containing organic and inorganic nutrient solutions is shown in Table 3.4. Stock
solutions were prepared separately to prevent the precipitation of the phosphate.
Allylthiourea (ATU) was added to inhibit nitrification in the SBR.
Table 3.4: Composition of the synthetic wastewater
SBR-1
Medium I
C6H12NO6
Yeast extract
CaCl2.2H2O
MgCl2.2H2O

Stock (g/5 l)
100
5
4.4
45.35

SBR-2 and SBR-3
Medium I
Stock (g/5 l)
C5H8NO4Na.H2O 56
C4H6NO4Na.H2O 65
Yeast extract
5
Peptone
5
4.4
CaCl2.2H2O
MgCl2.2H2O
45.35

Medium II
KCl
NH4Cl
(NH4)2SO4
K2HPO4
KH2PO4
ATU

Stock (g/5 l)
21
8.8
10.8
9
7
2

Medium II
KCl
NH4Cl
(NH4)2SO4
K2HPO4
KH2PO4
ATU

Stock (g/5 l)
21
8.8
10.8
9
7
2

Concentrated carbon stock solution was prepared weekly with a DOC value of 8000
mg/l C and sterilized at autoclave (at 121°C for 20 minutes) before feeding into the
reactor. The influent concentration of the carbon and the phosphate fed into the
SBR-1 was adjusted to 160 mg/l C (425 mg COD/l) and 12.5 mg/l P respectively
with a COD/P ratio of 34 and for SBR-2 and SBR-3, the influent carbon and
phosphate concentrations were set up as 40 mg/lC (107 mg COD/l) and 3.2 mg/l P
with a COD/P ratio of 33.
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3.4

Analyses

The SBRs were monitored weekly through measurements of; dissolved organic
carbon, total phosphorus, phosphate, nitrate, nitrite, mixed liquor suspended solids
and mixed liquor volatile suspended solids for the reactor performance. Mixed liquor
of activated sludge samples were taken twice a week for further microbial analyses
and stored in liquid nitrogen and -80 immediately.
Batch tests were carried out with the activated sludge taken from the SBR-2 and
SBR-3 at the end of the aerobic period by adding aspartate or glutamate as sole
carbon source to determine the anaerobic-aerobic characteristics of the sludge.
1000 ml of mixed liquor was taken at the end of the aerobic period of the SBRs and
transferred to a batch reactor capped with a butyl rubber stopper. The batch reactor
was purged with nitrogen gas for 15 min. and predetermined amount of aspartate or
glutamate was added and the reactor was subjected to anaerobic phase until the
DOC levels of the mixed liquor became stable. Aerobic period was accomplished by
purging air controlled by flow rate controller and reactors were mixed by a magnetic
stirrer throughout the experiment. pH was controlled at 7.2 by a pH controller.
Samples were taken every 15 or 30 min. and immediately filtrated with 0.45 µm for
the analyses of ammonium, phosphate, nitrate, nitrite, volatile fatty acids, DOC, and
free amino acids in the supernatant. For the analyses of glycogen, PHA, free amino
acids in the sludge, polypeptide compounds in the sludge, total phosphorus and
MLSS/MLVSS, mixed liquor sludge samples were stored as required procedure of
each analysis. Analytical experiments were carried out immediately right after the
batch tests.
Samples for ammonium, anions, DOC and VFA analyses were first centrifuged (H3R, KOKUSAN, Japan) at 3500 rpm for 10 min. and then the supernatant filtered
through 0.45 µm membrane filter (Advantec Toyo Kaisha, Japan) and analyzed right
after sampling.
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Figure 3.2: Batch system used for experiments
3.4.1 Ammonium nitrogen
Ammonium nitrogen was colorimetrically analyzed according to Indian Phenate Blue
Method described in Sewage Test Methods of Japan Sewage Works Association,
1984. Total volume of 25 ml test tubes with glass caps were washed just before the
analysis and deionized water was freshly prepared on the day of the analysis to
avoid interferences. 0.4 ml of phenol – alcohol solution (5 ml of n-propanol was
dissolved into ethanol (95v/v%) making up to 100ml and 10 g of phenol was
dissolved into this solution) was added to 10 ml of sample containing 0.1 to 1 mg
NH4-N/l and the test tube was mixed. Addition of 0.4 ml of sodium nitroprusside
solution (1g of sodium pentacyanonitrosylferrate(III), 2-hydrate was dissolved into
200 ml of water) was followed by 1 ml of oxidizing reagent solution (5 g of sodium
hydroxide and 100 g of trisodium citrate, 2-hydrate was dissolved into 500 ml of
water to prepare alkaline trisodium citrate solution. Sodium hypochlorite solution of
5 % w/v was mixed with alkaline trisodium citrate solution at the volumetric ratio of 1
to 4 and this oxidizing reagent solution should be prepared daily). In each step of
reagent addition, the caps were closed tightly, and then samples were mixed with
the reagent by inversing the tube once or twice. After the color development, the
samples were analyzed at 640 nm. Calibration curve was constructed between 0.05
mgN/L and 1mgN/L and blank was tested in each analysis.
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3.4.2 Anions
Phosphate, nitrite, nitrate and lactate were determined by Ion Chromatography (761
Compact IC, Metrohm Ltd.) and Capillary Ion Analyzer (Waters).
3.4.3 Volatile fatty acids
Volatile fatty acids and organic acids were determined by High-Performance Liquid
Chromatography (HP 1100 Series, Agilent Technologies) equipped with an organic
acid analysis column SCR-101H (Shimadzu, Japan) and a UV detector (at a
wavelength of 210 nm). The column was operated at 50°C and 0.025% (v/v) H2SO4
was used as mobile phase at a flow rate of 1 ml/min.
3.4.4 Dissolved organic carbon
Dissolved organic carbon (DOC) was measured with a TOC analyzer (TOC-500,
Shimadzu, Japan).
3.4.5 Glycogen
The modified phenol-sulfuric acid method was carried out for the analysis of
glycogen during the operation of SBR-1 and SBR-2. 5 ml of homogenized sample
was centrifuged at 3500 rpm for 5 minutes and the supernatant was discarded. The
sludge pellet was washed with deionozed water and the centrifuge procedure was
followed once again. The sample was adjusted to 5 ml with deionozed water, and
mixed with 5 ml of 60% KOH in destruction tubes immediately after sampling. The
samples were heated for 1 hour at 100oC. After the hydrolysis procedure, the
samples were centrifuged for 10 minutes at 8000 rpm and the supernatant was
decanted into 50 ml centrifuge tubes. The residue was mixed with 2 ml of deionized
water and heated for 1 hour at 80oC. The mixture was centrifuged again for 10 min
at 8000 rpm and the supernatant was added to the first extract. After the addition of
18 ml absolute ethanol, the samples were kept at -25oC overnight. For the
determination of glucose; the samples were first centrifuged at 8000 rpm for 10
minutes and the supernatant was discarded. 5 ml of 60% ethanol was added and
centrifuged again. After discarding the supernatant, the samples were diluted with
deionized water in the range of 0-60 mgC/l and mixed with vortex vigorously. 1 ml of
sample was extracted to 15 ml destruction tubes with tightly fitting cap and 1 ml of
5% w/v phenol solution was added. The resultant liquid was mixed and 5 ml of conc.
H2SO4 was added. The tubes were capped tightly and mixed thoroughly repeated
inversion. The glucose concentration A488 was determined against deionized water
as blank in spectrophotometer (Dubois et al., 1956).
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Glycogen was measured according to anthrone method (Gaudy and Gaudy, 1980)
for SBR-3. Homogenized samples for glycogen analysis were first centrifuged at
3500 rpm for 10 min. then the supernatant was discarded and stored at -20°C. 4 ml
of anthrone solution (0.2g of anthrone was dissolved into 100ml of 95% H2SO4, this
solution was prepared daily and used within 2 hours) was added to 2 ml of sample
and mixed well. The color was developed by heating in the water bath at 100°C for
15 minutes and then samples were cooled rapidly in flowing water. The samples and
the standard glucose solutions were measured at 620 nm.
3.4.6 Mixed liquor suspended solids and volatile suspended solids
Mixed liquor suspended solids and volatile suspended solids were measured
according to the Standard Testing Methods of Sewage (Japan Sewage Works
Association, 1997). 25 ml of sludge sample was centrifuged at 3500 rpm for 5 min.,
the supernatant was discarded and sludge was washed with deionized water.
Centrifuge procedure was followed once again and the sludge was transferred to a
ceramic dish (the weight of the ceramic dish was measured after keeping at oven
and cooling to room temperature) with a small amount of water. Sludge samples
were dried on water bath and kept at 120°C oven for minimum 2 hours. After cooling
to room temperature at the desiccator, the weight of the dish was measured for the
quantification of MLSS. The samples were moved to furnace and kept at 600°C for
30 min. for further analysis of MLVSS.
3.4.7 Total phosphorus
Total phosphorus was first digested to orthophosphate with potassium persulfate
and orthophosphate was then determined according to ascorbic acid method
described in Standard Methods with a slight modification. 5 ml of samples were
diluted to 20 ml in test tubes. 0.5 ml of 5N H2SO4 and 0.26 g of potassium persulfate
were added and the samples were digested at 121°C for 60 min. in the autoclave.
After cooling to room temperature, samples were neutralized with 10N NaOH and 5
N H2SO4 by adding few drops of phenolphthalein indicator. After dilution to range of
0.1 to 1 mg P/l, 0.4 ml of mixed indicator (5N H2SO4, antimonilpotassium tartrate,
0.1 N ammonium molybdenum acid and ascorbic acid was mixed with a ratio of
10:1:3:6) was added to 10 ml of sample and to phosphate standards (prepared from
anhydrous KH2PO4 as described in Standard Methods) and waited for 15 min. for
color development. The samples and the standard phosphate solutions were
measured at a wavelength of 880 nm.
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3.4.8 Polyhydroxyalkaonate
PHA was analyzed by gas chromatography (GC-14A/FID, Shimadzu) after
methanolytic decomposition of the sludge described in Satoh et al., 1996. 10 ml of
mixed liquor sample was centrifuged at 3500 rpm for 10 min. and the supernatant
was discarded followed by freezing at -20°C. The frozen samples were dried in the
lyophilizer for 1 day. 2 ml of chloroform and 2 ml of acidified methanol (25 ml of
sulfuric acid and 50 mg of benzoic acid was added into 150 ml of methanol in a draft
chamber and made it up to 250 ml after the solution was cooled to room
temperature) was added into the lyophilized sample and mixed vigorously in the
vortex after closing the teflon-lined screw caps tightly. The samples were heated in
oven at 100°C for 24 hours for derivatization. 1 ml of 14% aqueous ammonia
solution was added to cooled samples and mixed vigorously for 1 min. After
centrifugation, 1.5 ml of the lower phase chloroform solution in which methyl esters
of PHA monomers recovered was collected and transferred to GC vials. After the
addition of 0.5 ml of deionized water to purify the chloroform solution, sample was
mixed and centrifuged for further analysis in GC. Benzoic acid (analytical grade,
Kishida Chemicals, Japan) was used as the internal standard, sodium 3hydroxybutyrate (Sigma, USA) and copolymer of PHA with a ratio of 81:19 (w%) of
3HB:3HV prepared by Ralstonia eutropha (ICI, Japan) were used for the
quantification of 3HB and 3HV. 3H2MB was quantified based on the assumption that
it has same response as 3HV and 3H2MV was quantified with a conversion factor
(Satoh et al., 1994).
The GC-14A/FID was equipped with a column Neutrabond-1 (GL Science, Japan,
with a length of 30 m, film thickness of 0.4 µm and internal diameter of 250 µm) and
a flame ionization detector. Helium gas was used as the carrier gas. The
temperature of the detector and the injector was set as 250°C and 180°C,
respectively. The column temperature was set as 60°C initially and kept at initial
temperature for 4 min. The column temperature was increased to 220°C in 12 min.
and kept at final temperature for 6 min. The injection of 1 µl into GC was performed
at a split ratio of 1:40 with Shimadzu Auto-Injector, AOC-14A.
3.4.9 Amino acids
Polypeptide compounds in the sludge, free amino acids stored in sludge and in
supernatant were analyzed by High Performance Liquid Chromatography followed
by precolumn derivatization with dabsyl-Cl after hydrolysis. Free amino acids in the
sludge were extracted with 0.5 N perchloric acid (PCA) at 4oC. 10 ml of mixed liquor
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sample was first centrifuged at 3500 rpm for 10 min. and the supernatant was
discarded. 10 ml of 0.5 N HClO4 was added and mixed vigorously in the vortex and
kept at 4°C for 20 min. The extract was transferred to a test tube and 10 ml of 0.5 N
HClO4 was added for 2nd extraction to the remained sludge pellet. After mixing and
keeping at 4°C for 20 min., the sample was centrifuged again and the extract was
transferred to the test tube and made it up to 25 ml with 0.5 N HClO4. On the day of
the analysis, the sample was adjusted to pH of 8 with 1N KOH. An aqueous sample
of 150 µl was put in a HPLC vial, 100 µl of 125 mM bicarbonate buffer solution (pH
8.9) and 500 µl of dabsyl-Cl solution (1.3 mg/ml in acetonitrile) was added for further
analysis in HPLC.
Polypeptide compounds were hydrolyzed from sludge with 6N hydrochloric acid. 1
ml of mixed liquor sample which is initially diluted to the range of 50-300 mg/l SS
was taken to grading tubes then covered with parafilm and made holes and kept in
the freeze drier overnight. After the addition of 1 ml of 6N HCl, the vials were placed
in a duran bottle, the oxygen was removed with nitrogen gas purging for at least 10
min. The duran bottle was covered tightly with cap and kept in the oven at 100°C for
1-2 days. The samples were made up to 10 ml with water and mixed well. 0.5 ml of
this mixture was transferred to HPLC vials and covered with parafilm with making
holes and once more freeze dried. 50 µl of water, 200 µl of 62.5 mM bicarbonate
buffer solution (pH 8.9) and 500 µl of dabsyl-Cl solution (1.3 mg/ml in acetonitrile)
was added for further analysis in HPLC.
Mixed liquor samples were centrifuged and the supernatant was filtered through
0.45 µm membrane filter. For the samples of free amino acids in the supernatant,
amino acids standards and blank, 50 µl of aqueous sample was put in a HPLC vial,
to which 200 µl 62.5 mM bicarbonate buffer (pH 8.9) and 500 µl of dabsyl-Cl solution
was added.
The vials were closed with a Teflon lined screw cap, and heated at 70°C for 20 min.
The HPLC analyses of dabsylated amino acids were conducted on a HP-1100
system with a Nova-Pak C18 column (i.d. 3.9 mm, length 150 mm) and a UV-Vis
detector at 436 nm. Eluents of A: 25 mM sodium acetate (pH 6.5) and B: acetonitrile
were used for separation. Linear gradient was applied with %B as follows: 8% at 0
min, 25% at 20 min, 35% at 30 min, 80% at 32 min, 80% at 36 min, and 8% at 37
min.
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3.4.10 Sampling and DNA extraction
Mixed liquor of activated sludge samples were centrifuged (Tomy High Speed
Refrigerated Micro Centrifuge MX-150) at 10000 rpm, 4°C for 5 min. after thawing
and the supernatant was removed. The sludge pellet was washed with TE buffer
(10mM Tris/HCl, 1mM EDTA; pH adjusted to 8) twice. Samples were mixed in the
vortex, centrifuged and the supernatant was discarded after the addition of 1 ml of
TE buffer. The samples were stored at -20°C after washing with TE buffer. FastDNA
SPIN Kit for Soil (BIO101, Carlsbad, USA) was used for the extraction of DNA from
the sludge pellet according to the protocol provided by the manufacturers. The
concentration of the extracted DNA was determined by spectrophotometer
(Beckman DU 530, Life Science UV/Vis Spectrophotometer, Fullerton, USA).
3.4.11 Polymerase chain reaction (PCR)
The V3 region of 16S rDNA was amplified by PCR with the forward primer 357f (with
a GC clamp) specific for eubacteria and the universal reverse primer 518r for
denaturing gel electrophoresis (DGGE) as described by Muyzer et al. (1993).
Forward primer has an additional 40-nucleotide GC-rich sequence (GC clamp) at its
5’ end. The eubacterial primers, 27f and 1492r were used for PCR amplification of
near-complete 16S rDNA for cloning. PCR mixtures were prepared in 1.5 ml of
eppendorf tubes containing 10XPCR buffer with 1.5 mM MgCl2, 5 U/µl AmpliTaq
Gold DNA polymerase (Perkin-Elmer, Applied Biosystems, USA), 2 mM dNTP, 100
pmol/l of forward and reverse primers and sterilized MilliQ. 99 µl of PCR mixture was
dispensed to 0.2 ml of eppendorf tubes containing 1 µl of 50 ng/µl template DNA
solution. PCR was performed with GeneAmp PCR system model 9600 (PerkinElmer) and T3 Thermocycler (Biometra, Germany).
The thermal program for 357fGC – 518r universal bacterial primer set was; 10 min
of preincubation at 95°C, followed by 35 cycles of 30 sec of denaturation at 94°C, 30
sec of annealing at 53°C and 30 sec of extension at 72°C. For the final extension,
the samples were incubated at 72°C for 10 min. The thermal program for 27f –
1492r primer set was; 10 min of preincubation at 95°C followed by 25 cycles of 30
sec of denaturation at 94°C, 30 sec of annealing at 48°C and 3 min of extension at
72°C. The samples are then incubated at 72°C for 10 min for final extension.
3.4.12 Agarose gel check
The amplified DNA was verified by electrophoresis (i-Mupid Mini Agarose Gel
Electrophoresis Apparatus System Advance Co. Ltd., Tokyo, Japan). 5 µl of PCR
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products and the size marker (φX174HaeIII digest molecular weight marker) were
mixed with 1 µl of 6xloading dye and loaded on the wells of the 1% (w/v) agarose
gel (TaKaRa LO3, Tokyo, Japan). The electrophoresis was conducted in 1xTAE
buffer (Bio-Rad) at 100V for 20 min. Then the gel was stained with ethidium bromide
for 15 min and visualized on a UV transilluminator by exposing to 254nm UV light.
3.4.13 Denaturing gradient gel electrophoresis and sequencing
DGGE of PCR-amplified 16S rDNA gene fragments was applied as described in the
protocol of Kurisu and Onuki (2000). Acrylamide/Bis (37.5:1, BioRad), 50X TAE
buffer (BioRad), deionized formamide and urea were used to prepare 0%, 30% (or
35%) and 60 (or 55%) denaturant gel solutions. Gel casting was performed
according to the instruction manual of Bio-Rad (Bio-Rad Laboratories Inc., California,
USA) for its product D-code system. Electrophoresis was conducted in a 1X TAE
buffer solution at 130V and 60°C for 5 h. The gels were run on Bio-Rad DCode
Universal Mutation Detection System (USA). The bands on the gels were then
stained with Vistra Green (Amersham Life Science Ltd., UK) for 15 min and
visualized on a fluorescent image analyzer (FluorImager 595 Molecular Dynamics
Japan Inc.). The bands on the gel were excised and transferred to 0.5 ml of
eppendorf tubes containing 50 µl of sterilized water. The gels were then observed
by fluorescent image analyzer to check whether excision was successful or not.
DNA was recovered by repeating the steps of freezing and thawing the gels for 2-3
times. The recovered DNA was reamplified by PCR with 357f – 518r primer set
(forward primer without the GC clamp) with the same conditions mentioned in 3.4.11
but the cycle numbers were reduced to 25 to minimize the amplification of the
contaminants. The steps of PCR-DGGE-excision of bands were repeated until a
single band in the DGGE profile was obtained.
The clean DNA bands obtained was first amplified by PCR with forward primer, 357f
and reverse primer, 518r with the same PCR conditions applied through PCRDGGE-excision steps. The purification of the PCR products was performed with
MicroCon 100 kit. The purified PCR products were sequenced with ABI Prism 310
Genetic Analyzer (Perkin Elmer, Applied Biosystems). The sequencing reaction was
done by using ABI Big Dye Terminator v3.1Cycle Sequencing Kit (Perkin Elmer,
Applied Biosystems).
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3.4.14 Cloning and sequencing
The extracted DNA was amplified by PCR using the 27f – 1492r primer set and the
PCR products were purified with the QIAquick PCR Purification Kit (QIAGEN,
Germany). Cloning of these purified PCR products was conducted with the QIAGEN
PCR Cloning plus Kit (QIAGEN, Germany) following the manufacturer’s instructions.
Purified PCR products were first concentrated using MinEluteTM Kits for ligation
reaction. The ligation-reaction mixture was prepared with the components of pDrive
Cloning Vector DNA, PCR product, distilled water and ligation master mix with a
total volume of 10 µl and incubated at 10°C for 2 h in thermal cycling block. Fresh
LB agar (2g of LB Broth and 1.5g of Bactro agar in 100 ml MilliQ; autoclaved at
121°C for 20 min) plates containing ampicillin as a selection marker and IPTG and
X-gal for blue/white screening of recombinant colonies were prepared. QIAGEN
PCR Cloningplus Kit Transformation protocol for QIAGEN EZ Competent Cells was
followed. The plates were incubated at room temperature until the transformation
mixture was absorbed into the agar and then inverted and incubated at 37°C for 18h
for blue/white screening. After 18 h of incubation, white colonies were transferred to
new plates and incubated at 37°C for 18 h again. The white colonies were amplified
by PCR with SP6 and T7 primers.
The sequencing of clones was conducted by Macrogen (Korea). The clones were
partially

sequenced

using

primer

357f

and

phylogenetically

analyzed.

A

representative selection of clones was fully sequenced with a range of primers (27f,
517f, 1099f, 534r, 907r, 1114r and 1492r).
The nucleotide sequences of the primers used in microbial analyses is shown in
Table 3.5.
Similarity searches were performed with the Basic Local Alignment Search Tool
(BLAST) on the DNA sequences with the GenBank database. The sequence data
was aligned and phylogenetic distance was calculated by the neighbor-joining
method using CLUSTAL W (Thompson et al., 1994). The phylogenetic tree was
drawn

by

Molecular

Evolutionary

(http://www.megasoftware.net/).
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Genetic

Analysis

(MEGA4)

Table 3.5: The nucleotide sequences of the primers used
Primer
27f
357f

Target position
8 – 27
341 – 357

Sequence (5’ – 3’)
AGAGTTTGATCMTGGCTCAG
CCTACGGGAGGCAGCAG

517f
1099f
518r

517 – 533
1099 – 1114
518 – 534

GCCAGCAGCCGCCGGTAA
GYAACGAGCGCAACCC
ATTACCGCGGCTGCTGG

534r
907r
1114r
1492r
SP6
T7
GC-clamp

518 – 534
907 – 926
1099 – 1114
1492 – 1513
SP6 region
T7 region

ATTACCGCGGCTGCTGG
CCGTCAATTCMTTTRAGTTT
GGGTTGCGCTCGTTRC
TACGGYTACCTTGTTACGACTT
CATTTAGGTGACACTATAG
GTAATACGACTCACTATAG
CGCCCGGGGCGCGCCCCGGGC
GGGGCGGGGGCACGGGGGG

Reference
Lane, 1991
Muyzer et al.,
1993
Lane, 1991
Lane, 1991
Muyzer et al.,
1993
Lane, 1991
Lane, 1991
Lane, 1991
Lane, 1991

3.4.15 Probe design
The

sequence

data

was

downloaded

into

ARB

program

(http://www.mikro.biologie.tu-muenchen.de/) and aligned to closest relatives using
automated aligner. The aligned sequences were inserted into existing tree using
parsimony insertion tool and then a new tree was generated by phylogenetic
inference method. Probes specific for the sequences of interest were designed
using probe design tool in the ARB software package.
The designed oligonucleotides were synthesized and labeled at the 5’ end with the
indocarbocyanine dye CY3 by PROLIGO (Japan).
3.4.16 FISH
Cell fixation
2 ml of activated sludge samples collected from the SBRs were fixed by adding 2 ml
of 8% paraformaldehyde (PFA) in 1:1 ratio, resulting in a final concentration of 4%
paraformaldehyde. After the mixing well the sludge samples with the PFA, the
samples were kept at 4°C for 2 h. The fixed samples were centrifuged at 10000 rpm
for 5 min and the sludge pellet was washed 3 times with phosphate buffered saline
[1XPBS: 137mM NaCl, 8.1 mM Na2HPO4.7H2O, 2.68 mM KCl, 1.47 KH2PO4 (pH
7.2)] and resuspended in 1XPBS and ice-cold 98% ethanol at 1:1 ratio and stored
at-20°C.
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Cell immobilization on microscopic slides
Fixed samples were homogenized with a homogenizer and diluted with 1XPBS to
optimum MLSS value (<1000 mg/l SS) for FISH. 2 µl of fixed sample was spread
onto each well of the glass slides and air dried for 1 h. The slides were placed in a
holder and dehydrated by soaking in 50%, 80% and 99% of ethanol consecutively
for 3 min each and then allowed to air dry (Amann et al., 1990). For DAPI staining,
the fixed samples were dehydrated in ethanol for 5 sec.
Hybridization
10 µl of group specific probe (10 pmol/µl) and 10 µl of EUBmix (10 pmol/µl) and 80
µl of hybridization buffer containing 5 M NaCl, 1 M Tris/HCl (pH 7.2), 10% sodium
dodecyl sulfate (SDS), sterile MilliQ-water anf formamide were mixed. 10 µl of this
hybridization buffer/probe mix were added onto each well of the immobilized
samples. Hybridization solution was not spread onto some wells for negative control.
The slides were submerged into 50 ml centrifuge tubes containing moisturized
Whatman 3MM paper with 0.5 ml of hybridization buffer and hybridized in oven for
1.5 h at 46°C. Then the slides were rinsed with washing buffer (5 M NaCl, 1 M
Tris/HCl, sterile MilliQ-water and 10% SDS) and immersed in 50 ml centrifuge tubes
containing washing buffer. The centrifuge tubes were kept at water bath for 15 min
at 48°C. The slides were briefly rinsed with MilliQ-water and immediately shakedried and allowed to air dry.
DAPI staining for polyphosphate
DAPI (4,6-diamino-2-pheny-lindoldihydrochloride) staining for polyphosphate was
performed as described by Kawaharasaki et al. (1999). The wells of the dried
hybridized samples were covered with 10 µl of DAPI staining solution and stored in
dark for 5 min. The slides were then washed with MilliQ-water, immediately shakedried and air dried for 15 min.
The oligonucleotide probes used in this study were given in Table 3.6.
Semi-quantitative analysis of FISH
For semi-quantitative analysis of FISH, 20 microscopic fields were analyzed. Cell
hybridized to a specific probe were expressed as a percentage of the total area of
cells hybridized by EUBmix probe using Image-Pro Plus 5.1.
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Table 3.6: The oligonucleotide probes used
Probe
EUB338c
EUB338IIc

EUB338III
c

PAO462d
PAO651d
PAO846d
GAM42a

HGC69a

MP2

rRNA
Target
site
16S,
338355
16S,
338355
16S,
338355
16S,
462485
16S,
651668
16S,
846866
23S,
10271043
23S,
19011918
16S,
68-87

Probe Sequence
(5’ – 3’)

Specificity

% FA

Reference

GCTGCCTCCCGTA
GGAGT

Bacteria

0-50

Amann et al.,
1990

GCAGCCACCCGTA
GGTGT

Planctomycetales

0-50

Daims et al.,
1999

GCTGCCACCCGTA
GGTGT

Verrucomicrobiales

0-50

Daims et al.,
1999

CCGTCATCTACWC
AGGGTATTAAC

Candidatus
Accumulibacter
phosphatis
Candidatus
Accumulibacter
phosphatis
Candidatus
Accumulibacter
phosphatis
γ-Proteobacteria

35

Crocetti et al.,
2000

35

Crocetti et al.,
2000

35

Crocetti et al.,
2000

35

Manz et al.,
1992

TATAGTTACCACC
GCCGT

Actinobacteria

25

Roller et al.,
1994

GAGCAAGCTCTTC
TGAACCG

M. phosphovorus

10

Kawaharasaki
et al., 1997

CCCTCTGCCAAAC
TCCAG
GTTAGCTACGGCA
CTAAAAGG
GCCTTCCCACATC
GTTT

3.4.17 Microscopic analysis
An Olympus BX51 epifluorescence microscope (Olympus Optical Co. Ltd., Tokyo,
Japan) equipped with a charge coupled device (CCD) camera (DP-70, Olympus
Optical Co. Ltd., Tokyo, Japan) was used for microscopic observation. The fixed
samples stained with probes and DAPI were mounted with Slow Fade Light Antifade
(Molecular Probes) for microscopic observation.
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4.

