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CHANGES IN ARCHAEAL AND BACTERIAL 16S rRNA GENE 

SEQUENCES IN A FULL-SCALE ANAEROBIC REACTOR 

ABSTRACT 

This study focuses on archaeal and bacterial diversity change in a full-scale 

anaerobic contact reactor treating pulp and paper mills effluents. Samples were taken 

in July 2005 and August 2005 from three different heights along the reactor. 

Archaeal and bacterial 16S rDNA sequences within the sludge samples were 

amplified using PCR and run on DGGE gels. DGGE fingerprints of the samples were 

analyzed using the Bionumerics software to identify similarities between DGGE 

bands in terms of migration location and intensity.  The phylogenetic relationship 

between the sludge samples was analyzed using the Treecon software. In addition, 

DGGE bands each of which symbolizes a different species are excised under 

ultraviolet light. The excised bands were analyzed by means of sequencing. The 

sequence results were compared to the previously isolated environmental species and 

prokaryotes in the electronic database of European Bioinformatics Institute. A 

number of cellulose degrading bacteria and a wide range of methanogenic archaea 

were detected. It is aimed to identify the species present in the full-scale reactor, 

confirm the change in the microbial composition previously determined via FISH 

analysis, establish the correlation between change in the archaeal and bacterial 

diversity and potential methanogenic activity, and obtain a phylogenetic relation 

between the sludge samples. In addition, it is intended that the species which could 

not have been identified by FISH technique will be defined by DGGE and 

sequencing analysis. The identification of the microbial species actively involved in 

organic pollutant biodegradation in a wastewater treatment reactor will allow 

optimum operational conditions for maintaining a microbial population in the system 

with a high degrading activity. 
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GERÇEK ÖLÇEKLİ BİR ANAEROBİK REAKTÖRDEKİ ARKEAL VE 

BAKTERİYEL 16S rRNA GEN DİZİLİMLERİNDEKİ DEĞİŞİMLER 

ÖZET 

Yapılan çalışma, kâğıt endüstrisi atıksuyu arıtan gerçek ölçekli bir anaerobik tam 

karışımlı reaktördeki arkeal ve bakteriyel çeşitliliği hedef almıştır. Temmuz 2005 ve 

Ağustos 2005 tarihlerinde reactor yüksekliği boyunca üç farklı noktadan numune 

alınmıştır. Alınan çamur numunelerindeki arkeal ve bakteriyel 16S rDNA dizileri 

PCR yöntemi ile çoğaltılmış ve DGGE jellerinde yürütülmüştür. Numunelere ait 

DGGE parmak izleri Bionumerics yazılımında incelenerek DGGE bantları arasındaki 

benzerlikler yürüme mesafesi, konum ve yoğunluk bakımından incelenmiştir. Çamur 

numuneleri arasındaki filogenetik ilişkiler Treecon programında belirlenmiştir. 

Bunun yanında, farklı türleri temsil eden DGGE bantları ultraviyole ışık altında 

kesilmiştir. Kesilen bantlar dizi analizi yapılarak analiz edilmiştir. Dizi sonuçları, 

daha önceden izole edilmiş çevre numunelerine ve prokaryotlara ait Avrupa 

Biyoinformatik Enstitüsü elektronik veritabanlarında karşılaştırılmıştır.  Birçok 

selüloz indirgeyen bakteriler ve geniş çeşitliliğe sahip arkeler tespit edilmiştir. 

Gerçek ölçekli reaktörde bulunan türler tanımlanarak daha önceden FISH ile 

belirlenen mikrobiyal içerikteki değişimin doğrulanması, arkeal ve bakteriyel 

çeşitlilik ve potansiyel metan aktivitesi arasındaki ilişkinin açıklanması ve çamur 

örnekleri arasındaki filogenetik ilişkinin elde edilmesi amaçlanmıştır. Bunlara ek 

olarak, FISH yöntemi ile belirlenemeyen türlerin DGGE ve dizi analizleri ile 

belirlenmesi hedeflenmiştir. Atıksu arıtan bir reaktördeki organik kirleticilerin 

ayrışmasında etkin olarak görev alan türlerin belirlenmesi ile yüksek giderim 

verimine sahip türlerin korunması için optimum işletme koşullarının sağlanması 

gerçekleştirilecektir.  
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1. INTRODUCTION 

Wastewater treatment became inevitable due to synchronous depletion and pollution 

of water resources. Many industries such as leather, pharmaceuticals, textile, dairy, 

metals and pulp and paper consume vast amounts of water and produce high-strength 

wastewater. In view of this fact, anaerobic technologies became very popular in the 

field of high-strength wastewater treatment. Less operational requirements of energy 

and nutrients, no need of oxygen, smaller reactor volumes and less biological sludge 

production are some of the most prominent factors that make anaerobic treatment 

more favorable than aerobic treatment options. Furthermore, the recycle and reuse of 

the end-product methane as an alternative energy source is a more impressing reason 

of preferring anaerobic treatment technologies.  

Pulp and paper is one of the most water-consuming industries after primary metals 

and chemical industries (Thompson et al., 2001). In addition, it has a broad range of 

pollution potential depending on the type of production process (EPA, 2002). A 

number of anaerobic treatment technologies have been applied to several types of 

effluents from different production stages of pulp and paper manufacturing. Norrman 

et al (1985) studied the treatment of the black liquor evaporator condensate from a 

kraft mill by an anaerobic fixed bed reactor. In the research of Salonen et al,  (1984) 

anaerobic fluidised bed reactor for wastewaters from pressurized ground wood 

pulping and paper manufacture, sulphite pulp evaporator condensate and bleach 

waste was examined. Laboratory scale sequencing batch reactors are used to treat 

chemithermomechanical pulping wastewater in the study of Dubeski et al (2001). 

Frigon and coworkers (2003) achieved COD removal from bark leachate by a 

combination of anaerobic and aerobic treatment where upflow anaerobic sludge bed 

(UASB) reactor and two parallel aerobic reactors; an activated sludge unit or a fixed 

film  submerged filter were used.  Taken as a whole,  Rintala et al,  (1999) report that 

the contact process, the UASB reactor, the anaerobic filter, and the fluidized bed 

reactor have been used for about 15 – 20 years. Other configurations known as the 

hybrid, expanded granular sludge bed (EGSB) and internal circuit (IC) reactors have 
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been developed in the following ten years. On the other hand, the development of the 

anaerobic sequencing batch reactor (ASBR) and the anaerobic baffled reactor (ABR) 

are still in progress. According to Hulshof Pol et al (1997), among 956 anaerobic 

industrial wastewater treatment plants 61 % of the industries made use of the UASB 

type reactor while 12 % employed contact process, 6 % preferred anaerobic filter, 4 

% used hybrid reactor, 3 % built EGSB reactor, 2 % treated by fluidized bed reactor, 

2 % made use of fixed film reactor or 7 % achieved treatment by anaerobic lagoons. 

Other reactor types were used minimally (1 %) while some anaerobic plants may not 

have been listed (Rintala et al, 1999). 

The studies carried out for pulp and paper industry point out that enhanced natural 

treatment in engineered systems via microorganisms is widely used for wastewater 

management. Until the last decade, the design of engineered systems was dependent 

only on physical and chemical parameters regardless of the biomass composition. 

However, operational problems and sudden shifts in treatment efficiencies canalized 

engineers and scientists to a new era about the discovery of microbial diversity of the 

biomass involved in biological treatment (Gilbride et al.., 2006). The initial attempt 

on revealing of the microbial population was the application of activity tests. 

Supporting the activity test results with RNA based information leads to more 

particular identification of the microbial community and phylogenetic relationships 

in the reactor. 

In this study, archaeal and bacterial communities in a full-scale anaerobic contact 

reactor treating pulp and paper mills effluents were determined by denaturing 

gradient gel electrophoresis (DGGE) and sequence analysis. It is aimed to identify 

the species present in the full-scale reactor, confirm the change in the microbial 

composition previously determined via FISH analysis, establish the correlation 

between change in the archaeal and bacterial diversity and potential methanogenic 

activity, and obtain a phylogenetic relation between the sludge samples. In addition, 

it is intended that the species which could not have been identified by FISH 

technique in the previous study by İnce et al. (2006), will be defined by DGGE and 

sequencing analysis. The results obtained for two sampling times along three 

different heights of the reactor were discussed in accordance with previously 

obtained fluorescent in situ hybridization (FISH), specific methanogenic activity 

(SMA) results and the treatment efficiency.  
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2. PRINCIPLES OF ANAEROBIC TREATMENT 

2.1. Technical Aspects of Anaerobic Treatment  

Anaerobic treatment is a biological treatment method in which microorganisms 

degrade the organic and inorganic constituent of wastewater in the absance of 

oxygen. There are three major steps known as hydrolysis, acidogenesis and 

methanogenesis. In hydrolysis stage, complex organic molecules are broken down 

into simpler organic molecules. During acidogenesis phase, organic molecules are 

converted to volatile fatty acids (VFAs) by acidogenic archaea. In methanogenesis 

phase, the methanogens are in charge of breaking down the VFAs into CO2 and CH4 

as by-products. 

