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Abstract 

In this thesis, the application of molecular microbiology methods to 
understand wastewater treatment bio-reactions is described. Two different 
wastewater treatment systems were chosen for the experimental work. 
Firstly; the activated sludge processes at two different facilities in Sweden 
(Västerås and Eskilstuna) were investigated and compared in a context 
where low temperatures can affect the efficiency of the nitrogen removal 
performance in terms of nitrification. Initially, fluorescence in situ
hybridization (FISH) was utilised in order to quantify some of the species 
involved in ammonia and nitrite oxidation at Västerås, providing information 
on how the different communities react to decreasing temperatures. Then, 
the polymerase chain reaction (PCR), cloning-sequencing method was 
employed in order to study the composition of the ammonia oxidizing 
bacteria (AOB) community at the same two wastewater treatment plants 
(WWTPs). Secondly; the potential use of constructed wetlands for the 
treatment of winery wastewater was studied. High ethanol concentration 
artificial wastewater with and without inorganic nutrients (nitrates and 
phosphates) was fed in a set of pilot-scale constructed wetlands. Pollutant 
removal performance and enzyme activity tests were carried out. 
Additionally, the bacterial community structure was investigated by means 
of denaturing gradient gel electrophoresis (DGGE). 
In the first set of studies it was shown that the AOB population which plays 
a major role in nitrifying reactors presented a seasonal shift and a higher 
diversity at Västerås during winter time, while the nitrification performance 
maintained stable levels and the ammonia removal efficiency increased. 
Thus, the higher ammonia removal efficiency at Västerås could be related to 
the diversity of the AOB population composition. Lastly, when constructed 
wetlands were in focus, the differential effects of ethanol and nutrients over 
the chemical oxygen demand (COD) removal performance were proven. In 
fact, the addition of nutrients on one of the experimental wetlands increased 
the COD (ethanol) removal and supported the maintenance of a bacterial 
population similar to the control wetland (no ethanol added). In conclusion, 
both studies proved a strong relationship between process performance 
(pollution removal) and the dynamics of the bacterial communities involved. 

Keywords:  Activated sludge; COD removal; Constructed wetland; DGGE; 
FISH; Molecular microbiology; Nitrification; PCR; Wastewater treatment.  
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Sammanfattning  

I denna avhandling beskrivs hur tillämpningen av molekylär mikrobiologi 
kan underlätta förståelsen av de biologiska reaktionerna i ett 
avloppsreningsverk. Två olika vattenreningssystem valdes för det 
experimentella arbetet. För det första, undersöktes och jämfördes 
aktivslamprocessen på två olika anläggningar i Sverige (Västerås och 
Eskilstuna) under en period när låga temperaturer brukar påverka 
effektiviteten i kvävereningen, framförallt nitrifikation. Inledningsvis 
användes fluorescens in situ hybridisering (FISH) för att kvantifiera några av 
de bakteriearter som är aktiva i ammoniak- och nitritoxidationen i Västerås 
reningsverk. Detta gav information om hur de olika arterna reagerade på låga 
temperaturer. Därefter användes Polymerase Chain Reaction (PCR), kloning 
och sekvensering, en metod för att studera sammansättningen av 
ammoniakoxiderande bakterier (AOB) vid de båda reningsverken. För det 
andra, studerades den potentiella användningen av konstgjorda våtmarker för 
behandling av avloppsvatten från ett vinmakeri. Artificiellt avloppsvatten 
med höga koncentrationer av etanol samt med och utan organiska 
näringsämnen (nitrater och fosfater) tillsattes en anlagd våtmark och 
effektiviteten av reningsgrad och enzymaktivitet testades. Dessutom 
undersöktes den bakteriella strukturen med hjälp av ”denaturing gradient gel 
electrophoresis” (DGGE). 
I de första studierna visades att populationen av AOB i reningsverket i 
Västerås är mer diversifierade än i Eskilstuna och verkade också vara 
känsliga för säsongsrelaterade förändringar under vintertid. Däremot höll sig 
nitrifikationen på stabila nivåer och reningsgraden av ammoniak var hög. En 
slutsats av studien var därför att den effektiva ammoniakreningen i Västerås 
har samband med den diversifierade populationen av AOB. Slutligen, visade 
studierna på våtmarker att näringsämnen har betydelse för minskningen av 
kemisk syreföbrukning (COD). Tillsats av näringsämnen i våtmarken ökade 
nedbrytningen av COD (etanol) och understödde även bibehållandet av en 
bakteriepopulation som liknande kontrollen (en våtmark utan tillsats av 
etanol). Sammanfattningsvis visade båda studierna en stark relation mellan 
reningsprocessens effektivitet (nedbrytning av föroreningar) och dynamiken 
i bakteriepopulationen.  

Nyckelord: Aktivt slam, COD, konstruerade våtmarker, DGGE, FISH, 
molekylär mikrobiologi, Nitrifikation, PCR, avloppsrening.  
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Chapter 1 Introduction 

1.1 The importance of wastewater treatment  
Water is a critical need not only for human survival, but also for all forms of 
living organisms and for the conservation of the ecosystems on a global 
scale. But water is also a limited natural resource. In parallel with the 
twentieth century exponential human population growth, fresh water 
consumption has also increased. However, as human activities increased so 
have the wastewater discharges, causing the contamination of numerous 
habitats, including the ones human beings occupy. The increasing 
complexity of human settlements has enhanced the harmfulness of pollution, 
as well as its quantity. For example, some 10,000 new organic compounds 
synthesized in different industrial activities are discharged each year to 
wastewater (Metcalf and Eddy, 2003) while numerous people in the world 
suffer the consequences of water scarcity, contamination, and inadequate 
sanitation. In this context, there are three major consequences produced by 
the pollution of water:  

1. The spreading of water-borne diseases which is a common problem 
for many developing countries and a concern for developed areas. 

2. The contamination of fresh water reservoirs, which implies quality 
water scarcity for direct consumption or for agriculture.  

3. The deterioration of natural ecosystems due to pollutants present in 
wastewater. 

Therefore, due to health and environmental concerns, wastewater must 
undertake a process of decontamination before being released. Wastewater 
treatment is the tool created by scientists and engineers to counterpart the 
different threats generated by wastewater and to improve water quality.  

1.2 Problem description 
Nowadays, wastewater treatment processes need to deal with increasing 
pollution complexity and higher environmental protection demands while 
keeping energy and resource consumption at a low level. Generally, the 
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treatment of wastewater is complex and uneconomical, but has been 
considered and developed by many countries due to legislation and 
increasing social awareness during the last century. Nevertheless, increasing 
difficulties have meant that wastewater treatment systems fail to meet 
sustainability and environmental protection criteria in numerous cases. An 
improved understanding of the different wastewater treatment processes can 
lead to their optimization, and present and future challenges will be able to 
be faced.   

Wastewater treatment systems consist of physical, chemical and 
biological processes. The biological mechanism makes use of living 
organisms (generally bacteria) enhancing their functions in the natural 
ecosystems, in a built environment. While most physical and chemical 
processes are widely employed and fully understood, the biological units in 
wastewater treatment have traditionally been based on empirical approaches, 
where the microbial communities are generally treated as uncertainties. 
Classical microbiology techniques have not been able to cope with the 
complexity of wastewater treatment biological processes. For example, most 
bacterial species present in wastewater have not yet been cultivated in any 
laboratory. A deeper examination of the different bacterial communities 
would increase the possibilities to succeed in understanding the failures and 
virtues of wastewater treatment under different conditions.             

1.2 Objectives  
In the light of the modern molecular biology methodology, the study of 
complex microbiological processes can now be investigated, supporting a 
better understanding of wastewater treatment and opening the doors for 
further improvements. The main objective of this research work was to 
establish connections between wastewater treatment process parameters and 
the bacterial communities involved as well as to investigate the possible 
effects of the bacterial population dynamics in terms of diversity and 
structure on the efficiency of the processes performance. The specific 
objectives of the set of studies were:  

1. To quantify a number of species of the ammonia oxidizing 
bacteria (AOB) and nitrite oxidizing bacteria (NOB) communities 
in activated sludge under low temperature conditions (Poster I). 

2. To analyse and compare the diversity of the AOB population in 
two full-scale activated sludge systems under low temperature 
conditions (Paper II). 
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3. To examine the effects of the addition of inorganic nutrients on 
the treatment of high ethanol concentration wastewater through 
pilot-scale constructed wetlands, as well as the bacterial 
community involved (Paper III).  

1.3 Thesis structure and outline 
This thesis is structured in seven main chapters as follows: 

• Chapter 1 is the general introduction to the thesis with focus on the 
description of the problem, the motivations behind the research and 
the main objectives. 

• Chapters 2 and 3 deal with some general concepts on the area of 
wastewater, from the basic science like chemistry and biology of 
wastewater to the engineering basis of biological wastewater 
treatment. 

• Chapter 4 summarises some of the most common molecular 
biology methods and how these are applied to wastewater issues. 

• Chapter 5 is the summary of the experimental work in which this 
thesis is based.  

• In Chapter 6 the major conclusions of this thesis are outlined.
• Chapter 7 describes some ideas related to future research directions 

in the area of wastewater treatment.    

4

Chapter 2 Background 

2.1 Characterisation of wastewater: Constituents, 
properties and variability  
There is no universal wastewater, and there are generally differences in the 
composition for each location. However, the main constituents of concern 
often found in wastewater are suspended solids (SS), biodegradable organics 
(proteins, carbohydrate and fats), nutrients (N and P compounds), pathogens 
(organisms which are able to transmit diseases), priority pollutants 
(carcinogens, mutagens and teratogens), refractory organics (surfactants, 
phenols and pesticides), heavy metals and dissolved inorganic compounds 
(calcium, sodium and sulfate) (Metcalf and Eddy, 2003). It is important to 
know the physical and chemical dynamics of these constituents in order to 
design and establish the optimal treatment option for each wastewater case. 
Nevertheless, to obtain the complete analysis of the composition of 
wastewater is impractical (Ramalho, 1977). 

Therefore, different physical, chemical and biological characteristics can 
be measured and utilised, on one side, to evaluate the concentration of 
different contaminants, and on the other, to provide valuable information to 
assess the properties of wastewater before and after treatment. Table 1 shows 
some of the physical and chemical wastewater characteristics used during 
the experimental parts of this thesis.   
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Table 1: Selected physical, chemical and biological characteristics commonly 
analysed in wastewater treatment and their significance in terms of process design 
and performance1.   

CHARACTERISTIC  SIGNIFICANCE 
Temperature To design the most suitable biological processes 

Ammonia (NH4
+) 

Organic Nitrogen (Org N) 
Nitrites(NO2

-) and Nitrates 
(NO3

-) 
Total Nitrogen (TN) 
Total Phosphorus (TP) 

A measure of the nutrients and degree of decomposition 
of a wastewater 

pH A measure of the acidity or basicity of a wastewater 

Biological oxygen demand 
(BOD) 
Chemical Oxygen demand 
(COD) 
Total organic carbon (TOC) 

Different parameters to measure the organic content of a 
wastewater 

The composition of wastewater varies significantly both in terms of place, 
time (Henze et al., 1997) and source. Important parameters that vary in terms 
of time are the organic and nutrient load, and the temperature. To illustrate 
some examples, fig. 1 shows the variation of the organic content (in terms of 
BOD7), and the N content (in terms of NH4

+) in the wastewater of Västerås 
(Sweden) during a period of nine months. The values were measured at the 
inlet of the WWTP in Västerås during a time period in which experiments 
were performed (Paper II).  