RESULTS AND DISCUSSION

4.1

Enhanced Biological Phosphorus Removal in a Sequencing Batch
Reactor with Glucose

Since short chain fatty acid (SCFA) is believed to be the favorable substrates for
biological phosphorus removal, the majority of the studies on EBPR, focus on the
metabolism of acetate. However EBPR process can also occur successfully with
organic substrates other than acetate. A wide range of organic substances like
carboxylic acids, sugars and amino acids can be taken up anaerobically by PAO
enriched sludges but the metabolism of these organic substrates is not clear yet.
Hence, the effect of carbon sources other than acetate on EBPR has to be
considered deeply. The composition of the organic substrates in domestic
wastewater vary remarkably among countries and/or wastewater treatment plants
and glucose is a significant simple sugar found as its polymer widely in wastewaters
with an important role in biochemical pathways. EBPR mechanism with glucose
found wide interest but results of the reported studies are not consistent with each
other indicating many different mechanisms of anaerobic uptake and storage of
glucose can act in favor of, or against EBPR. Randall et al. (1994) reported that
PAOs are not capable of utilizing glucose directly under anaerobic conditions and
glucose could be detrimental to EBPR as it has to be first converted to short chain
fatty acids to be taken up by PAOs. Several studies claim that glucose as sole
carbon source lead to deterioration in EBPR process as glucose can promote the
growth of G-bacteria which do not accumulate polyphosphate and capable of
utilizing glucose without the release of phosphate. Though, some researchers could
maintain a stable EBPR performance with glucose as the dominant substrate
indicating that glucose does not always lead to proliferation of G-bacteria.
The objective of this study was to investigate the effect of carbon sources other than
acetate including glucose and amino acids on the enhanced biological phosphorus
removal process. The effect of different carbon sources was studied by operating
laboratory-scale alternating anaerobic-aerobic sequencing batch reactors supplied
with selected carbon sources. The activated sludge was obtained from a wastewater
treatment plant with ongoing EBPR.
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A laboratory scale sequencing batch reactor (SBR) containing glucose as sole
carbon source with a working volume of 10 l were operated under the anaerobicaerobic configuration in an isothermal room maintained at 20°C. The operational
conditions of the SBR-1 are given in Chapter 3. The influent concentration of the
carbon and the phosphate fed into the SBR-1 was adjusted to 160 mg/l C (425 mg
COD/l) and 12.5 mg/l P respectively with a COD/P ratio of 34 and the sludge age
was controlled at 8 days by withdrawing excess sludge at the end of the aerobic
phase. Activated sludge was taken from the returned sludge of AO process of A
Wastewater Treatment Plant in Tokyo area, Japan. The SBR was monitored weekly
through measurements of phosphate, nitrate, nitrite, acetate, propionate, lactate,
glycogen, PHA, TP, DOC, MLSS and MLVSS. Microscopic observation of the
activated sludge by Gram staining and Methlyene-blue staining was done regularly
and activated sludge samples were collected from the EBPR reactor for further
microbial community analyses.
4.1.1 SBR-1 performance
Laboratory scale SBR supplied with glucose was operated for 54 days. The release
of phosphate in the anaerobic period and the uptake of phosphate during the
aerobic period became significant on day 9. Sampling could not be done due to the
technical problems in operation of the reactor from day 9 to day 29. EBPR activity
was deteriorated on the 29th day of the operation. A serious bulking problem was
occurred starting from day 35 and could not be recovered. SBR-1 was ended due to
the bulking problem at the 54th day of the operation. The MLSS and MLVSS data of
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Figure 4.1: MLSS and MLVSS measurement of the SBR-1
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The concentration of mixed liquor suspended solids (MLSS) remained in the range
of 3000-4000 mg/l from day 9 to day 29, but gradually decreased to 2000 mg/l after
day 29. The total phosphorus content of the sludge at the end of the anaerobic and
aerobic phases is shown in Figure 4.2. The total phosphorus content of the activated
sludge taken from the returned sludge of AO process of A WWTP was 3.3% and
increased to 6.5% of the MLVSS on day 9. On day 29, the total phosphorus content
of the activated sludge taken at the end of the aerobic phase was 4.3% (of the
MLVSS) and decreased to 1.8% (cellular constituent level) on day 42 where EBPR
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Figure 4.2: Phosphorus content of the SBR-1
The phosphate profile of the SBR-1 is illustrated in Figure 4.3. At the beginning of
the operation, 9.7 mg/l of PO4-P was released into the medium and 13.5 mg/l of
PO4-P was uptaken in the subsequent aerobic phase. The highest release (39 mg/l
P) and uptake (40 mg/l P) of the phosphate was observed on day 9. Deterioration in
the efficiency of phosphate removal was detected after day 29. The phosphate
release and uptake was measured as 18.1 mg/l P and 18.2 mg/l P on day 29 and
decreased to 11.6 mg/l P and 4.5 mg/l P, respectively on day 42.
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Figure 4.3: Phosphate profile of the SBR-1
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300

The dissolved organic carbon (DOC) and phosphate concentrations in the
supernatant measured at the end of the anaerobic and aerobic phases are shown in
Figure 4.4. The figure shows the close relation between glucose uptake and
phosphate release. The uptake of glucose and the release of phosphate under
anaerobic conditions were increased remarkably within 9 days. In accordance with
the decrease in anaerobically glucose uptake after day 29, the efficiency of
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Figure 4.4: DOC (a) and Phosphate (b) measurement
The possible fermentation products of glucose analyzed in the supernatant at the
end of the anaerobic and aerobic periods are shown in Figure 4.5. Acetate formation
was observed only on day 9 whereas lactate was produced during anaerobic period
and completely utilized in aerobic period throughout the operation of the SBR
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Figure 4.5: Acetate (a) and Lactate (b) data

Figure 4.6 shows the lactate profile observed during the SBR cycles. On day 9,
glucose was fermented rapidly to lactate and the utilization of lactate in anaerobic
phase was detected. On day 29, the lactate utilization was decreased in anaerobic
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period. On the other hand, after day 29 which also resembles the deterioration
period of EBPR, lactate was not consumed during the anaerobic period.
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Figure 4.6: Lactate profile observed during the SBR cycles
Results of the detailed cycle measurement of SBR-1 on day 9 are plotted in Figure
4.7 and 4.8. DOC concentration was rapidly decreased to 60 mg C/l within 10 min of
anaerobic period. Simultaneously, fermentation products of lactate and acetate
formation were observed. Lactate was taken up in anaerobic period and completely
utilized at the end of anaerobic period. Jeon and Park (2000a) indicated that two
kinds of bacteria are necessary to accomplish EBPR when glucose is supplied as
carbon source. They reported that lactic acid bacteria are first converting the
glucose to lactate and PAOs convert the lactic acid to PHA by supplying energy
from anaerobic phosphorus release. This assumption could explain the utilization of
lactate in the anaerobic period of day 9 in which the EBPR activity was good and the
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decrease in lactate consumption during the deterioration period of EBPR.
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Figure 4.7: Detailed cycle measurement of supernatant on day 9
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The amount of glycogen was increased in the very beginning of the anaerobic
period and then gradually decreased. In the subsequent aerobic phase, the
glycogen concentration was increased as expected. The increase in glycogen
concentration at the beginning of the anaerobic period was related to the uptake of
glucose by the microorganisms after the addition of glucose into the reactor. The
glycogen consumption was quite low (∼10 mg/l) in the anaerobic phase. PHA
accumulation was 49.4 mg C/l in the anaerobic phase and almost completely
metabolized in the following aerobic phase. PHA was primarily consisted of 3HV
which is in consistent with the reported studies. 3HV was accounted for 77% of the
PHA accumulated at the end of the anaerobic stage whereas 3HB, 3H2MV and
3H2MB ratios were calculated as 8%, 12% and 3%, respectively.
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Figure 4.8: Detailed cycle measurement of biomass on day 9
Figure 4.9 shows the detailed cycle measurement of the supernatant on day 29.
DOC was decreased to 50 mg C/l from 160 mg/l C and was almost stable until the
end of the anaerobic period. Lactate was the only fermentation product formed but
was not utilized in the anaerobic stage. In the subsequent aerobic stage, lactate was
completely consumed. Acetate formation was not detected.
The PHA and the glycogen profiles of day 29 are plotted in Figure 4.10. The
glycogen consumption was increased to 54 mg/l comparing to day 9 which indicates
the presence of GAOs strongly. The deterioration in EBPR performance also
resulted in decrease in PHA accumulation and measured as 31.9 mg/l C. 3HV was
still the major unit with a lower ratio compared to day 9. 3HV was accounted for 68%
of the PHA accumulated at the end of the anaerobic stage whereas 3HB, 3H2MV
and 3H2MB ratios were calculated as 6%, 24% and 2%, respectively.
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Figure 4.9: Detailed cycle measurement of supernatant on day 29
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Figure 4.10: Detailed cycle measurement of biomass on day 29
Figure 4.11 illustrates the PHA composition of the biomass measured on day 9 and
day 29. The deterioration in EBPR performance decreased the amount of PHA
accumulated under anaerobic conditions but did not significantly effect the
composition of the PHA.
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Figure 4.11: PHA composition of biomass on day 9 and 29
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4.1.2 Microbial analysis of SBR-1 activated sludge
It is difficult to interpret the chemical data in the absence of the knowledge about the
structure of the responsible microbial community. Detailed process performance
analyses in combination with microbial community analyses are necessary for a
complete understanding of EBPR mechanism.
The glucose-fed EBPR reactor was continuously operated for about 2 months and
the microbial diversity and the changes in the bacterial community structure were
analyzed throughout the operation of the SBR-1 accompanying with detailed
chemical analyses.
The activated sludge taken from A Wastewater Treatment Plant was acclimated
through a repeated anaerobic-aerobic process of EBPR supplied with glucose as
carbon source. The total phosphorus content of the activated sludge taken from the
returned sludge of AO process of A WWTP was 3.3% and increased to 6.5% on day
9. The release of phosphate in the anaerobic period and the uptake of phosphate
during the aerobic period became significant on day 9. Sampling could not be done
due to the technical problems in operation of the reactor from day 9 to day 29. On
day 29, deterioration in phosphate removal activity was observed; the total
phosphorus content of the activated sludge was decreased to 4.3%. A serious
bulking problem was occurred starting from day 35 and could not be recovered. The
total phosphorus content of the sludge was 1.8% (cellular constituent level) on day
42 where EBPR activity was almost stopped and reactor was ended on the 54th day
of the operation.
The microscopic observation performed along the operation of the glucose-fed SBR
showed the presence of several morphological distinct bacteria in the sludge. Gram
staining and Methylene-blue staining were performed to observe the morphology of
the bacteria. Gram negative coccus shaped cells were abundant in the seeding
sludge with a few numbers of filamentous cells from day 0 to day 9. The cocci in
clusters observed violet in methylene-blue staining showed the polyP accumulation
on day 9 which is consistent with the EBPR activity observed on these days. Figure
4.12 shows the image taken on day 29; cocci in tetrads became obviously
dominated as seen from the image. As indicated in the previous studies, glucose
leads to proliferation of G-bacteria which have a distinctive morphology of cocci in
tetrads, sheets or clusters.
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Cocci in tetrads

Figure 4.12: Microscopic observation with methylene blue staining on day 29
The images taken on day 35 showed clearly the abundance of filamentous cells in
the sludge (Figure 4.13). Two major filamentous bacteria, Type 0803 and
Nostocoida Limicola II were detected. Type 0803 is a straight filament extending
from floc surface with individual square cells and stains Gram-negative. Nostocoida
Limicola II is a curved filament with oval cells. On day 35, cocci in tetrads were also
observed in high numbers.

Type 0803
Cocci in tetrads

Nostocoida Limicola II

Figure 4.13: Microscopic observation with Gram staining on day 35
The alterations in the microbial community structure along the operation of the SBR
were monitored by polymerase chain reaction (PCR) – denaturing gradient gel
electrophoresis (DGGE) analyses. PCR-DGGE method is a convenient tool to
analyze the microbial composition and diversity of a system and especially to
monitor the changes in phylogenetic structure in microbial communities with time.
Mixed liquor of activated sludge samples were taken at the end of the aerobic cycle
of the SBR twice a week and DNA was extracted from the activated sludge samples.
The V3 region of 16S rDNA gene fragments of mixed bacterial DNA extracted from
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the sludge samples were amplified by PCR with the forward primer 357f with an
attached GC clamp and reverse primer 518r and the number of cycles was set as 35.
Subsequently, PCR products were verified by electrophoresis on agarose gel.
DGGE was applied to the partial 16S rDNA PCR products. Basically denaturing
gradient gel electrophoresis method separates genes of the same size that differ in
base sequence and gives a detailed picture of the number of phylotypes existed in a
system (Madigan et al., 2003). DGGE was performed as described in Chapter 3.
The gel was containing a linear gradient ranging from 30% to 60% denaturant.
DGGE profile of the sludge samples taken throughout the operation of the EBPR
reactor is illustrated in Figure 4.14.
Briefly, DGGE profile visually revealed the biocomplexity of the EBPR sludge and it
was observed that the diversity of the microbial community changed remarkably
along the operation of the SBR. The diversity of the predominant species can be
estimated approximately by the intensity and quantity of the visible bands in the
DGGE analysis. Based on the fragment intensity, 3 predominant bands were
observed in the seeded sludge with numerous other DNA bands. Bands 1 and 2
disappeared in day 9 sludge and band 3 disappeared after day 9. The best
phosphate removal performance was obtained on day 9 and bands 4, 5, 6, 7 and 16
became significantly apparent whereas the intensity of band 3 increased in day 9
sludge. The phosphate removal was gradually decreased following days and bands
4 and 5 almost disappeared in day 29 sludge. In combination with the results of
chemical performance analyses, these bands could be considered to play a key role
in phosphate removal activity and washed out along the operation of the SBR.
EBPR activity deteriorated on day 29 resulting in apparent shifts in the DGGE
fingerprints. Bands 8, 9 and 10 appeared newly in day 29 sludge and significant
bands of day 9 sludge disappeared. The intensity of bands 16, 18 and 19 increased
starting from day 35 and got thicker on day 42 on which the SBR was struggling with
bulking problem. Bands 8, 9 and 10 could be considered to be responsible bacteria
for deterioration in EBPR activity and bands 16, 18 and 19 possibly involved in
bulking. However it should be noted that DGGE profile may not correctly reflect the
actual community profile due to the biases in DNA extraction and PCR.
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30%

60%
Figure 4.14: DGGE profile of the SBR-1 sludge
DGGE fingerprinting of PCR amplified 16S rDNA fragments showed a number of
dominant bands. Subsequent sequence analysis gives more information about the
phylogenetic affiliation of individual species and comparison of the sequencing
reaction results with the appropriate data bases, the actual species present in the
community can be identified.
In this study, 19 major DGGE bands were selected for further sequencing analysis.
The bands selected were excised from the DGGE gel and reamplified. The number
of PCR cycles was reduced to 25 to avoid the amplification of contaminants and the
gel casting was ranging from 35% to 55% denaturant to improve the resolution of
the bands. The steps of PCR-DGGE-excision of bands were repeated until a single
band in the DGGE profile was obtained. The reamplified fragments were purified
and sequenced. The sequencing of the reamplified fragments could not be
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succeeded. One possible reason for the failure in sequencing reaction might be
formation of multiple amplicons after reamplification of a single fragment (also
multiple bands might appear from single population).
The quantitative and qualitative microbial community analyses are essential to
characterize the EBPR performance. PCR-DGGE method revealed the diversity of
the EBPR sludge visually and it was clearly observed from the DGGE profile that the
abundance and composition of the bacteria changed with time and shifts in EBPR
activity. But further sequencing analysis is necessary for identification of the
microbial populations which will provide qualitative and quantitative characterization
of the EBPR sludge. Since sequencing of the selected DGGE bands could not be
succeeded, PCR-clone sequence approach was applied for phylogenetic analysis of
the microbial community.
The amplicons from the sludge samples of selected periods of SBR were analyzed
by PCR-cloning followed by sequencing reaction. For PCR-clone sequence method,
the sludge samples of day 9 and day 29 were selected since between these days
there was a significant shift in EBPR activity. Microscopic observations of these
sludge samples also showed distinctive diverse morphology of microorganisms.
The clones obtained from the sludge samples were partially sequenced with
universal primer 357f and sequencing with this primer gave around 200 bases.
Partial DNA sequences were compared with available 16S rRNA sequences in
GenBank database using the program BLAST (Basic Local Alignment Search Tool)
to affiliate with similar sequences and phylogenetically closest species. The
community composition and the bacterial diversity of the sludge samples were
investigated by constructing 16S rRNA clone libraries. The sequences obtained
were aligned and phylogenetic distance was calculated by the neighbor joining
method using CLUSTALW2. The phylogenetic tree was drawn by Molecular
Evolutionary Genetic Analysis (MEGA4) with this distance matrix. Table 4.1 shows
the outline of the results of the 16S rDNA clone library.
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Table 4.1: Bacterial composition of the sludge samples retrieved from 16S rDNA
clone library
Phylum
Actinobacteria
Firmicutes

Class

Actinobacteria
Lactobacillales
Clostridia
Bacteroidetes
Sphingobacteria
Flavobacteria
Unclassified
Proteobacteria
Alpha
Beta
Gama
Verrucomicrobia Unclassified
Unidentified

Day 9 sludge
(% of total clones)
3
14
1
5
1
0
6
64
1
5

Day 29 sludge
(% of total clones)
4.5
0
0
15.5
4.5
3
3
26.5
37
0
6

93 partial 16S rDNA gene sequences were obtained from a total of 100 clones
selected from the day 9 sludge and further compared with the GenBank databases.
Analyzed clones represented 5 different phyla of the domain bacteria and revealed
40 different phylotypes belonging to the Actinobacteria (3%), Firmicutes (15%),
Bacteroidetes (6%), Proteobacteria (70%) and Verrucomicrobia (1%) phyla. 5% of
total clones were unidentified. Most clones of the sludge sample were affiliated by
Proteobacteria (70%) and γ-Proteobacteria (64%) were the most abundant subclass
followed by β-Proteobacteria (6%). The abundance of low G+C Gram-positives
(Firmicutes) was more than the high G+C Gram-positives (Actinobacteria) for day 9
sludge.
In day 29 sludge, 86 partial 16S rDNA gene sequences were obtained from a total of
100 clones. Analyzed clones contained 29 different sequences belonging to the
Actinobacteria (4.5%), Bacteroidetes (23%), Proteobacteria (66.5%) and 6 % of total
clones were unidentified. Similar to day 9 sludge, most clones of day 29 sludge were
affiliated by Proteobacteria (66.5%) but the distribution in subclasses of
Proteobacteria was different. γ-Proteobacteria (37%) were the most abundant
subclass same as day 9 sludge but with a lower ratio. The abundance of βProteobacteria (23%) were higher compared to the day 9 sludge and a small ratio of
α-Proteobacteria (3%) were observed. The Bacteroidetes in day 29 sludge
represented 23% of the total clones and the abundance of high G+C Gram-positive
group (HGC) was almost same in both sludge samples but in day 29 sludge no low
G+C Gram-positive group (LGC) was detected in analyzed clones.
Briefly, day 9 sludge revealed 40 different sequences showing higher sequence
diversity compared to the day 29 sludge with 27 different sequences. Figure 4.15
shows the comparable bacterial composition of the sludge samples determined by
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clone library. The microbial composition of the sludge samples was not stable,
possibly due to the inconsistent SBR operation and the fluctuating in EBPR activity
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Figure 4.15: Diversity of sludge samples determined from 16S rDNA clone libraries
The phylogenetic tree based on the sequenced clones of day 9 sludge and day 29
sludge is shown in Figure 4.16 and 4.17, respectively. The most significant result
from the Figure 4.16 is the microbial community of day 9 sludge consisted mostly of
the γ- subclass of Proteobacteria as indicated above. The high proportion of the low
G+C Gram positive bacteria detected in day 9 sludge is also remarkable.
Rhodocyclus related organisms were not detected in analyzed clones. The low
frequency of Actinobacteria observed in both sludge samples was in contradiction
with the previous studies on EBPR systems fed with glucose. Major cell population
analyzed in day 29 sludge was also γ- subclass of Proteobacteria. 5 of the total
clones sequenced from day 29 sludge formed a separate phylogenetic group from
the major phyla of the domain bacteria. Another remarkable result from the
phlyogenetic tree of day 29 sludge is the disappearance of LGC group.
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γ- Proteobacteria

β- Proteobacteria

Actinobacteria - HGC
Verrucomicrobia

Firmicutes - LGC

Bacteroidetes

Figure 4.16: Phylogenetic tree of day 9 sludge
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R1129-57
R1129-74
R1129-88
R1129-11
R1129-40
R1129-41
R1129-72
R1129-85
R1129-6
R1129-21
R1129-64
R1129-100
R1129-34
R1129-16

γ- Proteobacteria
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R1129-8
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R1129-4
R1129-83
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R1129-71
R1129-51
R1129-93

α- Proteobacteria

R1129-67
R1129-17
R1129-76
R1129-52
R1129-29
R1129-90
R1129-91
R1129-92

β- Proteobacteria

R1129-86
R1129-59
R1129-3
R1129-80
R1129-9
R1129-42
R1129-32
R1129-62
R1129-30
R1129-15
R1129-50
R1129-77

Actinobacteria - HGC

R1129-20
R1129-68
R1129-14
R1129-7
R1129-44
R1129-28
R1129-97
R1129-48
R1129-60

Bacteroidetes

R1129-87
R1129-45
R1129-47
R1129-53
R1129-36
R1129-33
R1129-65
R1129-55
R1129-70
0.02

Figure 4.17: Phylogenetic tree of day 29 sludge
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The phlyogenetic trees of sludge samples were simplified to observe the affiliation of
clones with phylogenetically similar sequences more clearly. Figure 4.18 shows the
sequenced clones with reference strains found in the γ-Proteobacteria representing
the 70% of the total clones of day 9 sludge. 23% of the clones in the γProteobacteria were closely related to the facultatively anaerobic rod Aeromonas sp.
of Aeromonas genus. 8% of the clones were closely associated with Tolumonas
auensis belonging to the Tolumonas genus. Tolumonas auensis found mostly in
freshwater sediments, is a gram-negative, rod-shaped bacterium placed in the group
of facultatively anaerobic microorganisms and can grow anaerobically on sugars
(Fischer-Romero, C. et al., 1996). 15% of the clones were affiliated with the
sequences of Enterobacteriaceae family. Members of the Enterobacteriaceae are
Gram-negative, rod-shaped and facultative anaerobic organisms fermenting sugars
to lactate and various other end products. The sequence of clone 44 (R119-44) was
affiliated with Thiothrix sp. with a 99% similarity.
Figure 4.19 shows the phylogenetic tree of sequenced clones with reference strains
affiliated with β-Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes and
Verrucomicrobia. The clones found in β-Proteobacteria were mostly associated with
Zooglea ramigera, a typical activated sludge bacterium observed in sewage
treatment plants responsible for the formation of activated sludge flocs. 15% of the
sequenced clones were closely related to the Lactococcus sp., Trichococcus
pasteruii and Veillonella sp. of Firmicutes phylum. The clones related to the
Lactococcus sp. and Trichococcus pasteruii are belonging to the Lactobacillales
order that comprise the lactic acid bacteria. Lactic acid bacteria are Gram-positive,
facultative anaerobic organisms that can convert sugars to lactic acid. The low G+C
group was thought to be responsible for lactic acid production from glucose
anaerobically in EBPR reactor. This assumption was also supported by the process
performance analyses where high amounts of lactic acid production were observed
in the anaerobic phase of the SBR cycles. Carucci (1999) reported the importance
of lactic acid bacteria in EBPR systems fed with glucose. Glucose could be
detrimental to EBPR as it has to be first converted to short chain fatty acids to be
taken up by PAOs. Jeon and Park (2000a) indicated that lactic acid bacteria and
PAOs are necessary to accomplish EBPR when glucose is supplied as carbon
source. They proposed that glucose was fermented to lactate by lactic acid bacteria
and lactate was converted to PHA by PAOs.
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Enterobacter
R119 17
R119 45
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R119 69
R119 44
Thiothrix
R119 74
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R119 64
R119 15
0.02

Figure 4.18: Phylogenetic tree of sequenced clones from day 9 sludge affiliated with
γ-Proteobacteria
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R119 80
R119 93
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R119 102
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R119 103
R119 40
Trichococcus
R119 13
Lactococcus
R119 7
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Verrucomicrobia
R119 10

Verrucomicrobia
Actinobacteria - HGC
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R119 5
R119 11
R119 52
R119 62
R119 48
R119 43
uncultured
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β- Proteobacteria

Zoogloea
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R119 68
R119 39
R119 46
R119 34
R119 85
Bacteroidetes
R119 76