Since no oxygen is required, an anaerobic treatment system does not need to be 

aerated meaning that anaerobic systems save energy and cost when compared to 

aerobic systems. In addition to this, anaerobic processes are capable of degrading 

higher organic loads than aerobic systems. By the way, smaller reactor volumes can 

be used for anaerobic treatment. When C/N/P ratio is considered, anaerobic 

processes need fewer amounts of nutrients. At the end of treatment, methane is 

produced as a by-product and it can be used as an energy source as biogas. 

Anaerobic technologies became very popular in the field of high-strength wastewater 

treatment. Less operational requirements of energy and nutrients, no need of oxygen, 

smaller reactor volumes and less biological sludge production are some of the most 

prominent factors that make anaerobic treatment more favorable than aerobic 

treatment options. Furthermore, the recycle and reuse of the end-product methane as 

an alternative energy source is a more impressing reason of preferring anaerobic 

treatment technologies.  Elimination of  off – gas  air  pollution and rapid response to 

substrate addition after long periods of shut-down are other operational advantages of 

anaerobic treatment technologies (Tchobanoglus et al., 2003). 

Despite the common preference of aerobic processes for municipal wastewaters with 

lower concentrations of biodegradable COD, lower temperatures, higher effluent  
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quality needs, and nutrient removal requirements, it is anticipated that the use of 

anaerobic treatment processes for industrial wastewaters with much higher 

biodegradable COD concentrations and elevated temperatures will become more 

widespread in a variety of applications. 

Factors such as alkalinity requirement, sensitivity to adverse effect of pH and 

temperature on reaction rates, being more susceptible to upsets due to toxic 

substances and requirement of further treatment to meet discharge standards 

represents anaerobic treatment rather disadvantageous over aerobic treatment 

(Tchobanoglus et al., 2003). However, studies on revealing the energetics and 

biochemistry of biological processes improved the understanding of anaerobic 

systems (Lettinga, 1995). 

2.2. Process Microbiology and Biochemistry 

In anaerobic systems, the breakdown of organic and inorganic constituent of 

pollutants is achieved by a mixed culture of microorganisms in the absence of 

oxygen. archaea and bacteria are the dominant groups in biodegradation. Hydrolysis 

and fermentation of organic compounds are achieved by a number of strict and 

facultative anaerobic. archaea play a fundamental role in the acetogenesis and 

methanogenesis stages. Six major groups of microorganisms involved in the 

transformation of complex materials into methane and carbon dioxide are listed as 

follows: 

1. Hydrolytic fermentative bacteria 

2. Acidogenic (acid forming) bacteria 

3. Hydrogen-producing acetogenic bacteria 

4. Hydrogen-utilizing acetogenic bacteria  

5. Carbondioxide-reducing methanogens 

6. Acetoclastic methanogens 

Organic matter is converted to methane through a series of microbiological reactions. 

There are three major steps known as hydrolysis, acidogenesis and methanogenesis.  

Hydrolysis is the step where enzymatic breakdown of complex organic polymers into 

monomers by a group of cellulolytic bacteria arises. 
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The second step known involves the production of volatile fatty acid from organic 

monomers through a series of microbial reactions. 

At the last stage, methanogens break down the VFAs into CO2 and CH4 as by-

products. 

2.2.1. Hydrolysis 

Hydrolysis is the first step in anaerobic digestion where insoluble organic materials 

and higher molecular mass compounds such as lipids, polysaccharides, proteins, fats, 

nucleic acids into soluble organic materials by the help of extracellular enzymes 

known as cellulases, proteases, and lipases. As mentioned by Saravanan et al., the 

produced soluble organic compounds are suitable for the use as an energy source and 

cell carbon such as monosaccharides, amino acids and other simple organic 

compounds. Carbohydrates such as saccharides, starch and glycogen can be easily 

hydrolysed by amylase. On the other hand, hydrolysis of the compounds which are 

scarcely hydrolysed, for instantce, raw cellulolytic wastes containing lignin, builds 

up the limiting stage of the process.  Anaerobic degradation of lipids is rather 

difficult. Clostridium, Acetovibrio cellulities, Staphylococcus and Bacteroides are the 

bacteria that degrade carbohydrates into monosaccharides. Proteins are converted to 

amino acids by proteolytic bacteria. Afterwards amino acids are converted to 

ammonia and organic acids through decarboxilation and deamination. Most 

important proteolytic bacteria are known to be Clostridium, Sarcina, Bacteriodes and 

Propionobacterium. Species of Micrococci, Clostridium and Stapylococcus aid the 

biodegradation of neutral fatty acids into fatty acids, alcohols, aminoacids and sugar. 

The most significant factors that affect the hydrolysis are pH, temperature and cell 

retention time.  

2.2.2. Acidogenesis and Acetogenesis 

Acidogenesis 

Acidogenesis is the second step of anaerobic digestion in which fermentative 

microorganisms are involved in the biodegradation of amino acids, sugars and some 

fatty acids into acetic acid, valeric acid, acetate, propionate, butyrate, carbon dioxide 

and hydrogen by the activity of Clostridia, Mycoplasmas and Streptococci. The 

products formed vary with the type of bacteria as well as with temperature, pH and 
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influent wastewater. However, acetate is the main product of carbohydrate 

fermentation. The genera Clostridum and Butyribacterium are the species involved in 

the production of buthyrate, buthanol, butyric acid, acetone and iso-propanol. 

Acetogenesis 

The products of acidogenesis are converted to acetate, hydrogen, CO2, by acetogenic 

species from which methane can be obtained. Acetate is the simplest volatile fatty 

acid degraded by microorganisms. Under relatively high H2 partial pressure, acetate 

formation is reduced and the substrate is converted to propionic acid, butyric acid 

and ethanol rather than methane. Therefore, hydrogen concentration needs to be kept 

in lower values. In this step, a group of acid forming bacteria known as obligate 

hydrogen producing acetogenic bacteria (OHPA) is involved. Methanobacterium 

bryantii, Syntrophobacter wolinii, Syntrophomonas wolfii and Syntrophus buswellii 

are the species that are involved in the production of acetic acid. 

2.2.3. Methanogenesis 

Methanogenesis is the last step in anaerobic digestion where products of acetogenesis 

are converted to methane and carbon dioxide. Two mechanisms are involved in this 

stage first of which is named as decarboxylation of acetic acid and the second one is 

the reduction of carbon dioxide.  Methanogenesis is the rate-limiting step of the 

whole anaerobic degradation process due to the fact that methanogenic species are 

more sensitive to environmental changes and reproduce more slowly than acidogenic 

species. Methanogenesis is performed by a group of strictly anaerobic Archea named 

as methanogens. The optimum pH condition for methanogens is 6,5 – 7,5 and most 

of them do not function below pH 6 and above pH 8. Table 2.1 denotes three main 

classes of substrates that are converted to methane to methane by different 

methanogenic archaea. Methanobacterium, Methanobrevibacter, Methanococcus, 

Methanomicrobium, Methanogenium, and Methanosarcina are the archaea involved 

in the break down of H2 and CO2 whereas Methanosarcina and Methanosaeta 

degrade acetate. 
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Table 2.1: Substrates converted to methane by various methanogenic archaea  

(Madigan et al., 2000)  

I. CO2-type substrates 

Carbon dioxide, CO2 (with electrons derived from H2, certain alcohols or 

pyruvate) 

Formate, HCOO 

Carbon monoxide, CO 

II. Methyl substrates 

Methanol, CH3OH 

Methylamine, CH3NH3
+ 

Dimetylamine, (CH3)2NH2
+ 

Trimethylamine (CH3)3NH+ 

Methylmercaptan CH3SH 

Dimethylsulfide (CH3)2S 

III. Acetotrphic substrate 

 Acetate, CH3COO 

 

Table 2.2 represents the morphology, number of species and substrates utilized by 

methanogens. 

2.2.4. Bacteria involved in the process 

The conversion of complex organic material under anaerobic conditions, in the 

absence of light, nitrate, nitrite and sulphate is accomplished by the 

chemoheterotrophic acidogenic and methanogenic bacteria. 