Figure 1: Variation of the BOD7 and NH4
+ concentration in the wastewater at 

Västerås (Sweden) from September 2008 to May 2009.

Similarly, fig.2 shows the variations in wastewater temperature during 
nine months at the same WWTP in Västerås (Sweden). These variations 
                              
1 Adapted from Metcalf and Eddy, 2003

6

must be taken into account when designing and operating the different 
wastewater treatment processes.  

Figure 2: Variation of the wastewater temperature at Västerås (Sweden) during nine 
months between 2008 and 2009. 

2.2 Wastewater contamination: Sources and 
consequences 
As described in Section 1.1, there are major problems caused by wastewater 
contamination with negative impacts towards the environment and human 
health. If released into the ecosystems, each one of the constituents of 
wastewater may have particular consequences from an environmental 
perspective. However, due to the purposes and brief character of this thesis, 
only some biodegradable organic and inorganic pollutants will be the focus.  

 2.2.1 Organic pollution 
The major sources of organic matter in wastewater are proteins, 
carbohydrates, oils, fats and urea. In addition, there are numerous synthetic 
organic molecules with different structures contributing to the organic 
content of wastewater. These compounds are, in some cases, very important 
individual pollutants, i.e. VOCs, phenols or pesticides, although they will not 
be further considered in this thesis.  

Generally, organic matter may cause environmental problems when 
released in excess to terrestrial or aquatic ecosystems. Some microorganisms 
consume oxygen in large quantities during the process of decomposition of 
organic compounds, which are used as substrate. Once oxygen depletion 
occurs, organisms like fish can’t survive and anaerobic processes take place 
with the consequent release of compounds like CH4 and H2S, which are toxic 
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to many other organisms. In parallel, the ecosystem dynamics and functions 
are disturbed. 

2.2.2 Inorganic pollution  
Generally, N compounds present in wastewater have their natural origin in 
plant and animal protein and urea. Decomposition by bacteria changes the 
organic forms of N to NH4

+ and then, NH4
+ is oxidized to NO2

- and NO3
- 

under aerobic conditions. These inorganic compounds are the nutrients 
utilised by plants and animals, and when those die and decompose, NH4

+ is 
again released (Metcalf and Eddy, 2003). Free NH4

+ is a product of 
biological oxidation of organic matter, but can also be released as a by-
product of some industrial processes. Similarly, natural sources of the 
different forms of inorganic P are animal and plant wastes as well. Both N 
and P compounds are very commonly present in agricultural run-off, being 
delivered to crops as synthesized fertilisers.  

Inorganic nutrients (NO3
- and PO4

3-) are as previously mentioned, 
essential for the growth and development of plants, but can be considered 
dangerous to natural ecosystems, when released in excess from natural or 
anthropogenic sources. N and P compounds can trigger the development of 
eutrophication, which is basically the blooming of algae populations and the 
consequent depletion of oxygen due to bacterial consumption when 
vegetable tissues are degraded. This process produces disturbances in the 
dynamics and functioning of both terrestrial and aquatic ecosystems. On the 
other hand, NH4

+ being discharged in aquatic ecosystems has been proven 
toxic to life when present in its un-ionised form (NH3) and can cause 
eutrophication (Arthur et al., 1987; Hall, 1986). The relative concentrations 
of ionised and un-ionised forms of ammonia depend on pH and temperature 
(Emerson et al., 1975).
   

2.3 Overview of conventional wastewater treatment  
Each one of the constituents of wastewater, mentioned in chapter 2.1.2, 
needs specific treatment procedures involving physical, chemical and 
biological systems. Fig.3 shows the different treatment processes, which can 
be grouped in a number of levels known as preliminary, primary, advanced 
primary, secondary, secondary with nutrient removal, tertiary and advanced 
(Metcalf and Eddy, 2003). The objective of preliminary treatment is to 

8

remove coarse material such as pieces of plastic, wood, paper etc. from the 
wastewater. This treatment level is essential to avoid the clogging of 
equipment of the plant. Primary and advanced primary processes consist of 
the removal of suspended solids and organic matter, screening or 
sedimentation (primary) and chemical addition or filtration (advanced 
primary). In secondary treatment the removal of biodegradable organic 
matter is carried out. Free NH4

+ and inorganic nutrients (N and P 
compounds) are also removed at this level of treatment. In tertiary treatment 
there occurs a further removal of suspended solids, organic matter and 
nutrients together with disinfection in terms of pathogenic microorganisms 
through microfiltration or chemical addition. Finally, the advanced treatment 
is normally applied when wastewater is intended to be reused, and consists 
of the removal of suspended and dissolved solids which remain after 
biological treatment. In the scope of this thesis, some aspects of the 
biological (secondary / tertiary) treatment of wastewater will be covered.      
  

Figure 3: Scheme of a conventional wastewater treatment process configuration, as 
installed at Västerås and Eskilstuna WWTPs (adapted from Mälarenergi AB 
documental reports).  
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Chapter 3 Biological wastewater treatment 

3.1 Biochemical processes and wastewater 
microbiology 
A closer look into the secondary level of wastewater treatment will be taken 
in this section. At this level, biological processes form the core of the 
operations, and a variety of organisms are responsible for them. 
Traditionally, bacteria and eucarya (fungi, algae, protozoa and metazoan) 
have been the major groups of organisms found in the biological section of a 
WWTP (Henze et al., 1997). In addition, evidence of the importance of the 
domain archaea in some of the biochemical reactions is starting to be taken 
into account (Park et al., 2006) and have a key role in, for example, the 
production of methane in anaerobic systems (Grady et al; 1999). However, 
due to its operational value, this thesis will focus on the domain bacteria.  

The biochemical reactions carried out by bacteria in wastewater treatment 
make use of the C, N (Grady et al; 1999), and P cycles to remove organic 
compounds and nutrients from wastewater. In addition, there are three main 
forces driving the biological treatment of wastewater: Firstly, the growth of 
bacteria, controlled by the supply of substrates, which are biodegradable 
molecules. Secondly, the process of hydrolysis which involves the 
conversion of complex substances into directly degradable compounds and 
limits bacterial growth. Finally, the decay of bacteria which supplies the 
system with more degradable matter (Henze et al., 1997). These factors play 
key roles in the biological processes which will be presented in the next 
sections. 

3.1.1 Biological removal of organic matter 
As mentioned before, the content of organic matter in wastewater is often 
measured in terms of COD (see table 1). The removal of COD in 
conventional biological wastewater treatment processes like activated sludge 
(Paper II) is mainly performed through aerobic oxidation of organic matter. 
On the other hand, when anaerobic conditions are given, fermentative and 
anaerobic oxidation processes occur, as in the case of constructed wetlands 

10

(Paper III) or waste stabilisation ponds. These processes are important when 
applying alternative wastewater treatment systems from a sustainable 
perspective (Chapter 7).  

3.1.1.1 Aerobic decomposition 
Organic matter in conventional WWTPs is generally removed from 
wastewater through aerobic heterotrophic conversion. The principle behind 
aerobic COD removal is to create a built environment where the natural 
degradation of organic matter is enhanced by supplying the necessary 
amount of oxygen (aeration). In the presence of oxygen, organic matter 
contained in wastewater can be (1) converted into other types of organic 
matter, (2) passed through the system without any conversion (inert 
material), (3) assimilated by the biomass (Eq.1) and (4) further oxidised 
through endogenous respiration (Eq. 2) or (5) oxidised by bacteria to CO2, 
N, P and S compounds (Eq. 3) (Henze et al., 1997). The processes 3, 4 and 5 
can be expressed as shown below: 

• Assimilation by biomass (anabolism):  

CxHyOzN (org. matter) + energy                 C5H7O2N (new cells)                     (Eq. 1)*

     

• Endogenous respiration or autolysis (catabolism): 

C5H7O2N (cells) + 5 O2   5 CO2 + 2 H2O + NH4
+ + energy        (Eq. 2)*

     

• Oxidation (catabolism): 

CxHyOzN (org. matter) + O2                CO2 + H2O + NH4
+ + energy        (Eq. 3)* 

      

The main group of bacteria responsible for the heterotrophic degradation 
of organic matter is known as saprophytes, including several different 
genera. Normally, some degree of competition between species is 
established depending on the different factors affecting the process. In the 
case of aerobic treatment systems, these factors are: temperature, DO, pH, 
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(Paper III) or waste stabilisation ponds. These processes are important when 
applying alternative wastewater treatment systems from a sustainable 
perspective (Chapter 7).  
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• Assimilation by biomass (anabolism):  

CxHyOzN (org. matter) + energy                 C5H7O2N (new cells)                     (Eq. 1)*

     

• Endogenous respiration or autolysis (catabolism): 

C5H7O2N (cells) + 5 O2   5 CO2 + 2 H2O + NH4
+ + energy        (Eq. 2)*

     

• Oxidation (catabolism): 

CxHyOzN (org. matter) + O2                CO2 + H2O + NH4
+ + energy        (Eq. 3)* 

      

The main group of bacteria responsible for the heterotrophic degradation 
of organic matter is known as saprophytes, including several different 
genera. Normally, some degree of competition between species is 
established depending on the different factors affecting the process. In the 
case of aerobic treatment systems, these factors are: temperature, DO, pH, 
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the presence of toxic substances and the COD/N/P ratio, to which the 
dynamics and function of the microorganisms are strongly dependent. 
Different temperatures release different COD removal rates and pH values 
lower than 6 or higher than 9 can suppress bacterial activity in a similar way 
as certain levels of toxicity. On the other hand, a DO concentration of 2 
mg/L is used in conventional WWTPs for the desired COD removal 
performance, while the recommended COD/N/P ratio is 100/5/1 (Metcalf 
and Eddy, 2003).     

3.1.1.2Anaerobic digestion  
Under anaerobic conditions, organic matter suffers a process which can be 
divided into three main stages, shown in fig.4: (1) hydrolysis, (2) 
acidogenesis and acetogenesis and (3) methanogenesis.  

Figure 4: Simplified diagram of anaerobic digestion  

During stage 1, complex organic compounds (polysaccharides, fats and 
proteins) are hydrolysed into soluble material (monosaccharides, amino 
acids, fatty acids). In stage 2, monosaccharides and amino acids are 
converted to volatile acids (propionate and butyrate among other products) 
through fermentative reactions.  Volatile acids and fatty acids are also 
converted to H2 through anaerobic oxidative mechanisms facilitating the 
production of acetate. Finally, in stage 3, CH4 and CO2 are released as a 
result of the conversions of acetate and H2 respectively.  

Generally, COD removal processes, carried out through anaerobic 
oxidation are applied in warm climates and they gain importance when 
sustainability issues are taken into account for the design and operation of 
wastewater treatment systems, as in the case of the treatment of winery 
wastewater through constructed wetlands in South Africa (see section 5.2). 
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3.1.2 Biological nitrogen removal (BNR) 
Inorganic pollution in the form of N compounds such as NH4

+, NO3
- and 

NO2
- (section 2.2.2) can be biologically removed from wastewater. 