Bacteroidetes

R119 59
R119 60
R119 42
Cytophaga
0.1

Figure 4.19: Phylogenetic tree of sequenced clones from day 9 sludge affiliated with
β-Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes and Verrucomicrobia
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Kong et al. (2001) also reported the abundance of lactic acid bacteria in EBPR
systems fed with glucose and could not detect any in acetate fed systems. They
concluded that in glucose fed EBPR systems, lactic acid bacteria were mainly
responsible for anaerobic glucose assimilation and consequent lactic acid
production. They also observed that none of the low G+C group synthesized PHA
from glucose with FISH/MAR analysis. Actinobacteria was observed in low
frequency and all clones of this phylum were closely associated with Tetraspharea
elongate with 99% similarity. Tetraspharea elongate is a Gram-positive, polyP
accumulating oval to short rods isolated from activated sludge (Hanada et al., 2002).
They were thought to be a potential PAO as they could take up polyP aerobically
after the uptake of substrate anaerobically. But they could not synthesize PHA from
the substrate utilized in anerobic conditions which is in contradiction with behaviour
of putative PAO.
Figure 4.20 shows the phylogenetic tree of sequenced clones from day 29 sludge
with reference strains affiliated with γ-Proteobacteria and α-Proteobacteria. The
most significant result is the 17% of the γ-Proteobacteria were closely related to the
Candidatus Competibacter Phosphatis. Glycogen accumulating organisms (GAOs)
are considered to be responsible for the EBPR deterioration and Candidatus
Competibacter Phosphatis were assumed to be GAO as they compete with PAOs
for organic substrate and stained for PHA but not polyP (Crocetti et al., 2002). The
occurrence and predominance of these bacteria were in accordance with the
chemical analysis results of EBPR performance as the EBPR activity was
remarkably deteriorated on the 29th day of the SBR operation.
Figure 4.21 shows the phylogenetic tree of sequenced clones with reference strains
affiliated with β-Proteobacteria, Actinobacteria, and Bacteroidetes. The clones found
in β-Proteobacteria were mostly associated with Zooglea spp. The frequency of βProteobacteria and Bacteroidetes were higher than day 9 sludge. The firmicutes
phylum was not detected in day 29 sludge.
It should be noticed that the results of the sequenced clones might overestimate the
predominance of microbial groups and might not represent the actual phylogenetic
structure due to the biases in DNA extraction and PCR.
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R1129-6
R1129-64
R1129-21
R1129-100
gammaproteobacterium
R1129-41
R1129-72
R1129-40
R1129-85
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Figure 4.20: Phylogenetic tree of sequenced clones from day 29 sludge affiliated
with γ-Proteobacteria and α-Proteobacteria
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Figure 4.21: Phylogenetic tree of sequenced clones from day 29 sludge affiliated
with β-Proteobacteria, α-Proteobacteria, Actinobacteria, and Bacteroidetes
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4.1.3 Discussion
The SBR fed with glucose as sole carbon source achieved biological phosphorus
removal but deteriorated gradually along the operation of the reactor. The
operational conditions were not changed throughout the study to monitor the
changes in microbial community and EBPR performance.
During the good EBPR period (day 9), 63% of the glucose fed to the reactor was
metabolized within 10 minutes of the anaerobic period and a rapid increase in
glycogen concentration observed which shows the conversion of external glucose
into glycogen. Lactate and acetate was detected in the supernatant and pH was
dropped upon the glucose addition which indicates that part of the glucose was
fermented to mainly lactate and to small amount of acetate. The results of the
molecular analysis performed during this period show the presence of many diverse
fermentative bacteria proving clearly the glucose fermentation.
It is generally believed that PAOs are unable to uptake glucose directly under
anaerobic conditions and it has to be first converted to short chain fatty acids to be
utilized by PAOs. Jeon and Park (2000a) studied the metabolism of glucose and
concluded that glucose was first converted to lactate by lactic acid bacteria and then
PAOs convert lactate to PHA by providing energy from anaerobic phosphorus
release. It is stated that lactic acid bacteria used the energy generated from glucose
fermentation for glycogen storage. Satoh et al. (1992) studied the lactate
metabolism by PAOs and reported that 3HV rich PHA was accumulated. They
proposed a metabolic pathway suggesting that lactate was first converted to
pyruvate and pyruvate was metabolized to propionyl-coA via succinate-propionate
pathway together with acetyl-coA subsequently forming PHA. The energy necessary
for anaerobic substrate uptake was supplied by polyphosphate hydrolysis and from
glycogen. It is also stated that in the case of lactate, glycogen utilization is not
necessary for redox balance.
The abundance of low G+C Gram-positives (Firmicutes) which are closely related to
Lactococcus spp. (lactic acid bacteria) together with the high levels of lactate
production under anaerobic conditions clearly indicates the glucose fermentation.
Kong et al. (2001) studied the anaerobic glucose uptake and PHA accumulation by
FISH/MAR. They detected that the low G+C small cocci in clusters only assimilated
glucose and not acetate and none synthesized PHA from glucose. Accordingly, low
G+C Gram-positives detected on day 9 sludge were considered to be responsible
for anaerobic glucose assimilation and corresponding lactate production.
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The subsequent removal of lactate at the end of the anaerobic phase suggests that
PAOs utilize the lactate under anaerobic conditions and converted to PHA. In this
study, accumulated PHA was mainly consisted of 3HV with a 77% ratio which is in
consistent with the reported studies. Liu et al. (1996) observed 3HV ratio to PHA as
87% and 82.6% for glucose and lactate fed EBPR system, respectively. Wang et al.
(2002a) reported that PHV was accounted for 83% of the PHA in glucose fed reactor.
Hollender et al. (2002) found that 3HV contributed up to 88% to the PHA with
glucose. Jeon and Park (2000a) measured the ration of 3HV to PHA as 60%.
It is assumed that lactate was the major substrate converted to PHA by PAOs due to
the significant amount of 3HV formation and low level of glycogen consumption
under anaerobic conditions. But if lactate was the only substrate uptaken by PAOs
to be converted to PHA, based on the metabolic model proposed by Satoh et al.
(1992), lactate should be metabolized to acetyl-CoA and propionyl-CoA equally to
maintain the redox balance which will result in formation of 3HV and 3H2MB only.
However 12% of the PHA was consisted of 3H2MV and small amount of glycogen
was also consumed. Hence glycogen consumption together with lactate changed
the ratios of acetyl-CoA and propionyl-CoA metabolized which could explain the
formation of 3H2MV. Thus PHA was thought to be derived not only from the lactate
but also from glycogen and from small amount of acetate fermented from glucose.
The EBPR activity was remarkably deteriorated on the 29th day of the SBR
operation. The occurrence and predominance of Candidatus Competibacter
Phosphatis detected on day 29 sludge was significant. 17% of the γ-Proteobacteria
were closely related to the Candidatus Competibacter Phosphatis. They were
postulated as putative GAO as they compete with PAOs (Crocetti et al., 2002).
The breakdown of EBPR within time has often observed in glucose fed systems due
to the proliferation of GAOs. The dominance of GAOs detrimentally affect
phosphorus removal by out-competing the PAOs since glycogen can be used as the
energy source and reducing power for PHA accumulation reducing the dependency
on polyphosphate degradation for energy supply. The abundance of GAO
population reflected to the results of the chemical data on day 29, where a low ratio
of phosphate release/carbon uptake was observed as 0.07 P mol / C mol with an
incomplete phosphorus removal as 12.46 mg/l P was detected at the end of the
aerobic phase. Crocetti et al., 2002 reported the phosphate release/VFA uptake
ratio as 0.03 P mol / C mol and the effluent phosphate concentration as 12 mg/l P in
their study where a very high ratio of Candidatus Competibacter Phosphatis
detected with FISH quantification which is in accordance with this study.
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The lactic acid bacteria were disappeared on day 29 sludge but many other
fermentative bacteria were observed. Lactate was the only fermentation product
detected but glucose might also be assimilated to metabolites other than acetate,
propionate and lactate as only these parameters were analyzed.
Glycogen is the primary source of energy for glycogen accumulating organisms
(GAOs) and is utilized to a much larger extent by GAOs as compared to PAOs
(Oehmen et al., 2007). The significant increase in glycogen consumption was in
accordance with predominance of GAOs on day 29. The total phosphorus content of
the sludge was decreased to 4.3% of the MLVSS indicating the predominance of
GAOs over PAOs. PHA accumulation was decreased to 32 mg/l C due to the
decline in glucose uptake during anaerobic phase. The amount of glucose uptaken
within the first 10 minutes increased to 110 mg/l C from 97 mg/l C on day 29 but the
remaining of the carbon source could not be explained. The ratio of propionyl-CoA
produced to PHA was almost same with the ratio of acetyl-CoA produced to PHA on
day 9. However on day 29, the ratio of propionyl-CoA to PHA was calculated as 2.2
whereas the ratio of acetyl-CoA to PHA was 1.9 showing that GAO metabolism was
more active.
A serious bulking problem was occurred starting from day 35 and could not be
recovered. SBR-1 was ended due to the bulking problem at the 54th day of the
operation. In the beginning of the operation of the SBR, the fermentation products
were depleted at the end of the anaerobic period but in the latter phase of the study
significant amounts of fermentation products were detected at the beginning of the
aerobic period which most probably stimulates the growth of filamentous bacteria.
Consequently, the lab-scale SBR operation exhibited a sequence of periods with
different performance and biomass characteristics. The first period indicated
predominant EBPR activity while in the second period a major shift occurred in the
population dynamics favoring the preferential growth and the predominance of
GAOs deteriorating the EBPR activity. The significant feature of the population
dynamics in the third period was the proliferation of filamentous microorganisms
leading to serious bulking problem which practically ended the SBR operation.
The experimental results clearly indicated that glucose while supporting EBPR
through fermentation to lactate, induced a shift in the population dynamics first
favoring GAOs by means of glycogen metabolism and then filamentous growth
through direct utilization.
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4.2

Enhanced Biological Phosphorus Removal with Aspartate and Glutamate

Phosphate Accumulating Organisms (PAOs), that are responsible for enhanced
biological phosphate removal (EBPR) from wastewater, are known to proliferate on
acetate, but also utilize other substrate like carboxylic acids, sugars and amino acids.
Though the acetate metabolism by PAOs has been studied in details, biochemical
mechanisms of the carbon sources other than acetate are not fully understood and
studies should more focus on the mechanisms of the carbon sources induced EBPR
rather than acetate.
Organic substances found in domestic sewage are mostly proteins (40-60%),
carbohydrates (25-50%) and fats (10%) (Ganczarczyk, 1983) and these polymeric
organic compounds are converted to glucose, amino acids and volatile fatty acids
after hydrolysis. However, the organic content of the domestic wastewater often can
not complete acid fermentation and acetate and propionate concentrations can be
quite low.
The VFA composition of the municipal sewage is variable among different countries.
Beccari (2002) reported the acetate content of the municipal wastewater in Italy as
about 20 mg/l while acetate and propionate content of the municipal sewage in
England was reported as 10 mg/l and 2.6 mg/l, respectively. The VFA composition
of municipal sewage of Istanbul was studied and acetate and propionate
concentrations were analyzed as 18 mg/l and <1 mg/l, respectively.
This study was performed in Tokyo and the concentration of acetic acid is generally
low (<3 mg/l) in most municipal sewage of Japan (Ubukata, 2007). The effect of
amino acids on the performance of enhanced biological phosphorus removal was
investigated in this research study as the acetate and propionate content of the
municipal sewage of Tokyo was minor and the most common organic compounds in
municipal sewage are proteins which are degraded to amino acids via hydrolysis.
It has been reported that several kinds of amino acids are taken up by EBPR
activated sludge (Arun et al., 1989 and Satoh et al., 1998) and in this study
aspartate and glutamate were selected as carbon sources due to a previous study
performed by Satoh et al. (1998).
Two laboratory scale sequencing batch reactors (SBR) supplied with aspartate and
glutamate as carbon sources were operated under the anaerobic-aerobic
configuration for 288 and 134 days, respectively.
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4.2.1 EBPR performance with aspartate and glutamate in SBR-2 and batch
tests
Long term laboratory scale SBR supplied with aspartate and glutamate with a
working volume of 10 l and a COD/P ratio of 33 was operated in an isothermal room
maintained at 20°C. Samples were taken regularly at the start of the anerobic, end
of the anaerobic and end of the aerobic phases to monitor the SBR performance
and batch tests were carried out to compare the effect of aspartate and glutamate
on the performance of the EBPR.
Phosphate release and uptake gradually increased with time and substantial
phosphorus removal was observed within 20 days and maintained for 3 months with
an average total P content of 14% at the end of the aerobic phase. The total
phosphorus content of the activated sludge taken from the returned sludge of AO
process of B WWTP was 1.5% and increased to 14% on day 63 and maintained
until day 100. The highest release of phosphate in the anaerobic period and the
uptake of phosphate during the aerobic period were observed from day 63 to day 99.
On day 112, deterioration in phosphate removal was observed; the total phosphorus
content of the activated sludge was decreased to 8.4%. Deterioration in phosphorus
removal and DOC uptake in the anaerobic phase after day 112 was observed. A
slight improvement in the performance of the EBPR was detected after the addition
of activated sludge and increase in SRT and decrease in organic load. The
phosphorus removal activity of the SBR-2 was almost stable from day 200 to day
284. The SBR was ended on the 284th day of the operation where the total
phosphorus content of the sludge was 5.5%. The phosphate profile of the SBR-2 is

mg P/l

shown in Figure 4.22.
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Figure 4.22: Phosphate profile of the SBR-2
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The phosphorus release and uptake concentrations and the ratios of them
calculated with the monitoring results of the SBR-2 are shown in Table 4.2.
Table 4.2: Phosphorus release and uptake concentrations and Pupt / Prel ratios
calculated with the monitoring results of the SBR-2
Day
16
36
84
91
112
214
257
263

Prel
mg P/l
19.4
45.8
57.6
65.5
47.3
21.2
15.8
19.3

Pupt
mg P/l
24.1
34.9
44.1
40.86
28.3
19.4
13.6
16.3

Pupt / Prel
1.20
1.31
1.31
1.60
1.67
1.09
1.10
1.18

Batch tests were carried out with the activated sludge taken from the SBR at the end
of the aerobic period by adding aspartate or glutamate as sole carbon source to
determine the anaerobic-aerobic characteristics of the sludge. Batch tests were
carried out at different stages of the performance of the SBR and the amount of
aspartate and glutamate fed to each batch test and the results obtained for
phosphorus removal capacities are shown in Table 4.3.
Table 4.3: Phosphorus release and uptake concentrations and phosphorus uptake
versus phosphorus release ratios calculated with the experimental data of batch
tests
Run
Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-IV
Glu-V

C source
Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Glutamate
Glutamate
Glutamate
Glutamate
Glutamate

Day
16
36
84
214
265
16
37
91
113
257

Initial C
mg C/l
100
100
100
100
100
100
100
100
100
100

Prel
mg P/l
36.4
83.5
108.1
46
35.4
21.8
71.3
111.7
125.8
40.0

Pupt
mg P/l
33.3
85.4
126.1
49.8
29.8
19.7
68.9
126.9
128.5
32.8

Pupt / Prel
0.92
1.02
1.17
1.08
0.84
0.90
0.97
1.14
1.02
0.82

The experimental results indicate that phosphate removal capacities were
regardless of the change in the type of the external substrate. Phosphorus uptake
versus phosphorus release ratio changed in the range of 1.14 - 1.17 for the batch
tests carried out on the period of best phosphorus removal capacity of the SBR. This
ratio was around 0.82 – 0.92 in the start-up period and deterioration period.
However, these ratios are higher for the experimental data obtained from the SBR
due to the longer anaerobic and shorter aerobic phases performed in the batch tests
in order to observe clearly the fate of the organic carbon source. Phosphorus uptake
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versus phosphorus release ratio changed in the range of 1.30 - 1.67 for the batch
tests carried out on the period of best phosphorus removal capacity of the SBR. This
ratio was around 1.1 – 1.2 in the start-up period and deterioration period.
Abughararah et al. (1991) reported the ratio of phosphorus uptake to phosphorus
release around 1.2 for seven types of VFA added as external substrate and stated
that the type of the volatile fatty acids did not change the ratio of Pupt/Prel. Yagci et al.
(2007) reported Pupt/Prel ratios around 1.14 – 1.29 for acetate fed EBPR reactor and
1.16 – 1.39 for propionate fed EBPR reactor.
Phosphate release and uptake profiles of each batch test are plotted in Figure 4.23
and Figure 4.24.
anaerobic

aerobic

60

anaerobic

30
20

after
10
feeding

80
60
40
20

0
0

before
feeding

60

120

180

240

300

360

420

480

0
-30

30

Time (min)

150 210 270 330 390 450 510 570 630

60

(Asp-III)

120

mg/l P

80
60

(Asp-IV)

50

100

40
30

40

20

20

10
0
30

90 150 210 270 330 390 450 510 570 630
Time (min)

-60

0

60 120 180 240 300 360 420 480 540 600 660
Time (min)

50

(Asp-V)

40
mg/l P

0
-30

90

Time (min)

140

mg/l P

(Asp-II)

100
mg/l P

mg/l P

40

-60

120

(Asp-I)

50

aerobic

30
20
10
0
-60

0

60 120 180 240 300 360 420 480 540 600 660
Time (min)

Figure 4.23: Phosphate profile of the batch tests fed with aspartate
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Figure 4.24: Phosphate profile of the batch tests fed with glutamate
Calculated ratios of phosphorus release to substrate utilized in the anaerobic period
of the batch tests were outlined in Table 4.4. The ratios of Prel/Cut were significantly
high for the batch tests performed around day 36 to 113 due to higher amount of the
substrate uptake and phosphorus release. Prel/Cut (mg P/mg COD) ratio for
aspartate fed batch test was calculated as 0.72 and 0.78 for the glutamate fed batch
test. Yagci et al. (2007) reported Prel/Cut (mg P/mg COD) ratio 0.49 for acetate fed
SBR and 0.50 for propionate fed SBR.
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Table 4.4: Phosphorus release versus substrate utilized ratios calculated with the
experimental data of batch tests
Run

Day

Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-IV
Glu-V

16
36
84
214
265
16
37
91
113
257

Initial C
mg C/l
100
100
100
100
100
100
100
100
100
100

Cutilized
mg COD/l
95.9
116.8
151.24
125.61
85.3
116.8
170.3
143
160.9
117.7

Prel
mg P/l
36.4
83.5
108.1
46
35.4
21.8
71.3
111.7
125.8
40.0

Prel/Cut
mgP/mgCOD
0.38
0.71
0.72
0.37
0.42
0.19
0.42
0.78
0.78
0.26

The measured PHA components are summarized in Table 4.5. PHA accumulation
was increased in accordance with the increase in phosphate release. The
deterioration in EBPR performance also resulted in decrease in PHA accumulation.
Batch tests performed with aspartate showed considerably higher PHA formation
than with glutamate. The composition of the accumulated PHA in the anaerobic
phase is outlined in Table 4.6 and illustrated in Figure 4.25 and Figure 4.26.
Table 4.5: The measured PHA components
Run
Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-V

Day
16
36
84
214
265
16
37
91
257

PHA
mg C/l
18.6
46.51
71.9
44.92
16.84
6.47
17
36.27
11.19

3HB
mg C/l
2.67
5.37
6.75
8.31
2.24
2.28
1.02
3.75
4.58

3HV
mg C/l
10.53
24.55
36.23
27.33
13.34
1.75
8.09
16.23
5.37

3H2MV
mg C/l
4.99
12.85
21.74
8.14
0.98
2.24
5.9
11.69
0.74

3H2MB
mg C/l
0.41
3.74
7.18
1.14
0.28
0.2
1.99
4.6
0.51

Results indicate that the effect of the substrate type on the PHA composition is not
significant except for the start up period. The major content of the PHA was 3HV
and 3H2MV when high phosphorus removal was achieved.
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Table 4.6: The composition of accumulated PHA
Run
Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-V

Day
16
36
84
214
265
16
37
91
257

3HB/PHA
0.14
0.11
0.09
0.18
0.13
0.35
0.06
0.10
0.41

3HV/PHA
0.57
0.53
0.51
0.61
0.79
0.27
0.48
0.45
0.48

3H2MV/PHA
0.27
0.28
0.30
0.18
0.06
0.35
0.35
0.32
0.07

3H2MB/PHA
0,02
0.08
0.10
0.03
0.01
0.03
0.11
0.13
0.04

The ratio of 3HB unit was almost in the same proportion for the batch tests fed with
aspartate regardless of the change in the EBPR activity. On the other hand, 3HB
unit became apparent in the deterioration period of the SBR for the batch test
performed with glutamate.
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Figure 4.25: PHA composition of the batch tests fed with aspartate
Yagci et al. (2007) studied the effect of substrates on composition of PHAs in EBPR
systems and reported the PHB/PHA, PHV/PHA and PH2MV/PHA ratios around
0.55–0.72, 0.08-0.22 and 0.02-0.1 for acetate fed EPBR reactors and 0.07-0.16,
0.20-0.27 and 0.26-0.38 for propionate fed EBPR reactors, respectively.
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Figure 4.26: PHA composition of the batch tests fed with glutamate
Table 4.7 and 4.8 shows the overview of the anaerobic carbon transformations in
aspartate and glutamate fed batch tests. The ratio of glycogen to carbon source
(Gly/C) was 0.57 and 0.64 for aspartate and glutamate fed batch tests performed
during the best EBPR activity of the SBR, respectively. This ratio was increased to
1.24 for both substrates during the deterioration period of the EBPR.
Table 4.7: Anaerobic carbon transformations with aspartate and glutamate as
carbon sources - I
Run

Day

Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-IV
Glu-V

16
36
84
214
265
16
37
91
113
257

Cutilized
mg COD/l
95.9
116.8
151.24
125.61
85.3
116.8
170.3
143
160.9
117.7

Cutilized
mmol-C/l
4.00
4.87
6.30
5.23
3.55
4.06
5.91
4.97
5.59
4.09

Glyutilized
mg COD/l
98.79
85.44
114.81
208.26
186.9
77.43
85.44
101.46
88.11
162.87

Glyutilized
mmol-C/l
3.08
2.67
3.58
6.50
5.83
2.42
2.67
3.17
2.75
5.08

Gly/C
C-mol/C-mol
0.77
0.55
0.57
1.24
1.64
0.60
0.45
0.64
0.49
1.24

The ratio of PHA accumulated to carbon (C) utilized in the anaerobic period of
aspartate and glutamate fed batch tests were calculated as 0.95 and 0.61 C-mol/Cmol, respectively. As indicated previously, higher amount of PHA was accumulated
in the aspartate fed batch tests compared to glutamate fed batch tests. During the
deterioration period of the EBPR, PHA/C ratios were calculated as 0.39 and 0.23 Cmol/C-mol for aspartate and glutamate batch tests due to the decrease in PHA
accumulation and substrate uptake in the anaerobic stage.
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Table 4.8: Anaerobic carbon transformations with aspartate and glutamate as
carbon sources - II
Run

Day

Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-V

16
36
84
214
265
16
37
91
257

Cutilized
mg C/l
47.95
58.40
75.62
62.81
42.65
48.67
70.96
59.58
49.04

Cutilized
mmol-C/l
4.00
4.87
6.30
5.23
3.55
4.06
5.91
4.97
4.09

PHA
mg C/l
18.6
46.51
71.9
44.92
16.84
6.47
17
36.27
11.19

PHA
mmol-C/l
1.55
3.88
5.99
3.74
1.40
0.54
1.42
3.02
0.93

PHA/C
C-mol/C-mol
0.39
0.80
0.95
0.71
0.39
0.13
0.24
0.61
0.23

Table 4.9 shows the overview of the ratios of PHA components to substrate uptaken
in the batch tests performed with aspartate and glutamate. During the best EBPR
period, the ratio of 3HV unit to aspartate uptaken was the highest followed by the
ratio of 3H2MV to aspartate uptaken. The ratios of 3HB and 3H2MB accumulated to
aspartate uptaken were minor. Along the deterioration period of EBPR, the ratio of
3HV unit to aspartate uptaken was still the highest ratio but the ratio of 3H2MV/Asp
decreased to the level of 3HB/Asp.
The ratio of 3HV unit accumulated to glutamate uptaken was also the highest ratio
followed by 3H2MV unit formed to glutamate uptaken for the best EBPR activity
period. However, the ratio of 3HB unit formed to glutamate uptaken became
obviously apparent during the deterioration period.
Table 4.9: Ratios of PHA components obtained in the batch tests performed with
aspartate and glutamate as carbon sources
Run

Day

Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-V

16
36
84
214
265
16
37
91
257

3HB/C
C-mol/C-mol
0.06
0.09
0.09
0.13
0.05
0.05
0.01
0.06
0.09

3HV/C
C-mol/C-mol
0.22
0.42
0.48
0.44
0.31
0.04
0.11
0.27
0.11

3H2MV/C
C-mol/C-mol
0.10
0.22
0.29
0.13
0.02
0.05
0.08
0.20
0.02

3H2MB/C
C-mol/C-mol
0.01
0.06
0.09
0.02
0.01
0.00
0.03
0.08
0.01

PHA/C
C-mol/C-mol
0.39
0.80
0.95
0.71
0.39
0.13
0.24
0.61
0.23

The anaerobic phosphorus transformations with aspartate and glutamate as carbon
sources were outlined in Table 4.10. The ratio of phosphorus release to glutamate
uptaken was calculated as 0.73 P-mol / C-mol and this ratio for aspartate was 0.55
P-mol / C-mol during the best EBPR activity of the SBR.
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The ratios of Prel/Cupt in the batch tests performed during the deterioration period of
SBR were same for both substrates.
Table 4.10: Anaerobic phosphorus transformations with aspartate and glutamate as
carbon sources
Run

Day

Asp-I
Asp-II
Asp-III
Asp-IV
Asp-V
Glu-I
Glu-II
Glu-III
Glu-IV
Glu-V

16
36
84
214
265
16
37
91
113
257

Cutilized
mg C/l
47.95
58.40
75.62
62.81
42.65
48.67
70.96
59.58
67.04
49.04

Cutilized
mmol-C/l
4.00
4.87
6.30
5.23
3.55
4.06
5.91
4.97
5.59
4.09

Prel
mg P/l
36.4
83.5
108.1
46
35.4
21.8
71.3
111.7
125.8
40.0

Prel
mmol-P/l
1.17
2.69
3.49
1.48
1.14
0.70
2.30
3.60
4.06
1.29

P/C
P-mol/C-mol
0.29
0.55
0.55
0.28
0.32
0.17
0.39
0.73
0.73
0.32

4.2.2 Microbial analysis of SBR-2 activated sludge
The amino acid-fed EBPR reactor was continuously operated for about 9 months
and the microbial diversity and the changes in the bacterial community structure
were analyzed throughout the operation of the SBR-2 accompanying with detailed
chemical analyses.
The activated sludge taken from Nakano Wastewater Treatment Plant was
acclimated through a repeated anaerobic-aerobic process of EBPR supplied with
aspartate – glutamate mixture as carbon source. The total phosphorus content of
the activated sludge taken from the returned sludge of AO process of Nakano
WWTP was 1.5% and increased to 14% on day 63 and maintained until day 100.
The highest release of phosphate in the anaerobic period and the uptake of
phosphate during the aerobic period were observed from day 63 to day 99. On day
112, deterioration in phosphate removal was observed; the total phosphorus content
of the activated sludge was decreased to 8.4%. The phosphorus removal activity of
the SBR-2 was almost stable from day 200 to day 284. The SBR was ended on the
284th day of the operation where the total phosphorus content of the sludge was
5.5%.
The changes in the microbial community structure until 141st day of the operation of
the SBR were monitored by polymerase chain reaction (PCR) – denaturing gradient
gel electrophoresis (DGGE) analyses. Activated sludge samples were taken at the
end of the aerobic cycle of the SBR. The V3 region of 16S rDNA gene fragments of
mixed bacterial DNA extracted from the sludge samples were amplified by PCR with
the forward primer 357f with an attached GC clamp and reverse primer 518r and the
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number of cycles was set as 35. Afterward, PCR products were verified by
electrophoresis on agarose gel. DGGE was applied to the partial 16S rDNA PCR
products. DGGE was performed as described in Chapter 3. The gel was containing
a linear gradient ranging from 30% to 60% denaturant. DGGE profile of the sludge
samples taken throughout the operation of the EBPR reactor is illustrated in Figure
4.27.
DGGE profile visually showed the complex microbial structure of the EBPR sludge
and it was observed that the diversity and the predominance of the microbial
community changed along the operation of the SBR.
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Figure 4.27: DGGE profile of the SBR-2 sludge
Since subsequent sequence analysis of the DGGE bands of SBR-1 sludge could not
be succeeded, PCR-clone sequence approach was applied for phylogenetic
analysis of the microbial community of the SBR-2 sludge.
For PCR-clone sequence method, the sludge samples of day 90 and day 214 were
selected since between these days there was a significant difference in EBPR
activity. The clones obtained from the sludge samples were partially sequenced with
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universal primer 357f and sequencing with this primer gave around 200 bases.
Partial DNA sequences were compared with available 16S rRNA sequences in
GenBank database using the program BLAST to affiliate with phylogenetically
closest species. The community composition of the sludge samples were
investigated by constructing 16S rRNA clone libraries. The sequences obtained
were aligned and phylogenetic distance was calculated by the neighbor joining
method using CLUSTALW2. The phylogenetic tree was drawn by MEGA4 with this
distance matrix. Figure 4.28 and 4.29 shows the outline of the results of the 16S
rDNA clone library.

TM7
8%

Actinobacteria
3%

Gamma
23%

Bacteroidetes
41%

Beta
23%

Alpha
2%

Figure 4.28: Results of the 16S rDNA clone library – day 90
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Figure 4.29: Results of the 16S rDNA clone library – day 214
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100 partial 16S rDNA gene sequences were obtained from a total of 109 clones
selected from the day 90 sludge and further compared with the GenBank databases.
Analyzed clones represented 4 different phyla of the domain bacteria and revealed
32 different phylotypes belonging to the Actinobacteria (3%), Bacteroidetes (41%),
Proteobacteria (48%) and TM7 (8%) phyla. Most clones of the sludge sample were
affiliated by Proteobacteria (48%). γ-Proteobacteria (23%) and β-Proteobacteria
(23%) were the most abundant subclass followed by α-Proteobacteria (2%).
Bacteroidetes.(41%) was the 2nd predominant group. Several studies reported the
overestimation of Bacteroidetes’ predominance as a result of DNA extraction and
PCR-related biases (Liu, et al., 2001).
In day 214 sludge, 98 partial 16S rDNA gene sequences were obtained from a total
of 100 clones. Analyzed clones represented 5 different phyla of the domain bacteria
and revealed 34 different phylotypes belonging to the Actinobacteria (8%),
Bacteroidetes (19%), Proteobacteria (54%), TM7 (18%) and Chlorobi (1%) phyla.
Most clones of day 214 sludge were affiliated by Proteobacteria (54%). γProteobacteria (24%) were the most abundant subclass followed by βProteobacteria (15%) and α-Proteobacteria (11%). δ- Proteobacteria (3%) and ε
Proteobacteria (1%) were also detected on day 214 different from day 90.
Figure 4.30 shows the comparable bacterial composition of the sludge samples
determined by clone library. The abundance of Actinobacteria – HGC group
increased to 8% on day 214. The dominance of α-Proteobacteria, and TM7 also
increased on day 214 compared to day 90. Bacteroidetes were representing a
significant portion of the total clones on day 90 but decreased remarkably on day
214. Another remarkable change in the bacterial diversity was the decrease in the
proportion of the β- subclass of the Proteobacteria on day 214.
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Figure 4.30: Comparable bacterial composition of the sludge samples determined
by 16S rDNA clone libraries
The phylogenetic tree based on the sequenced clones of day 90 sludge and day
214 sludge is shown in Figure 4.31 and 4.32, respectively.
The most significant result from the Figure 4.31 is the microbial community of day 90
sludge consisted mostly of the Bacteroidetes as indicated above. The high
proportions of the β-Proteobacteria and γ-Proteobacteria detected in day 90 sludge
were also remarkable.
The low frequency of Actinobacteria observed in day 90 sludge sample was
increased in day 214 sludge sample. Major cell population analyzed in day 214
sludge was γ- subclass of Proteobacteria. Another remarkable result from the
phlyogenetic tree of day 214 sludge was the decrease in Bacteroidetes phylum and
β-subclass of Proteobacteria and the increase in the phylum of TM7. Microlunatus
phosphovorus

belonging

to

Actinobacteria

phylum

increased

to

8%

and

Rhodocyclus related organisms belonging to β-Proteobacteria were disappeared in
the analyzed clones of day 214 sludge sample. 9% of the γ-Proteobacteria were
closely related to Thiothrix spp. and 7% of the anayzed clones were affiliated with
the Xanthomonadaceae family of the γ-Proteobacteria.
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R12-90-97
R12-90-104
R12-90-62
R12-90-117
R12-90-36
R12-90-11
R12-90-88
R12-90-72
R12-90-2

β- Proteobacteria

R12-90-56
R12-90-110
R12-90-18
R12-90-102
R12-90-24
R12-90-39
R12-90-103
R12-90-118
R12-90-58
R12-90-52
R12-90-93
R12-90-44
R12-90-9
R12-90-90
R12-90-33
R12-90-38
R12-90-25
R12-90-42
R12-90-84
R12-90-91
R12-90-121
R12-90-86
R12-90-35

γ- Proteobacteria

R12-90-125
R12-90-107
R12-90-64
R12-90-63
R12-90-109
R12-90-150
R12-90-3
R12-90-6
R12-90-66
R12-90-124
R12-90-7
R12-90-73
R12-90-87
R12-90-40
R12-90-41
R12-90-67
R12-90-74
R12-90-80
R12-90-5
R12-90-114
R12-90-12
R12-90-126
R12-90-70
R12-90-89
R12-90-45
R12-90-82
R12-90-20
R12-90-4
R12-90-69
R12-90-10
R12-90-37
R12-90-96
R12-90-16

Bacteroidetes

R12-90-94
R12-90-26
R12-90-57
R12-90-28
R12-90-34
R12-90-98
R12-90-151
R12-90-51
R12-90-48
R12-90-81
R12-90-113
R12-90-111
R12-90-76
R12-90-22
R12-90-108
R12-90-14
R12-90-119
R12-90-116
R12-90-27
R12-90-95
R12-90-105

α- Proteobacteria

R12-90-30
R12-90-1
R12-90-61
R12-90-32

Actinobacteria - HGC

R12-90-53
R12-90-85
R12-90-79
R12-90-68
R12-90-92
R12-90-8
R12-90-112

TM7

R12-90-55
R12-90-46
R12-90-83
0.05

Figure 4.31: Phylogenetic tree of day 90 sludge
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R214-60
R214-63
R214-94
R214-29
R214-77
R214-101
R214-92
R214-58
R214-69
R214-38
R214-41

γ- Proteobacteria

R214-2
R214-107
R214-114
R214-17
R214-32
R214-42
R214-105
R214-83
R214-90
R214-1
R214-27
R214-45
R214-25
R214-62
R214-102
R214-51
R214-91
R214-112

β- Proteobacteria

R214-61
R214-72
R214-84
R214-28
R214-8
R214-14
R214-57
R214-40
R214-111
R214-22
R214-37
R214-55

α- Proteobacteria

R214-104
R214-100
R214-98
R214-79
R214-82
R214-73
R214-31

δ-Proteobacteria

R214-34
R214-16
R214-52
R214-76
R214-13
R214-56
R214-78

Actinobacteria - HGC

R214-67
R214-19
R214-110
R214-80

δ-Proteobacteria

R214-33
R214-59
R214-108
R214-89
R214-21
R214-11
R214-3
R214-10
R214-47
R214-9

TM7

R214-35
R214-6
R214-71
R214-106
R214-53
R214-95
R214-26
R214-36
R214-43
R214-48

Chlorobi

R214-81
R214-66
R214-54
R214-15
R214-74
R214-97
R214-44
R214-75
R214-4
R214-23

Bacteroidetes

R214-86
R214-103
R214-96
R214-70
R214-12
R214-88
R214-20
R214-7
R214-39
0.02

Figure 4.32: Phylogenetic tree of day 214 sludge
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The phlyogenetic trees of sludge samples were simplified to observe the affiliation of
clones with phylogenetically similar sequences more clearly.
Figure 4.33 shows the phylogenetic tree of sequenced clones from day 90 sludge
affiliated with β-Proteobacteria. 16% of the β-Proteobacteria were closely related to
the Acidovorax spp. and also Rhodocyclus related organisms were detected in
analyzed clones. Feng et al. (2004) reported that Acidovorax spp. play an important
role in PHA degradation. PHA can be degraded by either intracellular PHA
depolymerases of PHA accumulating strains or extracellular PHA depolymerases of
PHA degrading microorganisms. The extracellular PHA depolymerases isolated
from many microorganisms exiting activated sludge including Acidovorax spp.
The phylogenetic tree of sequenced clones from day 90 sludge affiliated with γProteobacteria and Actinobacteria phyla are illustrated in Figure 4.34. Microlunatus
phosphovorus and Tetrasphaera elongate belonging to Actinobacteria phylum and
which were considered to be possible PAO candidates detected in day 90 sludge
sample.