The chemoheterotrophs are the microorganisms which use an organic substance as 

the principle energy and carbon sources. 

a. Fermentative bacteria: 

This group of bacteria is responsible for the hydrolysis and the acidogenesis stages of 

the anaerobic digestion. They produce enzymes which are liberated into the medium 

to hydrolyse complex organic compounds such as cellulose, hemicellulose, pectin 

and starch. 
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Table 2.2:   Characteristics of methanogenic archaea (Madigan et al., 2000) 

Genus Morphology 
Number 

of species 

Substrate for 

methanogenesis 

Methanobacteriales  

Methanobacterium 

Methanobrevibacter 

Methanosphaera 

Methanothermus 

 

Methanococcales  

Methanococcus  

 

Methanomicrobiales 

Methanomicrobium 

Methanogenium 

Methanospirillum 

Methanoplanus 

Methanocorpusculum 

Methanoculleus 

 

Methanosarcinales  

Methanosarcina 

 

Methanolobus 

 

Methanohalobium 

 

Methanococcoides 
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As a result of fermentation, smaller molecules are formed, which are transported to 

the interior of the cells and fermented into a variety of products such as ethanol, 

butyrate, acetate, propionate etc. 

Clostridium, Acetovibrio cellulities, Staphylococcus and Bacteroides are the bacteria 

that degrade carbohydrates into monosaccharides. Proteins are converted to amino 

acids by proteolytic bacteria. Afterwards amino acids are converted to ammonia and 

organic acids through decarboxilation and deamination. Most important proteolytic 

bacteria are known to be Clostridium, Sarcina, Bacteriodes and Propionobacterium. 

Species of Micrococci, Clostridium and Stapylococcus aid the biodegradation of 

neutral fatty acids into fatty acids, alcohols, aminoacids and sugar. 

In acidogenesis, the genera Clostridum and Butyribacterium are the species involved 

in the production of buthyrate, buthanol, butyric acid, acetone and iso-propanol. 

The final products of the metabolism of the fermentative bacteria depend on both the 

initial substrate and the environmental conditions. 

In relation to the latter, the regulating presence of H2 plays an important role: 

At low partial pressure of H2 the formation of compounds such as acetate and CO2 is 

thermodynamically favoured, whereas at higher partial pressure of H2, the 

accumulation of products such as propionate and other long chain fatty acids occurs. 

In general, the fermentative bacteria need CO2 and an organic acid as carbon sources, 

ammonia as nitrogen source, cysteine or sulfide as sulphur source, vitamin B, hemin, 

menadione and some mineral salts. 

b. Hydrogen producing acetogenic bacteria: 

In acetogenesis, a group of acid forming bacteria known as obligate hydrogen 

producing acetogenic bacteria (OHPA) is involved. Methanobacterium bryantii, 

Syntrophobacter wolinii, Syntrophomonas wolfii and Syntrophus buswellii are the 

species that are involved in the production of acetic acid. 

This group of bacteria is essential for the anaerobic degradation because it 

catabolizes alcohols, certain aromatic compounds, propionate and other long carbon 

chain organic acids into acetate and carbon dioxide.  
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Only some species of this group of bacteria have been isolated and studied, therefore 

little is known about their nutritional requirements.  

Studies carried out with these bacteria have shown the existence of a symbiotic 

relationship with the hydrogen consuming bacteria which are responsible for the 

regulation of the partial pressure of H2 in the anaerobic environment.  

If the H2 partial pressure is kept extremely low, the conversion of propionate and 

longer carbon chain fatty acids into acetate and hydrogen is favoured. 

At higher H2 levels, this conversion cannot proceed and higher volatile acids 

accumulate the system instead of being converted into methane and carbon dioxide. 

 

Figure 2.1: Universal phylogenetic tree (Madigan et al., 2002) 

c. Hydrogen consuming acetogenic bacteria: 

The hydrogen consuming acetogenic bacteria (or homoacetogenic bacteria) play ana 

important role in the anaerobic digestion because of the importance of their final 

product, the acetate. 

Acetate is regarded as the major precursor of methane. 
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The bacteria involved in the homoacetogenesis step are characterized as the 

hydrogen and carbondioxide users . 

d. Methanogenic bacteria: 

Morphologically, methanogens are a diverse group; however, physiologically they 

are quite similar since all are strict anaerobes and share common metabolic capacity 

to produce methane.  

The methanogenic bacteria are included in the archaea bacteria kingdom. Some 

specific factors of methanogens involved in the reactions of methane formation are 

as follows:  

i. the coenzyme-M (Co-M) is a specific coenzyme of methanogenic bacteria and is 

related to the final steps of the reduction of CO2 to methane. 

ii. the F420 factor has a blue-green fluorescence. This fluorescence can be used to 

identify colonies, to determine the F420 concentration and indirectly he 

methanogenic biomass in the anaerobic systems. 

iii. the F430 factor is a non-fluorescent yellow factor  

iv. the F432 factor is a fluorescent coenzyme which is relatively little known. 

e. Sulphate reducing bacteria: 

The sulphate reducing bacteria are often found in anaerobic environments in 

association with the methanogens, producing H2 and sulfide. 

Three genera are found in anaerobic digesters:  

Desulfovibrio, Desulfotomaculum and Desulfobulbus 

The interaction with the methanogenic bacteria is yet little known. Two mechanisms 

of sulphate inhibition of methanogenesis have been proposed: 

i. sulphate reducing organisms compete with methanogens primarily for hydrogen 

and acetate 

ii. the presence of sulphate cases sulphate reducing bacteria to produce sulfide, which 

is toxic for the methanogens in high concentrations. The competition may or may not 

lead to inhibition, depending on the level of sulphate concentration. 
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2.2.5. Phylogeny of archaea 

The archaea are a major group of prokaryotes. The dissimilarity of 16S rRNA 

indicated that they were different from other prokaryotes and by the help of these 

characteristics, the archaea were first identified in 1977 by Carl Woese and George 

Fox. Referring to this study, the archaea became a constituent of the three domains of 

life. One of the two other domains is the Eukaryota, which includes the plants, 

animals, fungi, and protists. The second domain to be discovered was the bacteria 

which demonstrated the existence of at least eleven distinct groups. 

 

 

Figure 2.2: Phylogenetic tree of archaea (Madigan et al., 2002) 
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2.3. Environmental Factors 

2.3.1.  pH 

Methanogens can function best between pH 6,5 – 7,5 whereas this range is between 

pH 5 – 6 for acidogens. Lower pH values do not affect the production of VFAs since 

acidogenesis is stimulated. However, methanogenic species are interrupted by the 

decrease in pH. The production of VFAs under no methanogenic activity results in 

accumulation of acids and the accumulation results in more acidic conditions. 

Increasing acidity inhibits methanogenic activity. In this case, the acidity must be 

balanced by alkaline solutions so that methanogens can function properly. The best 

alternative to come up with this problem is to have two separate reactors operated 

with different pH values appropriate for acidogenesis and methanogenesis. 

2.3.2. Temperature 

Of the physical factors affecting microbial growth, one of the most influential in the 

selection of species is temperature. Temperature affects microbial systems in several 

ways including metabolic rate controls, ionization equilibrium, (e.g. ammonia) 

solubility of substrates, fats, and even bioavailability of iron (e.g. fever in humans is 

reported to be a possible mechanism to limit the bioavailability of iron to pathogenic 

microorganisms in the blood). 

Each species of microorganisms reproduces best within a limited range of 

temperatures. Four temperature ranges are used to classify microorganisms. Those 

that grow best at temperatures below 20ºC are called psycrophiles. Mesophiles grow 

best at temperatures between 25 and 40ºC. Between 45 and 60 ºC, the thermophiles 

grow best. Above 60ºC, stenothermophiles grow best. The growth range of 

facultative thermophiles extends from the thermophilic range to mesophilic range. 

The ranges are qualitative and somewhat subjective. There is an observable gap 

between 20 and 25 ºC and between 40 and 45ºC. For this case, it would be a mistake 

to say that an organism that grows well at 20,5ºC is a mesophile. The rules just aren’t 

that hard and fast. Microorganisms will grow over a range of temperatures and will 

survive at a very large range of temperatures. For example, Escherichia coli, 

classified as mesophiles, will grow at temperature between 20 and 50ºC and will 

reproduce, although very slowly, at temperatures down to 0ºC. 
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Considering 35ºC as the optimum temperature for anaerobic waste treatment, it is 

proposed that in the range of 20-35ºC, the kinetics of methane fermentation of long 

and short chain fatty acids will adequately describe the overall kinetics of anaerobic 

treatment. Thus, the kinetic equations presented to describe the completely mixed 

activated sludge process are equally applicable to the anaerobic process. 