Conventionally, this has been performed through the combined biochemical 
system of nitrification-denitrification, which implies an important structural 
change in the treatment process: The placement of aerobic (nitrification) and 
anoxic (denitrification) zones, in different configurations in the bioreactor 
(section 3.2.1, fig.5), to support the growth of nitrifying and denitrifying 
bacteria. 

3.1.2.1 Nitrification 
Nitrification, or ammonia oxidation, is a two-step process, part of the natural 
nitrogen cycle. First, ammonia is oxidised to nitrite (Eq.4), and nitrite is 
subsequently converted to nitrate (Eq.5). Some species of heterotrophic 
bacteria, fungi, actinomycetes and archaea (Focht and Chang, 1975; Park et 
al., 2006) have been reported to perform nitrification. However, the 
oxidation mechanism that takes place in wastewater treatment is considered 
to be mainly carried out by autotrophic ammonia-oxidizing bacteria (AOB) 
and nitrite-oxidizing bacteria (NOB) respectively (Koops and Moeller, 1992; 
Bock and Koops, 1992). The process of nitrification can be expressed as 
follows: 

2NH4
+ + 3O2         2NO2

- + 4H+ + 2H2O + energy                     (Eq.4) 

     

2NO2
- + O2    2NO3

- + energy                                           (Eq.5)

     

Traditionally, Nitrosomonas (AOB) and Nitrobacter (NOB) have been the 
genera considered to be responsible for nitrification in wastewater treatment. 
However, recent studies show a much higher diversity, with other genera 
involved (Purkhold et al., 2000; Limpiyakorn et al., 2005; Siripong and 
Rittmann, 2007). 

Temperature, pH, DO and toxicity are the main parameters affecting the 
stability of the nitrification process in wastewater treatment operations, apart 
from the time the sludge is retained in the basins (known as sludge retention 
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time, SRT) which is an operational parameter and won’t be considered here. 
Among these factors, temperature could be considered the most important 
parameter in terms of AOB community stability (Paper II). As reported by 
Siripong and Rittmann (2007), different temperatures seem to change the 
AOB consortia composition, and the diversity of AOB has also proven to be 
affected by temperature shifts (Park et al., 2009). AOB community 
composition changes may lead to nitrification performance variations (Paper 
II). In general, the growth rate of nitrifying bacteria tends to be zero at 
temperatures over 300C or under 100C. On the other hand, the effect of pH 
on nitrification has been reported differently in numerous studies. Generally, 
these different results are due to the fact that investigations do not take into 
account bacterial acclimatisation periods to the different pH levels 
(Eckenfelder and Grau, 1992). From an operational point of view, the 
nitrification process has its optimum in the pH range 7.5-8 (Metcalf and 
Eddy, 2003). In terms of DO, the nitrification process is known to be 
sensitive to low concentrations, but temperature, load conditions and the size 
of the flocs formed by bacteria affect the DO dependency in different ways. 
Finally, nitrifying organisms have been reported to be highly susceptible 
(more sensitive than other bacterial groups) to the presence of toxic 
compounds in wastewater and the nitrification rate (NR) can decrease or 
even stop after a wash-out period. However, when nitrifying bacteria are 
present in complex communities like activated sludge basins (Section 3.2.1), 
a relative resistance to toxicity has been observed. Some of the compounds 
which affect nitrification are metals, amines, proteins, tannins, phenols, 
alcohols, carbamates, benzene and un-ionized ammonia at certain 
concentrations.  

3.1.2.2 Denitrification 
The dissimilatory reduction of NO3

- to N2 gas is known as denitrification and 
occurs in nature under anoxic conditions (no DO). As NO3

- acts as an 
acceptor of the electrons donated from organic matter, it is reduced to NO2

-, 
nitrous oxide (N2O), nitric oxide (NO) and N2. These are all gaseous 
products with the exception of NO2

- and thus, can be released into the 
atmosphere, decreasing the nitrogen load in wastewater effluents. 

Most denitrifying microorganisms are phylogenetic members of the 
proteobacteria and facultative aerobes. In fact, many denitrifying bacteria 
will perform aerobic respiration in the presence of DO, even if NO3

- is also 
present in wastewater. Additionally, fermentation is a common pathway for 
denitrifying bacteria to grow and therefore, this bacterial group is considered 
metabolically diverse. 
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Some environmental factors such as pH and temperature affect 
denitrification in a similar manner as that of the aerobic heterotrophic 
processes. However, as mentioned before, DO inhibits denitrification 
activity. In addition, different substrates have different effects on 
denitrification performance. In some cases the external addition of organic 
matter is needed for a desired denitrification rate to occur in wastewater 
treatment, as the wastewater organic content (COD, BOD) is often limited.    

The enzyme involved in the first step of denitrification is nitrate 
reductase. This is a molybdenum containing membrane-integrated enzymes 
which is expressed only when NO3

- is present, and under the absence of DO. 
The activity of this enzyme can be measured in order to partially study the 
denitrifying performance and bacterial dynamics in wastewater treatment 
(Paper III).  
    

3.1.3 Biological phosphorus removal 
The biological removal of phosphorus isn’t part of the research included in 
this thesis and thus it will only be shortly explained. In this process, 
phosphates are taken up by phosphorus accumulation organisms (PAOs) as 
stored energy. Generally, PAOs are bacteria, Acinetobacter being very often 
considered as a well known representative. The main requirements for 
biological P removal to be achieved in wastewater treatment are the 
alternation of aerobic/anaerobic conditions and that NO3

- is not present at the 
anaerobic phase. This requires certain structural changes in conventional 
WWTPs such as the addition of an anaerobic tank ahead of aerobic treatment 
(Gray, 1990). 

3.2 Biological treatment systems under the scope of this 
thesis 

3.2.1 Conventional biological wastewater treatment systems: 
Activated sludge 
The main systems used for wastewater treatment can be classified according 
to where the bacterial communities grow. Suspended growth processes are 
those in which bacteria are maintained in a liquid suspension, and attached 
growth processes or bio-films are those in which bacteria grow on a 
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supportive inert material such as rocks or plastics. Both processes can be 
carried out in aerobic or anaerobic conditions. This being explained, there 
are a number of other systems which result from the combination of 
suspended and attached growth processes. In addition, there are a number of 
other systems that make use of ponds or lagoons of different characteristics. 
In this thesis, only the activated sludge system was the subject of research, 
and will be independently described in the following section.  

Activated sludge is an aerobic suspended growth system which is able to 
remove both organic matter (COD) and other polluting compounds from 
wastewater. This system was invented in the beginning of the 20th century, 
and received its name due to the necessary conditions for an activated mass 
of microorganisms to grow in a reactor in order to remove certain pollutants 
(Metcalf and Eddy, 2003). Generally, aeration and mixing mechanisms assist 
in providing the necessary oxygen for bacterial growth. In activated sludge, 
an interesting characteristic is the formation of bacterial flocs which can be 
settled and recycled into the reactor or removed from the system. As a 
consequence, activated sludge processes usually generate a clear effluent.  

Activated sludge is probably the most widely used biotechnological 
process and has a number of properties which makes it unique (Eckenfelder 
and Grau, 1992): 

• The diversity of substrates in terms of chemical composition and 
particle sizes. 

• The high level of bacterial diversity  
• The large fluctuations in terms of influent flow, temperature, 

composition and concentration. 
• The ability to remove different pollutants containing carbon, 

nitrogen, phosphorus or sulfur among others. 
• The variety of possible reactor configurations.  

The simplest activated sludge system configuration consists of an aeration 
tank and a clarifier from which sludge is sent back to the aeration tank, as 
shown in fig. 5. In this case, COD removal would be achieved as aerobic 
decomposition of organic matter is enhanced through aeration. 
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Figure 5: Scheme of the basic configuration of an activated sludge process  

As mentioned before, the possible combinations of different reactors as well 
as the design lead to different treatment properties and performances. For 
example, when nitrogen removal is required, a configuration in which anoxic 
and aerobic reactors alternate must be given. In that case, ammonia oxidation 
would be performed in the aeration tank, and pre-denitrification would be 
carried out in the anoxic reactor, releasing nitrogen gas as a result (Fig.6).  

Figure 6: Example of a possible configuration of an activated sludge process with 
biological nitrogen removal.  

The activated sludge process has advantages and limitations which can 
vary depending on the configuration design of the reactors. Without 
deepening the complexity of the different configurations of the system, the 
general limitations and problems presented by the activated sludge process 
are mainly the elevated costs of construction and maintenance (highly skilled 
personnel are required for its control), the energy consumed during aeration, 
the dependency of chemical additives like external organic carbon for 
denitrification or phosphorus precipitation agents (costly) and the decrease in 
performance efficiency under low temperature conditions. These are, in fact, 
some of the motivations behind part of the research work presented in this 
thesis (Paper II). 
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3.2.2 Alternative biological treatment systems: Constructed 
wetlands 
Constructed wetlands are engineered systems which reproduce the natural 
remediation processes that occur in natural wetlands. These systems consist 
of land where the water surface is near the ground surface, maintaining 
continuous saturated soil conditions (Reed et al., 1988). Generally, 
constructed wetlands are provided with aquatic, submerged and floating 
vegetation and can be considered a complete ecosystem. Constructed 
wetlands can be used as wastewater treatment processes themselves or for 
the treatment of partially processed effluents. Additionally, they can be used 
to create wildlife areas as an example of wastewater recycling (Mara, 2003).     

In terms of wastewater treatment performance, the most important 
components of a constructed wetland are the plants, the soil, the bacterial 
community and animals. Moreover, the function of a constructed wetland is 
dependent on parameters such as depth, temperature, pH and DO 
concentration (Reed et al., 1988). The majority of constructed wetlands can 
be expected to perform suspended solids COD, nitrogen and phosphorus 
removal to a certain extent. In addition, concentration of metals and 
pathogens can also be reduced. During the last decades constructed wetlands 
have been successfully utilised in the treatment of domestic and industrial 
wastewater effluents with different properties and composition. Particularly, 
constructed wetland systems with horizontal sub-surface flow (Fig.7) have 
been the object of research worldwide in order to assess the treatment 
performance of wastewater being discharged from industrial sources as 
varied as petrochemical, chemical, pulp and paper, tannery, food processing, 
brewery and winery industries (for a review, see Vymazal, 2009). As a 
matter of fact, constructed wetlands for the treatment of winery wastewater 
was the main subject in the research work presented in section 5.2 (Paper 
III). 