19%

of

the

γ-Proteobacteria

were

affiliated

with

uncultured

Gammaproteobacterium. 25% of the Bacteroidetes were affiliated with uncultured
Bacteroidetes bacterium, 11% of the Bacteroidetes were closely related to genus of
Flavobacterium and 4% of the Bacteroidetes were affiliated with the class of
Sphingobacteria.
A representative selection of 10 clones from day 90 sludge sample was fully
sequenced with a range of primers (27f, 517f, 1099f, 534r, 907r, 1114r and 1492r).
The

sequence

data

was

downloaded

into

ARB

program

(http://www.mikro.biologie.tu-muenchen.de/) and aligned to closest relatives using
automated aligner. The aligned sequences were inserted into existing tree using
parsimony insertion tool and then a new tree was generated by phylogenetic
inference method. 10 oligonucleotide probes specific for the sequences of interest
were designed using probe design tool in the ARB software package. The designed
oligonucleotides

were

synthesized

and

labeled

at

the

5’

end

with

the

indocarbocyanine dye CY3 by PROLIGO (Japan). The oligonucleotide probes
targeting the β-Proteobacteria and γ-Proteobacteria with closest relatives are shown
in Figure 4.35. The optimal formamide concentrations for FISH analysis could not be
completed.
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R12-90-62
R12-90-97
R12-90-104
R12-90-11
R12-90-117
R12-90-36
R12-90-88
R12-90-93
Beta
R12-90-24
R12-90-39
Rhodoferax
R12-90-18
R12-90-52
R12-90-118
R12-90-103
R12-90-58
Comamonas
R12-90-102
BSB421
Acidovorax
R12-90-72
R12-90-2
R12-90-56
R12-90-110
R12-90-44
Rhodocyclus
Azonexus
R12-90-9
R12-90-90
0.01

Figure 4.33: Phylogenetic tree of sequenced clones from day 90 sludge affiliated
with β-Proteobacteria
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R12-90-3
R12-90-124
R12-90-6
R12-90-109
R12-90-87
R12-90-63
R12-90-150
R12-90-91
R12-90-66
R12-90-35
R12-90-7

γ- Proteobacteria

R12-90-64
R12-90-107
R12-90-125
R12-90-86
R12-90-121
Uncultured
R12-90-42
P.
Pseudoxanthomonas
R12-90-25
R12-90-33
R12-90-38
R12-90-84
R12-90-53
Leubacter
R12-90-85

Actinobacteria

Tetrasphaera
R12-90-32
Microlunatus
R12-90-80
0.05

Figure 4.34: Phylogenetic tree of sequenced clones from day 90 sludge affiliated
with γ-Proteobacteria and Actinobacteria
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Figure 4.35: Phylogenetic tree of fully sequenced clones from day 90 sludge
affiliated with γ-Proteobacteria and β-Proteobacteria
The predominance of major groups in the EBPR sludge was determined by FISH.
FISH was applied to the activated sludge samples taken at the end of the aerobic
period. The oligonucleotide probes EUBmix, PAOmix, GAM42, HGC69a and MP2
targeting the Bacteria, Candidatus Accumulibacter Phosphatis, γ-Proteobacteria,
Actinobacteria and Microlonotus phosphovorus were used.
The polyphosphate accumulating organisms in EBPR sludge were detected by the
combination of FISH with DAPI staining. DAPI staining is generally used to identify
bacteria as DAPI could bind to DNA and appears pale blue. DAPI could also bind to
polyphosphate and polyphosphate-bound DAPI appears strongly yellow when
excited with light at a wavelength of 365 nm by epifluorescence microscopy.
Figure 4.36 shows the microscopic images of DAPI stained cells at a phosphateprobing concentration for day 90. Small coccoid cells and small cocci in clusters
stained yellow with DAPI were found in abundance showing high amount of
polyphosphate accumulated organisms.
Bacterial cells of day 90 targeted by the probe PAOmix is shown in Figure 4.37. The
ratio of PAOmix-positive cells to eubacterial cells was quantified. PAOmix-positive
cells accounted for 24% of eubacterial cells for day 90 when EBPR activity was high
but decreased on day 214 when deterioration in EBPR activity was observed.
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Figure 4.36: Microscopic images of DAPI stained cells of day 90: a) Phase-contrast
image; b) DAPI stained cells

Figure 4.37: Microscopic images of PAOmix positive bacteria of day 90: a) Phasecontrast image; b) Epifluorescent image sludge hybridized with the EUBmix probe c)
Epifluorescent image sludge hybridized with the PAOmix probe
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The probe GAM42 targeting γ-Proteobacteria was used as predominance of γsubclass of Proteobacteria phylum was detected from the 16S rDNA clone library.
But in contradiction to the results of the clone library, very few GAM42-positive cells
were observed. Group-specific oligonucleotide probes occasionally may fail to
reveal actual major microbial populations.
The identification of possible PAOs in the EBPR sludge was one of the main
objective of the study and as DAPI stained cells of day 90 were showing different
morphology from the RPAOs, HGC69a probe targeting Actinobacteria were applied
on activated sludge samples of day 90 (Figure 4.38). FISH combined with DAPI
staining revealed clearly that HGC69a positive cells accumulated polyphosphate.
These DAPI stained cells appeared as tetrads or small cocci. The results of the
clone library showed that only few clones affiliated with Actinobacteria which were
closely related to Microlunatus Phosphovorus and Tetrasphaera elongata. The
differences between the results of the FISH and 16S rDNA analysis might be
causing from the biases of these molecular methods.

Figure 4.38: Microscopic images of HGC69a positive bacteria of day 90: a) Phasecontrast image; b) Epifluorescent image sludge hybridized with the EUBmix probe c)
Epifluorescent image sludge hybridized with the HGC69a d) DAPI stained cells
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FISH was applied to the activated sludge samples of day 214 representing the
deteriorated period of the EBPR reactor. The clones affiliated with β-Proteobacteria
were decreased to 15% and to observe the change in Rhodocyclus related PAOs,
PAOmix probe was applied on activated sludge samples of day 214. PAOmix
positive cells were detected in a lower ratio compared to day 90 (Figure 4.39).

Figure 4.39: Microscopic images of PAOmix positive bacteria of day 214: a) Phasecontrast image; b) Epifluorescent image sludge hybridized with the EUBmix probe c)
Epifluorescent image sludge hybridized with the PAOmix probe
HGC69a probe were applied on activated sludge samples of day 214 (Figure 4.40).
FISH combined with DAPI staining revealed HGC69a positive cells did not
accumulate polyphosphate.

However

based

on

the clone library

results,

Actinobacteria phylum increased to 8%.

Figure 4.40: Microscopic images of HGC69a positive bacteria of day 214: a)
Epifluorescent image sludge hybridized with the EUBmix probe b) DAPI stained
cells c) Epifluorescent image sludge hybridized with the HGC69a
The probe MP2 targeting Microlunatus phosphovorus was used since 8% of the total
sequenced colonies of Actinobacteria phylum were closely affiliated with
Microlonotus phosphovorus. Figure 4.41 shows the microscopic images of MP2
positive bacteria.
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Figure 4.41: Microscopic images of MP2 positive bacteria of day 214: a) Phasecontrast image; b) Epifluorescent image sludge hybridized with the EUBmix probe c)
Epifluorescent image sludge hybridized with the MP2 probe
Polyphosphate

accumulating

organisms

are

considered

to

be

diverse

microorganisms capable of accumulating polyphosphate and regarding to the results
of the FISH analysis of day 90 sludge, β-Proteobacteria and Actinobacteria (HGC
group) were actively involved in phoshorus removal activity.
Rhodocyclus- related bacteria belonging to the β-Proteobacteria are revealed as
important PAOs and they behave as predicted biochemical models. Some of the
species isolated from the Actinobacteria are suggested to be potential PAO. Kong
et al. (2005) found that Actinobacterial PAOs could take up phosphate and
accumulate as polyphosphate after anaerobic uptake of glucose or casamino acids
but pointed out the their behavior differ from the proposed metabolic models for
Rhodocyclus- related PAOs. Actinobacterial PAOs could not take up short chain
fatty acids and could not accumulate PHA. He used microautoradiography combined
with FISH (MAR-FISH) to investigate the anaerobic uptake of the various organic
substrates by rod-shaped Actinobacterial PAOs and coccus-shaped Actinobacterial
PAOs. It was observed that rod-shaped Actinobacterial PAOs could not take up
formic acid, acetate, propionate, butyric acid, pyruvate, lactate, ethanol, glucose,
oleic acid, aspartic acid, glutamic acid, leucine, glycine, thymidine or mixed amino
acids whereas coccus-shaped Actinobacterial PAOs could take up only oleic acid
and store it as an unknown compound.
Fukushima et al. (2007) studied the accumulation of polyphosphate in EBPR
reactors operated with peptone & yeast extract, glutamate, acetate, aspartate and
glucose. Similar to findings of this study, they observed abundant numbers of small
coccoid cells stained positive with DAPI in EBPR reactor fed with glutamate. They
applied HGC69A probe targeting Actinobacteria and these small coccoid cells
stained DAPI positive responded to HGC69A probe. In order to confirm the
polyphosphate accumulating capability of these cells, they applied FISH first
followed by DAPI and clearly observed the polyphosphate granules. The images of
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FISH analysis with HGC69A probe followed by DAPI staining of this study shown in
Figure 4.38 are in consistent with the results of Fukushima et al. (2007). HGC69A
positive cocci were stained positive with DAPI confirmed the polyphosphate
accumulating capability of these cells. In this study, the activated sludge was taken
from the EBPR reactor fed with the mixture of aspartic acid and glutamic acid and it
was assumed that glutamate was promoting the growth of these coccus-shaped
Actinobacteria as Fukushima et al. (2007) observed these coccus-shaped
Actinobacteria only in glutamate and peptone & yeast extract fed EBPR reactors not
in aspartate fed EBPR reactor.
They also investigated the abundance of Candidatus ‘Accumulibacter phosphatis’
(Rhodocyclus- related PAOs) with PAOmix probe. PAOmix positive cells to
eubacterial cells accounted for 10% and 26% in glutamate and aspartate fed EBPR
reactors, respectively. These ratios were decreased when phosphorus removal
deteriorated. However, the total phosphorus content of the glutamate fed SBR
(10%) was higher than the aspartate fed SBR (8.4%). They suggested that coccusshaped Actinobacteria contributed to the uptake of polyphosphate together with
Candidatus ‘Accumulibacter phosphatis.
It is generally known that Rhodocyclus- related PAOs can take up acetate under
anaerobic conditions. Kong et al. (2004) studied the organic substrate assimilation
of Rhodocyclus- related PAOs with MAR-FISH and found that Rhodocyclus- related
PAOs utilized acetate, pyruvate, propionate, glutamate and simultaneously acetatepropionate mixture but could not take up aspartate. Conversely, Chua et al. (2006)
reported the opposite regarding to the aspartate.
The overall findings of day 90 sludge indicated that β-Proteobacteria and
Actinobacteria (HGC group) were responsible for EBPR activity. However, the
assimilation of aspartate and glutamate by PAOs are not clear due to the
contradictory results reported in the literature. The anaerobic mechanism of
aspartate and glutamate by PAOs were studied in Chapter 4.3 by performing batch
tests for each substrate with detailed chemical analyses. The overall findings are
outlined in Table 4.11.
The EBPR activity deteriorated regardless of operational error which was also
reported by Fukushima et al. (2007) and Okunuki et al. (2007).
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Table 4.11: The overall findings
Day

Metabolic

Population

pattern

(PCR-cloning)

16
36
84

Acclimation
Acclimation
Good
phosphorus
removal
activity

214

Phosphorus
removal
activity
started to
decline
Decline in
phosphours
removal
activity

265

FISH

Interpretation

Bacteroidetes-41%
HGC-3%
β-Proteobacteria-23%
α-Proteobacteria-2%
γ-Proteobacteria-23%

High amount of
polyphosphate
accumulated cells
combined with
-PAOmix probe
-HGC69a probe

Bacteroidetes-19%
HGC-8%
β-Proteobacteria-15%
α-Proteobacteria-11%
γ-Proteobacteria-24%

-Decline in
polyphosphate
accumulated cells
-Lower ratio of
PAOmix positive
cells
-No
polyphosphate
accumulation in
HGC69a positive
cells

-Acetate and
propionate
formation
detected
-Effluent P
conc. is 0
-Pupt/Prel
ratio is high
-Decrease in
the amount
of
fermentation
products
analyzed
-Decrease in
PHA
accumulation
-High effluent
P conc.
-Increase in
glycogen
utilization

4.2.3 Anaerobic stoichioemtry of aspartate and glutamate in enhanced
biological phosphorus removal
Enhanced biological phosphorus removal depends on the presence of the available
carbon source in the wastewater and the effect of the type of the carbon source on
the performance of the phosphorus removal from wastewaters is significant. In this
section, the fate of the aspartate and glutamate during the anaerobic period of
EBPR is studied to understand the responses of an EBPR population to aspartate
and glutamate as carbon sources.
For this purpose a control laboratory scale SBR with the same conditions and with
the same activated sludge of SBR-2 is operated. Samples were taken regularly at
the start of the anaerobic, end of the anaerobic and end of the aerobic phases to
monitor the SBR performance. Complete phosphate uptake was achieved after 12
weeks of operation and detailed batch experiments were carried out on the best
EBPR performance of the SBR-3 to investigate the metabolism of polyphosphate
accumulating organisms with selected carbon sources during the anaerobic and
aerobic period of the EBPR.
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The polyphosphate accumulating organisms in EBPR sludge were detected by the
combination of FISH with DAPI staining. Figure 4.42 shows the microscopic images
of DAPI stained cells at a phosphate-probing concentration for SBR-3. Small
coccoid cells and small cocci in clusters and tetrads stained yellow with DAPI were
found in abundance showing high amount of polyphosphate accumulated organisms.
The morphology of the polyphosphate accumulated cells is same with the
polyphosphate accumulated organisms in SBR-2 sludge. Bacterial cells of SBR-3
targeted by the probe PAOmix is shown in Figure 4.43.
The fate of the significant parameters involved in EBPR mechanism through the
anaerobic and aerobic period were also studied for the evaluation of the EBPR
metabolism with amino acids together with the results of the microbial community
analyses. The stoichiometric ratios of the experimental results of the SBRs were
variable indicating strongly the presence of a diverse population of polyphosphate
accumulating organisms. Based on the results of the microbial analyses,
Rhodocyclus- related bacteria and Actinobacteria seemed to be involved in
phosphorus removal activity. Also the presence of Bacteroidetes strongly suggests
the fermentation of amino acids.

Figure 4.42: Microscopic images of DAPI stained cells of SBR-3: a) Phase-contrast
image; b) DAPI stained cells
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Figure 4.43: Microscopic images of PAOmix positive bacteria of SBR-3: a) Phasecontrast image; b) Epifluorescent image sludge hybridized with the EUBmix probe c)
Epifluorescent image sludge hybridized with the PAOmix probe
Batch tests were performed on the 96th, 106th, 110th, 118th and 119th days of the
operation of the SBR-3 where the total P content of the sludge was around 11% at
the end of the aerobic phase. The outline of the batch tests performed is shown in
Table 4.12.
Table 4.12: The outline of the batch tests
Batch test
name
Asp-96
Asp-106
Glu-110
Asp-118
Glu-119
Asp-214

SBR

Day

SBR-3
SBR-3
SBR-3
SBR-3
SBR-3
SBR-2

96
106
110
118
119
214

Carbon source of
the batch test
Aspartate
Aspartate
Glutamate
Aspartate
Glutamate
Aspartate

The mass and the COD balances in the anaerobic uptake of aspartate and
glutamate were calculated together with the observed stoichiometry which will define
quantitatively the relationships between compounds in a chemical reaction. The
continuity of the process should be strictly maintained when the process
stoichiometry is determined which means in chemical reactions; elements, electrons
and net electrical charges may neither be created nor be destroyed (Mino, 2000).
The carbon and the redox balances were calculated to control the recovery of
products. Amino acid analyses were performed for the calculation of the
stoichiometry of the aspartate and glutamate. Acetate and propionate measured in
the supernatant and the presence of the Bacteroidetes strongly suggests the
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fermentation of amino acids as indicated above and the fermentation of amino acids
is explained in detail in Chapter 2. The products of the fermentation of amino acids
are mainly fatty acids, CO2, H2, and NH3. The significant parameters involved in the
uptake of the carbon source were analyzed but CO2 and H2 generated during the
anaerobic metabolism could not be measured. The amount of CO2 and H2
generated during the anaerobic metabolism of aspartate and glutamate was
calculated with the carbon and oxidation/reduction balance. For the calculation of
oxidation/reduction (O/R) state of the organic compounds, the method described in
Gaudy and Gaudy (1980) was used. In this method, the oxidation-reduction state of
an organic compound is calculated by comparing it with water as the addition or
removal of water does not change the oxidation level of the substrate. The value of
hydrogen is assigned as -0.5 and oxygen is +1 so the oxidation/reduction state of
water or any compound containing hydrogen and oxygen in a ratio of 2:1 is 0.
Nitrogen is assigned a value of +1.5, because in the catabolism of nitrogen
containing substrates, nitrogen is released as ammonia accounting for the removal
of three atoms of hydrogen (-1.5) so the oxidation state of ammonia, like water is
also 0.
In order to understand the behavior of the EBPR population, the fate of the
significant components should be evaluated together with the results of the microbial
analyses. In this section, DOC, fatty acids, NH3, phosphate in the supernatant, the
storage compounds glycogen and PHA with four monomers (3HB, 3HV, 3H2MV and
3H2MB) in the sludge and the amino acids (polypeptide compounds in the sludge,
free amino acids stored in sludge and in supernatant) analyzed in all batch tests
were illustrated below.
4.2.3.1 Aanerobic stoichiometry of aspartate
The results of the detailed batch experiments with aspartate performed on the 96th,
106th and 118th day of the operation of the SBR-3 and 214th day of the operation of
the SBR-2 was compared to study the metabolism of aspartate during EBPR
performance. The fate of the aspartate in the anaerobic period was studied through
the calculations of the observed stoichiometry and the mass and redox balances of
the aspartate at the end of the anaerobic period. The anaerobic period was
maintained until the DOC value was stable as DOC could be measured during the
batch test. But the point where all aspartate was uptaken was determined only after
performing the amino acid analyses.
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Results of the batch test Asp-96
On the 96th day of the operation of the SBR, a batch reactor fed with 60 mg/l of
aspartate was kept in anaerobic conditions for 8 hours and purged with air for 2,5
hours. The activated sludge was taken from the SBR-3 at the end of the aerobic
period and samples were taken every 30 minutes for further chemical analyses. At
the end of the anaerobic period, aspartate was completely utilized and at the end of
the aerobic period phosphate was uptaken totally.
The results of the batch experiment carried out on the 96th day of the operation of
the SBR-3 were shown in Figure 4.44 and 4.45. Figure 4.44 and 4.45 illustrates the
results of the supernatant and the sludge, respectively. 30.8 mg/l C of DOC was
measured at the end of the anaerobic phase; 3.39 mg/l C of this value was acetate
and 12.56 mg/l C was propionate.
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Figure 4.44: Results of the Asp-96 batch test for the supernatant
Anaerobic period

was

maintained

for

8 hours;

intracellular carbohydrate

consumption and the PHA accumulation was 20.42 mg/l C and 23.75 mg/l C,
respectively. The mass balance calculated from the experimental data was shown in
Figure 4.46. As seen from the figure, the carbon balance was not followed perfectly,
26.87 mg/l C was missing.
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Figure 4.45: Results of the Asp-96 batch test for the sludge
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Figure 4.46: Carbon balance for the Asp-96 batch test
The mass balance was calculated on COD equivalent and Table 4.13 shows the
COD balance for the batch test. A high value of 52.3 mg/l COD was missing.
Table 4.13: COD balance for the Asp-96 batch test
Parameter
Aspartate - input
Glycogen – input
Glycogen - output
3HV
3HB
3H2MV
3H2MB
Acetate
Propionate

mg COD/mg C
2
2.67
2.67
3.2
3
3.3
3.2
2.67
3.1

mg/l C
60.6
59.71
39.29
13.86
4.99
4.35
0.55
3.39
12.56
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mg/l COD
121.2
159.43
104.90
44.35
14.97
14.36
1.76
9.05
38.94

The overall stoichimetry of the batch experiment was calculated.
1.2625 C4H7O4N + 0.284 C6H10O5 + z H2O

0.24 C5H10O3 + 0.11 C4H8O3 +

0.06 C6H12O3 + 0.1411 C2H4O2+ 0.349 C3H6O2 + x CO2 + y H2 + 1.155 NH3

(4.1)

Table 4.14 shows the calculation of the carbon and oxidation/reduction balances for
the Asp-96 batch test. CO2 and H2 generated during the anaerobic metabolism of
aspartate were calculated with carbon and O/R balance.
Table 4.14: Overall stoichiometry for the Asp-96 batch test
Species

Formula

No of C

O/R
state
[2]

mol
[3]

mol-C
[1]*{3}

[2]*[3}

Aspartate

C4H7NO4
C6H10O5

4

2

1.2625

5.05

2.525

6

0

0.284

1.704

0

H2O

H2O

0

0

2.5898

0
6.754

0
2.525

3HB

C4H8O3

4

-1

0.11

0.44

-0.11

3HV

C5H10O3

5

-2

0.231

1.155

-0.462

3H2MB

C5H10O3

5

-2

0.009

0.045

-0.018

3H2MV

C6H12O3

6

-3

0.06

0.36

-0.18

Acetate

C2H4O2

2

0

0.1411

0.2822

0

Propionate

C3H6O2

3

-1

0.349

1.047

-0.349

1

2

3.4248

3.4248

6.8496

0

-1

3.2056

0

-3.2056

0

0

1.155

0
6.754

0
2.525

Glycogen

CO2
H2
NH3

CO2
H2
NH3

[1]

The overall equation was shown belown based on the calculation of the observed
stoichiometry.
C4H7O4N+0.225 C6H10O5+2.051 H2O

0.19 C5H10O3+0.087 C4H8O3+0.048

C6H12O3+0.112 C2H4O2+0.276 C3H6O2+2.71 CO2+2.54 H2+0.915 NH3

(4.2)

Results of the batch test Asp-106
The activated sludge was taken from the SBR-3 at the end of the aerobic period and
the amount of the aspartate fed to the batch test was 69 mg/l C. Aspartate was
completely utilized at the end of the anaerobic period as shown in Figure 4.47 which
shows the chromatogram of the amino acid analysis in the supernatant at the
beginning and end of the anaerobic period. In the first chromatogram of the
beginning of the anaerobic period, aspartate peak was observed whereas aspartate
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peak was disappeared at the second chromatogram resembling the end of the
anaerobic period.

at the beginning of
the anaerobic period
aspartate

at the end of the
anaerobic period

Figure 4.47: HPLC chromatograms of free amino acids in supernatant of Asp-106
batch test
The results of the batch experiment carried out on the 106th day of the operation of
the SBR-3 were shown in Figure 4.48 and 4.49. Figure 4.48 and 4.49 illustrates the
results of the supernatant and the sludge, respectively.
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Figure 4.48: Results of the Asp-106 batch test for the supernatant
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Free amino acid analysis in the supernatant clearly proves the complete utilization of
aspartate but at the end of the anaerobic phase, 31mg/l C of DOC was analyzed;
3.9 mg/l C of this value was acetate and 13.7 mg/l C was propionate.
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Figure 4.49: Results of the Asp-106 batch test for the sludge
During the anaerobic period of 10 hours, 22.5 mg/l C of carbohydrates was
consumed and the accumulation of PHA was 27.6 mg/l C. Carbon balance was
calculated from the experimental data as shown in Figure 4.50. A high concentration
of intracellular carbohydrates was consumed and the carbon balance was not
followed perfectly with a high value of 36.9 mg/l C was missing.
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Figure 4.50: Carbon balance for the Asp-106 batch test
Table 4.15 shows the mass balance calculated as COD equivalent and 56.61 mg/l
COD was missing.
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Table 4.15: COD balance for the Asp-106 batch test
Parameter
Aspartate - input
Glycogen – input
Glycogen - output
3HV
3HB
3H2MV
3H2MB
Acetate
Propionate

mg COD/mg C
2
2.67
2.67
3.2
3
3.3
3.2
2.67
3.1

mg/l C
69
70.33
47.83
19.89
1.56
4.86
1.31
3.9
13.7

mg/l COD
138
187.78
127.71
63.65
4.68
16.04
4.19
10.4
42.5

The overall stoichimetry of the batch experiment was calculated.
1.4375 C4H7O4N + 0.3125 C6H10O5 + z H2O

0.353 C5H10O3 + 0.0325C4H8O3

+ 0.0675 C6H12O3 + 0.1625 C2H4O2 + 0.381 C3H6O2 + xCO2 + yH2 + 1.15NH3

(4.3)

Table 4.16 shows the calculation of the carbon and oxidation/reduction balances for
the Asp-106 batch test. CO2 and H2 generated during the anaerobic metabolism of
aspartate were calculated with carbon and O/R balance.
Table 4.16: Overall stoichiometry for the Asp-106 batch test
Species
Aspartate

Formula

No of C

O/R state
[2]

mol
[3]

mol-C
[1]*{3}

[2]*[3}

[1]