Microbial methane formation occurs over a wide temperature range, namely from 

about 0oC to 97oC. Two optimum temperature levels for anaerobic treatment have 

been reported, one in the mesophilic range of 30oC to35oC, and the other in the 

thermophilic range of 50 to 55oC. 

Most anaerobic operations are designed in the mesophilic range, although it is also 

possible to operate anaerobic reactors in the thermophilic range. 

However, experience in the field with thermophilic digestion has not been very 

satisfactory and there is still considerable question as to whether the benefits 

received outweigh the disadvantages, including the extra energy required to heat the 

reactor, the poor supernant quality and poor process stability.  

An additional problem with thermophilic process is the low net yield, which can very 

slow start-up and slow accommodation to loading variations, substrate changes or 

toxic substances. 

The importance of quantitative data on the effect of temperature on the microbial 

population is that considerable reduction in reactor size can be achieved by operation 

at a near optimum temperature, because the maximum specific growth rate of the 

microbial population is due to increase with an increase in temperature.  

Although high temperatures are desirable, it seems that the maintenance of a uniform 

temperature is more important than the maintenance of the temperature. This is 

because the anaerobic process is considered to be sensitive to sudden changes in 

temperature, the usual limit being about 2oC per day, which can cause an imbalance 

between the two major populations and consequent process failure.  

The predominant methanogens in meshophilic anaerobic digestion are the genera 

Methanobacterium, Methanobrevibacter and Methanospirillium, which are hydrogen 

utilizing bacteria, and the genera Methanosarcina and Methanothrix, which are 

acetate utilizing bacteria.  
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2.3.3. pH, Alkalinity, Volatile acids 

These three environmental parameters are closely related to each other, and are 

equally important for the control and successful operation of anaerobic processes. 

Methane producing bacteria have an optimum pH of between 6.8 and 7.4 although 

stable methanogenesis can be achieved at pH between 6 and 8. However, low pH 

values can completely inhibit the methanogens.  

The acid producing bacteria have an optimum of between 5 and 6 and have a better 

tolerance for low pH values. 

Control of pH, therefore, has the aim of overcoming pH-inhibition of the 

methanogenic bacteria, and avoiding process failure.  

The interaction between alkalinity and volatile acids during anaerobic digestion 

embodied in the neutralizing ability of the alkalinity of the system, and its 

importance in buffering the pH in the event that there is an accumulation of volatile 

acids. 

Both alkalinity and volatile acids derive primarily from the decomposition of organic 

material during digestion. The digestion of complex substrates involves the 

production of intermediate volatile acids and microbial digestion of protein-based 

compounds also break down the organic nitrogen to the end product-ammonia. This 

ammonia then combines with the carbonic acid in solution to provide an ammonium 

bicarbonate buffer. Alkalinity can also be derived from soaps and other salts of 

organic acids, especially weak acids such as fatty acids. The digestion of sodium 

acetate, for example, would lead to the formation of sodium bicarbonate. 

The total alkalinity required in an anaerobic process is the sum of the bicarbonate 

alkalinity for volatile acid neutralization and the bicarbonate alkalinity for carbon 

dioxide equilibrium.  

It has been stated that an increase in the volatile acids over and above the available 

cation component of the alkalinity, could result in the production of free volatile 

acids and destruction of the buffering potential of the system, with a resultant 

decrease in pH. 

From an operational point of view, it is desirable to maintain higher alkalinity levels, 

if it is generated from the feed, because higher volatile acids concentration can be 

buffered without a serious pH depression. However, if the alkalinity must be 
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purchased, then the selection of chemicals is based on the chemical applicability and 

its economics. The minimum acceptable alkalinity requirement is dependent upon the 

feed strength, which determines the potential for volatile acids generation.  

Various chemicals such as hydrated lime (Ca(OH)2), quick lime (CaO), sodium 

carbonate (Na2CO3), sodium bicarbonate (NaHCO3) or ammonium bicarbonate 

(NH4HCO3) can be used for pH control of anaerobic processes. It has been 

differentiated two types of pH chemicals: the ones that supply the bicarbonate 

alkalinity (directly sodium bicarbonate or ammonium bicarbonate), and the ones that 

react with carbon dioxide to form bicarbonate alkalinity (NH3, caustic, lime). Lime is 

usually the cheapest source of alkalinity but it is rather insoluble, and this represents 

an operational problem. Carbon dioxide is a reactant in converting Ca(OH)2 to 

calcium bicarbonate and this reaction can generate a vacuum in a closed digester. If 

insufficient carbon dioxide is available to react fully with the lime, then the pH can 

easily end up too high, which can be just as detrimental as an excessively low pH. 

Scaling of pipes and heat exchanger surfaces may also be a problem when using 

lime. Sodium bicarbonate is easy to handle, quite soluble, and unlike lime, requires 

no carbon dioxide; nor does it drive the pH excessively high if overdosed. However, 

it is quite expensive. The use of ammonia as a source of alkalinity is very site 

specific. For example, the use of NH3, although it is relatively inexpensive, may be 

prohibited because excess ammonia will appear in the effluent. In addition, caution 

must be exercised to prevent ammonia toxicity.  

2.3.4. Nutrients 

2.3.4.1. Macronutrients 

Since anaerobic systems are heterotrophs, except for the autotrophic methanogens 

converting H2 to methane, the carbon source for synthesis of heterotrophic biomass 

comes from the organics in the feedstock. For the autotrophic hydrogen utilizers, the 

carbon source can be the dissolved CO2 in the reactor.  

Specific amounts of inorganic nutrients, essential for the cell growth of bacteria, 

must be supplied to the biological system in order to achieve the proper operation 

and increase the removal efficiency.  
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The nutrients required in the highest concentration for anaerobic cell growth are 

nitrogen and phosphorus.  

These two elements together with carbon, which is the biodegradable part of organic 

waste, are defined as macronutrients.  

Since detailed information on the exact chemical composition of a specific type of 

microbial cell is seldom available, the nutrient requirements are established on the 

empirical composition of the cell, which is assumed to be C5H7NO2. This is based on 

the fact that almost all living cells are composed of similar types of compounds; they 

have similar chemical compositions and, therefore, require same elements in roughly 

the same relative proportions. For the anaerobic biodegradation of complex wastes, 

especially containing high carbohydrates, the ratio of C/N/P : 250(400-200) / 5 / 1 is 

frequently applied and gives satisfactory results. 

Requirements for macronutrients other than nitrogen are proportionately lessened 

when compared with aerobic processing due to the much reduced amount of biomass 

synthesis characteristic of anaerobic processes.  

Generally, nitrogen is the inorganic nutrient required in highest concentration for the 

microorganism growth. 

Neither nitrate (NO3 
-) nor nitrite (NO2

-) nitrogen is available for growth under 

anaerobic conditions, as they are reduced to nitrogen gas and lost from the waste. 

Ammonia (NH3) and the portion of organic nitrogen released during waste 

degradation are the major nitrogen sources which are most readily utilized of the 

inorganic forms of nitrogen. 

Nitrogen requirements are based on the empirical chemical composition of the 

anaerobic microbial cell, which has a nitrogen content of approximately 12 percent 

of the cell volatile solids weight. 

The microbial up take of phosphorus in anaerobic digestion has been reported to be 

approximately one-fifth to one-seventh of that for nitrogen or about 2 percent of the 

biological solids weight.  

It has been point out that the COD:N:P ratios provide good guidelines for rough 

estimates, only. 



 18 

The exact requirements should be determined through an experimental programmed 

of field tests once the installation is completed. However, most guidelines in the 

literature refer to nutrient supplementation on a COD-basis, so the ratios can vary 

substantially. It has been suggested a COD:N:P ratio of 1000:7:1, for low loaded 

processes (< 0.5 kg. COD/kg VSS/day) It has also been pointed out that the 

economics dictate which nutrient can best be added to achieve stimulation in activity. 

It has been stated that in the conversion of acetate to methane, approximately 0.5 kg 

of phosphorus, and required per 1000 kg of acetate utilized. 

In addition to the two elements required for both aerobic and anaerobic microbial 

systems (N and P) some sulfide precursor must be added, commonly in the sulfate 

form. Most methanogens utilize sulfide as a sulphur source. Sulphur is required for 

the synthesis of proteins.  

Usually the sulphate concentration in wastewaters is sufficient to provide the sulphur 

needed, which is required in relatively small amounts. This is because the microbial 

cells have very few sulphur containing compounds. Other reasons for overlooking 

the requirements for sulfide in anaerobic digestion are H2S in the off-gas, microbial 

synthesis of sulfide and precipitation of sulfides by heavy metals. 