Figure 7: Scheme of a constructed wetland with horizontal sub-surface flow 
(represented by arrows) (Adapted from Vymazal, 2001).
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Chapter 4 Methodology: Molecular approach 
to bacterial community analysis 

The bacterial communities present in wastewater and wastewater treatment 
systems have been traditionally studied from a classical microbiological 
perspective, i.e. based on the culture of microorganisms or isolation-based 
methods. By cultivating bacterial isolates, researchers were able to identify 
important groups of microorganisms providing valuable information on their 
metabolic role in wastewater treatment. However, culture-dependent 
techniques selected for fast-growing bacteria are easily adapted to laboratory 
conditions and thus can’t be considered representative of the composition 
and diversity of the microbial communities inhabiting wastewater. In recent 
years, the application of culture-independent methods such as molecular 
biology techniques, has revealed more accurate information about biological 
wastewater treatment, the bacterial communities involved and the roles they 
play (for reviews see Amann and Ludwig, 2000; Wagner and Loy, 2002; 
Sanz and Köchling, 2007; Gilbride et al., 2006). These techniques can be 
distinguished according to whether they make use of polymerase chain 
reaction (PCR) to amplify a targeted sequence or not (Dorigo et al., 2005). 
Within these groups, four different techniques were included in this thesis 
(fig. 8) and will be further explained in this chapter. 

Figure 8: Diagram of molecular biology techniques included in this thesis
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Figure 8: Diagram of molecular biology techniques included in this thesis
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4.1 Methods based on Polymerase Chain Reaction 
(PCR)  
The PCR is a technique used to amplify DNA in vitro. PCR is based on the 
enzymatic synthesis of DNA making use of the DNA polymerase which is 
able to copy DNA molecules. This technique requires the extraction of 
genetic material (DNA) from a sample, for example from activated sludge. 
Commercially available kits can yield a mixture of highly purified genomic 
DNA from a complex bacterial community, for its application in PCR. There 
are four main steps in PCR: 

1. Denaturation: Extracted DNA (in solution) is heat-denatured 
together with two synthetic oligonucleotide primers in excess. 
These primers flank the targeted DNA strands. 

2. Annealing: The mixture is left to cool down, and the primers 
anneal to the DNA strands. 

3. Elongation: DNA polymerase extends the primers with the DNA 
strands as templates. The mixture is left for incubation.  

4. The mixture is heated to separate the strands and to allow the 
primers to flank the new synthesised DNA strands, so that the 
reaction can be repeated on a new cycle. Approximately 20 to 30 
cycles can yield up to billion-fold DNA molecules (Madigan 
and Martinko, 2006).   

This technique is based on the fact that a particular microorganism (or 
group) contains unique nucleic acid sequences in its ribosomal RNA (rRNA) 
and DNA. Therefore, primers can be designed to target specific sequences of 
the genetic material of microorganisms or communities which share 
common genetic regions. Commonly, PCR is used to amplify the gene 
encoding 16S rRNA in bacteria, which contains both highly conserved and 
highly variable regions among different organisms, making it ideal for 
phylogenetic research. However, an alternative is to target genes which 
encode unique enzymes to the metabolism of a specific micro organism or 
group of microorganisms, e.g. the amoA gene, encoding the ammonia 
monooxygenase of AOB (Paper II).  

4.1.1 Molecular cloning and sequencing 
One way to study the bacterial community of a complex sample is to obtain 
the different sequences of the components of the community and to process 
them with specific computer software that can provide phylogenetic 
relationships or classify the sequences in terms of a number of parameters. 
As previously described, DNA can be amplified using the PCR-technique. 
However, PCR products of complex samples yield different sequences 
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which need to be isolated in order to be sequenced. This can be done through 
molecular cloning. The aim of molecular cloning is to transfer the targeted 
gene from a complex, large genome to a smaller and simpler one which is a 
part of a host microorganism that can be grown in the laboratory.  

The process of cloning consists of two major steps. First, the DNA 
fragments (PCR product) are joined to cloning vectors (small, independently 
replicating genetic elements used to replicate genes) with DNA ligase, 
forming recombinant molecules. Then, this cloned DNA is introduced in a 
host organism (e.g. chemical competent Escherichia coli cells) through a 
transformation process (heat shock or electroporation), which is able to 
replicate. This yields a mixture of cells that can be grown and isolated in the 
laboratory forming a clone library (Madigan and Martinko, 2006). Each one 
of the clones obtained can then be sequenced by different methods. Finally, 
the sequences can be analysed to identify the different microorganisms taken 
in the original sample, and their phylogenetic affiliation can be studied with 
the help of computer software. A scheme of the cloning procedure applied in 
“Paper II” is provided in section 5.1.3 (fig.11).  

4.1.2 Denaturing gradient gel electrophoresis (DGGE) 
An alternative option to molecular cloning is DNA fingerprinting, separating 
the different DNA fragments of the PCR product by denaturing gradient gel 
electrophoresis (DGGE). DGGE is a gel electrophoresis technique which 
allows the differentiation of DNA fragments of the same size (PCR product) 
due to their different melting (denaturing) properties. A DGGE consists of a 
gel containing a gradient of a DNA denaturant chemical mixture (e.g. urea 
and formamide). When a DNA fragment reaches an area with sufficient 
denaturant in the gel, its melting starts and the migration through the gel 
stops. The melting properties of the genes depend on the base sequence. 
Therefore, the different bands of a DGGE gel shows different sequences 
based on a given gene, which is amplified through PCR (different organisms 
in the original sample) (Madigan and Martinko, 2006). After performing 
DGGE, the different bands can be excised from the gel in order to be 
sequenced. Phylogenetic analysis can then be carried out, if desired. 
Statistical analysis of the different DGGE bands can also be employed in 
order to study the dynamics of a bacterial community under different 
environmental conditions (Paper III). 
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4.2 Fluorescent staining techniques: Quantification of 
bacterial cells  
Quantitative studies, i.e. information on total cell numbers of bacterial 
communities, can be performed by using staining techniques such as staining 
with 4’,6-diamido-2-phenylindole (DAPI), viability staining, fluorescent 
antibodies, green fluorescent protein or fluorescence in situ hybridization 
(FISH). In this section, the DAPI staining technique will be further explained 
together with FISH, as a combination of both methods was the core part of 
the poster publication included in this thesis. In contrast to the conventional 
light microscopy (fig.9a) fluorescent techniques present clear advantages for 
the study of specific bacterial communities.     

4.2.1 Fluorescent DAPI staining  
DAPI is a fluorescent dye which is able to stain the nucleic acid of bacterial 
cells, and thus, it is widely used for the observation of microorganisms in 
environmental samples. This technique presents two main advantages as it is 
nonspecific (it stains all microorganisms in a sample) and it doesn’t 
generally react with inert material. However, the main drawback of DAPI 
staining is the fact that dead cells are also exposed to the staining dye, as 
they contain nucleic acids, so a differentiation between dead and living cells 
can’t be made. Cells stained with DAPI can be seen and enumerated 
(manually or with the support of computer software) under a fluorescent 
microscope as they show up as fluorescent bright blue (Fig. 9b) 

4.2.2 Fluorescence in situ hybridization (FISH) 
FISH is a phylogenetic staining technique which makes use of fluorescent 
oligonucleotide probes (DNA or RNA oligonucleotide attached to a 
fluorescent dye) complementary in base sequence to a determined bacterial 
genome (Amann et al. 1995). In the case of this thesis, the probes used were 
complementary to signature sequences of 16S ribosomal RNA of different 
bacterial species (see section 5.1.3). These phylogenetic probes can penetrate 
and hybridise with bacterial ribosomal RNA through different procedures, 
and the targeted bacterial cells fluoresce according to the dye used in each 
case (Fig.9c). As the specificity of the probes can be differently designed 
(i.e. the sequence of the probe) the FISH technique can target species, 
communities or even entire domains of microorganisms. Thus, by using 
fluorescence or confocal microscopy, the presence of the targeted 
microorganisms is shown and enumeration of cells can be performed.  A 
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scheme of the FISH procedure applied in the poster publication included in 
this thesis is provided in section 5.1.3 (fig.12). 

Figure 9: Typical microphotos (x40 magnification) of activated sludge a) without 
stain, b) stained with DAPI and c) stained with a specific probe, as observed under 
the fluorescent microscope. 
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Chapter 5 Experimental work 

5.1 Studies on real-scale activated sludge in Västerås 
and Eskilstuna (Sweden)  
The process of nitrification, considered as a stage of the sewage treatment 
systems, has become one central part of the biological nutrient removal for 
the majority of the municipal WWTPs. This is due to environmental 
concerns and recent legal pollution limits in Europe. As a part of the 
reactions occurring at the activated sludge basins of a WWTP, nitrification is 
an essential process which makes possible the removal of ammonia from 
wastewater. Therefore, nitrification is very important when controlling the 
amount of nitrogen compounds released by human activities through the 
municipal and industrial effluents.  On the other hand, the behaviour and 
dynamics of AOB and NOB communities belonging to activated sludge 
systems have not been completely understood. 

Nitrification process failures are caused, among other factors, by 
temperature shifts in the sewage (Eighmy and Bishop, 1989). WWTPs 
situated in Nordic countries face problems to maintain nitrification systems 
during cold weather periods or seasonal changes (for example snow and ice 
melting at the end of winter) when the temperature of the sewage and the 
activated sludge can reach values down to 80-100 C. Toxicity, pH, flow and 
organic load affect the correct functioning of activated sludge bioreactors as 
well (Hallin et al., 2005). Severe problems come once the nitrifying bacteria 
are washed out due to any of the reasons mentioned before, because the 
recovery of the nitrification process can take a long time due to the slow 
growth rate of AOB and NOB communities (Wagner and Loy, 2002). 

The first two studies included in this thesis (I and II) were carried out in 
Sweden from 2008 to 2009. The main idea behind these research projects 
was to investigate different aspects of the microbial ecology in activated 
sludge at the WWTPs of Västerås and Eskilstuna. These two facilities face 
difficulties in maintaining the required rates of nitrogen removal, i.e. 
nitrification, during winter time due to low temperatures. The initial 
hypothesis was that by understanding the dynamics of the bacterial 
populations involved in the nitrification processes and how low temperatures 
affect them in real-scale situations, an optimisation of the activated sludge 
system would be possible. 
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5.1.1 Objectives 
The aim of these studies was to assess the bacterial dynamics of the AOB 
and NOB populations in activated sludge from a quantitative and qualitative 
perspective. On one hand, the AOB community was chosen for a 
phylogenetic characterisation of the activated sludge at Västerås and 
Eskilstuna and a comparison between both facilities were made in terms of 
AOB community composition and process performance (ammonia removal 
efficiency and NR) under low temperature conditions. On the other hand, 
some species of the AOB and NOB populations from the Västerås activated 
sludge samples were quantified during winter time. Differences in the 
bacterial community dynamics could provide clues about the difference in 
performance between Västerås and Eskilstuna under low temperature 
conditions.   
   