C4H7NO4
C6H10O5

4

2

1.4375

5.750

2.875

6

0

0.3125

1.875

0.000

H2O

H2O

0

0

2.2898

0.000
7.625

0.000
2.875

3HB

C4H8O3

4

-1

0.0325

0.130

-0.033

3HV

C5H10O3

5

-2

0.3315

1.657

-0.663

3H2MB

C5H10O3

5

-2

0.0218

0.109

-0.044

3H2MV

C6H12O3

6

-3

0.0675

0.405

-0.202

Acetate

C2H4O2

2

0

0.1625

0.325

0.000

Propionate

C3H6O2

3

-1

0.3810

1.143

-0.381

1

2

3.8570

3.857

7.714

0

-1

3.5170

0.000

-3.517

0

0

1.1500

0.000
7.626

0.000
2.874

Glycogen

CO2
H2
NH3

CO2
H2
NH3

The overall equation was shown belown based on the calculation of the observed
stoichiometry.
C4H7O4N + 0.217 C6H10O5 + 1.981 H2O

0.246 C5H10O3 + 0.023 C4H8O3 +

0.047C6H12O3+0.113C2H4O2+0.265C3H6O2+2.683 CO2+2.447H2+0.8NH3
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(4.4)

Results of the batch test Asp-118
On the 118th day of the operation of the SBR, a batch reactor fed with aspartate was
kept in anaerobic conditions for 12 hours and purged with air for 5 hours. The
amount of the aspartate fed to the batch test was 67.5 mg/l C and Figure 4.51
shows that aspartate was completely utilized at the end of the anaerobic period. The
activated sludge was taken from the SBR-3 at the end of the aerobic period and
samples were taken every 30 minutes for further chemical analyses. At the end of
aerobic period phosphate was uptaken completely.
Figure 4.52 shows the results of the batch experiment for the supernatant carried
out with aspartate as the carbon source on the 118th day of the SBR-3. DOC was
measured as 4.05 mg/l C and 71.51 mg/l C before and after feeding the substrate,
respectively. The amount of released ammonia was measured as 16.2 mg/l N.
at the beginning of
the anaerobic period
aspartate

at the end of the
anaerobic period

Figure 4.51: HPLC chromatograms of free amino acids in supernatant of Asp-118
batch test
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Figure 4.52: Results of the Asp-118 batch test for the supernatant
In the supernatant, acetate, propionate and fumarate was analyzed as shown in
Figure 4.53. Complete utilization of aspartate was observed but at the end of the
anaerobic phase, 30mg/l C of DOC was analyzed; 4.6 mg/l C of this value was
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Figure 4.53: Fatty acids in supernatant of Asp-118 batch test
During the anaerobic period of 12 hours, 32 mg/l C of carbohydrates was consumed
and the accumulation of PHA was 27.3 mg/l C. The results are shown in Figure 4.54.
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Figure 4.54: Results of the Asp-118 batch test for the sludge
The calculated mass balance for carbon was shown in Figure 4.55. The carbon

mg/l C

balance was not followed perfectly with a high value of 45 mg/l C of missing.
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Figure 4.55: Carbon balance for the Asp-118 batch test
Mass balance was also calculated as COD and a high concentration of COD was
missing (57.59 mg/l COD) as shown in Table 4.17.
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Table 4.17: COD balance for the Asp-118 batch test
Parameter
Aspartate - input
Glycogen – input
Glycogen - output
3HV
3HB
3H2MV
3H2MB
Acetate
Propionate

mg COD/mg C
2
2.67
2.67
3.2
3
3.3
3.2
2.67
3.1

mg/l C
67.5
106.58
74.60
21.54
1.94
3.08
0.74
4.6
20.4

mg/l COD
135
284.57
199.18
68.93
5.82
10.16
2.37
12.28
63.24

The overall stoichimetry of the batch experiment was calculated.
1.406 C4H7O4N + 0.444 C6H10O5 + z H2O

0.371 C5H10O3 + 0.04 C4H8O3 +

0.043 C6H12O3 + 0.192 C2H4O2 + 0.567 C3H6O2 + x CO2 + y H2 + 1.157 NH3

(4.5)

Table 4.18 shows the calculation of the carbon and oxidation/reduction balances for
the Asp-118 batch test. CO2 and H2 generated during the anaerobic metabolism of
aspartate were calculated with carbon and O/R balance.
Table 4.18: Overall stoichiometry for the Asp-118 batch test
Species

Formula

No of C

O/R
state

Aspartate

C4H7NO4
C6H10O5

H2O

[2]

mol
[3]

mol-C
[1]*{3}

[2]*[3}

4

2

1.406

5.624

2.812

6

0

0.444

2.664

0.000

H2O

0

0

2.896

0.000
8.288

0.000
2.812

3HB

C4H8O3

4

-1

0.040

0.160

-0.040

3HV

C5H10O3

5

-2

0.359

1.795

-0.718

3H2MB

C5H10O3

5

-2

0.012

0.060

-0.024

3H2MV

C6H12O3

6

-3

0.043

0.258

-0.129

Acetate

C2H4O2

2

0

0.192

0.384

0.000

Propionate

C3H6O2

3

-1

0.567

1.701

-0.567

1

2

3.930

3.930

7.860

0

-1

3.570

0.000

-3.570

0

0

1.157

0.000
8.288

0.000
2.812

Glycogen

CO2
H2
NH3

CO2
H2
NH3

[1]

The overall equation was shown belown based on the calculation of the observed
stoichiometry.
C4H7O4N + 0.316 C6H10O5 + 2.060 H2O

0.264 C5H10O3 + 0.028 C4H8O3 +

0.031C6H12O3+0.136C2H4O2+0.403C3H6O2+2.795CO2+2.539H2+0.823NH3
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(4.6)

Results of the batch test Asp-214 of SBR-2
The batch tests given above were performed on the best EBPR performance of the
SBR. In order to compare the response of the microbial population during the
deterioration period of the EBPR, the batch test performed on the 214th day of the
operation of the SBR-2 was evaluated in this section. The clones affiliated with βProteobacteria were decreased to 15% and to observe the change in Rhodocyclus
related PAOs, PAOmix probe was applied on activated sludge samples of day 214.
PAOmix positive cells were detected in a lower ratio. The polyphosphate
accumulating organisms in EBPR sludge were detected by the combination of FISH
with DAPI staining. Small coccoid cells stained yellow with DAPI were observed
showing the polyphosphate accumulated organisms. HGC69a probe were applied
on activated sludge samples of day 214 as shown in Chapter 4.2, Figure 4.40. FISH
combined with DAPI staining revealed HGC69a positive cells did not accumulate
polyphosphate. However based on the clone library results, Actinobacteria phylum
increased to 8% and sequenced colonies of Actinobacteria phylum were closely
affiliated with Microlonotus phosphovorus.
The activated sludge was taken from the SBR-2 at the end of the aerobic period and
DOC was measured as 6.86 mg/l C before feeding the substrate. The amount of the
aspartate fed to the batch test was 96 mg/l C which was higher compared to the
other batch experiments and Figure 4.56 shows that aspartate was completely
utilized at the end of the anaerobic period.
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Figure 4.56: HPLC chromatograms of free amino acids in supernatant of Asp-214
batch test
The anaerobic period was sustained for 8 hours and DOC, acetate, propionate,
phosphate and ammonia was monitored in the supernatant. Figure 4.57 illustrates
the results of the batch experiment for the supernatant. The amount of released
ammonia during the anaerobic period was measured as 15.8 mg/l N. DOC was
measured as 40 mg/l C at the end of the anaerobic period; 32 mg/l C of this value

mg/l C

was acetate and propionate.
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Figure 4.57: Results of the Asp-214 batch test for the supernatant
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During the anaerobic period of 8 hours, 78.5 mg/l C of carbohydrates was
consumed and the accumulation of PHA was 45 mg/l C. The results are shown in
Figure 4.58.
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Figure 4.58: Results of the Asp-214 batch test for the sludge
The mass balance for carbon was calculated as outlined in Figure 4.59 and it was
observed that the carbon balance could not be maintained. A high concentration of
intracellular carbohydrates was consumed and a high value of carbon was missing
(89 mg/l C).
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Figure 4.59: Carbon balance for the Asp-214 batch test
COD equivalent of the mass balance is shown in Table 4.19 and it was observed
that 160 mg/l COD was missing in the mass balance.
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Table 4.19: COD balance for the Asp-214 batch test
Parameter
Aspartate - input
Glycogen – input
Glycogen - output
3HV
3HB
3H2MV
3H2MB
Acetate
Propionate

mg COD/mg C
2
2.67
2.67
3.2
3
3.3
3.2
2.67
3.1

mg/l C
96
178
100
27.36
8.31
8.14
1.14
7
25

mg/l COD
192
475
267
87.56
24.93
26.86
3.65
19
78

Table 4.20 shows the calculation of the carbon and oxidation/reduction balances for
the batch test. CO2 and H2 generated during the anaerobic metabolism of aspartate
were calculated with carbon and O/R balance.
The overall stoichimetry of the batch experiment was calculated.
2C4H7O4N + 1.08C6H10O5 + zH2O

0.475C5H10O3 + 0.173 C4H8O3 +

0.113C6H12O3 + 0.29 C2H4O2 + 0.698 C3H6O2 + x CO2 + y H2 + 1.127 NH3

(4.7)

Table 4.20: Overall stoichiometry for the Asp-214 batch test
No of
C

mol

mol-C

C4H7O4N

[1]
4

O/R
state

[1]*{3}
8

[2]*[3}
4

C6H10O5

6

0

1.08

6.5

0

H2O

H2O

0

0

7.041

3HB

C4H8O3

4

-1

0.173

0
14.5
0.692

0
4
-0.173

3HV

C5H10O3

5

-2

0.456

2.28

-0.912

3H2MB

C5H10O3

5

-2

0.019

0.095

-0.038

3H2MV

C6H12O3

6

-3

0.113

0.678

-0.339

Acetate

C2H4O2

2

0

0.29

0.58

0

Propionate

C3H6O2

3

-1

0.698

2.094

-0.698

CO2

1

2

8.061

8.061

16.122

H2

0

-1

10.022

0

-10.022

NH3

0

0

1.127

0
14.48

0
3.94

Species

Formula

Aspartate
Glycogen

CO2
H2
NH3

[2]
2

[3]
2

The overall equation was shown belown based on the calculation of the observed
stoichiometry.
C4H7O4N + 0.54 C6H10O5 + 3.52 H2O

0.2375C5H10O3 + 0.0865C4H8O3 +

0.0565C6H12O3+0.145C2H4O2+0.349C3H6O2+4.0305CO2+5.011H2+0.5635NH3 (4.8)
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The EBPR population of the batch test performed on the 214th day of the operation
of the SBR-2 was remarkably different from the other batch tests. The EBPR activity
in this period was slightly deteriorated but still significant amounts of polyphosphate
accumulating organisms were observed. However the composition of the EBPR
population changed as the abundance of Rhodocyclus-related PAOs was much less
and the Actinobacteria were more dominant. And the abundance of Bacteroidetes
was decreased.
Table 4.21 and 4.22 show the stoichiometry and the ratios of PHA components in
the batch tests fed with aspartate.
Table 4.21: The stoichiometry of PHA components in batch tests fed with aspartate
Run
Asp-96

3HB
mol-C
0.44

3HV
mol-C
1.155

3H2MV
mol-C
0.36

3H2MB
mol-C
0.045

PHA
mol-C
2

Asp-106

0.30

1.657

0.405

0.109

2.301

Asp-118

0.16

1.795

0.258

0.06

2.273

Table 4.22: The ratios of PHA components in batch tests fed with aspartate (mol-C/
mol-C)
Run

3HB/PHA 3HV/PHA 3H2MV/PHA 3H2MB/PHA

Asp-96

0.22

0.58

0.18

0.023

Asp-106

0.056

0.72

0.176

0.047

Asp-118

0.07

0.789

0.114

0.026

In all batch tests; the major PHA monomer synthesized was 3HV followed by
3H2MV. The ratio of 3HV to PHA was in the range of 0.58 to 0.79 and 3H2MV to
PHA was in the range of 011 to 0.18.
Table 4.23 shows the experimental data related to the ratios of significant
compounds to aspartate in the batch tests. The ratio of glycogen to aspartate vary
between 0.33 and 0.47.
Table 4.23: The stoichiometry of experimental results in batch tests fed with
aspartate (mol-C/ mol-C)
Run

Gly/Asp

3HB/Asp

3HV+3H2MB/Asp

3H2MV/Asp

PHA/Asp

CO2/Asp

Asp-96

0.338

0.087

0.238

0.07

0.40

0.68

Asp-106

0.326

0.023

0.307

0.07

0.40

0.67

Asp-118

0.474

0.028

0.329

0.05

0.40

0.69
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4.2.3.2 Anaerobic stoichiometry of glutamate
The results of the detailed batch experiments with glutamate performed on the 110th
and 119th day of the operation of the SBR-3 was compared to study the metabolism
of glutamate during EBPR performance. The fate of the glutamate in the anaerobic
period was studied through the calculations of the observed stoichiometry and the
mass and redox balances of the glutamate at the end of the anaerobic period.
Results of the batch test Glu-110
The amount of the glutamate fed to the reactor as carbon source was 60 mg/l C and
it was completely utilized at the end of the anaerobic period. Figure 4.60 shows the
HPLC chromatogram of free amino acids analyzed at the beginning and end of the
anaerobic period. As seen from the chromatogram, the peak of the glutamate was
disappeared at the end of the anaerobic phase.
at the beginning of the
anaerobic period
glutamate

at the end of the
anaerobic period

Figure 4.60: HPLC chromatograms of free amino acids in supernatant of Glu-110
batch test
Figure 4.61 illustrates the results of the batch experiment for the supernatant. DOC
was measured as 43.28 mg/l C at the end of the anaerobic period and 33.65 mg/l C
of this value was propionate.
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Figure 4.61: Results of the Glu-110 batch test for the supernatant
23.75 mg/l C of carbohydrates was consumed and the accumulation of PHA was
14.08 mg/l C during the anaerobic period of 14 hours. The results are shown in
Figure 4.62.
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Figure 4.62: Results of the Glu-110 batch test for the sludge
The calculated mass balance for carbon was shown in Figure 4.63. The carbon
balance was not followed perfectly with a high value of 42.5 mg/l C of missing.
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Figure 4.63: Carbon balance for the Glu-110 batch test
COD equivalent of the mass balance is shown in Table 4.24 and it was observed
that 57.83 mg/l COD was missing in the mass balance.
Table 4.24: COD balance for the Glu-110 batch test
Parameter
Glutamate - input
Glycogen – input
Glycogen - output
3HV
3H2MV
3H2MB
Propionate

mg COD/mg C
2.4
2.67
2.67
3.2
3.3
3.2
3.1

mg/l C
60
79.5
55.75
11.35
2.15
0.58
33.65

mg/l COD
144
212.3
148.9
36.32
7.1
1.86
104.32

Results of the batch test Glu-119
On the 119th day of the operation of the SBR-3, a final batch test fed with glutamate
was carried out. The amount of the glutamate fed to the batch reactor as carbon
source was 50 mg/l C and it was completely utilized at the end of the anaerobic
period as illustrated in Figure 4.64.
Figure 4.65 shows the results of the batch experiment for the supernatant. DOC was
measured as 33.18 mg/l C at the end of the anaerobic period and 24.57 mg/l C of
this value was propionate.
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Figure 4.64: HPLC chromatograms of free amino acids in supernatant of Glu-119
batch test
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Figure 4.65: Results of the Glu-119 batch test for the supernatant
Figure 4.66 shows the results of the batch experiment for the sludge. 29.58 mg/l C
of carbohydrates was consumed and the accumulation of PHA was 7.2 mg/l C
during the anaerobic period of 7.5 hours.
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Figure 4.66: Results of the Glu-119 batch test for the sludge
The calculated mass balance for carbon was shown in Figure 4.67. The carbon
balance was not followed perfectly with a high value of 39.2 mg/l C of missing.
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Figure 4.67: Carbon balance for the Glu-119 batch test
COD equivalent of the mass balance is shown in Table 4.25 and it was observed
that 99.82 mg/l COD was missing in the mass balance.
Table 4.25: COD balance for the Glu-119 batch test
Parameter
Glutamate - input
Glycogen – input
Glycogen - output
3HB
3HV
3H2MV
3H2MB
Propionate

mg COD/mg C
2.4
2.67
2.67
3
3.2
3.3
3.2
3.1

mg/l C
50
90.75
61.17
0.46
5.89
0.67
0.18
24.57
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mg/l COD
120
242.3
163.3
1.38
18.85
2.2
0.58
76.17

Figure 4.68 shows the HPLC chromatograms of hydrolyzed amino acids in the
sludge for glutamate fed batch test. The first chromatogram illustrates the beginning
of the anaerobic period and the second chromatogram demonstrates the end of the
anaerobic period. Two kinds of amino acids in the sludge hydrolysate were found to
increase and appear, indicating the accumulation glutamate as some other storage
compounds.
at the beginning of
the anaerobic period

at the end of the
anaerobic period

Figure 4.68: HPLC chromatograms of hydrolyzed amino acids in sludge of Glu-110
batch test
4.2.4 Discussion
The

polyphosphate

accumulating

organisms

(PAOs)

are

found

to

be

phylogenetically very diverse (Seviour et al., 2003), and the common feature of
PAOs are the ability to store the phosphate intracellularly. The most preferred way
to observe the EBPR activity is to examine microscopically the biomass sample
taken from the aerobic tank of the EBPR system and to detect the abundance of the
cells stained positive for polyphosphate. The studies so far focused on the
responses of the EBPR population to acetate or propionate as carbon sources. It is
widely accepted in these studies that PAOs could take up these volatile fatty acids
anaerobically and store them as poly-β-hydroxyalkanoates (PHA) and the
composition of PHA depend on the carbon source uptaken. And the general
agreement is that the reducing power required for PHA accumulation is generated
from the glycolysis of internally stored glycogen (Mino et al., 1998).
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In this study, activated sludge was acclimated with a mixture of aspartate and
glutamate in an anaerobic-aerobic SBR and the combination of FISH with DAPI
staining clearly showed the presence and abundance of the polyphosphate
accumulating organisms (PAOs) together with complete removal of phosphorus in
the SBR.
Batch tests were carried out with the activated sludge taken from the SBR-2 at
different stages of the performance of the SBR-2 to determine the anaerobic-aerobic
characteristics of the sludge. The experimental results indicate that phosphate
removal capacities were regardless of the change in the type of the external
substrate. Phosphorus uptake versus phosphorus release ratio changed in the
range of 1.30 - 1.67 for the batch tests carried out on the period of best phosphorus
removal capacity of the SBR-2. This ratio was around 1.1 – 1.2 in the start-up period
and deterioration period.

Abughararah et al. (1991) reported the ratio of

phosphorus uptake to phosphorus release around 1.2 for seven types of VFA added
as external substrate and stated that the type of the volatile fatty acids did not
change the ratio of Pupt/Prel. Yagci et al. (2007) reported Pupt/Prel ratios around 1.14
– 1.29 for acetate fed EBPR reactor and 1.16 – 1.39 for propionate fed EBPR
reactor. Batch tests performed with aspartate showed considerably higher PHA
formation than with glutamate but the effect of the substrate type on the PHA
composition was not significant. The major content of the PHA was 3HV and 3H2MV
when high phosphorus removal was achieved. The ratio of 3HB unit was almost in
the same proportion for the batch tests fed with aspartate regardless of the change
in the EBPR activity. Conversely, 3HB unit became apparent in the deterioration
period of the SBR for the glutamate fed batch tests.
The ratios of phosphorus release to substrate utilized in the anaerobic period were
significantly high for the good EBPR period due to higher amount of the substrate
uptake and phosphorus release. The ratio of phosphorus release to substrate
utilized in the anaerobic period (mg P/mg COD) for aspartate fed batch test was
calculated as 0.72 and 0.78 for the glutamate fed batch test. Yagci et al. (2007)
reported the phosphorus release to substrate uptaken ratio (mg P/mg COD) as 0.49
for acetate fed SBR and 0.50 for propionate fed SBR.
The results of the batch tests carried out with aspartate illustrated that EBPR
population used the common biochemical pathways explained briefly above.
The results of the microbial analyses highlighted the co-existence of Rhodocyclusrelated bacteria and Actinobacteria and their involvement in phosphorus removal
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activity. DAPI staining combined with FISH confirmed the accumulation of
polyphosphate by Candidatus ‘Accumulibacter phosphatis’ and Actinobacteria.
Particularly, DAPI staining alone and DAPI combined with HGC69A probe targeting
Actinobacteria clearly showed that small cocci in clusters and tetrads belonging to
Actinobacteria were accumulating polyphosphate and existed in great quantity. The
abundance of Actinobacterial PAO in full-scale EBPR plants reported in many
studies (Bond et al., 1999; Kawaharasaki et al., 1999; Crocetti et al., 2000; Liu et
al., 2001; Kong et al., 2005). However there are number of Actinobacterial PAO
with diverse physiologies and they behave remarkably different from the predicted
biochemical models for PAOs (Kong et al., 2005). The main differences reported so
far are the type of the organic substrates uptaken differing from the Rhodocyclusrelated PAO and they do not store organic substrates uptaken as PHA. But still very
limited information is known about their physiology. Fukushima et al. (2007)
observed these small coccoid cells stained DAPI positive and responded positive to
HGC69A probe indicating Actinobacterial PAO in glutamate fed EBPR reactor and
could not detect in aspartate fed EBPR reactor. Since the activated sludge was
acclimated to the mixture of aspartate and glutamate in this study, it was concluded
that glutamate was promoting the growth of these cocci Actinobacterial PAO. In the
batch tests fed with glutamate as sole carbon source, PHA formation was
remarkably small compared to aspartate fed batch tests. As Actinobacterial PAO
and Rhodocyclus-related PAO have different affinities to organic substrates; in the
glutamate fed batch reactors Actinobacterial PAO might be favorable in the
competition for the glutamate and this could explain much less formation of PHA.
The results of the hydrolyzed amino acids in the sludge for glutamate fed batch test
showed that two kinds of amino acids in the sludge hydrolysate were found to
increase and appear, indicating the accumulation glutamate as some other storage
compounds. Thus it was concluded that glutamate was stored as an unidentified
storage polymer. Satoh et al. (1998) studied the anaerobic uptake of glutamate by
EBPR activated sludge; observed small amount of PHA formation with a high ratio
of missing carbon and detected a polymer containing γ-aminobutyrate and an
unknown amino acid.
One of the significant findings of the microbial analyses was the abundance of
Bacteroidetes in the sludge. The fatty acids were measured in all batch tests with
HPLC and IC; small amount of acetate and mainly propionate formation was
detected especially in the aspartate fed batch reactors. In the beginning of the
anaerobic period, the peaks of fumarate and propionate were detected but the area
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of these volatile fatty acids was too small to be calculated. And at the end of the
anaerobic period some amount of these volatile fatty acids remained in the
supernatant. It was postulated that aspartate was fermented to acetate and
propionate by Bacteroidetes (the fermentantion of amino acids by Bacteroidetes is
explained in Chapter 2) and most probably fermentation occurred concurrently with
uptake of volatile fatty acids by PAOs. Since the amino acids were measured after
the batch tests due to the long sample preparation steps for the analysis; the
anaerobic period was kept quite long time which might result in release of acetate
and propionate to the supernatant, this might be due to the decay of biomass and
storage compounds in the anaerobic phase.
Aspartate presented the highest carbon recovery ratio compared to glutamate in the
batch tests performed. The most probable reason for this result could be the outcompeting of Rhodocyclus-related PAO over Actinobacterial PAO for the aspartate.
Since Actinobacterial PAO was reported to be dominant in glutamate fed EBPR
reactor as mentioned above and Kong et al. (2005) observed that Actinobacterial
PAOs could not take up formic acid, acetate, propionate, butyric acid, pyruvate,
lactate, ethanol, glucose, oleic acid, aspartic acid, glutamic acid, leucine, glycine,
thymidine or mixed amino acids. For the uptake of aspartate by Rhodocyclusrelated PAOs, conflicting arguments were reported. Kong et al. (2004) found that
Rhodocyclus- related PAOs utilized acetate, pyruvate, propionate, glutamate and
simultaneously acetate-propionate mixture but could not take up aspartate.
Conversely, Chua et al. (2006) reported the opposite regarding to the aspartate.
Regarding to these contrary results in the literature, Fukushima et al. (2007)
concluded in their study that whether Rhodocyclus-related PAO aspartate directly or
indirectly (utilizing the fermentation products of the substrate), aspartate can
promote the predominace of Candidatus ‘Accumulibacter phosphatis’. Hence in this
study, it was assumed that Rhodocyclus-related PAO were more active in the
aspartate fed batch tests and the process performance data confirmed this
assumption.
The anaerobic stoichimetry of the aspartate and glutamate were determined with the
batch tests performed from SBR-3 sludge. The only difference between the batch
tests carried out with SBR-2 and SBR-3 is the amino acids analyses. The uptake of
the aspartate and glutamate was clearly observed with the free amino acid analyses
in the supernatant. The biosynthesis of the glutamate is detected with the
hydrolyzed amino acid analyses in the sludge but could not be quantified.
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In all batch tests fed with aspartate; the major PHA monomer synthesized was 3HV
followed by 3H2MV. The ratio of 3HV to PHA was in the range of 0.58 to 0.79 and
3H2MV to PHA was in the range of 011 to 0.18. The studies performed with
propionate found that propionate leads to the formation of mainly poly-βhydroxyvalerate (3HV). Satoh et al. (1992) reported the ratio of 3HV/PHA as 0.60;
Oehmen et al. (2005) measured the ratios of 3HV/PHA and 3H2MV/PHA as 0.55
and 0.65, respectively in EBPR reactors fed with propionate. Yagci et al. (2007)
calculated the ratios of 3HV/PHA and 3H2MV/PHA as 0.27 and 0.35 for the
propionate fed reactor, 0.20 and 0.26 for the mixture of acetate (25%) and
propionate (75%) reactor, respectively. The ratios for 3HV and 3H2MV reported in
the literature are variable but in all these studies the ratio of 3HB to PHA is quite low
compared to acetate fed EBPR systems (in the range of 0.04 to 0.3). Accordingly,
as the PHA compositions was more likely to propionate fed EBPR systems, the
results of this study imply that propionate was the main fermentation product utilized
by PAOs. The ratio of glycogen to aspartate vary between 0.33 and 0.47. In the
propionate fed EBPR systems, this ratio was reported in the range of 0.32 (Oehmen
et al., 2005) to 0.37 (Satoh et al., 1992) which is compatible with this study.
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5

CONCLUSIONS

The effect of significant carbon sources exist in municipal wastewater on enhanced
biological phosphorus removal performance was studied by operating laboratoryscale alternating anaerobic-aerobic sequencing batch reactors supplied with glucose
and the mixture of aspartate and glutamate.
The major findings of this study are summarized as follows:
The sequencing batch reactor (SBR) fed with glucose as sole carbon source
achieved biological phosphorus removal but deteriorated gradually along the
operation of the reactor. During the good EBPR period, lactate and acetate was
detected in the supernatant and pH was dropped upon the glucose addition which
indicates that part of the glucose was fermented to mainly lactate and to small
amount of acetate. The results of the molecular analysis performed during this
period show the presence of many diverse fermentative bacteria proving clearly the
glucose fermentation. The abundance of low G+C Gram-positives (Firmicutes)
which are closely related to Lactococcus spp. (lactic acid bacteria) together with the
high levels of lactate production under anaerobic conditions clearly indicates the
glucose fermentation. The subsequent removal of lactate at the end of the anaerobic
phase suggests that PAOs utilize the lactate under anaerobic conditions and
converted to PHA. In this study, accumulated PHA was mainly consisted of 3HV
with a 77% ratio which is in consistent with the reported studies. It is generally
believed that PAOs are unable to uptake glucose directly under anaerobic
conditions and it has to be first converted to short chain fatty acids to be utilized by
PAOs. It is assumed that lactate was the major substrate converted to PHA by
PAOs due to the significant amount of 3HV formation and low level of glycogen
consumption under anaerobic conditions. Glycogen consumption together with
lactate changed the ratios of acetyl-CoA and propionyl-CoA metabolized which
could explain the formation of 3H2MV. Thus PHA was thought to be derived not only
from the lactate but also from glycogen and from small amount of acetate fermented
from glucose.
PCR-clone sequence approach was applied for phylogenetic analysis of the
microbial community of the SBR sludge fed with glucose. Analyzed clones for good