It must be emphasized that the sulphur requirement for methanogens is part of 

complex picture. On one hand, the presence of sulphate may limit methanogenesis 

because the sulphate reducing bacteria compete for substrates such as hydrogen and 

acetate. On the other hand, the methanogens are dependent on the production of 

sulfide for growth. This illustrates the relatively tight ecological niche occupied by 

methanogens, where some inorganics go from ideal to toxic concentrations within a 

small range. 

The methanogens manifest an obligate requirement for sulfide and phosphorous even 

though this need may be satisfied by maintaining very low concentrations both ions 

in the reactor. 

2.3.4.2. Micronutrients 

Besides nitrogen, phosphorus and sulphur, which, together with carbon and oxygen, 

comprise the macromolecules of the cell, a large number of other elements have been 

shown to be necessary of optimum anaerobic digestion.  
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These elements are referred to as trace elements, and comprise the macromolecules 

of the cell. They are responsible for about 4 percent of the dry weight of the cell. 

Most significant micronutrients are Na, K, Mg, Ca, Fe, S, Ni, Co, Mo.  

The actual requirement of trace elements is difficult to determine in practice, because 

the presence and requirement of sulfide by the methanogens, precipitates these 

elements from solution, therefore leaving very low concentrations of the metals at 

equilibrium. 

Iron, cobalt and nickel have been shown to be mandatory nutrient requirements for 

methanogens to convert acetate to methane. Molybdenum, selenium and tungsten 

have also been demonstrated to be stimulatory to methanogens. It has been reported 

that the addition of nickel, iron and cobalt is important for the achievement high 

volatile suspended solids concentration. 

The obligate requirement for sulfide and trace metals by methanogens creates a 

unique “delivery” problem. Iron appears to be required in the highest concentrations 

relative to all of the other trace metals, while iron, cobalt, nickel and zinc are most 

often reported as stimulatory. In addition, there are surprisingly many references in 

the literature  citing stimulation of methanogens metabolism by tungsten, manganese, 

molybdenum, selenium, ad even boron as well.  

It may seem reasonable that background levels of trace metals would always be 

readily supplied in the carriage waters. But just as micronutrient non-bioavailability 

is common in our physical surroundings (for instance the yellowing of grass, 

vegetables, and ornamented shrubs in alkaline soils is often due to the lack of iron 

bioavailability, and galvanized nails sometimes must be driven into the trunks of 

pecan trees to satisfy zinc requirements) trace metal bioavailability also is not 

necessarily inherently present in industrial wastewaters even though the required 

trace metals are physically present. The emergencies such conditions often 

precipitate render this subject of paramount importance to a proper understanding of 

anaerobic processes. 

The organic growth factors which are required for the stimulation of the 

methanogenic activity include the coenzyme-M, the factor F420, acetate, 2-methyl 

butyric acid, vitamins, N-acetyl glucosamine, riboflavin, B12, and some not yet 

identified compounds.  
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In experiments on nutritional stimulation of methanogens, outlined the following 

nutrients in decreasing order of importance: nitrogen, sulfur, phosphorus, iron, 

cobalt, nickel, molybdenum, selenium, riboflavin and vitamin B12. 

2.3.5. Toxicity and Inhibition 

Anaerobic digestion is known as a vulnerable process to inhibitory or toxic materials 

that cause disturbances in its biological mechanism. There are many compounds, 

both organic and inorganic, which may be toxic or inhibitory to the anaerobic 

process, although the general effect which results from the addition of most 

substances may vary from stimulation to toxicity. 

Stimulation of activity is actually achieved at very low concentration, but it also 

depends on the compound. As the concentration is increased, inhibition can become 

pronounced and the rate of biological activity approaches zero. 

In order to understand this effect, three significant terms should be identified: 

Stimulation is an effect which causes increase in biological activity of the system. 

Inhibition is an effect which causes decrease in biological activity of the system. 

Toxicity is an effect which ceases the biological activity of the system entirely. The 

source of these materials may either be the influent waste stream or the metabolic 

activities of the digester bacterial themselves.  

Anaerobic species, especially methanogens are rather more sensitive to toxic 

substances. In an anaerobic reactor, toxicity may occur either by means of the 

effluent or metabolic activities of microorganisms. Besides the presence of 

compounds known to be toxic, i.e. phenols, excess amounts of heavy metals, salts, 

ammonia, sulfide and organic compounds may also be inhibitory and toxic to the 

microorganisms. Although lower concentrations of these substances may be even 

stimulatory, increasing concentrations have inhibitory and toxic effects which may 

slow down or totally kill the microorganisms. Methanogenic archaea are more 

sensitive to toxicity and inhibition.  The most important toxic compounds can be 

listed as volatile fatty acids, sulfur compounds, ammonia, heavy metals, cyanide and 

organic compounds. 
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2.3.6. Mixing 

Mixing has two basic functions. First, sludge solids known as food are carried to the 

microorganism cell wall from the bulk solution. Second, the cell waste products are 

transferred to the bulk solution from the cell wall.  Proper mixing increases digestion 

rates by allowing food and nutrients to reach the cells and by removing wastes from 

cells. Heated sludge addition causes thermal convection currents and rising sludge 

gas bubbles. However, this natural mixing is not sufficient to stabilize the digestion 

performance at high loading rates.  

Mixing is typically accomplished through gas recirculation or mechanical mixing. 

Gas recirculation is provided by reinjecting compressed digester gas. Mechanical 

mixing corresponds to the mechanical pumping or “jettling” of sludge for mixing. 

Good mixing reduces the amount and rate of bottom deposit accumulations. 

Temperature stratification can also be minimized by mixing. 

2.4. Anaerobic Reactor Configurations 

2.4.1. Continuously Stirred Tank Reactor (CSTR) 

In this type of reactor, the solid retention time (SRT) is equal or greater than the 

hydraulic retention time (HRT). By the way, the biological conversion reaction 

occurs. The tank is mixed either mechanically or by gas diffusers.  

CSTR reactors are more suitable for wastewaters containing high concentrations of 

particulates or extremely high concentrations of soluble biodegradable organic 

materials rather than dilute wastewaters. Therefore, it is more economical to apply 

this type of reactors for sludge and slurry digestion. Another disadvantage of CSTR 

is that the system might fail due to the presence of toxic substances or shock loading 

(Rintala et al., 1999).  

 

Figure 2.3: Schematic diagram of CSTR 
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2.4.2. Contact Process (CP) 

The Contact Process is the anaerobic application of the aerobic activated sludge 

process and consists of a completely mixed anaerobic reactor, a gas separation unit 

and a post clarification unit with biomass recycling. The process can be applied for 

wastewaters with relatively high concentrations of suspended solids (SS) in the 

influent (>40%). In wastewater treatment, post clarification is an important stage as 

biomass washout from the reactor may occur. Contact process has a lower biomass 

concentration and therefore requires a longer contact time and higher reactor volume 

than other anaerobic rectors. Furthermore, since the biomass in the reactor is not 

immobilized, changes in environmental conditions and sudden attendance of toxic 

compounds are less inhibitory to the process. The threat of washout of active 

biomass necessitates separate sludge settler and recirculation in contact process.  

This process is also carried out under the loading rate of 1-5 kg COD/ m3/d as in 

CSTR. However, treatment efficiency of CP is reported to be higher than that of 

completely mixed digester (Rintala et al., 1999). 

 

Figure 2.4: Schematic diagram of CP 

2.4.3. Upflow Anaerobic Sludge Blanket (UASB), Expanded Granular Sludge 

Bed (EGSB), and Internal Circuit (IC) Reactors 

Upflow Anaerobic Sludge Blanket (UASB) 

The upflow anaerobic sludge blanket (UASB) reactor is basically a suspended 

growth system. The anaerobic microorganisms in the reactor build up well settling 

thick flocs or granules. The wastewater is fed from the bottom to the top of the 

reactor and helps to keep the sludge blanket in the bottom half of the reactor. The 

flow of the wastewater and the biogas produced by microorganisms mix the sludge 
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blanket and increase the contact between wastewater and microorganisms. The top 

part of the UASB reactor has a special structure for gas/liquid/solids separation.  

In general, high concentration of suspended solids in wastewater is tolerable in the 

UASB reactor. However, in the case of wastewater solids accumulation active 

biomass may be washed out from the reactor. Furthermore, specific wastewater 

characteristics, toxic compounds or certain process conditions may lead to the 

formation of poorly settling biomass or the disintegration of granules, resulting in 

decreased reactor performance and increased biomass washout. The feed needs to be 

efficiently distributed at the bottom of the reactor and effluent recycle is required for 

a enhanced contact of biomass and wastewater. Operational loading rate changes in 

the interval of 10-30 kg COD/m3/day (Rintala et al., 1999). 