5.1.2 Bio-reactors properties and performance 
The WWTP in Västerås currently works for 125 000 person equivalent (p.e). 
The biological treatment system is the activated sludge process, structured 
along six parallel lines divided into two independent blocks. Periodically, an 
industrial effluent characterised by high NH3 concentrations is discharged 
into this facility. In order to achieve the standard effluent concentration of 
total nitrogen (TN), methanol and/or glycol are added to the activated sludge 
as carbon sources for denitrification (Fig. 10a). The WWTP in Eskilstuna 
has a working load of 75 500 p.e and its biological treatment consists of 
three parallel activated sludge systems. Further denitrification is achieved at 
a constructed wetland, after activated sludge treatment (Fig.10b). 
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Figure 10 Scheme of one process line of the activated sludge process at a) Västerås 
and b) Eskilstuna WWTP

Online measurement data from the Scada system from each WWTP was 
acquired at the sampling times. Parameters such as sludge age, wastewater 
temperature, suspended solids (SS), mixed liquor suspended solids (MLSS) 
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in the re-circulated sludge, dissolved oxygen (DO), flow to the biological 
reactor and incoming/outgoing concentration of nitrogen compounds were 
chosen for this study, as shown in table 2. 
Table 2: Reactor performance at Västerås and Eskilstuna WWTPs when samples 
were taken for AOB and NOB community analysis (Data from on-line 
measurements of each WWTP)    

PARAMETER Västerås 
(December 

the 16th 
2008) 

Västerås 
(February 
the 26th 
2009) 

Eskilstuna 
(December 

the 16th 
2009) 

Eskilstuna 
(February 
the 26th 
2009) 

Sludge age (d) 5,8 8,4 5,71 7,5 

Wastewater temperature 
(0C) 

12,6 11,6 14,3 14,6 

SS (g/l) 2,56 2,59 2,4 2,4 

MLSS in return 
Activated sludge  (g/l) 

5,91 5,94 6,4 4,2 

DO (mg/l) in aerated zone 2 2 2 2 

Flow to bio-reactor (m3/h) 2951 2191 2719,6 1682,16 

Incoming NO3
- + NO2

-

(mg/l) 
1,861 1,975 0,9 1 

Effluent NO3
- + NO2

- (mg/l) 5,298 4,816 5,6 5,6 
     

Incoming NH4
+ (mg/l) 19 26,25 14 26,25 

Effluent NH4
+ (mg/l) 2,03 3,13 5,60 11,75 

     

5.1.3 Analytical procedures 
Different molecular microbiology techniques were utilized in order to 
quantify and characterised the nitrifying population at the Västerås and 
Eskistuna WWTPs under low temperature conditions. 

5.1.3.1 AOB composition characterisation and phylogenetic analysis  
To study the AOB community composition, the PCR, cloning-sequencing 
technique was applied as shown in Fig.11.  
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Figure 11: Graphical representation of the procedure followed to study the AOB 
community in “Paper II”. The experimental procedure was carried out following a 
number of stages where (A) is the sampling of activated sludge and the DNA 
extraction, (B) is the PCR, (C) is the molecular cloning of the PCR products, (D) is 
the growth of the clones in plates, (E) is the selection of clones to be analysed, (F) is 
the phylogenetic analysis and (G) is the construction of phylogenetic trees (adapted 
from Sanz and Köchling, 2007).

5.1.3.1.1 Sampling, DNA extraction and PCR 
Activated sludge samples were collected from the aerated activated sludge 
basins at Västerås and Eskilstuna WWTPs on December 2008 and February 
2009. DNA extractions were performed using DNeasy® Blood and Tissue 
Kit (QIAGEN Nordic, Solna, Sweden) following the manufacturer’s 
protocol for gram positive bacteria. The primers amoA-1F (5’-GGG GTT 
TCT ACT GGT GGT-3’) and amoA-2R (5’-CCC CTC KGS AAA GCC 
TTC TTC -3’) (Rotthauwe et al., 1997) were used to amplify a 491 bp 
fragment of the amoA gene using a T3 thermocycler (Biometra Gmbh, 
Göttingen, Germany). The PCR thermal program was: 940 C for 5 min, 
followed by 35 cycles of 940 C for 30s, 460 C for 30s and 720 C for 45s, and 
a final elongation step of 10 min at 720 C. 

5.1.3.1.2 Cloning, sequencing and phylogenetic analysis 
Four clone libraries were generated and analysed. Gel electrophoresis was 
performed and the TOPO TA Cloning® Kit for sequencing (Invitrogen, 
Carlsbad, CA, USA) was utilised for cloning the pCR®2.1-TOPO® Vector 
into One Shot® TOP 10F’ (Invitrogen, Carlsbad, CA, USA) competent 
Escherichia coli cells according to the manufacturer’s protocol. Cells were 
grown on solid NA medium plates supplied with ampicillin. All transformed 
cells (around 250 white isolated colonies per sample) were picked from the 
plates and analysed by PCR with M13 reverse (5’-GAG CGG ATA ACA 
ATT TCA CAC AGG-3’) and M13 forward (5’-CGC CAG GGT TTT CCC 
AGT CAC GAC-3’) primers. The PCR was run with 29 cycles of 940 C for 
30s, 560 C for 30s and 720 C for 45s preceded by 940 C for 10 min and a 
final elongation step of 10 min at 720 C.  
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All clones were sequenced and then compared with amoA sequences from 
the GenBank (NCBI) database using the BLASTn software 
(www.ncbi.nlm.nih.gov).  The most similar sequences were included in the 
analysis and phylogenetic trees were generated from amino acid sequence 
alignments based on maximum likelihood analysis using specialised 
software. 

5.1.3.2 AOB and NOB species quantification  
Quantification of some bacterial species which belong to the AOB and NOB 
communities in activated sludge was performed by using FISH, as shown in 
Fig.12.  

Figure 12: Graphical representation of the procedure followed to quantify some 
members of the AOB community, where (A) is the sampling and fixation of the 
bacterial cells, (B) is the hybridisation with a rRNA fluorescent probe, (C) is the 
staining of the genetic material (D) is the visualisation and direct quantification of 
specific cells under fluoresce microscopy (adapted from Sanz and Köchling, 2007).

Firstly, samples were taken from the activated sludge at Västerås, and 
bacterial cells were fixed with formaldehyde for preservation. Then, three 
different rRNA-oligonucleotide probes labeled with Cy3 fluorescent dye 
were used for hybridisation (DNA-RNA matching) (Amann et al., 1995) as 
shown in table 3.  
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the growth of the clones in plates, (E) is the selection of clones to be analysed, (F) is 
the phylogenetic analysis and (G) is the construction of phylogenetic trees (adapted 
from Sanz and Köchling, 2007).

5.1.3.1.1 Sampling, DNA extraction and PCR 
Activated sludge samples were collected from the aerated activated sludge 
basins at Västerås and Eskilstuna WWTPs on December 2008 and February 
2009. DNA extractions were performed using DNeasy® Blood and Tissue 
Kit (QIAGEN Nordic, Solna, Sweden) following the manufacturer’s 
protocol for gram positive bacteria. The primers amoA-1F (5’-GGG GTT 
TCT ACT GGT GGT-3’) and amoA-2R (5’-CCC CTC KGS AAA GCC 
TTC TTC -3’) (Rotthauwe et al., 1997) were used to amplify a 491 bp 
fragment of the amoA gene using a T3 thermocycler (Biometra Gmbh, 
Göttingen, Germany). The PCR thermal program was: 940 C for 5 min, 
followed by 35 cycles of 940 C for 30s, 460 C for 30s and 720 C for 45s, and 
a final elongation step of 10 min at 720 C. 

5.1.3.1.2 Cloning, sequencing and phylogenetic analysis 
Four clone libraries were generated and analysed. Gel electrophoresis was 
performed and the TOPO TA Cloning® Kit for sequencing (Invitrogen, 
Carlsbad, CA, USA) was utilised for cloning the pCR®2.1-TOPO® Vector 
into One Shot® TOP 10F’ (Invitrogen, Carlsbad, CA, USA) competent 
Escherichia coli cells according to the manufacturer’s protocol. Cells were 
grown on solid NA medium plates supplied with ampicillin. All transformed 
cells (around 250 white isolated colonies per sample) were picked from the 
plates and analysed by PCR with M13 reverse (5’-GAG CGG ATA ACA 
ATT TCA CAC AGG-3’) and M13 forward (5’-CGC CAG GGT TTT CCC 
AGT CAC GAC-3’) primers. The PCR was run with 29 cycles of 940 C for 
30s, 560 C for 30s and 720 C for 45s preceded by 940 C for 10 min and a 
final elongation step of 10 min at 720 C.  
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All clones were sequenced and then compared with amoA sequences from 
the GenBank (NCBI) database using the BLASTn software 
(www.ncbi.nlm.nih.gov).  The most similar sequences were included in the 
analysis and phylogenetic trees were generated from amino acid sequence 
alignments based on maximum likelihood analysis using specialised 
software. 

5.1.3.2 AOB and NOB species quantification  
Quantification of some bacterial species which belong to the AOB and NOB 
communities in activated sludge was performed by using FISH, as shown in 
Fig.12.  

Figure 12: Graphical representation of the procedure followed to quantify some 
members of the AOB community, where (A) is the sampling and fixation of the 
bacterial cells, (B) is the hybridisation with a rRNA fluorescent probe, (C) is the 
staining of the genetic material (D) is the visualisation and direct quantification of 
specific cells under fluoresce microscopy (adapted from Sanz and Köchling, 2007).

Firstly, samples were taken from the activated sludge at Västerås, and 
bacterial cells were fixed with formaldehyde for preservation. Then, three 
different rRNA-oligonucleotide probes labeled with Cy3 fluorescent dye 
were used for hybridisation (DNA-RNA matching) (Amann et al., 1995) as 
shown in table 3.  
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Table 3: rRNA-oligonucleotide probes utilized for the FISH quantification of 
several species of AOB.  

PROBE SEQUENCE  

(5’-3’)  

FLUORESCENT 

DYE  

SPECIFICITY  

Nsm 

156 

TATTAGCACATCTTTCGAT  Cy3 Nitrosomonas europaea, 

Nitrosomonas eutropha, 

Nitrosomonas C-56 and 

Nitrosoccocus mobilis. 

(AOB)

Nit 3 CCTGTGCTCCATGCTCCG  Cy3 Nitrobacter sp. (NOB)

Ntspa 

685 

CACCGGGAATTCCGCGCTCCTC Cy3 Nitrospira sp. (NOB)

Microscopy slides with 20 µl FISH products were mounted on anti-fade 
material containing DAPI stain. An epifluorescence microscope was utilised 
for multiple observations of every slide at 10x, 40x and 100x magnification. 
By using two different filters, fluorescence from the total amount of cells 
(DAPI stain) and specific fluorescence (Nsm156/Cy3 Nit3/Cy3 and 
Ntspa685/Cy3) were visualised. Finally, quantification of AOB and NOB 
species was performed by the direct count method at x40 magnification. 
Each sample was covered with around 100 visual fields, and 40 of them 
were used for the total cell number calculation in each sample.  

5.1.3.3 Activated sludge processes performance analyses  
Parameters indicating process performance, such as NR and NH4

+-N 
removal efficiencies were calculated. Data from both WWTPs was 
recovered during eight months, including a period of three months before 
and after sample collection for AOB community analysis.  
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5.1.4 Results and discussion 

5.1.4.1 AOB community composition relates with process performance 
Under the experimental period in which the AOB community was studied, 
both WWTPs (Västerås and Eskilstuna) presented some remarkable 
differences. On one hand, the wastewater temperature influencing each 
facility was different as shown in fig.13. However, this difference during the 
experimental period could have been caused by instrumental errors, as 
pointed out by the plant engineers. Particularly, the wastewater temperature 
at Västerås was as low as 120C when samples were taken for microbiological 
analysis (December 2008 and February 2009), while Eskilstuna presented a 
nearly 30C higher temperature. 