135

EBPR sludge represented 5 different phyla of the domain bacteria and revealed 40
different phylotypes belonging to the Actinobacteria (3%), Firmicutes (15%),
Bacteroidetes (6%), Proteobacteria (70%) and Verrucomicrobia (1%) phyla. 5% of
total clones were unidentified. Most clones of the sludge sample were affiliated by
Proteobacteria (70%) and γ-Proteobacteria (64%) were the most abundant subclass
followed by β-Proteobacteria (6%). The abundance of low G+C Gram-positives
(Firmicutes) was more than the high G+C Gram-positives (Actinobacteria) for day 9
sludge. Analyzed clones of deteriorated EBPR sludge contained 29 different
sequences

belonging

to

the

Actinobacteria

(4.5%),

Bacteroidetes

(23%),

Proteobacteria (66.5%) and 6 % of total clones were unidentified. Similar to day 9
sludge, most clones of day 29 sludge were affiliated by Proteobacteria (66.5%) but
the distribution in subclasses of Proteobacteria was different. γ-Proteobacteria
(37%) were the most abundant subclass same as day 9 sludge but with a lower ratio.
The abundance of β-Proteobacteria (23%) were higher compared to the day 9
sludge and a small ratio of α-Proteobacteria (3%) were observed. The Bacteroidetes
in day 29 sludge represented 23% of the total clones and the abundance of high
G+C Gram-positive group (HGC) was almost same in both sludge samples but in
day 29 sludge no low G+C Gram-positive group (LGC) was detected in analyzed
clones. Rhodocyclus related organisms were not detected in analyzed clones. The
low frequency of Actinobacteria observed in both sludge samples was in
contradiction with the previous studies on EBPR systems fed with glucose. Major
cell population analyzed in both sludges was γ- subclass of Proteobacteria. Another
remarkable result from the phlyogenetic tree of day 29 sludge is the disappearance
of LGC group.
23% of the clones of day 9 sludge in the γ-Proteobacteria were closely related to the
facultatively anaerobic rod Aeromonas sp. of Aeromonas genus. 8% of the clones
were closely associated with Tolumonas auensis placed in the group of facultatively
anaerobic microorganisms and can grow anaerobically on sugars. 15% of the clones
were affiliated with the sequences of Enterobacteriaceae family. Members of the
Enterobacteriaceae are Gram-negative, rod-shaped and facultative anaerobic
organisms fermenting sugars to lactate and various other end products. 15% of the
sequenced clones were closely related to the Lactococcus sp., Trichococcus
pasteruii and Veillonella sp. of Firmicutes phylum. The clones related to the
Lactococcus sp. and Trichococcus pasteruii are belonging to the Lactobacillales
order that comprise the lactic acid bacteria.
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The EBPR activity was remarkably deteriorated on the 29th day of the SBR
operation. The occurrence and predominance of Candidatus Competibacter
Phosphatis detected on day 29 sludge was significant. 17% of the γ-Proteobacteria
were closely related to the Candidatus Competibacter Phosphatis. The dominance
of GAOs detrimentally affect phosphorus removal by out-competing the PAOs since
glycogen can be used as the energy source and reducing power for PHA
accumulation reducing the dependency on polyphosphate degradation for energy
supply. The abundance of GAO population reflected to the results of the chemical
data on day 29, where a low ratio of phosphate release/carbon uptake was
observed as 0.07 P mol / C mol with an incomplete phosphorus removal as 12.46
mg/l P was detected at the end of the aerobic phase. The significant increase in
glycogen consumption was in accordance with predominance of GAOs on day 29.
The total phosphorus content of the sludge was decreased to 4.3% of the MLVSS
indicating the predominance of GAOs over PAOs. PHA accumulation was
decreased to 32 mg/l C. The amount of glucose uptaken within the first 10 minutes
increased to 110 mg/l C from 97 mg/l C on day 29 but the remaining of the carbon
source could not be explained. The ratio of propionyl-CoA produced to PHA was
almost same with the ratio of acetyl-CoA produced to PHA on day 9. However on
day 29, the ratio of propionyl-CoA to PHA was calculated as 2.2 whereas the ratio of
acetyl-CoA to PHA was 1.9 showing that GAO metabolism was more active.
During the good EBPR period, glucose was fermented rapidly to lactate and the
utilization of lactate in anaerobic phase was detected. On day 29, the lactate
utilization was decreased in anaerobic period. On the other hand, after day 29 which
also resembles the deterioration period of EBPR, lactate was not consumed during
the anaerobic period. GAOs seemed to out-compete the PAOs by consuming
glucose directly.
Accordingly, the phosphorus removal activity in the sequencing batch reactor fed
with glucose was declined gradually and breakdown of enhanced biological
phosphorus removal was correlated with the proliferation of the GAOs which is also
observed often in the reported studies of glucose fed EBPR systems.
In the aspartate and glutamate fed EBPR, the experimental results indicate that
phosphate removal capacities were regardless of the change in the type of the
external substrate. Phosphorus uptake versus phosphorus release ratio changed in
the range of 1.14 - 1.17 for the batch tests carried out on the period of best
phosphorus removal capacity of the SBR. This ratio was around 0.82 – 0.92 in the
start-up period and deterioration period. However, these ratios are higher for the
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experimental data obtained from the SBR due to the longer anaerobic and shorter
aerobic phases performed in the batch tests. Phosphorus uptake versus phosphorus
release ratio changed in the range of 1.31 – 1.67 for the SBR which is quite high
than reported studies with the acetate. This result clearly proves that effective
phosphorus removal could be achieved in aspartate and glutamate fed EBPR
systems. This conclusion is remarkable since acetate and propionate are known to
be the most favorable substrates for PAOs but the availability of these carbon
sources in municipal wastewater is very limited and it is not feasible to add
chemically synthesized short chain fatty acids as external carbon source to full-scale
wastewater treatment plants.
PCR-clone sequence approach was applied for phylogenetic analysis of the
microbial community of the SBR sludge fed with the mixture of aspartate and
glutamate. Analyzed clones of good EBPR sludge revealed 32 different phylotypes
belonging to the Actinobacteria (3%), Bacteroidetes (41%), Proteobacteria (48%)
and TM7 (8%) phyla. Most clones of the sludge sample were affiliated by
Proteobacteria (48%). γ-Proteobacteria (23%) and β-Proteobacteria (23%) were the
most abundant subclass followed by α-Proteobacteria (2%). Bacteroidetes.(41%)
was the 2nd predominant group. In day 214 sludge, analyzed clones represented 34
different phylotypes belonging to the Actinobacteria (8%), Bacteroidetes (19%),
Proteobacteria (54%), TM7 (18%) and Chlorobi (1%) phyla. Most clones of day 214
sludge were affiliated by Proteobacteria (54%). γ-Proteobacteria (24%) were the
most abundant subclass followed by β-Proteobacteria (15%) and α-Proteobacteria
(11%). δ- Proteobacteria (3%) and ε Proteobacteria (1%) were also detected on day
214 different from day 90. The abundance of Actinobacteria – HGC group increased
to 8% on day 214. The dominance of α-Proteobacteria increased on day 214
compared to day 90. Bacteroidetes decreased remarkably on day 214. Another
remarkable change in the bacterial diversity was the decrease in the proportion of
the β- subclass of the Proteobacteria on day 214. Microlunatus phosphovorus
belonging to Actinobacteria phylum increased to 8% and Rhodocyclus related
organisms belonging to β-Proteobacteria were disappeared in the analyzed clones
of day 214 sludge sample. 16% of the β-Proteobacteria were closely related to the
Acidovorax spp. and also Rhodocyclus related organisms were detected in analyzed
clones of day 90 sludge. Tetrasphaera elongate belonging to Actinobacteria phylum,
a possible PAO candidate, detected in day 90 sludge sample.
The predominance of major groups in the EBPR sludge was determined by FISH.
Small coccoid cells and small cocci in clusters stained yellow with DAPI were found
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in abundance showing high amount of polyphosphate accumulated organisms in
day 90 sludge. PAOmix-positive cells accounted for 24% of eubacterial cells for day
90 when EBPR activity was high but decreased on day 214 when deterioration in
EBPR activity was observed. DAPI stained cells of day 90 were showing different
morphology from the RPAOs. FISH combined with DAPI staining revealed clearly
that HGC69a positive cells accumulated polyphosphate. These DAPI stained cells
appeared as tetrads or small cocci. HGC69a probe combined with DAPI staining for
day 214 sludge revealed HGC69a positive cells did not accumulate polyphosphate.
However based on the clone library results, Actinobacteria phylum increased to 8%.
The results of the microbial analyses highlighted the co-existence and abundance of
Rhodocyclus-related bacteria and Actinobacteria in the SBR fed with the mixture of
aspartate and glutamate and their involvement in phosphorus removal activity.
Glutamate was found to be promoting the growth of these cocci Actinobacterial PAO.
In the batch tests fed with glutamate, PHA formation was remarkably small
compared to aspartate fed batch tests. Hence in the glutamate fed batch reactors
Actinobacterial PAO might be favorable in the competition for the glutamate and this
could explain much less formation of PHA. The storage compound in the glutamate
fed batch tests could not be identified but detected appearance and increase of
some amino acids detected in the sludge hydrolysate indicates that glutamate was
stored as an unidentified storage polymer.
Aspartate presented the highest carbon recovery ratio compared to glutamate in the
batch tests performed. The most probable reason for this result could be the outcompeting of Rhodocyclus-related PAO over Actinobacterial PAO for the aspartate.
The abundance of Bacteroidetes in the sludge and the detection of the fatty acids in
the batch tests were related to the fermentation of aspartate. It was postulated that
aspartate was fermented to acetate and propionate by Bacteroidetes and most
probably fermentation occurred concurrently with uptake of volatile fatty acids by
PAOs.
Batch tests performed with aspartate showed considerably higher PHA formation
than with glutamate. Results indicate that the effect of the substrate type on the PHA
composition is not significant except for the start up period. The major content of the
PHA was 3HV and 3H2MV when high phosphorus removal was achieved. The ratio
of glycogen to carbon source (Gly/C) was 0.57 and 0.64 for aspartate and glutamate
fed batch tests performed during the best EBPR activity of the SBR, respectively.
This ratio was increased to 1.24 for both substrates during the deterioration period
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of the EBPR. The ratio of PHA accumulated to carbon (C) utilized in the anaerobic
period of aspartate and glutamate fed batch tests were calculated as 0.95 and 0.61
C-mol/C-mol, respectively. As indicated previously, higher amount of PHA was
accumulated in the aspartate fed batch tests compared to glutamate fed batch tests.
During the deterioration period of the EBPR, PHA/C ratios were calculated as 0.39
and 0.23 C-mol/C-mol for aspartate and glutamate batch tests due to the decrease
in PHA accumulation and substrate uptake in the anaerobic stage. During the best
EBPR period, the ratio of 3HV unit to aspartate uptaken was the highest followed by
the ratio of 3H2MV to aspartate uptaken. The ratios of 3HB and 3H2MB
accumulated to aspartate uptaken were minor. Along the deterioration period of
EBPR, the ratio of 3HV unit to aspartate uptaken was still the highest ratio but the
ratio of 3H2MV/Asp decreased to the level of 3HB/Asp.
The following recommendations for future work are summarized:
It is evident that PAOs involve phylogenetically diverse groups of bacteria and
EBPR

community

structures

vary

among

different

systems

with

various

environmental conditions and carbon sources. The biochemical models proposed
most often fail to explain fully the behavior of the EBPR communities in different
systems as the performance of the enhanced biological phosphorus removal is
highly influenced by the shift in microbial communities. This study highlighted the
importance of parallel microbial community analyses for the interpretation of the
process performance. The next challenge for the future study may be determining
the key genes and their regulations genetically and enzymologically which can
provide information about the genetic basis of EBPR.
Further studies are needed to clarify the role of Actinobacterial PAO, regarding the
carbon sources they can uptake and the storage material. It is also highly
recommended to reveal the existence and ecophysiology of Actinobacterial PAO in
full-scale wastewater treatment plants.
The overall aim of all these studies are to improve the process performance and the
reliability of EBPR plants which will be beneficial to predict when and where EBPR
operation will be effective leading to minimization in operational and construction
costs.
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APPENDICES

APPENDIX A: CLONE LIBRARY DATA

Table A.1: Results of the 16S rDNA clone library - day 9 sludge of SBR fed with glucose
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clone
1

accession
AF063003

2

X93214

3

AJ318183

5

X92889

6

U88662

7

AY762111

8

AB200297

9

AJ009470

10

AB051430

11

AB051430

12

AF063003

13

X87150

14

AF063003

15

AF063003

16

U88662

affiliation
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Firmicutes; Lactobacillales;
Streptococcaceae; Lactococcus
Bacteria; environmental samples
Bacteria; Proteobacteria; Betaproteobacteria;
environmental samples
Bacteria; Actinobacteria; Actinobacteria (class);
Actinobacteridae; Actinomycetales;
Micrococcineae; Intrasporangiaceae; Tetrasphaera
Bacteria; Actinobacteria; Actinobacteria (class);
Actinobacteridae; Actinomycetales;
Micrococcineae; Intrasporangiaceae; Tetrasphaera
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas

alignment
Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence.
Klebsiella pneumoniae 16S rRNA gene

scores
1750

identity
889/891 (99%)

gaps

1263

841/897 (93%)

11/897
(1%)

Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
T.auensis 16S rRNA gene

1445

859/903 (95%)

1701

893/904 (98%)

Aeromonas sp. 'CDC 787-80' 16S ribosomal
RNA gene, partial sequence
Lactococcus sp. MARL49 16S ribosomal RNA
gene, partial sequence
Uncultured bacterium gene for 16S rRNA, partial
sequence, clone: UTFS-OF08-d36-08
Uncultured bacterium SJA-62 16S rRNA gene,
clone SJA-62
Tetrasphaera elongata gene for 16S rRNA,
strain:ASP12

1713

872/875 (99%)

1606

867/886 (97%)

1723

880/883 (99%)

1530

833/852 (97%)

1748

884/885 (99%)

Tetrasphaera elongata gene for 16S rRNA,
strain:ASP12

1748

884/885 (99%)

Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence
Trichococcus pasteurii

1778

900/901 (99%)

1782

909/911 (99%)

Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence
Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence
Aeromonas sp. 'CDC 787-80' 16S ribosomal
RNA gene, partial sequence

1776

902/904 (99%)

1776

902/904 (99%)

1626

867/882 (98%)

2/904
(0%)

1/883
(0%)
1/852
(0%)

1/911
(0%)

3/882
(0%)
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17

AB004756

18

AJ296308

21

X92889

26

AY762111

27

X87150

28

X92889

29

AF063003

30

X87150

31

X92889

32

X93214

33

Y17664

34

AF255639

35

X92889

36

AF063003

37

U88656

39

D14257

40

X87150

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Raoultella
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Serratia
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas
Bacteria; Firmicutes; Lactobacillales;
Streptococcaceae; Lactococcus
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella
Bacteria; environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus

Raoultella ornithinolytica gene for 16S ribosomal
RNA, partial sequence
Serratia marcescens 16S rRNA gene, isolate
CPO1(4)CU
T.auensis 16S rRNA gene

1746
1277

881/881
(100%)
837/893 (93%)

1737

901/911 (98%)

Lactococcus sp. MARL49 16S ribosomal RNA
gene, partial sequence
Trichococcus pasteurii

1639

890/910 (97%)

1776

899/900 (99%)

T.auensis 16S rRNA gene

1721

900/912 (98%)

Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence
Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)
T.auensis 16S rRNA gene

1782

912/915 (99%)

1750
1697

883/883
(100%)
892/904 (98%)

Klebsiella pneumoniae 16S rRNA gene

1312

847/901 (94%)

Klebsiella sp. 16S rRNA gene, strain BEC441,
partial
Uncultured bacterium clone Ebpr17 16S
ribosomal RNA gene, partial sequence
T.auensis 16S rRNA gene

1622

879/898 (97%)

1090

755/822 (91%)

1691

885/896 (98%)

Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence
Aeromonas sp. 'CDC 9013-89' 16S ribosomal
RNA gene, partial sequence
Zoogloea ramigera gene for 16S ribosomal RNA

1802
1774

909/909
(100%)
907/910 (99%)

1778

909/912 (99%)

Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)

1162

589/590 (99%)

9/893
(1%)

1/910
(0%)

1/915
(0%)

1/904
(0%)
8/901
(0%)
1/898
(0%)
1/822
(0%)
1/896
(0%)

1/910
(0%)
1/912
(0%)
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41

X93214

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Cytophaga
Bacteria; Proteobacteria; Betaproteobacteria;
environmental samples

Klebsiella pneumoniae 16S rRNA gene

1312

847/901 (94%)

42

X85210

43

AJ001325

44

AB166733

45

AB004756

46

AB200302

47

X92889

Cytophaga sp. partial 16S rRNA gene (type
0092)
Beta-proteobacterium 16S ribosomal RNA

1431

863/910 (94%)

1802

912/913 (99%)

Bacteria; Proteobacteria; Gammaproteobacteria;
Thiotrichales; Thiotrichaceae; Thiothrix
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Raoultella
Bacteria; environmental samples

Thiothrix sp. NKBI-C gene for 16S rRNA, partial
sequence
Raoultella ornithinolytica gene for 16S ribosomal
RNA, partial sequence
Uncultured bacterium gene for 16S ribosomal
RNA, partial sequence, clone: UTFS-OF09-d2237
T.auensis 16S rRNA gene

1778

910/913 (99%)

1778

908/912 (99%)

1346

848/902 (94%)

1629

848/858 (98%)

48

AY297809

Beta proteobacterium pACH94 16S ribosomal
RNA gene, partial sequence

1162

742/789 (94%)

5/789
(0%)

50

X87150

Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)
Uncultured bacterium partial 16S rRNA gene,
clone 21BSF12
Serratia marcescens strain AU736 16S
ribosomal RNA gene, partial sequence

1778

907/909 (99%)

1/909
(0%)

52

AJ863279

1229

838/911 (91%)

53

AY043386

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Serratia

1326

865/920 (94%)

54

AJ458405

56

U88656

57

AY745743

58

X92889

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas

Aeromonas sp. LMG 13061 partial 16S rRNA
gene, strain LMG 13061
Aeromonas sp. 'CDC 9013-89' 16S ribosomal
RNA gene, partial sequence
Aeromonas sp. D6 16S ribosomal RNA gene,
partial sequence
T.auensis 16S rRNA gene

1800

913/915 (99%)

1808

914/915 (99%)

1739

889/892 (99%)

1697

873/880 (99%)

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas
Bacteria; Proteobacteria; Betaproteobacteria

Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; environmental samples

8/901
(0%)

1/913
(0%)

2/902
(0%)

8/920
(0%)

1/892
(0%)
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59

X85210

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Cytophaga
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Cytophaga
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; environmental samples

60

X85210

61

U88656

62

AJ786803

63

AJ223182

1267

822/883 (93%)

1275

820/879 (93%)

1766

909/914 (99%)

1237

837/908 (92%)

1750

903/910 (99%)

64

AY162042

Gamma proteobacterium PI_GH2.1.C4 small
subunit ribosomal RNA gene, partial sequence
Aeromonas sp. 'CDC 862-83' 16S ribosomal
RNA gene, partial sequence

1346

845/899 (93%)

65

U88655

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas

1754

895/897 (99%)

66

X92889

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Tolumonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus

T.auensis 16S rRNA gene

1731

895/904 (99%)

67

AJ223182

Aeromonas sp. 16S rRNA gene, strain F479E

1772

902/905 (99%)

68

D14257

Zoogloea ramigera gene for 16S ribosomal RNA

1628

877/896 (97%)

69

AJ871856

Klebsiella oxytoca partial 16S rRNA gene, strain
SB71
Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)

1556

797/801 (99%)

70

X87150

1768

892/892
(100%)

71

AF063003

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas

Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence

1816

916/916
(100%)

72

AY292871

874/901 (97%)

EF636032

1215

751/797 (94%)

74

AM411939

Klebsiella oxytoca isolate 566 16S ribosomal
RNA gene, partial sequence
Verrucomicrobia bacterium TP716 16S
ribosomal RNA gene, partial sequence
Gamma proteobacterium P-41 partial 16S rRNA
gene, strain P-41

1542

73

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella
Bacteria; Verrucomicrobia; unclassified
Verrucomicrobia
Bacteria; Proteobacteria; Gammaproteobacteria

1170

748/801 (93%)

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria

Cytophaga sp. partial 16S rRNA gene (type
0092)
Cytophaga sp. partial 16S rRNA gene (type
0092)
Aeromonas sp. 'CDC 9013-89' 16S ribosomal
RNA gene, partial sequence
Unidentified bacterium partial 16S rRNA gene,
isolate R-22831
Aeromonas sp. 16S rRNA gene, strain F479E

1/914
(0%)

1/899
(0%)
1/897
(0%)

8/901
(0%)

75

U88661

159

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Cytophaga

Aeromonas sp. 'CDC 859-83' 16S ribosomal
RNA gene, partial sequence
Cytophaga arvensicola partial 16S rRNA gene,
type strain DSM 3695T

1741

890/893 (99%)

76

AM237311

811

751/865 (86%)

78

AM184290

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Pantoea

Pantoea agglomerans partial 16S rRNA gene,
strain WAB1951

1794

908/909 (99%)

79

EF108445

877/906 (96%)

X87150

1764

900/902 (99%)

81

EF636182

1669

877/888 (98%)

82

EF636182

1693

878/886 (99%)

85

AM749771

650

520/584 (89%)

88

EF636182

1709

886/894 (99%)

89

EF636182

1719

888/895 (99%)

90

EF614996

Veillonella sp. NVG 30cf 16S ribosomal RNA
gene, partial sequence
Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Bacteroidetes bacterium P373 partial 16S rRNA
gene, isolate P373
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Enterobacter pulveris isolate E443 16S
ribosomal RNA gene, partial sequence

1552

80

Bacteria; Firmicutes; Clostridia; Clostridiales;
Acidaminococcaceae; Veillonella
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Bacteroidetes

1360

850/897 (94%)

92

AF063003

1776

93

X87150

1737

896/896
(100%)
890/892 (99%)

94

EF614996

Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence
Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)
Enterobacter pulveris isolate E443 16S
ribosomal RNA gene, partial sequence

1338

822/866 (94%)

95

EF636182

Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence

1657

864/872 (99%)

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae;
Enterobacter
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae;
Enterobacter
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales

1/893
(0%)

2/906
(0%)
1/902
(0%)
1/888
(0%)

6/897
(0%)

2/892
(0%)
4/866
(0%)
1/872
(0%)
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96

EF636182

97

AF063003

98

EF636182

99

EF636182

100

X87150

101

U88656

102

X87150

103

X87150

105

EF636182

113

EF614996

115

EF636182

118

EF636182

119

DQ859921

122

EF636182

123

EF614996

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Firmicutes; Lactobacillales;
Carnobacteriaceae; Trichococcus
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae;
Enterobacter
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas

Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Aeromonas sp. RC278 16S ribosomal RNA
gene, partial sequence
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)
Aeromonas sp. 'CDC 9013-89' 16S ribosomal
RNA gene, partial sequence
Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)
Trichococcus pasteurii
(L.pasteurii 16S rRNA gene)
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Enterobacter pulveris isolate E443 16S
ribosomal RNA gene, partial sequence

1659

864/873 (98%)

1705

882/889 (99%)

1709

877/882 (99%)

1667

862/869 (99%)

1673

881/888 (99%)

1665

864/872 (99%)

1679

852/854 (99%)

1709

869/870 (99%)

1663

864/871 (99%)

1326

820/864 (94%)

Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Aeromonas sp. GPTSA100-19 16S ribosomal
RNA gene, partial sequence

1651

860/869 (98%)

1507

854/882 (96%)

1737

899/907 (99%)

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; unclassified Aeromonadales
Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales;
Enterobacteriaceae;
Enterobacter

Aeromonadales bacterium TP374 16S
ribosomal RNA gene, partial sequence
Enterobacter pulveris isolate E443 16S
ribosomal RNA gene, partial sequence

1729

896/904 (99%)

1376

853/900 (94%)

1/889
(0%)

4/888
(0%)

1/870
(0%)
1/871
(0%)
5/864
(0%)

7/882
(0%)
1/907
(0%)

5/900
(0%)
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Table A.2: Overview of the 16S rDNA clone library - day 9 sludge of SBR fed with glucose
No
affiliation
alignment
1
Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonas sp. RC278 16S ribosomal RNA gene, partial
Aeromonadaceae; Aeromonas
sequence

%
9

2

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. 'CDC 787-80' 16S ribosomal RNA gene,
partial sequence

2

3

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. 'CDC 9013-89' 16S ribosomal RNA gene,
partial sequence

4

4

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. LMG 13061 partial 16S rRNA gene, strain
LMG 13061

1

5

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. D6 16S ribosomal RNA gene, partial
sequence

1

6

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. 16S rRNA gene, strain F479E

2

7

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. 'CDC 862-83' 16S ribosomal RNA gene,
partial sequence

1

8

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. 'CDC 859-83' 16S ribosomal RNA gene,
partial sequence

1

9

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
unclassified Aeromonadales

Aeromonadales bacterium TP374 16S ribosomal RNA gene,
partial sequence

12

10

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Tolumonas

T.auensis 16S rRNA gene

8

11

Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas

Aeromonas sp. GPTSA100-19 16S ribosomal RNA gene,
partial sequence

1

12

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella

Klebsiella pneumoniae 16S rRNA gene

3
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13

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella

Klebsiella oxytoca partial 16S rRNA gene, strain SB71

1

14

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella

Klebsiella oxytoca isolate 566 16S ribosomal RNA gene,
partial sequence

1

15

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Klebsiella

Klebsiella sp. 16S rRNA gene, strain BEC441, partial

1

16

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Raoultella

Raoultella ornithinolytica gene for 16S ribosomal RNA, partial
sequence

2

17

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Serratia

Serratia marcescens 16S rRNA gene, isolate
CPO1(4)CU

1

18

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Serratia

Serratia marcescens strain AU736 16S ribosomal RNA gene,
partial sequence

1

19

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Pantoea

Pantoea agglomerans partial 16S rRNA gene, strain
WAB1951

1

20

Bacteria; Proteobacteria; Gammaproteobacteria;
Enterobacteriales; Enterobacteriaceae; Enterobacter

Enterobacter pulveris isolate E443 16S ribosomal RNA gene,
partial sequence

4

21

Bacteria; Proteobacteria; Gammaproteobacteria; Thiotrichales;
Thiotrichaceae; Thiothrix

Thiothrix sp. NKBI-C gene for 16S rRNA, partial sequence

1

22

Bacteria; Proteobacteria; Gammaproteobacteria; environmental
samples

Uncultured gamma proteobacterium 16S rRNA gene, clone
BIsiii14

1

23

Bacteria; Proteobacteria; Gammaproteobacteria

Gamma proteobacterium PI_GH2.1.C4 small subunit
ribosomal RNA gene, partial sequence

1

24

Bacteria; Proteobacteria; Gammaproteobacteria

Gamma proteobacterium P-41 partial 16S rRNA gene, strain
P-41

1

25

Bacteria; Proteobacteria; Betaproteobacteria; environmental
samples

Uncultured bacterium SJA-62 16S rRNA gene, clone SJA-62

1
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26

Bacteria; Proteobacteria; Betaproteobacteria; Rhodocyclales;
Rhodocyclaceae; Zoogloea

Zoogloea ramigera gene for 16S ribosomal RNA

2

27

Bacteria; Proteobacteria; Betaproteobacteria; environmental
samples

Beta-proteobacterium 16S ribosomal RNA

1

28

Bacteria; Proteobacteria; Betaproteobacteria

Beta proteobacterium pACH94 16S ribosomal RNA gene,
partial sequence

1

29

Bacteria; Actinobacteria; Actinobacteria (class); Actinobacteridae;
Actinomycetales; Micrococcineae; Intrasporangiaceae;
Tetrasphaera

Tetrasphaera elongata gene for 16S rRNA,
strain:ASP12

2

30

Bacteria; Firmicutes; Lactobacillales; Streptococcaceae;
Lactococcus

Lactococcus sp. MARL49 16S ribosomal RNA gene, partial
sequence

2

31

Bacteria; Firmicutes; Lactobacillales; Carnobacteriaceae;
Trichococcus

Trichococcus pasteurii

11

32

Bacteria; Firmicutes; Clostridia; Clostridiales;
Acidaminococcaceae; Veillonella

Veillonella sp. NVG 30cf 16S ribosomal RNA gene, partial
sequence

1

32

Bacteria; Bacteroidetes; Sphingobacteria; Sphingobacteriales;
Flexibacteraceae; Cytophaga

Cytophaga sp. partial 16S rRNA gene (type 0092)

3

33

Bacteria; Bacteroidetes; Sphingobacteria; Sphingobacteriales;
Flexibacteraceae; Cytophaga

Cytophaga arvensicola partial 16S rRNA gene, type strain
DSM 3695T

1

34

Bacteria; Bacteroidetes

Bacteroidetes bacterium P373 partial 16S rRNA gene, isolate
P373

1

35

Bacteria; Verrucomicrobia; unclassified Verrucomicrobia

Verrucomicrobia bacterium TP716 16S ribosomal RNA gene,
partial sequence

1

36

Bacteria; environmental samples

Uncultured bacterium gene for 16S ribosomal RNA, partial
sequence, clone: UTFS-OF08-d36-08

1

37

Bacteria; environmental samples

Uncultured bacterium gene for 16S ribosomal RNA, partial
sequence, clone: UTFS-OF09-d22-37

1

38

Bacteria; environmental samples

Uncultured bacterium clone Ebpr17 16S ribosomal RNA
gene, partial sequence

1

39

Bacteria; environmental samples

Unidentified bacterium partial 16S rRNA gene, isolate R22831

1

40

Bacteria; environmental samples

Uncultured bacterium partial 16S rRNA gene, clone21BSF12

1
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Table A.3: Results of the 16S rDNA clone library - day 29 sludge of SBR fed with glucose
accession
AY962319

affiliation
Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

3

CP000539

4

AY962319

Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Acidovorax
Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