 

Figure 2.5: Schematic diagram of UASB reactor 

Expanded Granular Sludge Bed (EGSB) 

The expanded granular sludge bed (EGSB) reactor is a modification of the UASB 

reactor. Expansion of the granular bed is provided by applying higher hydraulic 

upflow velocities of 3-10 m/h (higher wastewater recirculation) and organic loading 

rates of 20-40 kg COD/m3/day. Such an application allows better contact of 

wastewater and granules, thus increases the activity of the biomass. Furthermore, 

increased recirculation of the wastewater results in direct dilution and conditioning of 

the influent. EGSB is considered to be more favourable under low temperatures (5-
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20ºC) for the treatment of long chain fatty acids and anaerobic degradable toxic 

compounds. On the other hand, recirculation has high energy costs. Washout of 

biomass and poor granulation or granule disintegration are other handicaps of EGSB 

reactor. 

Internal Circuit (IC) Reactors 

The internal circulation (IC) reactor is another modification of the UASB reactor. 

Two UASB compartments are involved on top of each other, one high loaded and the 

other low loaded. In IC reactor, biogas is separated in two stages; in the first stage, a 

gas lift is driven by the gas collected and internal wastewater/biomass circulation is 

provided. The gas collected in the second stage supplies the energy demand of the 

process. In order to avoid high pumping costs, the produced gas is used to provide 

high upflow velocity. Organic loading rate for IC is also 20-40 kg COD/m3/day.  

 

                    (a)      (b)     (c) 

Figure 2.6: Schematic diagrams of (a) UASB, (b) EGSB, (c) IC reactors 

2.4.4. Anaerobic Filters 

Anaerobic filters are applications of attached growth systems. Microoragnisms grow 

on fixed materials (usually plastic, ceramic, bamboo etc.) and form a dense biofilm. 

The material is packed as modules of vertical or cross flow sheets, or it may be 

randomly packed. The reactor can be fed either downflow or upflow. In both cases, 

rough surface for sticking of the microorganisms, high stability of support medium is 
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required. In addition, the filter material should have a large surface area per unit of 

volume, and not easily clog.  

Anaerobic filters require smaller tank volume due to higher loading capacity. Fixed 

film allows longer contact of biomass with wastewater. No requirement of 

mechanical mixing reduces operational costs. Despite anaerobic filters have a high 

loading capacity; existence of high suspended solid concentration may cause 

clogging and thus short-circuiting due to reduced wastewater/biomass contact. 

Additionally, wash out of the dead biomass with the effluent may lead to sudden 

deterioration in effluent quality. Higher cost of packing material is another 

disadvantage for this system. Organic loading rate for anaerobic filters is about 10-20 

kg COD/m3/day (Rintala et al., 1999).  

 

 (a)                (b) 

Figure 2.7: Schematic diagram of (a) upflow packed filter and (b) downflow packed 

reactor 

2.4.5. Hybrid Reactors (UASB/Filters) 

The anaerobic hybrid reactor is an improved version of UASB reactor combined with 

a fixed film at the top. By this design, more biomass can be captured in the reactor. 

However, in order to prevent clogging and a channelling, packing should not be too 

dense or located in the zone where scum forms. An additional critical design is the 

gas collection in view of the fact that gas passing up through the packing generates 

turbulence and consequently increases biomass washout. Hybrid reactor allows a 

successful separartion of acidogenic and methanogenic phases thus, minimizes the 
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impacts of pH differences. Packing material increases the retention of granular 

sludge and prevents biomass wash out.  Hybrid reactors have high loading capacity 

and high biomass concentrations are achievable. Long term disadvantage of this 

reactor is clogging or damaging of the filter part. It can be operated under 10-20 kg 

COD/m3/day organic loading rate (Rintala et al., 1999). 

 

 

Figure 2.8: Schematic diagram of a hybrid reactor 

2.4.6. Anaerobic Fluidised Bed Reactors 

In the anaerobic fluidised bed reactor, carrier material is located on the bottom of the 

reactor. Fluidization is supplied by recirculation of the treated wastewater. Fluidized 

bed reactors seem to be more advantageous when compared to anaerobic filters by 

means of efficient mass transfer and minimal clogging and short-circuiting. 

Furthermore, recirculation of the treated wastewater provides a decrease the 

concentration of pollutants and as a result reduces the toxic effects of wastewater on 

the anaerobic process. Another advantage is that after a prolonged shutdown, restart 

of anaerobic fluidized bed reactors is more rapid. On the contrary to the advantages, 

fluidisation of the carrier material and the recirculation of wastewater are operations 

that require energy. In addition, washout of the support media might damage pumps 

and other equipment (Rintala et al., 1999; Clemente et al., 2004). 
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Figure 2.9: Schematic diagram of an anaerobic fluidised bed reactor 

2.4.7. Anaerobic Sequencing Batch Reactors (ASBR) 

The anaerobic sequencing batch reactor (ASBR) is a combination of different 

treatment steps, known as filling, reacting, settling, and decanting in a single reactor. 

Larger reactor volume is required in comparison to continuous flow processes, where 

no separate clarifier or external biomass recycles is necessary. Well settling biomass 

mainly effective on the process performance. ASBR is resistant to sludge bulking. It 

is ideal for secondary treatment or polishing.  A drawback is that dilution of toxic 

compounds can not be obtained in this type of reactor. Low loading capacity and 

poor sedimentation of biomass are the main disadvantages of this system. Another 

negative aspect is that reactors are hardly applied as they are discontinuously fed fill 

and draw systems (Rintala et al., 1999). 

2.4.8. Anaerobic Baffled Reactors (ABR) 

In the anaerobic baffled reactor (ABR) wastewater is forced to flow under and over a 

series of vertical baffles. The ABR can be described as a number of UASB reactors 

in series owing to the fact that the horizontal movement of microorganisms is slow. 

Theoretically, it has been reported that the baffled reactor has several advantages by 

means of uncomplicated and low-priced construction, stability against shock loading, 

capability to achieve high volumetric reaction rates, and efficiency to treat low and 

medium strength organic wastes. Despite its long contact time, ABR allows low 
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loading capacity. Minority of full scale applications is another disadvantage by 

means of performance comparison (Rintala et al., 1999; Grover et al., 1999). 

 

 

Figure 2.10: Schematic diagram of ASBR 

 

Figure 2.11: Schematic diagram of an anaerobic baffled reactor 

2.5. Molecular Methods for Microbial Identification  

Due to the complex microbial structure of environmental systems by means of high 

genetic diversity, bioreactors are in need of molecular methods for accurate 

microbial community analysis and establishment of the link between microbial 

dynamics and process stability.   

The use of molecular methods instead of cultivation is a great advantage in many 

ways. First of all, cultivation is a time consuming method. Besides this, it is not 
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feasible to cultivate many of the microorganisms due to the selectivity and 

inadequacy of growth medium (Moter and Göbel, 2000; Sekiguchi et al., 1998). 

Moreover, traditional methods can only give information about the physical structure 

of the microorganisms rather than the genotype. In identification of mixed cultures 

representing high genetic diversity, such limitations of classical methods are 

overcome by the use of culture independent molecular techniques based on 

DNA/RNA analysis.  

Molecular methods used in identification of microbial communities in wastewater 

systems can be examined under four major classifications named as nucleic acid 

fingerprinting, fluorescent in situ hybridization and confocal laser scanning 

microscopy, multiplex PCR and real-time PCR, nucleic acid microarrays.  

2.5.1. Nucleic acid fingerprinting 

The common property of nucleic acid fingerprinting methods is that they involve 

nucleic acid extraction, amplification of the DNA/RNA region of interest, and gel 

electrophoresis.  

2.5.1.1. Amplified ribosomal DNA restriction analysis 

Amplified ribosomal DNA restriction analysis (ARDRA) is one of the nucleic acid 

fingerprinting methods which involves the enzymatic restriction of 16S ribosomal 

DNA (rDNA) amplicons. ARDRA is based on the specificity of ribosomal DNA 

found within each bacterial species (Gilbride et al., 2006).  

2.5.1.2. Ribosomal intergenic spacer analysis 

Ribosomal intergenic spacer analysis (RISA) is a method that is founded on the 

sequence diversity of 16S and 23S rRNA subunits named as intergenic spacer region 

(Gilbride et al., 2006).   

Smith et al. (2003) investigated the stability of the bacterial community in a pulp mill 

effluent treatment system during normal operation and a system shut down by using 

ribosomal intergenic spacer (RIS) length polymorphism (LP) analysis. No significant 

difference was observed at the end of shut-down and post sart-up periods. However, 

the species detected in the pre-shutdown period characterized a totally different 

community. Functional stability was provided related to the stable composition and 

diversity of bacterial community.  
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2.5.1.3. Denaturing/Temperature gradient gel electrophoresis 

Denaturing/Temperature gel electrophoresis (DGGE/TGGE) is one of the broadly 

used molecular methods in identification of the microbial species in bioreactor 

samples. DGGE/TGGE involves the separation of DNA fragments based on 

electrophoretic mobility of DNA molecules due to the nucleotide content and 

assortment. Separation is achieved either by polyacrylamide gels containing a linear 

gradient of a denaturant mixture of urea and formamide or a linear temperature 

gradient (Muyzer, 1999).  