Figure 13: Wastewater temperature at Västerås and Eskilstuna during the 
experimental period. 

Additionally, both the BOD7 level and the NH4
+ load in the influent 

wastewater at Västerås were generally higher than in Eskilstuna. In terms of 
NH4

+ load at Västerås, severe fluctuations were registered from November 
2008 to February 2009 (Fig. 14) which could be the result of industrial 
discharges or to flow fluctuations. The differences in the influent organic 
concentration (BOD7) could however have been due to the addition of an 
external organic carbon (glycol / methanol) at different points at Västerås. 
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Figure 14: Influent ammonium load and BOD7 concentration at Västerås and 
Eskilstuna WWTPs during the experimental period.

Conversely, the NH4
+ removal efficiency achieved at the Västerås WWTP 

was always higher than at Eskilstuna. Unexpectedly, it increased during the 
coldest months reaching values of over 90 % removal, as shown in fig.15. 

  

Figure 15: Ammonium removal efficiency at Västerås and Eskilstuna WWTPs 
during the experimental period.

Finally, in terms of NR, Västerås WWTP presented certain regularity 
with very small variations between the months (lower temperatures didn’t 
seem to affect this rate), while Eskilstuna showed decreasing values from 
September 2008 to April 2009 and recovered an increasing pattern from 
April to May when temperatures reached 150C (fig.16).  
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Figure 16: NR presented at Västerås and Eskilstuna WWTPs during the 
experimental period.

A relationship was established between the process performance showed 
by Västerås and Eskilstuna WWTPs and the AOB community composition. 
Fig. 17 shows how the majority of bacterial clones extracted from Västerås 
and Eskilstuna were grouped in clusters of Nitrosomonas oligotropha-related 
microorganisms. While the AOB community at Eskilstuna presented no 
remarkable differences between December 2008 and February 2009 samples, 
the AOB community found at Västerås showed a seasonal shift between 
samples and a greater diversity in February, corresponding to the lower 
temperature period. In fact, some of the clones extracted from Västerås in 
February were Nitrosomonas ureae-like bacteria, while none of the 
individuals found at Eskilstuna could be included in this cluster. 
Additionally, some other clones from February samples at Västerås were 
related with Nitrosomonas marina and Nitrosomonas aestuari, representing 
a clearly different composition pattern when compared with the AOB 
composition at Eskilstuna. 
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Figure 17: Maximum likelihood tree inferred from analysis of partial amoA
sequences from ammonia oxidising bacteria recovered from Västerås and Eskilstuna 
wastewater treatment plants in December and February.

According to a number of studies the species richness of the bacterial 
community is an important factor in terms of functionality and nitrification 
stability and efficiency (Daims et al., 2001; Bell et al., 2005; Akarsubasi et 
al., 2009; Wittebolle et al., 2009). Therefore, the higher NH4

+-N removal 
efficiency and NR showed at Västerås under low temperatures could be 
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related with the increase of the AOB community species richness in 
February. As reported by Bollmann and Laanbroek (2001), the selectivity of 
NH4

+-N concentration on the enrichment of AOB can be due to different 
sensitivities against the toxic effects of NH4

+-N or by the better competitive 
abilities of some members of the community. Within the AOB community, 
Nitrosomonas oligotropha has been found both in WWTPs with low and 
high NH4

+-N concentration influents (Bollmann and Laanbroek, 2001; 
Gieseke et al., 2001; Koops and Pommerening-Röser, 2001; Dionisi et al., 
2002; Limpiyakorn et al., 2007 and Wang et al., 2010). However, 
Nitrosomonas ureae has been proven more tolerant than Nitrosomonas 
oligotropha to high NH4

+-N concentrations in a laboratory investigation with 
isolated cultures (Koops and Moeller, 1992). Since the influent concentration 
of NH4

+-N at Västerås and Eskilstuna was similar during the AOB 
community composition study, this parameter wasn’t relevant in our 
analysis. On the contrary, the large NH4

+-N load fluctuation given at the 
activated sludge basins at Västerås during the months of December and 
January could partly have led to the cluster of Nitrosomonas ureae-like 
bacteria to compete with the otherwise prevalent Nitrosomonas oligotropha
population. 

Not only the NH4
+-N load but also the difference in influent wastewater 

BOD7 between Västerås and Eskilstuna could be considered as the trigger 
for the AOB community to adapt. Both the concentration (BOD7) and the 
type of organic matter present at Västerås (methanol and glycol) were 
different than at Eskilstuna. A possible hypothesis is that the addition of 
external methanol and glycol might have enhanced the interaction between 
heterotrophic bacteria and the AOB, with the consequent AOB community 
composition shift at Västerås. Traditionally, heterotrophic bacteria (which 
utilises organic carbon for growth) have been considered a source of 
competence for the AOB communities, and higher C/N ratios can, in fact, 
beneficiate heterotrophic organisms. However, other studies are in 
accordance with another perspective, giving more importance to the 
ecological relationship between heterotrophs and the AOB, where a 
symbiosis could enhance AOB activity due to the greater presence of 
heterotrophic microorganisms (Racz et al., 2010). An earlier laboratory 
experiment demonstrated that NH4

+-N oxidation increased when 
Nitrosomonas spp. were grown together with heterotrophic bacteria (Jones 
and Hood, 1980). Therefore, the combination of factors between the NH4

+-N 
load fluctuation and the higher organic matter concentration at Västerås 
could have supported the adaptation of the AOB community to lower 
temperatures. 
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5.1.4.2 AOB and NOB cell numbers change under low temperatures  
The results in terms of bacterial cell numbers of some species of the AOB 
and NOB communities are shown in fig. 18. 
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Figure 18: Variation of the bacterial cells relative abundance in the activated sludge 
at Västerås WWTP during the experimental period by means of FISH.

From December 2008 to January 2009, the bacterial cell numbers of all 
microorganisms under exploration decreased, increasing from January to 
February. Some species of the genera Nitrosomonas (AOB) and Nitrosospira 
(NOB) increased in number in the February samples. This was considered to 
be the result of an adaptation of these communities to process conditions 
(NH4

+ load and BOD7). The stability of the NR and the high NH4
+ removal 

performance under low temperature conditions at Västerås could have been 
the consequence of the increase in relative abundance of some members of 
the AOB and NOB communities. However, there were a number of 
uncertainties noticed during the analyses of FISH products. In fact, the direct 
count through fluorescence microscopy might have been a source of errors 
during the experiment due to the nature of activated sludge samples. As 
shown in fig. 19 an example both AOB and NOB communities can be found 
forming flocs in the activated sludge, making the direct count of cells a 
difficult task. The possibilities offered by the use of confocal microscopy 
and automatic count methods through computer software need to be tested. 
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Figure 19: Microphotos (x40 magnification) of a microscopy slide showing a floc 
of bacteria from an activated sludge sample under the view of a) fluorescence 
microscopy with DAPI stain and b) fluorescence microscopy after FISH procedure 
(Nsm156 probe). 

5.1.5 Concluding remarks 
• Differences in activated sludge nitrification and ammonia removal 

performance between two WWTPs (Västerås and Eskilstuna) were 
related with a shift in the AOB population composition 
(Nitrosomonas Ureae-like cluster). It could be hypothesised that the 
higher microbial diversity at Västerås WWTP strengthened the 
process performance under low temperature conditions.   

• The FISH procedure was successfully performed on samples of 
activated sludge taken at Västerås under low temperature conditions. 
However, the method used for quantification of cells must be revised 
in order to erase uncertainties uncovered in the results.   

• The bacterial community dynamics under low temperatures might 
have been affected by the different NH4

+ loading and organic content 
of the wastewater at Västerås WWTP, as concluded by the study of 
the process parameters and performance. 
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5.2 Study of pilot-scale constructed wetlands in Cape 
Town (South Africa)  
Wastewater released from the winery industry in South Africa accounts for 
up to one billion litres per year representing a potential threat to the 
environment. In some cases, conventional systems such as activated sludge 
could be considered inappropriate for the treatment of winery wastewater 
due to the high investment and maintenance costs, being unaffordable for 
most small-scale wine-cellars. Therefore, the treatment of winery wastewater 
must be approached locally, taking into account the costs, as well as the 
quality of the effluent water. 

Winery wastewater needs particular attention due to its high organic 
content (high COD values) which is considered to be mainly caused by high 
ethanol concentrations. Moreover, winery wastewater has a lack of inorganic 
nutrients (Ganesh et al., 2009) providing non-optimal conditions for 
bioremediation. Thus, external nitrogen and phosphorus sources have been 
recommended for possible biological treatment processes (Andreottola et al., 
2002). In addition, attention must be paid to the seasonal flow variation 
conditions of winery wastewater in order to choose a flow-adaptable 
treatment system (Shepherd et al., 2001).   

Previous research has been performed in order to evaluate the 
performance of constructed wetlands (CWs) treating different kind of urban 
and industrial wastewater (for a review, see Vymazal, 2009). Additionally, 
some studies have shown the efficiency of CWs for the treatment of winery 
wastewater in different countries under various conditions (Shepherd et al., 
2001; Masi et al., 2002; Grismer et al., 2003; Sheridan, 2007) but more 
information and understanding on the chemical and biological parameters of 
the process are needed before implementing the process on a real-scale. As 
well as other conventional treatment processes like activated sludge or 
sequencing batch reactors, CWs have the potential to achieve acceptable 
COD removal performances from winery wastewater. Additionally, from an 
economic and energy-efficiency perspective, CWs might present a number 
of advantages and are able to adapt to the periodical variations in flow and 
organic content (Shepherd et al., 2001).  

5.2.1 Objectives 
In order to test the potential use of CWs for the treatment of winery 
wastewater in South Africa, pilot-scale CWs were supplemented with high 
ethanol concentration artificial wastewater. The experiments were based on 
the hypothesis that the addition of nutrients (N and P) can lead to an increase 
in the COD removal efficiency in CWs due to the enhancement of 
biodegradation capacity. The overall aim of this research work was to 
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increase the knowledge on the chemical and biological aspects involved in 
CW systems when high ethanol concentration is given.  

5.2.2 Experimental set-up and analytical procedures
Three pilot-scale constructed wetlands (A, B and C) consisting of 
polyethylene tanks containing around 0.5 m³ of sand were used in this 
experiment (fig.20). No vegetation was allowed to grow on the wetlands to 
simplify the interpretation of effluent analyses. 

Figure 20: Schematic representation of one of the pilot-scale constructed wetlands 
used in the study. Arrows represent the combined vertical / horizontal sub-surface 
flow.