6

AY135638

Bacteria; Proteobacteria; Gammaproteobacteria

7

AM888195

8

AY962319

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Runella
Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

9

EF636142

11

AF538773

14

EF550579

Bacteria; Proteobacteria; Gammaproteobacteria;
Aeromonadales; Aeromonadaceae; Aeromonas

15

AY297809

Bacteria; Proteobacteria; Betaproteobacteria

16

AM411939

Bacteria; Proteobacteria; Gammaproteobacteria

17

DQ664249

Bacteria; Proteobacteria; Alphaproteobacteria

20

DQ195856

Bacteria; Actinobacteria

21

AY135638

Bacteria; Proteobacteria; Gammaproteobacteria
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clone
2

Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales
Bacteria

alignment
Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Acidovorax sp. JS42, complete genome

scores
1172

identity
691/723 (95%)

gaps
1/723
(0%)

1544

858/885 (96%)

Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Gamma proteobacterium RLUH-1 16S ribosomal
RNA gene, partial sequence
Runella sp. THWCSN44 partial 16S rRNA gene

1084

665/702 (94%)

2/702
(0%)

1096

799/879 (90%)

3/879
(0%)

1534

871/904 (96%)

Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Burkholderiales bacterium TP487 16S ribosomal
RNA gene, partial sequence
Enrichment culture bacterium LB-P clone LB-P
16S rRNA gene, partial sequence
Aeromonas sp. MM.2.10 16S ribosomal RNA
gene, partial sequence

1172

691/723 (95%)

1675

893/909 (98%)

1455

845/882 (95%)

753

413/424 (97%)

Beta proteobacterium pACH94 16S ribosomal
RNA gene, partial sequence
Gamma proteobacterium P-41 partial 16S rRNA
gene, strain P-41
Alpha proteobacterium IMCC1743 16S
ribosomal RNA gene, partial sequence
Actinobacterium SM45 16S ribosomal RNA
gene, partial sequence
Gamma proteobacterium RLUH-1 16S ribosomal
RNA gene, partial sequence

1582

878/905 (97%)

1205

767/820 (93%)

983

712/784 (90%)

1310

843/901 (93%)

1417

858/905 (94%)

1/723
(0%)

6/901
(0%)
1/905
(0%)
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28

AM888195

29

DQ413148

30

AY297809

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Runella
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Proteobacteria; Betaproteobacteria

32

AY297809

Bacteria; Proteobacteria; Betaproteobacteria

33

AM230484

34

AY673181

36

EF636196

40

EF027001

41

EF027001

42

DQ664251

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Xanthomonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Xanthomonas
Bacteria; Proteobacteria; Betaproteobacteria

44

DQ372980

45

EF636196

47

EF636196

48

DQ337558

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Runella
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales
Bacteria; Bacteroidetes

50

AY297809

Bacteria; Proteobacteria; Betaproteobacteria

Runella sp. THWCSN44 partial 16S rRNA gene

1183

684/713 (95%)

Zoogloea sp. EMB 43 16S ribosomal RNA gene,
partial sequence
Beta proteobacterium pACH94 16S ribosomal
RNA gene, partial sequence
Beta proteobacterium pACH94 16S ribosomal
RNA gene, partial sequence
Flavobacterium ferrugineum partial 16S rRNA
gene, type strain DSM 30193

1806

923/928 (99%)

1612

886/910 (97%)

1178

755/804 (93%)

1459

832/864 (96%)

Xanthomonadaceae bacterium Ellin7015 16S
ribosomal RNA gene, partial sequence
Sphingobacteriales bacterium TP91 16S
ribosomal RNA gene, partial sequence
Xanthomonas sp. XLL-1 16S ribosomal RNA
gene, partial sequence

1057

742/812 (91%)

1415

865/916 (94%)

1776

912/916 (99%)

Xanthomonas sp. XLL-1 16S ribosomal RNA
gene, partial sequence

1741

899/905 (99%)

Beta proteobacterium IMCC1705 16S ribosomal
RNA gene, partial sequence
Runella sp. EMB13 16S ribosomal RNA gene,
partial sequence
Sphingobacteriales bacterium TP91 16S
ribosomal RNA gene, partial sequence
Sphingobacteriales bacterium TP91 16S
ribosomal RNA gene, partial sequence
Bacteroidetes bacterium CHNCT12 16S
ribosomal RNA gene, partial sequence
Beta proteobacterium pACH94 16S ribosomal
RNA gene, partial sequence

1727

885/890 (99%)

1717

897/906 (99%)

876

783/894 (87%)

844

767/878 (87%)

676

560/633 (88%)

1451

857/895 (95%)

1/910
(0%)
5/804
(0%)

1/916
(0%)
1/916
(0%)
1/905
(0%)

1/906
(0%)
2/894
(0%)
2/878
(0%)

3/895
(0%)

167

51

AY962319

Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

52

DQ413148

53

AB078068

54

AY962319

Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Flexibacter
Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

55

EF636196

57

AF538773

59

DQ413148

60

DQ337558

Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Bacteroidetes

62

AY297809

Bacteria; Proteobacteria; Betaproteobacteria

64

AY135638

Bacteria; Proteobacteria; Gammaproteobacteria

65

AM230484

67

AM600642

68

DQ195847

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Alphaproteobacteria;
Rhodobacterales; Rhodobacteraceae;
Rhodobacter
Bacteria; Actinobacteria

69

AY962319

Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

70

EF636196

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales
Bacteria

Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Zoogloea sp. EMB 43 16S ribosomal RNA gene,
partial sequence
Flexibacter sancti gene for 16S rRNA, strain:IFO
16034
Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Sphingobacteriales bacterium TP91 16S
ribosomal RNA gene, partial sequence
Enrichment culture bacterium LB-P clone LB-P
16S rRNA gene, partial sequence
Zoogloea sp. EMB 43 16S ribosomal RNA gene,
partial sequence
Bacteroidetes bacterium CHNCT12 16S
ribosomal RNA gene, partial sequence
Beta proteobacterium pACH94 16S ribosomal
RNA gene, partial sequence
Gamma proteobacterium RLUH-1 16S ribosomal
RNA gene, partial sequence
Flavobacterium ferrugineum partial 16S rRNA
gene, type strain DSM 30193

1172

690/722 (95%)

1/722
(0%)

1784

907/908 (99%)

1195

822/894 (91%)

1/908
(0%)
1/894
(0%)

1124

651/679 (95%)

1310

811/861 (94%)

1665

879/891 (98%)

1612

843/853 (98%)

668

559/633 (88%)

1179

756/805 (93%)

1469

876/921 (95%)

1431

824/858 (96%)

Rhodobacter vinaykumaraii partial 16S rRNA
gene, strain JAJA249

1556

866/893 (96%)

Actinobacterium SM36 16S ribosomal RNA
gene, partial sequence
Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Sphingobacteriales bacterium TP91 16S
ribosomal RNA gene, partial sequence

1271

798/850 (93%)

1176

693/725 (95%)

1326

816/865 (94%)

1/891
(0%)

5/805
(0%)

4/850
(0%)
1/725
(0%)

AY962319

Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

72

EF027001

73

AY962319

Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Xanthomonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

74

AF538773

Bacteria

76

DQ413148

Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea

77

AB298731

79

AM411939

Bacteria; Actinobacteria; Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae
Bacteria; Proteobacteria; Gammaproteobacteria

80

AY651926

81

AB042819

83

AY962319

85

EF027001

86

DQ413151

87

AB244764

168

71

Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae
Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group; Thiothrix
Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Xanthomonas
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Sphingobacteriaceae;
Sphingobacterium

Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Xanthomonas sp. XLL-1 16S ribosomal RNA
gene, partial sequence

1191

695/725 (95%)

1/725
(0%)

1723

895/901 (99%)

2/901
(0%)

Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Enrichment culture bacterium LB-P clone LB-P
16S ribosomal RNA gene, partial sequence
Zoogloea sp. EMB 43 16S ribosomal RNA gene,
partial sequence

1170

690/722 (95%)

1/722
(0%)

1639

870/883 (98%)

1/883
(0%)

1729

875/876 (99%)

Propionibacteriaceae bacterium WR061 gene for
16S rRNA, partial sequence

1388

856/893 (95%)

13/89
3 (1%)

Gamma proteobacterium P-41 partial 16S rRNA
gene, strain P-41
Comamonadaceae bacterium MPsc 16S
ribosomal RNA gene, partial sequence
Thiothrix eikelboomii gene for 16S rRNA

1100

816/902 (90%)

1/902
(0%)

1618

864/880 (98%)

1243

813/875 (92%)

Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Xanthomonas sp. XLL-1 16S ribosomal RNA
gene, partial sequence

1148

676/707 (95%)

1/707
(0%)

1528

822/836 (98%)

4/836
(0%)

Zoogloea sp. EMB 62 16S ribosomal RNA gene,
partial sequence
Sphingobacterium composti gene for 16S rRNA,
partial sequence

1497

767/771 (99%)

650

536/604 (88%)

1/604
(0%)

169

88

AF538773

Bacteria

90

DQ413148

91

DQ413148

92

DQ413148

93

AY962319

Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Zoogloea
Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

95

AY962319

Bacteria; Proteobacteria; Gammaproteobacteria;
Candidatus Competibacter

97

EF636194

100

EF626688

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales
Bacteria; Proteobacteria; Gammaproteobacteria

Enrichment culture bacterium LB-P clone LB-P
16S rRNA gene, partial sequence
Zoogloea sp. EMB 43 16S ribosomal RNA gene,
partial sequence
Zoogloea sp. EMB 43 16S ribosomal RNA gene,
partial sequence
Zoogloea sp. EMB 43 16S ribosomal RNA gene,
partial sequence
Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial
sequence
Flavobacteriales bacterium TP71 16S ribosomal
RNA gene, partial sequence
Gamma proteobacterium RIB 1-20 16S
ribosomal RNA gene, partial sequence

1596

866/885 (97%)

1639

873/887 (98%)

1384

835/890 (93%)

1697

869/872 (99%)

1130

658/686 (95%)

1136

661/689 (95%)

1374

810/849 (95%)

829

567/617 (91%)

1/885
(0%)
1/887
(0%)
2/890
(0%)
1/872
(0%)
1/686
(0%)
1/689
(0%)

4/617
(0%)

Table A.4: Overview of the 16S rDNA clone library - day 29 sludge of SBR fed with glucose
No
affiliation
alignment

%

1

11

2

Bacteria; Proteobacteria; Gammaproteobacteria; Candidatus
Competibacter
Bacteria; Proteobacteria; Gammaproteobacteria

3

Bacteria; Proteobacteria; Gammaproteobacteria

4

Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae; Xanthomonas
Bacteria; Proteobacteria; Gammaproteobacteria; Aeromonadales;
Aeromonadaceae; Aeromonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae
Bacteria; Proteobacteria; Gammaproteobacteria

5
6
170

7
8
9
10
11
12

Bacteria; Proteobacteria; gamma subdivision; Thiothrix group;
Thiothrix
Bacteria; Proteobacteria; Betaproteobacteria; Rhodocyclales;
Rhodocyclaceae; Zoogloea
Bacteria; Proteobacteria; Betaproteobacteria; Rhodocyclales;
Rhodocyclaceae; Zoogloea
Bacteria; Proteobacteria; Betaproteobacteria

13

Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales;
Comamonadaceae; Acidovorax
Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales

14

Bacteria; Proteobacteria; Betaproteobacteria

Candidatus Competibacter phosphatis clone
F008_D10 16S ribosomal RNA gene, partial sequence
Gamma proteobacterium RLUH-1 16S ribosomal RNA gene,
partial sequence
Gamma proteobacterium P-41 partial 16S rRNA gene, strain
P-41
Xanthomonas sp. XLL-1 16S ribosomal RNA gene, partial
sequence
Aeromonas sp. MM.2.10 16S ribosomal RNA gene, partial
sequence
Xanthomonadaceae bacterium Ellin7015 16S ribosomal RNA
gene, partial sequence
Gamma proteobacterium RIB 1-20 16S ribosomal RNA gene,
partial sequence
Thiothrix eikelboomii gene for 16S rRNA

3
2
4
1
1
1
1

Zoogloea sp. EMB 43 16S ribosomal RNA gene, partial
sequence
Zoogloea sp. EMB 62 16S ribosomal RNA gene, partial
sequence
Beta proteobacterium pACH94 16S ribosomal RNA gene,
partial sequence
Acidovorax sp. JS42, complete genome

7

Burkholderiales bacterium TP487 16S ribosomal RNA gene,
partial sequence
Beta proteobacterium IMCC1705 16S ribosomal RNA gene,
partial sequence

1

1
5
1

1

15

17

Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales;
Comamonadaceae
Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales;
Rhodobacteraceae; Rhodobacter
Bacteria; Proteobacteria; Alphaproteobacteria

18

Bacteria; Actinobacteria

19

Bacteria; Actinobacteria

20

Bacteria; Actinobacteria; Actinobacteridae; Actinomycetales;
Propionibacterineae; Propionibacteriaceae
Bacteria; Bacteroidetes; Sphingobacteria; Sphingobacteriales;
Flexibacteraceae; Runella
Bacteria; Bacteroidetes; Sphingobacteria; Sphingobacteriales;
Flexibacteraceae; Runella
Bacteria; Bacteroidetes; Sphingobacteria; Sphingobacteriales

16

21
171

22
23
24

27

Bacteria; Bacteroidetes; Sphingobacteria; Sphingobacteriales;
Sphingobacteriaceae; Sphingobacterium
Bacteria; Bacteroidetes; Sphingobacteria; Sphingobacteriales;
Flexibacteraceae; Flexibacter
Bacteria; Bacteroidetes; Flavobacteria; Flavobacteriales;
Flavobacteriaceae; Flavobacterium
Bacteria; Bacteroidetes; Flavobacteria; Flavobacteriales

28

Bacteria; Bacteroidetes

29

Bacteria

25
26

Comamonadaceae bacterium MPsc 16S ribosomal RNA
gene, partial sequence
Rhodobacter vinaykumaraii partial 16S rRNA gene, strain
JAJA249
Alpha proteobacterium IMCC1743 16S ribosomal RNA gene,
partial sequence
Actinobacterium SM45 16S ribosomal RNA gene, partial
sequence
Actinobacterium SM36 16S ribosomal RNA gene, partial
sequence
Propionibacteriaceae bacterium WR061 gene for 16S rRNA,
partial sequence
Runella sp. THWCSN44 partial 16S rRNA gene
Runella sp. EMB13 16S ribosomal RNA gene, partial
sequence
Sphingobacteriales bacterium TP91 16S ribosomal RNA
gene, partial sequence
Sphingobacterium composti gene for 16S rRNA, partial
sequence
Flexibacter sancti gene for 16S rRNA, strain:IFO 16034
Flavobacterium ferrugineum partial 16S rRNA gene, type
strain DSM 30193
Flavobacteriales bacterium TP71 16S ribosomal RNA gene,
partial sequence
Bacteroidetes bacterium CHNCT12 16S ribosomal RNA
gene, partial sequence
Enrichment culture bacterium LB-P clone LB-P 16S rRNA
gene, partial sequence

1
1
1
1
1
1
2
1
5
1
1
2
1
2
4

Table A.5: Results of the 16S rDNA clone library - day 90 sludge of SBR fed with aspartate and glutamate

172

clone
1

accession
AB187585

affiliation
Bacteria; Proteobacteria; Alphaproteobacteria;
Rhizobiales; Granulella.
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; environmental samples
Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; candidate division TM7; environmental
samples
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Azonexus
Bacteria; Bacteroidetes; environmental samples

2

AB076844

3

AJ318183

4

AJ007870

5

AF493662

6

AJ318183

7

AJ318183

8

AF268996

9

AB166882

10

AJ318142

11

AB076844

12

AF493662

14

AY211071

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Bacteroidetes; environmental samples

16

AJ318154

Bacteria; Bacteroidetes; environmental samples

18

AB076844

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.

alignment
Granulella daejeonensis

scores
1806

identity
939/948(99%)

gaps
1/948
(0%)

Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
unidentified cytophagales partial 16S rRNA
gene, clone LD1
Flavobacterium sp. EP300 16S ribosomal RNA
gene, partial sequence

1731

921/937(98%)

1495

870/911(95%)

1423

805/833(96%)

2/833

1524

880/915(96%)

2/915

Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured bacterium SBR1071 16S ribosomal
RNA gene, partial sequence
Azonexus sp. Slu-05 gene for 16S rRNA, partial
sequence
Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIhii16
Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Flavobacterium sp. EP300 16S ribosomal RNA
gene, partial sequence

1372

863/916(94%)

1495

867/904(95%)

1261

836/905(92%)

7/916(
0%)
1/904
(0%)
1/905
(0%)

1526

866/899(96%)

1455

854/889(96%)

1645

883/898(98%)

1522

880/916(96%)

Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIjiii32
Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence

1481

874/915(95%)

1491

876/915(95%)

1612

880/904(97%)

4/889
(0%)
2/898
(0%)
2/916
(0%)
1/915
(0%)
3/915
(0%)

173

20

AJ456975

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Cytophaga
Bacteria; Bacteroidetes; environmental samples

22

AY211071

24

AY609198

25

AY650027

26

AJ318154

Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Rhodoferax
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales;
Xanthomonadaceae;Pseudoxanthomonas
Bacteria; Bacteroidetes; environmental samples

27

AY211071

Bacteria; Bacteroidetes; environmental samples

28

M62798

30

AY211071

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Bacteroidetes; environmental samples

32

Z78207

33

AY650027

34

M62798

35

AJ318183

36

AB076844

37

AJ318142

Bacteria; Actinobacteria; Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales;
Xanthomonadaceae;Pseudoxanthomonas
Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Bacteroidetes; environmental samples

Cytophaga sp. GPl-11 partial 16S rRNA gene,
isolate GPl-11
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Rhodoferax antarcticus strain Fryx1 16S
ribosomal RNA gene, complete sequence
Pseudoxanthomonas kaohsiungensis J36 16S
ribosomal RNA gene, partial sequence

844

566/610(92%)

2/610
(0%)

1489

859/895(95%)

1681

878/890(98%)

1760

918/927(99%)

1/927
(0%)

Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIjiii32
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
F.ferrugineum 16S ribosomal RNA

1564

897/929(96%)

3/929
(0%)

1566

888/921(96%)

1384

819/864(94%)

Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
M.phosphovorus 16S rRNA gene

1538

872/904(96%)

1758

896/899(99%)

Pseudoxanthomonas kaohsiungensis J36 16S
ribosomal RNA gene, partial sequence

1691

883/892(98%)

F.ferrugineum 16S ribosomal RNA

1384

819/864(94%)

Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence

1564

890/925(96%)

1629

902/925(97%)

3/925
(0%)

Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIhii16

1532

888/925(96%)

2/925
(0%)

1/892
(0%)

38

AY650027

39

AY609198

40

AY499769

Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales;
Xanthomonadaceae;Pseudoxanthomonas
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Rhodoferax
Bacteria; Bacteroidetes; environmental samples

41

AY499769

Bacteria; Bacteroidetes; environmental samples

42

AF273082

44

D16208

Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Pseudoxanthomonas
Bacteria; Proteobacteria; Bacteria; Proteobacteria;
beta subdivision; Rhodocyclus group; Rhodocyclus

45

AY274853

46

1739

909/919(98%)

1/919
(0%)

Rhodoferax antarcticus strain Fryx1 16S
ribosomal RNA gene, complete sequence
Uncultured Bacteroidetes bacterium clone
Dover477 16S ribosomal RNA gene, partial
sequence
Uncultured Bacteroidetes bacterium clone
Dover477 16S ribosomal RNA gene, partial
sequence
Pseudoxanthomonas mexicana strain AMX 26B
16S ribosomal RNA gene, partial sequence

1665

893/907(98%)

563

434/480(90%)

3/907
(0%)
3/480
(0%)

571

435/480(90%)

3/480
(0%)

1741

900/906(99%)

1/906
(0%)

R.tenuis gene for 16S ribosomal RNA

1544

898/938(95%)

1/938
(0%)

Bacteria; Bacteroidetes; environmental samples

Uncultured Bacteroidetes bacterium clone CF36
16S rRNA gene, partial sequence

1055

836/935(89%)

2/935
(0%)

AF445701

Bacteria; candidate division TM7; environmental
samples

1479

884/932(94%)

1/932
(0%)

48

AY124340

1530

892/933(95%)

51

M62798

1372

859/920(93%)

1/920
(0%)

52

Y18617

Acidovorax sp. BSB421 16S rRNA gene

1554

858/881(97%)

53

AJ781046

Leucobacter chromiireducens partial 16S rRNA
gene, type strain L1

1681

900/916(98%)

2/881
(0%)
1/916
(0%)

55

AF445701

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales
Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Acidovorax
Bacteria; Actinobacteria; Actinobacteridae;
Actinomycetales; Micrococcineae;
Microbacteriaceae; Leucobacter
Bacteria; candidate division TM7; environmental
samples

Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene, partial
sequence
Bacterium CS57 16S ribosomal RNA gene,
partial sequence
F.ferrugineum 16S ribosomal RNA

Uncultured candidate division TM7 bacterium
clone SM1G12 16S rRNA gene,partial sequence

1314

842/904(93%)

174

Pseudoxanthomonas kaohsiungensis J36 16S
ribosomal RNA gene, partial sequence

1/904
(0%)

175

56

AB076844

57

AJ318185

58

Y18617

61

Y09609

62

AB076844

63

AJ318183

64

AJ318183

66

AJ318183

67

AF070444

68

AF050606

69

AJ318142

70

AB015481

72

AB076844

73

AJ318183

74

AY510262

76

AY211071

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Bacteroidetes; environmental samples

Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIti15

1717

923/941(98%)

1320

872/937(93%)

Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Acidovorax
Bacteria; Proteobacteria; Alphaproteobacteria;
Rhodobacterales; Rhodobacteraceae; Tetracoccus
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Bacteroidetes; truffle symbionts

Acidovorax sp. BSB421 16S rRNA gene

1677

909/931(97%)

T.cechii 16S rRNA gene, Italian strain

1744

918/932(98%)

Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Tuber borchii symbiont b-17BO 16S ribosomal
RNA gene, complete sequence
Uncultured eubacterium WCHB1-64 16S
ribosomal RNA gene, partial sequence
Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIhii16
Flavobacterium columnare gene for 16S rRNA,
partial sequence, strain:PH-97028 (IAM 14821)
Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured Bacteroides sp. Clone LKC3_198.17
16S ribosomal RNA gene, partial sequence

1582

889/915(97%)

1530

880/916(96%)

1548

878/912(96%)

1509

871/909(95%)

1457

892/942(94%)

394

346/392(88%)

1540

893/930(96%)

1350

867/929(93%)

1655

905/928(97%)

1536

883/920(95%)

880

568/608(93%)

1/608
(0%)

Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence

1497

873/911(95%)

1/911
(0%)

Bacteria; candidate division OP11; environmental
samples
Bacteria; Bacteroidetes; environmental samples
Bacteria; Cytophagales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Bacteroidetes; Bacteroides (class);
Bacteroidales; Bacteroidaceae; Bacteroides;
environmental samples
Bacteria; Bacteroidetes; environmental samples

1/941
(0%)
3/937
(0%)

4/915
(0%)
1/916
(0%)

2/942
(0%)
4/392
(1%)
2/930
(0%)
1/929
(0%)
1/928
(0%)

AF050606

80

AJ318183

81

AY211071

82

AY509378

83

AF445701

84

AJ318183

85

AB051430

86

AJ318183

87

AJ318183

88

AB076844

89

AB015481

90

AB166882

91

AJ318183

92

AF050606

93

AB076845

176

79

Bacteria; candidate division OP11; environmental
samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Bacteroidetes; environmental samples
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Sphingobacteriaceae;
environmental samples
Bacteria; candidate division TM7; environmental
samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Actinobacteria; Actinobacteria
(class);Actinobacteridae; Actinomycetales;
Micrococcineae;Intrasporangiaceae; Tetrasphaera
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Cytophagales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Azonexus
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; candidate division OP11; environmental
samples
Bacteria; Proteobacteria; beta subdivision

Uncultured eubacterium WCHB1-64 16S
ribosomal RNA gene, partial sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Uncultured Sphingobacteriaceae bacterium
clone LiUU-5-303 16S ribosomal RNA gene,
partial sequence
Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene, partial
sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Tetrasphaera elongata gene for 16S rRNA,
strain:ASP12

398

347/392(88%)

817

429/434(98%)

1201

804/869(92%)

1614

896/923(97%)

1538

894/932(95%)

1/932
(0%)

1223

830/898(92%)

1663

915/937(97%)

4/898
(0%)
3/937
(0%)

Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14

1517

878/915(95%)

1534

882/920(95%)

Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Flavobacterium columnare gene for 16S rRNA,
partial sequence, strain:PH-97028 (IAM 14821)
Azonexus sp. Slu-05 gene for 16S rRNA, partial
sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured eubacterium WCHB1-64 16S
ribosomal RNA gene, partial sequence
Beta proteobacterium NOS3 gene for 16S rRNA,
partial sequence

1471

889/940 (94%)

1318

863/929(92%)

1546

4/392
(1%)
1/434
(0%)
1/869
(0%)
5/923
(0%)

2/915
(0%)

5/940
(0%)
1/929
(0%)

882/918(96%)

1542

884/919(96%)

381

346/393(88%)

1794

912/913(99%)

1/919
(0%)
5/393
(1%)
1/913
(0%)

177

94

AJ318154

Bacteria; Bacteroidetes; environmental samples

95

AY211071

Bacteria; Bacteroidetes; environmental samples

96

AJ318142

Bacteria; Bacteroidetes; environmental samples

97

AB076844

98

M62798

102

Y18617

103

Y18617

104

AB076844

105

AY211071

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Acidovorax
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Acidovorax
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Bacteroidetes; environmental samples

107

AJ318183

108

AY211071

109

AJ318183

110

AB076844

111

AY211071

112

AF445701

113

AY211071

Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Bacteroidetes; environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Bacteroidetes; environmental samples
Bacteria; candidate division TM7; environmental
samples
Bacteria; Bacteroidetes; environmental samples

Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIjiii32
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Uncultured Bacteroidetes bacterium 16S rRNA
gene, clone BIhii16
Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
F.ferrugineum 16S ribosomal RNA

1487

870/907(95%)

1582

904/938(96%)

163

328/428(76%)

1633

914/940(97%)

1400

872/931(93%)

Acidovorax sp. BSB421 16S rRNA gene

1804

922/928(99%)

Acidovorax sp. BSB421 16S rRNA gene

1629

898/921(97%)

Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Acidovorax sp. OS-6 gene for 16S rRNA, partial
sequence
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Uncultured candidate division TM7 bacterium
clone SM1G12 16S rRNA gene
Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence

1602

898/924(97%)

1540

880/913 (96%)

1588

898/932(96%)

1548

896/933(96%)

1574

903/939(96%)

1697

920/941(97%)

1421

862/909(94%)

1382

865/919(94%)

1540

873/905(96%)

3/907
(0%)
1/938
(0%)
5/428
(1%)
4/940
(0%)
1/931
(0%)

2/921
(0%)
4/924
(0%)
1/913
(0%)

1/933
(0%)
1/939
(0%)
1/941
(0%)
1/909
(0%)
2/919
(0%)

178

114

AF493662

116

AY211071

117

AJ430346

118

Y18617

119

AY211071

121

AJ318183

124

AJ318183

125

AJ318183

126

AF493662

150

AJ318183

151

M62798

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Bacteroidetes; environmental samples
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Comamonas
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Acidovorax
Bacteria; Bacteroidetes; environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

Flavobacterium sp. EP300 16S ribosomal RNA
gene, partial sequence

1499

857/890(96%)

1/890
(0%)

Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Comamonas aquatica partial 16S rRNA gene,
strain LMG 5937
Acidovorax sp. BSB421 16S rRNA gene

1586

910/946(96%)

1655

910/933(97%)

1649

907/932(97%)

1/946
(0%)
2/933
(0%)
1/932
(0%)

Uncultured Bacteroidetes bacterium clone VC5
16S rRNA gene, partial sequence
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Flavobacterium sp. EP300 16S ribosomal RNA
gene, partial sequence

1610

905/936(96%)

1546

880/915(96%)

1515

873/911(95%)

Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
F.ferrugineum 16S ribosomal RNA

1546

875/908(96%)

1542

877/908(96%)

1552

883/917(96%)

1376

818/864(94%)

2/908
(0%)

Table A.6: Overview of the 16S rDNA clone library - day 90 sludge of SBR fed with aspartate and glutamate
No Affiliation
alignment

%

1
2
3

4
5
179

6
7
8
9

10

11
12

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Acidovorax.
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Acidovorax
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Rhodoferax