A number of studies involving DGGE analysis have been performed in order to point 

out the microbial community structure, high genetic diversity, the relationship 

between the microbial dynamics and process stability in engineered systems. Muyzer 

and coworkers (1993) carried out the initiatory study about the application of DGGE. 

They investigated an aerobic bacterial biofilm habituating sulfate-reducing bacteria 

(SRB) and concluded that SRB were available in aerobic flocs although they are 

known to be obligate anaerobes. Santegoeds et al. (1999) sampled three different 

types of reactors which are methanogenic, methanogenic-sulfidogenic, and 

sulfidogenic. The samples were examined via Microsensor and molecular analyses. 

DGGE was the principle method used prior to sequencing and phylogenetic analysis. 

Phylogenetic results were supported with FISH analysis. Obtained results were 

evaluated by means of methanogenic and sulfidogenic community distribution in the 

structure of methanogenic, methanogenic-sulfidogenic, and sulfidogenic aggregates.  

Dar et al. (2005) inspected the low number of SRB in two UASB reactors treating 

phthalate and lactate-containing wastewaters using nested PCR-DGGE. DGGE gels 

were excised and sequenced for drawing the phylogenetic tree. Pulp and paper 

industry wastewaters have been investigated by a number of studies carried out by 

different scientists.  

Buzzini et al. (2006) evaluated the time dependent distribution of culturable and non-

culturable microbial communities in a UASB reactor together with DGGE and 

microscopy.  Roest et al. (2005) focused on the composition and stability of a full-

scale UASB reactor using an integration of enrichment and DGGE fingerprinting.  

Roest and coworkers (2005) performed the community analysis of a full-scale UASB 

reactor treating paper mill wastewater. The archaeal DGGE profiles approved the 
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presence of Methanosaeta spp. that are the principle acetate degraders, to be greater 

than 40% amongst archaeal population. Unexpectedly, there were phylotypes pther 

than methanogenic archaea in charge of anaerobic degradation. Bacterial DGGE 

analysis revealed that almost 80% of the 16S rRNA gene sequences were yet 

uncultured organisms.  The dominant species of the family Cellulomonadaceae and 

the genus Propionibacterium were detected as they are in charge of hydrolysis of 

cellulose and carbohydrates and formation of propionate respectively. In addition, 

many of the sequences were found to be related to syntrophic short chain fatty acid 

oxidizing and sulphate reducing bacteria.  

2.5.1.4. Terminal-restriction fragment length polymorphism 

Terminal-restriction fragment length polymorphism (t-RFLP) is an rRNA gene-

targeted method. One or both of the PCR primers are fluorescently labeled to ease 

the detection of amplicons. Restriction endonuclease enzyme is used for the 

digestion of the PCR products and rRNA fragments are separated by capillary 

electrophoresis (Gilbride et al, 2006).  

The study of Leclerc et al. (2004) investigated 44 anaerobic reactors via single strand 

conformation polymorphism (SSCP) analysis and found out the domination of 

methanogenic archaea in various UASB reactors.  

2.5.2. Fluorescent in situ hybridization (FISH) and confocal laser scanning 

microscopy (CLSM) 

FISH is based on hybridization with rRNA-based oligonucleotide probes that are 

made radioactively labeled or dyed with fluorescence in order to quantify the 

microorganisms. Whole cells and specific probes are used for the visualization of the 

target cell in the in situ hybridization method. The probes are oligonucleotides 

complementary to the sequence of the 16S or 23S rRNA gene specific for various 

phylogenetic taxa (Moter and Göbel, 2000). FISH is a four-stage process. First of all, 

cells are exposed to a fixative in order to protect the rRNA content. Next, rRNA is 

hybridized with target-specific probes. After washing the unspecific and unbound 

probes, the cells are visualized by epifluorescence microscopy or CLSM (Gilbride et 

al, 2006).  

In the study of Buzzini et al (2006), the inoculum of the bench-scale UASB reactor 

treating unbleached pulp plant wastewaters was analyzed by phase contrast and 
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fluorescence optic microscopy. It was observed that a diversity of cellular 

morphologies in which methanogenic archaea predominated, particularly 

Methanosarcina sp., Methanosaeta sp. and fluorescent rods, as well as the presence 

of non-fluorescent straight and curved rods. The microorganisms can be considered 

similar to the Methanosarcina sp. genus due to the characteristic cubic disposition of 

the cocci forming sarcina and also because of the typical fluorescence that results 

from the presence of the coenzyme F420. They concluded that there was not a 

remarkable change in the structure of the population during the experimental period. 

The most significant result was that the community of Bacteria was more sensitive to 

operational changes than the community of archaea. 

2.5.3. Multiplex PCR and real-time PCR 

Multiplex PCR is a modification of PCR in which more than one pair of primers is 

used. Different primer pairs allow the amplification of different sequences in one 

reaction. Although this technique is time consuming, it is hard to optimize the 

reaction conditions for various primers. Primer dimer production is another bias of 

this technique (Gilbride et al, 2006). 

The real-time PCR system is based on the detection and quantitation of fluorescent 

signals coming from the amplicons. Real-time PCR makes it possible to monitor the 

PCR reaction during exponential phase where the first significant increase in the 

amount of PCR product correlates to the initial amount of target template (Gilbride et 

al., 2006). 

2.5.4. Nucleic acid microarrays 

Nucleic acid microarray is a technology based on probe hybridization of genetic 

material.  Specific radioactive or fluorescent probes to bind the target RNA/DNA 

sequences. The gene concentration is estimated from the intensity of 

radiation/fluorescent (Gilbride et al., 2006). 
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3. PULP AND PAPER INDUSTRY 

Two types of facilities are included in the paper and allied products industry known 

as pulp and paper mills that process raw wood fiber or recycled fiber to make pulp 

and/or paper, and converting facilities that use these primary materials to 

manufacture more specialized products such as paperboard boxes, writing paper, and 

sanitary paper. 

In pulp and paper industry, wood or recycled fiber is converted into pulp and primary 

forms of paper. This basic step is followed by manufacturing of specialized products 

such as paperboard, containerboard, boxes, printing and writing papers, industrial-

type papers and sanitary paper. These two stages are named as pulping and paper or 

paperboard manufacturing.  

Pulping is the process where wood chips are dissolved into individual fibers by 

chemical, semi-chemical, or mechanical methods. Pulping is the major source of 

environmental impacts in the pulp and paper industry.  

In the process of paper or paperboard manufacturing, pulp is spread out as a wet 

mixture, or slurry, onto a screen. Water is removed by gravity and vacuums, and the 

resulting layer of fibers is passed through a series of rollers that compress the 

material into sheets. Manufacturing process is almost the same for all types of pulp. 

Except for the difference that paperboard is about 0.3 mm thicker than paper, 

identical processes are applied in the manufacture of paper and paperboard. 

3.1. Industrial Processes in the Pulp and Paper Industry  

Basically, paper is manufactured by applying a watery suspension of cellulose fibers 

to a screen which allows the water to drain and leaves the fibrous particles behind in 

a sheet. Only a few paper products for specialized uses are created without the use of 

water, via dry forming techniques. The individual fibers formed into paper sheets are 

called pulp.  
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Processes in the manufacture of paper and paperboard can, in general terms, be split 

into three steps: pulp making, pulp processing, and paper/paperboard production.  

3.1.1. Pulp Manufacture  

At the pulping stage, the processed furnish (wood or other fiber source) is digested 

into its fibrous constituents. The bonds between fibers may be broken chemically, 

mechanically, or by a combination of the techniques called semi-chemical pulping. 

The three basic types of wood pulping processes 1) chemical pulping, 2) semi-

chemical pulping, and 3) mechanical pulping are detailed below followed by a 

discussion of secondary fiber pulping techniques. 

Overall, most of the pollutant releases associated with pulp and paper mills occurs at 

the pulping and bleaching stages where the majority of chemical inputs occur.  

3.1.1.1. Chemical Pulping  

Chemical pulping degrades wood by dissolving the lignin bonds holding the 

cellulose fibers together. There are two major types of chemical pulping: 1) 

kraft/soda pulping and 2) sulfite pulping. These processes differ primarily in the 

chemicals used for digesting. The specialty paper products rayon, viscose, acetate, 

and cellophane are made from dissolving pulp, a variant of standard kraft or sulfite 

chemical pulping processes.  