The artificial wastewater feeding strategy used during the experimental 
period is shown in table 4. Cw (A) was used as a control and the feeding of 
glucose and yeast extract was maintained under the same conditions for the 
bacterial population to remain at the same level after its ripening (performed 
two months before the starting point of the experiment). CW (B) and (C) 
were supplemented with ethanol, accounting for approximately 7500 mg / L 
COD. In addition, CW (C) was amended with increasing quantities of 
inorganic nutrients in the form of NO3

- and PO4
3- in order to reach the 

COD/N/P ratios 300/5/1 and 200/5/1 along two different sections of the 
experiment. 
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some studies have shown the efficiency of CWs for the treatment of winery 
wastewater in different countries under various conditions (Shepherd et al., 
2001; Masi et al., 2002; Grismer et al., 2003; Sheridan, 2007) but more 
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the process are needed before implementing the process on a real-scale. As 
well as other conventional treatment processes like activated sludge or 
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COD removal performances from winery wastewater. Additionally, from an 
economic and energy-efficiency perspective, CWs might present a number 
of advantages and are able to adapt to the periodical variations in flow and 
organic content (Shepherd et al., 2001).  

5.2.1 Objectives 
In order to test the potential use of CWs for the treatment of winery 
wastewater in South Africa, pilot-scale CWs were supplemented with high 
ethanol concentration artificial wastewater. The experiments were based on 
the hypothesis that the addition of nutrients (N and P) can lead to an increase 
in the COD removal efficiency in CWs due to the enhancement of 
biodegradation capacity. The overall aim of this research work was to 
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increase the knowledge on the chemical and biological aspects involved in 
CW systems when high ethanol concentration is given.  

5.2.2 Experimental set-up and analytical procedures
Three pilot-scale constructed wetlands (A, B and C) consisting of 
polyethylene tanks containing around 0.5 m³ of sand were used in this 
experiment (fig.20). No vegetation was allowed to grow on the wetlands to 
simplify the interpretation of effluent analyses. 

Figure 20: Schematic representation of one of the pilot-scale constructed wetlands 
used in the study. Arrows represent the combined vertical / horizontal sub-surface 
flow.

The artificial wastewater feeding strategy used during the experimental 
period is shown in table 4. Cw (A) was used as a control and the feeding of 
glucose and yeast extract was maintained under the same conditions for the 
bacterial population to remain at the same level after its ripening (performed 
two months before the starting point of the experiment). CW (B) and (C) 
were supplemented with ethanol, accounting for approximately 7500 mg / L 
COD. In addition, CW (C) was amended with increasing quantities of 
inorganic nutrients in the form of NO3

- and PO4
3- in order to reach the 

COD/N/P ratios 300/5/1 and 200/5/1 along two different sections of the 
experiment. 
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Table 4: Feeding time periods and artificial wastewater contents used during the 
experiments (Paper III). The feeding regime was performed on a bi-weekly basis.

Period Wastewater A 
(V= 12,5 L water) 

Wastewater B 
(V= 12,5 L water)

Wastewater C 
(V= 12,5 L water)

Two months 
before the  
start of the 
experiment

0,3 g Glucose 
0,3 g Yeast extract 

0,3 g Glucose 
0,3 g Yeast extract 

0,3 g Glucose 
0,3 g Yeast extract 

Weeks 2-4 0,3 g Glucose 
0,3 g Yeast extract 

0,3 g Glucose 
0,3 g Yeast extract 
Ethanol (0.46 %)

0,3 g Glucose 
0,3 g Yeast extract 
13.54 g KN0₃  
1.64 g KH₂P0₄  
Ethanol (0.46 %)            

Weeks 4-6 0,3 g Glucose 
0,3 g Yeast extract 

0,3 g Glucose 
0,3 g Yeast extract 
Ethanol (0.46 %)            

0,3 g Glucose 
0,3 g Yeast extract 
20.31 g KN0₃   
2.46 g KH₂P0₄  
Ethanol (0.46 %)            

  

The COD removal performance and the biodegradation of N and P 
compounds were evaluated through chemical analyses of the influent and 
effluent wastewater. Enzyme activity measurements were also performed in 
order to follow the dynamics of the nitrate reductase (Abdelmagid and 
Tatabai, 1987, modified by Kandeler, 1996) in all CWs. In addition, the 
hydraulic conductivity (HC) was calculated once a week by collecting 
effluent wastewater 1 hour after the feeding of each CW. The pH of the 
sediment samples and CW temperature values were recorded during the 
experimental period. Finally, the evolution of the bacterial communities in 
terms of structure was assessed by means of DNA extraction from sediment 
samples, DGGE fingerprinting in both the surface and the deep sediments of 
the CWs and statistical analyses, as shown in fig. 21. Generic primers 
commonly reported in literature were used in PCR. The DGGE banding 
patterns were compiled and band matching was performed in order to obtain 
large data matrices based on the presence/absence of DGGE bands, and 
analysed with principal component analysis (PCA). (For further details of 
the DGGE fingerprinting method, see Paper III).   
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Figure 21: Outline of the procedure followed to analyse the responses of the 
bacterial communities to the different artificial wastewater influents, where (A) is 
the sampling and DNA extraction, (B) is the PCR procedure, (C) is the DGGE and 
(D) is the statistical analysis of the DGGE bands (adapted from Sanz and Köchling, 
2007).

5.2.3 Results and discussion  

5.2.3.1 Ethanol and nutrients affects CWs bacterial structure  
3-D PCA results of the different DGGE bands, related with the bacterial 
dynamics of the surface sediments from the three CWs are presented in fig. 
22. 47.7 % of the spatial variations in the surface sediment samples were 
explained, with PC1, PC2 and PC3 explaining respectively 20.1 %, 15.6 % 
and 11.4 % of the variance. Only surface sediment samples were considered 
for the elaboration of this thesis due to their greater relevance on the 
description of the bacterial structural evolution during the experiment. 
Firstly, it was proven that the three-month feeding regime previous to the 
starting point of the experiment led to a similar initial bacterial population 
both at the inlet and at the outlet in all CWs (cluster 1) (Ramond et al; 2010). 
Secondly, the addition of ethanol made an impact on the bacterial population 
of CW (B) as shown by the differentiated clustering (cluster 2) in samples 
taken in the middle and at the end of the experiment. Finally, the PCA 
analysis provided valuable information on how nutrients affected the 
bacterial population in CW (C). In fact, it was proven that the addition of 
nitrogen and phosphorus compounds supported the maintenance of a more 
stable bacterial community, even when high concentration of ethanol was 
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dynamics of the surface sediments from the three CWs are presented in fig. 
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explained, with PC1, PC2 and PC3 explaining respectively 20.1 %, 15.6 % 
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starting point of the experiment led to a similar initial bacterial population 
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Secondly, the addition of ethanol made an impact on the bacterial population 
of CW (B) as shown by the differentiated clustering (cluster 2) in samples 
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analysis provided valuable information on how nutrients affected the 
bacterial population in CW (C). In fact, it was proven that the addition of 
nitrogen and phosphorus compounds supported the maintenance of a more 
stable bacterial community, even when high concentration of ethanol was 
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supplemented in CW (C). Therefore, the bacterial population evolution in 
CW (C) showed a similar pattern as the bacterial population evolution in 
control CW (A) (cluster 3) during the experiment. 

Figure 22: Three-dimensional principal component analysis (PCA) representing the 
microbial community structure evolution of the surface sediments of the constructed 
wetlands. Capital letters close to the points designate the respective constructed 
wetland; “i” and “o” indicating inlet and outlet samples respectively. () Initial 
sampling; () Mid-time sampling; () Final sampling.  Numbers indicate the 
different bacterial clusters found in these analyses.

5.2.3.2 Nitrate reductase activity measurements 
Control CW (A) didn’t show any significant nitrate reductase activity 
throughout the whole period, while CW (B) showed relatively high values 
from the second week, reaching the highest values on week 4. Nevertheless, 
only the surface layers at the inlet and outlet of CW (B) showed activity, 
while the bottom layers were considered inactive in terms of nitrate 
reduction. According to these results, the addition of ethanol as a carbon 
source may be the reason for the nitrate reducing bacterial community to 
develop, even though there was no source of nitrate in the influent artificial 
wastewater. In the case of CW (C), methodological problems were found, 
and the nitrate reductase activity shown was only relevant after the first 
feeding of ethanol and nutrients (week 2), and approximately zero for the 
rest of the experimental period (fig. 23). In this study, the measurement of 
the nitrate reductase activity was based on the inhibitory effects of 2,4 
dinitrophenol (2,4-DNP) on a generic N02⁻-N reduction, which allows the 
measurement of the nitrate reductase activity by means of N02⁻-N 
accumulation (Abdelmagid and Tabatabai, 1987). The main problem found 
during the measurements might have been that the high nitrite reductase
activity of the N0₃⁻-N supplementing CW (C )interfered with the sensitivity 
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of the nitrate reductase systems towards 2,4-DNP releasing incorrect results, 
as reported by Deiglmayr (2006). 

Figure 23: Nitrate reductase activity values in all samples (top and bottom layers at 
the inlet (in) and outlet (out) areas) taken from CW (A, B and C) during the 
experimental period.

5.2.3.3 Ethanol and nutrient impact on the CWs properties and removal 
performance  
Hydraulic conductivity (HC) values are shown in fig. 24. Control CW (A) 
presented a very constant HC during the experimental period, while CW (B) 
and (C) showed a decreasing pattern in HC after the first feeding of ethanol. 
This represented the important impact ethanol addition had over the bacterial 
population, taking a period of time (up to one week) before the HC was 
recovered. CWs (B and C) showed decreasing HC values down to nearly 0 
L/h, in the case of CW (C). Besides the development of a more complex and 
populated bacterial community, a reasonable explanation for the low values 
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5.2.3.3 Ethanol and nutrient impact on the CWs properties and removal 
performance  
Hydraulic conductivity (HC) values are shown in fig. 24. Control CW (A) 
presented a very constant HC during the experimental period, while CW (B) 
and (C) showed a decreasing pattern in HC after the first feeding of ethanol. 
This represented the important impact ethanol addition had over the bacterial 
population, taking a period of time (up to one week) before the HC was 
recovered. CWs (B and C) showed decreasing HC values down to nearly 0 
L/h, in the case of CW (C). Besides the development of a more complex and 
populated bacterial community, a reasonable explanation for the low values 
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in HC can be found in the building of bio-films which were visible on the 
surface of CW (C) after sample number 3. Another explanation could be the 
production of bacterial extra-cellular material in those CWs where the 
activity was enhanced by higher organic matter concentration as well as 
inorganic nutrients.  

Figure 24: Hydraulic conductivity (L/h) presented by control CW A, B and C 
during the experimental period.

Statistically, the pH recorded in the three CWs wasn’t significantly 
different during the experimental period (data not shown). However, slight 
differences in pH might affect the biochemical processes and thus, the CWs 
performance. The highest pH values were registered in the nutrient amended 
CW (C) (6.9-7.8), the reason behind this being a shift in the metabolic 
pathway followed by the bacterial community under the presence of N0₃⁻-N. 
Temperature values recorded were the same at all experimental CWs and 
varied from 180C to 140C excluding peak values (data not shown). 
Therefore, temperature wasn’t likely to have had any effect on the 
performance differences found among the CWs (i.e. COD removal) but the 
higher values recorded at the beginning of the experiment may have 
facilitated a faster bacterial growth. 