Acidovorax sp. OS-6 gene for 16S rRNA, partial sequence

11

Acidovorax sp. BSB421 16S rRNA gene

5

Rhodoferax antarcticus strain Fryx1 16S ribosomal RNA
gene, complete sequence

2

Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Comamonas
Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae; Azonexus
Bacteria; Proteobacteria; Bacteria; Proteobacteria; beta
subdivision; Rhodocyclus group; Rhodocyclus
Bacteria; Proteobacteria; beta subdivision

Comamonas aquatica partial 16S rRNA gene, strain LMG
5937
Azonexus sp. Slu-05 gene for 16S rRNA, partial sequence

1
2

R.tenuis gene for 16S ribosomal RNA

1

Beta proteobacterium NOS3 gene for 16S rRNA, partial
sequence
Uncultured gamma proteobacterium 16S rRNA gene, clone
BIsiii14
Pseudoxanthomonas kaohsiungensis J36 16S
ribosomal RNA gene, partial sequence

1

Pseudoxanthomonas mexicana strain AMX 26B 16S
ribosomal RNA gene, partial sequence

1

Granulella daejeonensis

1

T.cechii 16S rRNA gene, Italian strain

1

Bacteria; Proteobacteria; Gammaproteobacteria;
environmental samples
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales;
Xanthomonadaceae;Pseudoxanthomonas
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales;
Xanthomonadaceae;Pseudoxanthomonas
Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales;
Granulella.
Bacteria; Proteobacteria; Alphaproteobacteria;
Rhodobacterales; Rhodobacteraceae; Tetracoccus

19
3

13

16

Bacteria; Actinobacteria; Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus
Bacteria; Actinobacteria; Actinobacteridae;
Actinomycetales; Micrococcineae; Microbacteriaceae;
Leucobacter
Bacteria; Actinobacteria; Actinobacteria
(class);Actinobacteridae; Actinomycetales;
Micrococcineae;Intrasporangiaceae; Tetrasphaera
Bacteria; Bacteroidetes; environmental samples

17

Bacteria; Bacteroidetes; environmental samples

18

Bacteria; Bacteroidetes; environmental samples

19

Bacteria; Bacteroidetes; environmental samples

20

Bacteria; Bacteroidetes; environmental samples

21

Bacteria; Bacteroidetes; environmental samples

22

Bacteria; Bacteroidetes; Bacteroides (class); Bacteroidales;
Bacteroidaceae; Bacteroides; environmental samples
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; environmental samples
Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Cytophaga

14

15

180

23
24

25

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales

M.phosphovorus 16S rRNA gene

1

Leucobacter chromiireducens partial 16S rRNA gene, type
strain L1

1

Tetrasphaera elongata gene for 16S rRNA, strain:ASP12

1

Uncultured Bacteroidetes bacterium clone VC5 16S rRNA
13
gene, partial sequence
Uncultured Bacteroidetes bacterium clone VC5 16S rRNA
4
gene, partial sequence
Uncultured Bacteroidetes bacterium 16S rRNA gene, clone
3
BIjiii32
Uncultured Bacteroidetes bacterium clone Dover477 16S
2
ribosomal RNA gene, partial sequence
Uncultured Bacteroidetes bacterium clone CF36 16S rRNA
1
gene, partial sequence
Uncultured Bacteroidetes bacterium 16S rRNA gene, clone
1
BIti15
Uncultured Bacteroides sp. Clone LKC3_198.17 16S
1
ribosomal RNA gene, partial sequence
unidentified cytophagales partial 16S rRNA gene, clone LD1 1
Cytophaga sp. GPl-11 partial 16S rRNA gene, isolate GPl11

1

Bacterium CS57 16S ribosomal RNA gene, partial
sequence

1

26

29

Bacteria; Bacteroidetes; Sphingobacteria;
Sphingobacteriales; Sphingobacteriaceae; environmental
samples
Bacteria; Bacteroidetes; Flavobacteria; Flavobacteriales;
Flavobacteriaceae; Flavobacterium
Bacteria; Bacteroidetes; Flavobacteria; Flavobacteriales;
Flavobacteriaceae; Flavobacterium
Bacteria; Cytophagales; Flavobacteriaceae; Flavobacterium

30

Bacteria; Bacteroidetes; truffle symbionts

31

Bacteria; candidate division TM7; environmental samples

32

Bacteria; candidate division OP11; environmental samples

27
28

Uncultured Sphingobacteriaceae bacterium clone LiUU-5303 16S ribosomal RNA gene, partial sequence

1

Flavobacterium sp. EP300 16S ribosomal RNA gene, partial
sequence
F.ferrugineum 16S ribosomal RNA

4

181

Flavobacterium columnare gene for 16S rRNA, partial
sequence, strain:PH-97028 (IAM 14821)
Tuber borchii symbiont b-17BO 16S ribosomal RNA gene,
complete sequence
Uncultured candidate division TM7 bacterium clone
SM1G12 16S ribosomal RNA gene, partial sequence
Uncultured eubacterium WCHB1-64 16S ribosomal RNA
gene, partial sequence

5
2
1
5
3

Table A.7: Results of the 16S rDNA clone library - day 214 sludge of SBR fed with aspartate and glutamate
clone
1

accession
AB042542

2

AF548381

3

AY349415

affiliation
Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria;Proteobacteria;Gammaproteobacteria;Xa
nthomonadales; Xanthomonadaceae
Bacteria; candidate division TM7

4

AF534435

(Bacteria; Bacteroidetes)

6

AF445701

Bacteria; candidate division TM7

7

M62798

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

182

AF527580
8

AB049107

9

AF445701

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Ideonella
Bacteria; candidate division TM7

10

AF445701

Bacteria; candidate division TM7

11

AF445701

Bacteria; candidate division TM7

12

M62798

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

12

AF527580

13

Z78207

Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus

alignment
Thiothrix eikelboomii gene for 16S ribosomal
RNA
Bacterium SG-3 16S ribosomal RNA gene

scores
1655

identity
868/878(98%)

1578

853/872(97%)

1245

815/878(92%)

1572

868/889(97%)

TM7 phylum sp. oral clone HD027 16S
ribosomal RNA gene
Uncultured bacterium clone TLM11/TLMdgge04
16S ribosomal RNA gene
Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene
F.ferrugineum 16S ribosomal RNA

1328

822/872(94%)

1376

818/864(94%)

Uncultured bacterium clone LPB08 16S
ribosomal RNA gene, partial sequence
Ideonella sp. B513 gene for 16S RNA

1542

854/878(97%)

1477

841/873(96%)

1449

835/867(96%)

1207

813/882(92%)

1400

825/868(95%)

Uncultured bacterium clone LPB08 16S
ribosomal RNA gene

1491

858/892 (96%)

M.phosphovorus 16S rRNA gene

1770

898/900 (99%)

Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene
Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene
Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene
F.ferrugineum 16S ribosomal RNA

gaps
2/878
(0%)

2/878
(0%)
5/889
(0%)
1/872
(0%)

1/878
(0%)

2/867
(0%)
1/882
(0%)
1/868
(0%)
1/892
(0%)

183

14

AB049107

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Ideonella
Bacteria; Bacteroidetes

15

AJ582050

16

AY294215

17

AB042542

19

Z78207

20

AF527580

20

M62798

21

AY349415

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; candidate division TM7

22

AY145553

Bacteria; Proteobacteria; Alphaproteobacteria

23

AF534435

(Bacteria; Bacteroidetes)

25

AB042542

26

AF445701

Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria; candidate division TM7

27

AB042542

28

AY738262

29

AB166775

Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria;Proteobacteria;Betaproteobacteria;
Burkholderiales; Comamonadaceae; Delftia
(Bacteria; Proteobacteria; Gammaproteobacteria)

31

AY802809

Bacteria; Proteobacteria; Alphaproteobacteria

Bacteria; Proteobacteria; Deltaproteobacteria;
Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio
Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus

Ideonella sp. B513 gene for 16S rRNA

1562

864/888 (97%)

Uncultured CFB group bacterium partial 16S
rRNA gene, clone JG36-GS-7
Bdellovibrio sp. MPA 16S ribosomal RNA gene

1158

734/784(93%)

983

683/744 (91%)

Thiothrix eikelboomii gene for 16S ribosomal
RNA
M.phosphovorus 16S rRNA gene

1717

876/878 (99%)

1721

876/879 (99%)

Uncultured bacterium clone LPB08 16S
ribosomal RNA gene
F.ferrugineum 16S ribosomal RNA

1491

839/868(96%)

1388

815/858(94%)

1261

820/881(93%)

718

624/710(87%)

1649

869/879(98%)

1657

855/860(99%)

1312

820/872(94%)

1653

850/854(99%)

1330

824/871(94%)

1526

838/856(97%)

837

486/506(96%)

TM7 phylum sp. oral clone HD027 16S
ribosomal RNA gene
Alpha proteobacterium AP-16 16S ribosomal
RNA gene, partial sequence
Uncultured bacterium clone TLM11/TLMdgge04
16S ribosomal RNA gene
Thiothrix eikelboomii gene for 16S ribosomal
RNA
Uncultured candidate division TM7 bacterium
clone SM1G12 16S rRNA gene
Thiothrix eikelboomii gene for 16S ribosomal
RNA
Delftia tsuruhatensis strain TKW3 16S ribosomal
RNA gene, partial sequence
Uncultured bacterium gene for 16S ribosomal
RNA, partial sequence, clone:UTFS-O04-12-02
Uncultured alpha proteobacterium clone ADF-70
16S ribosomal RNA gene

1/888
(0%)

1/744
(0%)
1/878
(0%)

2/881
(0%)
1/710
(0%)
3/879
(0%)
1/860
(0%)
1/872
(0%)
1/854
(0%)
3/871
(0%)
4/856
(0%)
1/506
(0%)

184

32

AB042542

33

X82931

34

AY802809

Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria; Proteobacteria; Epsilonproteobacteria;
Campylobacterales;
Campylobacteraceae;
Sulfurospirillum
Bacteria; Proteobacteria; Alphaproteobacteria

35

AF445701

Bacteria; candidate division TM7

36

AF445701

Bacteria; candidate division TM7

37

AF234740

Bacteria;Proteobacteria;Alphaproteobacteria

38

AB101447

Bacteria;Proteobacteria;Gammaproteobacteria;
Xanthomonadales;Xanthomonadaceae;
Xanthomonas

39

AF527580

39

M62798

40

AB049107

41

AY550264

42

AB042542

43

AF445701

44

M62786

45

AB042542

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Ideonella
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Pseudoxanthomonas
Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria; candidate division TM7
Bacteria;Bacteroidetes;Sphingobacteria;
Sphingobacteriales; Flexibacteraceae; Runella
Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix

Thiothrix eikelboomii gene for 16S r RNA

1711

866/867(99%)

Dehalospirillum multivorans 16S rRNA gene

1631

863/874(98%)

2/874
(0%)

Uncultured alpha proteobacterium clone ADF-70
16S ribosomal RNA gene
Uncultured candidate division TM7 bacterium
clone SM1G12 16S rRNA gene
Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene
Uncultured sludge bacterium A15b 16S
ribosomal RNA gene
Xanthomonas axonopodis gene for 16S rRNA

837

486/506(96%)

427

835/872(95%)

1304

806/854(94%)

1570

844/860(98%)

1669

856/858 (99%)

1/506
(0%)
1/872
(0%)
1/854
(0%)
1/860
(0%)
2/858
(0%)

Uncultured bacterium clone LPB08 16S
ribosomal RNA gene
F.ferrugineum 16S ribosomal RNA

1457

819/847(96%)

1376

812/856(94%)

Ideonella sp. B513 gene for 16S RNA

1501

834/857 (97%)

Pseudoxanthomonas daejeonensis strain TR6
16S ribosomal RNA gene

1312

812/862(94%)

Thiothrix eikelboomii gene for 16S ribosomal
RNA
Uncultured candidate division TM7 bacterium
clone SM1G12 16S rRNA gene
R.slithyformis 16S ribosomal RNA

1649

860/866 (99%)

1302

805/853(94%)

1166

805/875(92%)

1721

889/895(99%)

Thiothrix eikelboomii gene for 16S ribosomal
RNA

2/857
(0%)

3/866
(0%)
1/853
(0%)
5/875
(0%)
1/895
(0%)

185

47

AF445701

Bacteria; candidate division TM7

48

AF314426

Bacteria; Chlorobi

51

AY689093

Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae

51

AF527597

52

AF527597

52

AY689093

53

AF445701

Bacteria; Proteobacteria; Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae
Bacteria; candidate division TM7

54

AJ582050

Bacteria; Bacteroidetes

55

AF288301

Bacteria; Proteobacteria; Alphaproteobacteria

56

Z78207

57

AB049107

Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus
Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Ideonella

58

AB101447

59

X82931

60

Bacteria;Proteobacteria;Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Xanthomonas
Bacteria; Proteobacteria; Epsilonproteobacteria;
Campylobacterales;
Campylobacteraceae;
Sulfurospirillum
Bacteria; Proteobacteria; Gammaproteobacteria

AB166775
61
AF137506

Bacteria; Proteobacteria;Betaproteobacteria;
Burkholderiales;Comamonadaceae; Acidovorax

Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene
Uncultured bacterium PHOS-HC15 16S
ribosomal RNA gene
Uncultured Rhodocyclaceae bacterium clone
KRZ70 16S ribosomal RNA gene
Uncultured bacterium clone LPU33 16S
ribosomal RNA gene
Uncultured bacterium clone LPU33 16S
ribosomal RNA gene
Uncultured Rhodocyclaceae bacterium clone
KRZ70 16S ribosomal RNA gene
Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene
Uncultured CFB group bacterium partial 16S
rRNA gene, clone JG36-GS-7
Alpha proteobacterium 34619 16S ribosomal
RNA gene
M.phosphovorus 16S rRNA gene

1404

805/836(96%)

1/836
(0%)
4/848
(0%)
1/847
(0%)

1582

837/848(98%)

1637

842/847(99%)

1318

677/681 (99%)

971

553/574 (96%)

957

551/574(95%)

1312

807/854(94%)

1130

717/766(93%)

1744

904/912 (99%)

1806

917/919 (99%)

Ideonella sp. B513 gene for 16S RNA

1633

895/919 (97%)

Xanthomonas axonopodis gene for 16S rRNA

1574

883/913 (96%)

Dehalospirillum multivorans 16S rRNA gene

1725

896/905(99%)

Uncultured bacterium gene for 16S ribosomal
RNA, partial sequence, clone:UTFS-O04-12-02

1507

867/891 (97%)

9/891
(1%)

Acidovorax avenae subsp. citrulli 16S ribosomal
RNA gene, partial sequence

1479

859/888(96%)

7/888
(0%)

1/854
(0%)

62

AF204249

63

Bacteria; Proteobacteria; Betaproteobacteria;
Bacteria; Proteobacteria; Gammaproteobacteria

186

66

AB166775
AJ582050

67

Z78207

69

AB101447

70

AF527580

70

AY211071

Bacteria; Bacteroidetes

71

AF445701

Bacteria; candidate division TM7

72

AB166776

(Bacteria; Proteobacteria; Betaproteobacteria)

73

AY802809

Bacteria; Proteobacteria; Alphaproteobacteria

74

AJ582050

Bacteria; Bacteroidetes

75

M62786

76

Z78207

77

AJ318183

Bacteria;Bacteroidetes;Sphingobacteria;
Sphingobacteriales;Flexibacteraceae; Runella
Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus
Bacteria; Proteobacteria;Gammaproteobacteria

78

Z78207

Bacteria; Bacteroidetes
Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus
Bacteria;Proteobacteria;Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Xanthomonas

Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus

Uncultured beta proteobacterium SBR1009 16S
ribosomal RNA gene
Uncultured bacterium gene for 16S ribosomal
RNA, partial sequence, clone:UTFS-O04-12-02

1291

740/767(96%)

2/767
(0%)
7/887
(0%)

1534

864/887 (97%)

Uncultured CFB group bacterium partial 16S
rRNA gene, clone JG36-GS-7
M.phosphovorus 16S rRNA gene

1181

768/824(93%)

1768

919/924 (99%)

Xanthomonas axonopodis gene for 16S rRNA,
complete sequence, strain:S53

1489

888/927 (95%)

6/927
(0%)

Uncultured bacterium clone LPB08 16S
ribosomal RNA gene
Uncultured Bacteroidetes bacterium clone VC5
16S ribosomal RNA gene
Uncultured candidate division TM7 bacterium
clone SM1G12 16S rRNA gene
Uncultured bacterium gene for 16S ribosomal
RNA, partial sequence, clone:UTFS-O04-62-07
Uncultured alpha proteobacterium clone ADF-70
16S ribosomal RNA gene
Uncultured CFB group bacterium partial 16S
rRNA gene, clone JG36-GS-7
R.slithyformis 16S ribosomal RNA

1263

798/854 (93%)

1396

836/881(94%)

1243

798/850(93%)

1/854
(0%)
2/881
(0%)
5/850
(0%)

1776
837

896/896
(100%)
486/506(96%)

1261

816/875(93%)

1493

846/879(96%)

M.phosphovorus 16S rRNA gene

1816

920/922 (99%)

Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
M.phosphovorus 16S rRNA gene

1475

843/875(96%)

1792

938/946 (99%)

1/824
(0%)
3/924
(0%)

1/506
(0%)
1/875
(0%)
1/879
(0%)

1/875
(0%)
3/946
(0%)

187

79

AY802809

Bacteria; Proteobacteria; Alphaproteobacteria

80

Z78207

81

AY192291

Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus
Bacteria; Bacteroidetes

82

AY802809

Bacteria; Proteobacteria; Alphaproteobacteria

83

AB042542

84

AY134850

86

AF534435

Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Comamonas
Bacteria; Bacteroidetes

88

AF527580

88

M62798

89

AY349415

90

AB042542

91

AY689093

92

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; candidate division TM7
Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria; Proteobacteria;Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae
(Bacteria; Proteobacteria; Gammaproteobacteria)

AB166775
94
95

AB166775
AF445701

Uncultured alpha proteobacterium clone ADF-70
16S ribosomal RNA gene
M.phosphovorus 16S rRNA gene

823

486/507(95%)

1752

890/892(99%)

Uncultured Bacteroidetes bacterium clone W2b7E 16S ribosomal RNA gene
Uncultured alpha proteobacterium clone ADF-70
16S ribosomal RNA gene
Thiothrix eikelboomii gene for 16S ribosomal
RNA
Comamonas sp. SFCD1 16S rRNA gene

1225

669/686(97%)

837

486/506(96%)

1709

897/907 (98%)

1685

921/938 98%)

1259

861/929 (92%)

1427

872/920 (94%)

973

570/601(94%)

1358

862/922(93%)

1649

886/898 (98%)

1707

884/890(99%)

1530

868/892 (97%)

Uncultured bacterium clone TLM11/TLMdgge04
16S rRNA gene
Uncultured bacterium clone LPB08 16S
ribosomal RNA gene
F.ferrugineum 16S ribosomal RNA

TM7 phylum sp. oral clone HD027 16S
ribosomal RNA gene
Thiothrix eikelboomii gene for 16S ribosomal
RNA
Uncultured Rhodocyclaceae bacterium clone
KRZ70 16S ribosomal RNA gene
Uncultured bacterium gene for 16S ribosomal
RNA, partial sequence, clone:UTFS-O04-12-02

2/507
(0%)

1/506
(0%)
2/907
(0%)
5/938
(0%)
6/929
(0%)
2/920
(0%)

1/922
(0%)
5/898
(0%)
2/890
(0%)
6/892
(0%)

(Bacteria; Proteobacteria; Gammaproteobacteria)

Uncultured bacterium gene for 16S ribosomal
RNA, partial sequence, clone:UTFS-O04-12-02

1667

925/948 (97%)

10/94
8(1%)

Bacteria; candidate division TM7

Uncultured candidate division TM7 bacterium
clone SM1G12 16S ribosomal RNA gene

1429

878/929(94%)

1/929
(0%)

96

AY154889

188

Flavobacterium sp. SR1 16S ribosomal RNA
gene

1719

912/925 (98%)

AJ582050

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
Bacteria; Bacteroidetes

97

Uncultured CFB group bacterium partial 16S
rRNA gene, clone JG36-GS-7

1209

812/880(92%)

98

AY802809

Bacteria; Proteobacteria; Alphaproteobacteria

Uncultured alpha proteobacterium clone ADF-70
16S ribosomal RNA gene

837

486/506(96%)

1/506
(0%)

100

AF529112

Bacteria; Proteobacteria; Alphaproteobacteria

Uncultured alpha proteobacterium clone FTL75
16S ribosomal RNA gene

1035

769/842(91%)

7/842
(0%)

101

AJ318183

Bacteria; Proteobacteria; Gammaproteobacteria

1497

867/904 (95%)

102

AF204249

Bacteria; Proteobacteria; Betaproteobacteria

1376

793/824 (96%)

1/904
(0%)
2/824
(0%)

103

AY693832

837

744/854 (87%)

103

AB125062

934

787/892(88%)

104

AY162065

1659

905/925 (97%)

105

AB042542

1673

900/913 (98%)

106

AF445701

1374

847/897(94%)

107

AF273082

Uncultured gamma proteobacterium 16S rRNA
gene, clone BIsiii14
Uncultured beta proteobacterium SBR1009 16S
ribosomal RNA gene
Uncultured bacterium clone EUB72-2 16S
ribosomal RNA gene
Owenweeksia hongkongensis gene for 16S
rRNA
Alpha proteobacterium PII_GH2.2.D6 small
subunit ribosomal RNA gene
Thiothrix eikelboomii gene for 16S ribosomal
RNA
Uncultured candidate division TM7 bacterium
clone SM1G12 16S rRNA gene
Pseudoxanthomonas mexicana strain AMX 26B
16S ribosomal RNA gene

1739

916/924 (99%)

108

X82931

Dehalospirillum multivorans 16S rRNA gene

1774

914/919(99%)

1/919
(0%)

110

Z78207

M.phosphovorus 16S rRNA gene

1774

913/918 (99%)

1/918
(0%)

Bacteria; Bacteroidetes; Flavobacteria;
Flavobacteriales; Cryomorphaceae; Owenweeksia
Bacteria; Proteobacteria; Alphaproteobacteria
Bacteria; Proteobacteria; gamma subdivision;
Thiothrix group;Thiothrix
Bacteria; candidate division TM7
Bacteria;Proteobacteria;Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
seudoxanthomonas
Bacteria; Proteobacteria; Epsilonproteobacteria;
Campylobacterales;
Campylobacteraceae;
Sulfurospirillum
Bacteria;Actinobacteria;Actinobacteridae;
Actinomycetales; Propionibacterineae;
Propionibacteriaceae; Microlunatus

2/925
(0%)

2/892
(0%)
2/925
(0%)
5/913
(0%)
1/897
(0%)
4/924
(0%)

111

AB049107

Bacteria; Proteobacteria; beta subdivision;
Comamonadaceae; Ideonella

Ideonella sp. B513 gene for 16S RNA

1366

809/854(94%)

1/854
(0%)

112

AY689093

Bacteria; Proteobacteria;Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae

1665

889/900 (98%)

112

AF527597

1402

731/738 (99%)

114

AF273082

Uncultured Rhodocyclaceae bacterium clone
KRZ70 16S ribosomal RNA gene
Uncultured bacterium clone LPU33 16S
ribosomal RNA gene
Pseudoxanthomonas mexicana strain AMX 26B
16S ribosomal RNA gene

1719

889/894(99%)

5/900
(0%)
1/738
(0%)
2/894
(0%)

Bacteria;Proteobacteria;Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
seudoxanthomonas

189

190

Table A.8: Overview of the 16S rDNA clone library - day 214 sludge of SBR fed with aspartate and glutamate
No affiliation
alignment
1
Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomon Bacterium SG-3 16S ribosomal RNA gene
adales; Xanthomonadaceae
2
Bacteria; Bacteroidetes
Uncultured bacterium clone TLM11/TLMdgge04 16S
ribosomal RNA gene
3
Bacteria; candidate division TM7
TM7 phylum sp. oral clone HD027 16S ribosomal RNA
gene
4
Bacteria; candidate division TM7
Uncultured candidate division TM7 bacterium clone
SM1G12 16S ribosomal RNA gene
5
Bacteria; Proteobacteria; beta subdivision;
Ideonella sp. B513 gene for 16S RNA
Comamonadaceae; Ideonella
6
Bacteria;Actinobacteria;Actinobacteridae; Actinomycetales; M.phosphovorus 16S rRNA gene
Propionibacterineae; Propionibacteriaceae; Microlunatus
7
Bacteria; Proteobacteria; Deltaproteobacteria;
Bdellovibrio sp. MPA 16S ribosomal RNA gene
Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio
8
Bacteria; Proteobacteria; gamma subdivision; Thiothrix
Thiothrix eikelboomii gene for 16S ribosomal RNA
group;Thiothrix
9
(Bacteria; Proteobacteria; Gammaproteobacteria)
Uncultured bacterium gene for 16S ribosomal RNA, partial
sequence, clone:UTFS-O04-12-02
10 Bacteria;Proteobacteria;Betaproteobacteria;
Delftia tsuruhatensis strain TKW3 16S ribosomal RNA
Burkholderiales; Comamonadaceae; Delftia
gene, partial sequence
11 Bacteria;Proteobacteria;Gammaproteobacteria;
Xanthomonas axonopodis gene for 16S rRNA
Xanthomonadales; Xanthomonadaceae; Xanthomonas
12 Bacteria; Bacteroidetes
Uncultured CFB group bacterium partial 16S rRNA gene,
clone JG36-GS-7
13 Bacteria; Proteobacteria; Alphaproteobacteria
Alpha proteobacterium 34619 16S ribosomal RNA gene
14 (Bacteria; Proteobacteria; Betaproteobacteria)
Uncultured bacterium gene for 16S ribosomal RNA, partial
sequence, clone:UTFS-O04-62-07
15 Bacteria; Proteobacteria; Alphaproteobacteria
Uncultured alpha proteobacterium clone ADF-70 16S
ribosomal RNA gene

%
1
3
3
14
5
8
1
9
5
1
3
5
1
1
6

16
17

Bacteria; Bacteroidetes; Flavobacteria; Flavobacteriales;
Flavobacteriaceae; Flavobacterium
Bacteria; Proteobacteria; Gammaproteobacteria

18

Bacteria; Proteobacteria; Betaproteobacteria

19

Bacteria; Proteobacteria; Epsilonproteobacteria;
Campylobacterales; Campylobacteraceae; Sulfurospirillum
Bacteria; Proteobacteria; Alphaproteobacteria

20
21

22
191

23
24

25
26

Bacteria;Proteobacteria;Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
seudoxanthomonas
Bacteria; Bacteroidetes; Flavobacteria; Flavobacteriales;
Flavobacteriaceae; Flavobacterium
Bacteria;Proteobacteria;Alphaproteobacteria
Bacteria; Proteobacteria; Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;
Pseudoxanthomonas
Bacteria; Chlorobi

27

Bacteria; Proteobacteria;Betaproteobacteria;
Rhodocyclales; Rhodocyclaceae
Bacteria; Bacteroidetes

28

Bacteria; Bacteroidetes

29

Bacteria; Proteobacteria; Betaproteobacteria;
Burkholderiales; Comamonadaceae; Comamonas

Flavobacterium sp. SR1 16S ribosomal RNA gene

1

Uncultured gamma proteobacterium 16S rRNA gene, clone
BIsiii14
Uncultured beta proteobacterium SBR1009 16S ribosomal
RNA gene
Dehalospirillum multivorans 16S rRNA gene

2
2
3

Alpha proteobacterium PII_GH2.2.D6 small subunit
ribosomal RNA gene
Pseudoxanthomonas mexicana strain AMX 26B 16S
ribosomal RNA gene

1

F.ferrugineum 16S ribosomal RNA

4

Uncultured sludge bacterium A15b 16S ribosomal RNA
gene
Pseudoxanthomonas daejeonensis strain TR6 16S
ribosomal RNA gene

1

Uncultured bacterium PHOS-HC15 16S ribosomal RNA
gene
Uncultured Rhodocyclaceae bacterium clone KRZ70 16S
ribosomal RNA gene
Uncultured Bacteroidetes bacterium clone VC5 16S
ribosomal RNA gene
Uncultured Bacteroidetes bacterium clone W2b-7E 16S
ribosomal RNA gene
Comamonas sp. SFCD1 16S ribosomal RNA gene

1

2

1

4
1
1
1

30

Bacteria; Proteobacteria; Alphaproteobacteria

31

Bacteria; Bacteroidetes; Flavobacteria; Flavobacteriales;
Cryomorphaceae; Owenweeksia
Bacteria; Proteobacteria; Alphaproteobacteria

32
33
34

Bacteria;Bacteroidetes;Sphingobacteria;
Sphingobacteriales;Flexibacteraceae; Runella
Bacteria; Proteobacteria;Betaproteobacteria;
Burkholderiales;Comamonadaceae; Acidovorax

Uncultured alpha proteobacterium clone FTL75 16S
ribosomal RNA gene
Owenweeksia hongkongensis gene for 16S rRNA
Alpha proteobacterium AP-16 16S ribosomal RNA gene,
partial sequence
R.slithyformis 16S ribosomal RNA
Acidovorax avenae subsp. citrulli 16S ribosomal RNA gene,
partial sequence

1
1
1
2
1
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