Generally, the N0₃⁻ and NH₄⁺ concentration released in the effluent water 
of CW (B and C) were not significantly higher than those values found in the 
effluent water of control CW (A). Fig. 25 shows the nitrate concentration in 
effluent water samples. In the second sample, there was a peak in the 
concentration of nitrates in CW (C) due to the fact that KN0₃ was recently 
added in the influent artificial wastewater for the first time. From the second 
sample, the concentration of nitrate in the effluent water in CW (C) 
decreased substantially and reached values as low as 0.9 mg/L in sample 
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number 5. Generally, differences between the three CWs were not 
significantly high in terms of nitrate concentration in effluent water samples. 

Figure 25: Nitrate concentration in the effluent water samples taken from control 
CW (A), CW (B) and (C) during the experimental period.

Fig. 26 shows the NH4
+ concentration in the effluent water samples. There 

were light fluctuations (from 0 to 1 mg/L) in those samples taken from CW 
(C) due to a higher biological activity, CW (B) presenting similar 
fluctuations. On the other hand, control CW (A) maintained a much constant 
NH4

+ concentration value in all samples. 

Figure 26: Ammonia concentration (mg/L) in the effluent water samples taken from 
cw A, B and C during the experimental period.

In terms of TP, samples from CWs (B) and CW (C) were different as 
shown in fig. 27. Effluent water from the control CW (A) presenting values 
below 1.1 mg L-1 throughout the whole experimental period, while CWs (B 
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and C) presented increasing TP concentration. Moreover, the TP 
concentration in CW (C) was as high as 10.9 mg L-1 the week before the end 
of the experiment, while CW (B) remained on a lower level (4.06 mg L-1). 
Thus, an optimisation of the P removal performance must be done before 
real-scale treatment.

Figure 27: TP concentration (mg/L) in the effluent water samples taken from CW 
(A, B and C) during the experimental period.

There was an increase in COD in CW (B) and (C) after the first addition 
of ethanol (sample 2) until the sample number 6. Then, CW (B) presented 
constant values ranging from 1200 to 1600 mg/L while CW (C) showed a 
decreasing pattern down to 81 mg/L in the last sample being taken. It could 
be seen how control CW (A) remained constant and nearly 0 during the 
whole period (Fig.28).  
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Figure 28: COD (mg/L) in the effluent water samples taken from CW (A, B and C) 
during the experimental period. 

In terms of COD removal efficiency presented by CWs (B) and (C), fig. 
29 shows how CW (C) had between 5 % and 10% higher efficiency during 
most of the experimental period. CW (C) presented values close to 100 % 
COD removal efficiency at the end of the experiment and this fact can be 
hypothesised to be due to the addition of nutrients.  

Figure 29: COD removal efficiency (%) shown by CW (B) and (C) during the 
experimental period. 
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5.2.4 Concluding remarks 
• The analysis of the bacterial community structure by means of 

DGGE showed that the addition of nutrients supported the 
maintenance of a more stable bacterial consortium (similar to the 
one of the control CW) during the treatment of high ethanol 
concentration wastewater. On the contrary, ethanol in wastewater 
was proved to increase the variability of the bacterial community 
structure in the CW without any nutrient amendment.    

• The nitrate reductase activity measurements presented analytical 
difficulties and couldn’t be used as an index of the performance of 
the nutrient amended CW (C). An optimisation of the method is 
suggested. 

• The addition of nutrients (nitrogen and phosphorus) to one of the 
CWs successfully enhanced the COD removal efficiency during the 
experiment. Nitrogen and phosphorus removal was also achieved in 
the nutrient supplemented CW (C). However, further optimisation of 
the performance is needed in order to apply the treatment on a real-
scale. 
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Chapter 6 Conclusions 

The experimental work in which this thesis is based proved the fact that 
process performance in biological wastewater treatment systems can be 
related to the dynamics of the bacterial populations in terms of diversity 
(Poster I and Paper II) and structure (Paper III). On one hand, Paper II 
showed that the nitrogen removal efficiency in activated sludge under low 
temperature conditions was related to a very specific shift in the AOB 
community, such as the appearance of a Nitrosomonas ureae-like bacterial 
cluster. The higher ammonia removal performance was related to the higher 
AOB diversity in this case. Environmental conditions and process 
parameters were investigated to provide knowledge on the reasons for the 
AOB community to evolve. On the other hand, the study of the general 
bacterial community structure in pilot-scale constructed wetlands (Paper III) 
was proven to respond to the different wastewater composition and treatment 
strategies (addition of nutrients). The stable structure of the bacterial 
community in the nutrient amended CW allowed a higher COD removal.    

In the field of wastewater treatment there are no universal solutions and 
each case must be approached taking into account the whole range of local 
conditions and characteristics. In addition, biological wastewater treatment 
processes are complex due to their changing nature, which makes the 
intention of understanding them a fairly difficult task. However, the use of 
modern molecular biology methods to explore the functioning and dynamics 
of the microbiological communities under different conditions might clear 
up some uncertainties. With that information as a starting point, solutions 
can be designed in order to design and / or optimise and strengthen treatment 
systems, and finally guarantee higher quality in effluent water. 
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Chapter 7 Future perspective 

Conventional treatment systems such as activated sludge, have been in use 
for decades, especially in developed areas where strong economies could 
afford the high investment (infrastructure and maintenance i.e. electricity 
consumption) costs presented by these systems. Developed countries have 
achieved a relatively stable level of sanitation while failing to maintain a 
sustainable approach. In contrast, many developing countries  today still 
face, the consequences of having insufficient sanitation. Different parts of 
the world need to attend to different necessities in terms of wastewater 
treatment, but the basic principles are common. In this context, two different 
research directions may be suggested in order to improve and optimise the 
treatment systems in use, or to redirect all efforts towards building the 
foundations for new, more ecological alternatives. 

7.1 Research to improve conventional systems  
From an ecological and sustainability point of view, the conventional 
activated sludge process generally applied needs certain revisions. Two main 
disadvantages presented by activated sludge systems can be pointed out:  

1. High aeration costs in nitrification. Due to the high oxygen demand 
for ammonia oxidation, aeration is the main cost in conventional 
activated sludge processes. Nitrification is carried out in two steps. 
First ammonia is converted to nitrite (nitritation) by ammonia 
oxidising bacteria (AOB). In the second step nitrite oxidising 
bacteria (NOB) converts nitrite to nitrate (nitratation). For 1 mol of 
ammonia, ammonia oxidising bacteria uses 1.5 mol of oxygen and 
nitrite oxidising bacteria 0.5 mol of oxygen. Complete nitrification 
requires 2 mol of oxygen per mol of nitrogen to be nitrified.  

2. Additional carbon sources for denitrification In the denitrification 
process nitrate is converted to nitrite,  then to nitrous oxide and nitric 
oxide and finally to nitrogen gas.Each step consuming COD 
(additional carbon source) which increases the costs of the process 
(Ruiz et al., 2003). 
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One possibility to improve the efficiency while decreasing  environmental 
impacts and economic costs can be found in the reaction known as “partial 
nitrification to nitrite”. In this case, ammonia would be oxidised to nitrite, 
but nitrite would not be further oxidised to nitrate. This means that partial 
nitrification to nitrite will only require 1.5 mol of oxygen per mol of 
nitrogen, implying 25% less oxygen demand for partial nitrification 
compared to complete nitrification. Furthermore, the use of partial 
nitrification would mean a reduction in the total COD required for 
denitrification, because no COD is needed for the conversion of nitrate to 
nitrite (Ruiz et al., 2003).  

Partial nitrification to nitrite is attractive because it may result in a 
reduction in the oxygen demand in the nitrification step which means a 
saving in aeration and afterwards, a reduction in the COD required for post-
denitrification. However, this approach presents disadvantages and some 
challenges might be the subject of future research such as: 

1. The high nitrite concentration may produce inhibition of the 
nitrification biomass.  

2. To achieve partial nitrification it is necessary to reduce the activity 
of NOB but not the activity of AOB.  

The procedure to test partial nitrification can be based on providing 
favourable conditions for AOB development, and restrict the growth of the 
NOB. Substrate concentration, temperature, pH and DO affect the 
physiology of both bacterial groups differently. Up to the date of publication 
of this thesis, research has been conducted following two main directions:  

1. “Sharon” process. Temperature affects the growth rate of both types 
of bacteria (AOB and NOB) in different ways: ammonia oxidisers 
should have superior growth rates at high temperatures than nitrite 
oxidisers. The idea behind the “Sharon” process is to increase the 
temperature. When combined with anaerobic ammonium oxidation, 
the “Sharon-Anammox” system has been proven efficient for the 
treatment of high ammonia concentration wastewater without the 
addition of chemicals (Van Dongen et al., 2001).

2. Partial nitrification to nitrite (no temperature increase). In most 
cases the temperature is not disposed to be modified and controlled in 
full-scale reactors, mainly for economic reasons. So the concentration 
of ammonia, the pH and the DO concentration may be the main 
variables that can be manipulated to control the system (substrate 
concentration is the target variable in wastewater treatment). 
Different combinations of pH and DO could be tested in order to get 
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the optimal conditions for partial nitrification to occur when treating 
high ammonia concentration wastewater. Several studies have been 
performed in relation with this subject (Pollice et al., 2002; Ruiz et 
al., 2003), but further research is needed to evaluate its feasibility.   

7.2 Alternative approaches for sustainable wastewater 
treatment: A new revolution  
When sustainability is considered in both developed and developing 
countries, there are a number of requirements to be taken into account such 
as low operation and maintenance costs, low energy usage, low chemical 
usage, low land take and high performance, amongst others (Mara, 2003). In 
most industrialised areas, there is a central WWTP being fed by a sewage 
system. This involves not only the pumping of wastewater from different 
sources, but also the mixing of all kinds of pollutants which could be 
generally treated separately in a simpler manner. Establishing a number of 
decentralised WWTPs which serves one or several basins has been reported 
as a possible solution (Lens et al., 2001). Decentralised treatment of 
wastewater could be considered a sustainable alternative (to a certain extent), 
and could solve some of the problems presented by conventional treatments. 
Decentralised treatment systems such as waste stabilisation ponds, 
wastewater storage and treatment reservoirs, constructed wetlands, up-flow 
anaerobic sludge blanket reactors, bio-filters, aerated lagoons or oxidation 
ditches are some of the options to keep in mind when planning the sewage 
system of new cities or when extending existing systems due to the 
population growth and new housing (Mara, 2003). 

In addition to the idea of decentralisation of wastewater treatment, 
another innovative concept is ecological sanitation. Ecological sanitation is 
based on a global sustainability perspective and involves the prevention of 
pollution and disease by treating urine, faeces and grey water (from kitchens 
and showers) in separate ways, utilising both urine and faeces as resources to 
improve soil quality (nutrients in agriculture) and saving water during the 
process. According to ecological sanitation, human excreta may be stored 
and treated on site and further processed through dehydration or 
decomposition at a different place when needed, in order to eliminate 
pathogens. Then, both urine and faeces can be applied in agriculture to 
recover their nutrients and improve soil quality. Wastewater released by 
activities such as washing or cooking can be treated separately through 
different processes such as septic tanks (Winblad and Simpson-Hébert, 
2004). Ecological sanitation might represent a revolution to be made in the 
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area of wastewater treatment to assure sustainability, however scientific 
research, social consciousness and political efforts are needed.     
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