Kraft pulping (or sulfate) process uses a sodium-based alkaline pulping solution 

(liquor) consisting of sodium sulfide (Na2S) and sodium hydroxide (NaOH). This 

liquor (white liquor) is mixed with the wood chips in a reaction vessel (digester). The 

output products are separated wood fibers (pulp) and a liquid that contains the 

dissolved lignin solids in a solution of reacted and unreacted pulping chemicals 

(black liquor). The black liquor undergoes a chemical recovery process to regenerate 

white liquor for the first pulping step. Overall, the kraft process converts 

approximately 50 percent of input furnish into pulp. 

Sulfite pulping: Softwood is the predominant furnish used in sulfite pulping 

processes. However, only non-resinous species are generally pulped. The sulfite 

pulping process relies on acid solutions of sulfurous acid (H2SO3) and bisulfite ion 

(HSO3

-

) to degrade the lignin bonds between wood fibers.  
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Table 3.1: Pulp Manufacturing Process Sequence 

Process Sequence Description 

Fiber Furnish 

Preparation and 

Handling  

Debarking, slashing, chipping of wood logs and then 

screening of wood chips/secondary fibers (some pulp mills 

purchase chips and skip this step)  

Pulping  
Chemical, semi-chemical, or mechanical breakdown of 

pulping material into fibers  

Pulp Processing  
Removal of pulp impurities, cleaning and thickening of 

pulp fiber mixture  

Bleaching  

Addition of chemicals in a staged process of reaction and 

washing increases whiteness and brightness of pulp, if 

necessary  

Pulp drying and baling 

(non-integrated mills)  

At non-integrated pulp mills, pulp is dried and bundled into 

bales for transport to a paper mill  

Stock Preparation  
Mixing, refining, and addition of wet additives to add 

strength, gloss, texture to paper product, if necessary  

3.1.1.2. Semi-chemical pulping  

This process primarily uses hardwood as furnish. The major process difference 

between chemical pulping and semi-chemical pulping is that semi-chemical pulping 

uses lower temperatures, more dilute cooking liquor or shorter cooking times, and 

mechanical disintegration for fiber separation. At most, the digestion step in the 

semi-chemical pulping process consists of heating pulp in sodium sulfite (Na2SO3) 

and sodium carbonate (Na2CO3).  

3.1.1.3. Mechanical pulping  

Mechanically produced pulp is of low strength and quality. Such pulps are used 

principally for newsprint and other non-permanent paper goods. Mechanical pulping 

relies on physical pressure instead of chemicals to separate furnish fibers; however, 
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chemicals are sometimes added at the various stages of refining. Processes include: 

1) stone groundwood, 2) refiner mechanical, 3) thermo-mechanical, 4) 

chemimechanical, and 5) chemi-thermo-mechanical. The stone groundwood process 

simply involves mechanical grinding of wood in several high-energy refining 

systems. The refiner mechanical process involves refining wood chips at atmospheric 

pressure while the thermo-mechanical process uses steam and pressure to soften the 

chips before mechanical refining. In the chemi-mechanical process, chemicals can be 

added throughout the process to aid the mechanical refining. The chemi-thermo-

mechanical process involves the treatment of chips with chemicals for softening 

followed by mechanical pulping under heat and pressure.  

3.1.1.4. Secondary fiber pulping  

Secondary fibers are usually presorted before they are sold to a pulp and paper mill. 

If not, secondary fibers are processed to remove contaminants before pulping occurs. 

Common contaminants consist of adhesives, coatings, polystyrene foam, dense 

plastic chips, polyethylene films, wet strength resins, and synthetic fibers.  

3.1.2. Pulp Processing  

After pulp production, pulp processing removes impurities, such as uncooked chips, 

and recycles any residual cooking liquor via the washing process. Pulps are 

processed in a wide variety of ways, depending on the method that generated them 

(e.g., chemical, semi-chemical). If pulp is to be stored for long periods of time, 

drying steps are necessary to prevent fungal or bacterial growth.  

3.1.3. Bleaching  

Bleaching is defined as any process that chemically alters pulp to increase its 

brightness. Bleached pulps create papers that are whiter, brighter, softer, and more 

absorbent than unbleached pulps. Bleached pulps are used for products where high 

purity is required and yellowing (or color reversion) is not desired (e.g. printing and 

wrapping papers, food contact papers). Unbleached pulp is typically used to produce 

boxboard, linerboard, and grocery bags.  

Chemical pulp bleaching can be achieved through elemental chlorine free (ECF) 

and total chlorine free (TCF) bleaching technologies. The difference between ECF 
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and TCF is that ECF may include chlorine dioxide (ClO2) and hypochlorite (HClO, 

NaOCl, and Ca(OCl)2) based technologies.  

Semi-chemical pulps are typically bleached with hydrogen peroxide (H2O2) in a 

bleach tower.  

Mechanical pulps are bleached with hydrogen peroxide (H2O2) and/or sodium 

hydrosulfite (Na2SO3).  

Deinked secondary fibers are usually bleached in a bleach tower, but may be 

bleached during the repulping process. Hypochlorite (HClO, NaOCl, Ca(OCl)2), 

hydrogen peroxide (H2O2), and hydrosulphite (Na2S2O4) are some of the chemicals 

used to bleach deinked secondary fibers. 

3.1.4. Stock Preparation  

At this final stage, the pulp is processed into the stock used for paper manufacture. 

Market pulp, which is to be shipped off-site to paper or paperboard mills, is simply 

dried and baled during this step. Processing of pulp in integrated mills includes pulp 

blending specific to the desired paper product desired, dispersion in water, beating 

and refining to add density and strength, and addition of any necessary wet additives. 

Wet additives are used to create paper products with special properties or to facilitate 

the papermaking process. Wet additives include resins and waxes for water 

repellency, fillers such as clays, silicas, talc, inorganic/organic dyes for coloring, and 

certain inorganic chemicals (calcium sulfate, zinc sulfide, and titanium dioxide) for 

improved texture, print quality, opacity, and brightness.  

3.1.5. Processes in Paper Manufacture  

The paper and paperboard making process consists of wet end operations and dry end 

operations as the basic steps. 

3.1.5.1. Wet End Operations  

The processed pulp is converted into a paper product via a paper production 

machine; the most common of which is the Fourdrinier paper machine. In the 

Fourdrinier system, the pulp slurry is deposited on a moving wire belt that carries it 

through the first stages of the process. Water is removed by gravity, vacuum 



 38 

chambers, and vacuum rolls. This waste water is recycled to the slurry deposition 

step of the process due to its high fiber content. The continuous sheet is then pressed 

between a series of rollers to remove more water and compress the fibers. 

3.1.5.2. Dry End Operations  

After pressing, the sheet enters a drying section, where the paper fibers begin to bond 

together as steam heated rollers compress the sheets. In the calender process the 

sheet is pressed between heavy rolls to reduce paper thickness and produce a smooth 

surface. Coatings can be applied to the paper at this point to improve gloss, color, 

printing detail, and brilliance. Lighter coatings are applied on-machine, while heavy 

coatings are performed off-machine. The paper product is then spooled for storage. 

3.2. Process Inputs and Pollutant Outputs  

 

Figure 3.1: Basic inputs and outputs from pulp and paper making 

Kraft chemical pulping and chlorine-based (e.g., hypochlorite or chlorine dioxide) 

bleaching are both commonly used and may generate significant pollutant outputs. 

Pollutant outputs from mechanical, semi-chemical, and secondary fiber pulping are 

small when compared to kraft chemical pulping. The following table illustrates the 

process inputs and pollutant outputs for a pulp and paper mill using kraft chemical 

pulping and chlorine-based bleaching. 

The contaminants for basic processes and the potential water pollutants from pulp 

and paper processes are given in Table 3.2 and Table 3.3 respectively. 

 

Fibre source 
Pulp or Paper 

mill 

Water 

Pulp or paper 

Air emissions 

Energy Chemicals Water 

Residual material 
and energy 
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Table 3.2: Contaminants ocming from pulping, papermaking and bleaching 

processes 

Pulping contaminants  Papermaking contaminants Bleaching contaminants 

Sodium Hydroxide Residues Waste sludge Hydrogen peroxide 

Sulfuric/Sulfurous Acid 
Bleaching and pulping 
contaminants 

Elemental chlorine 

Hydrochloric Acid SVOCs (in coatings) Sodium hydrosulfite 

Hydrogen Sulfide VOCs (in coatings) 
Polychlorinated Biphenyls 
(PCBs) 

Ammonia Slimicides Dioxins and Furan 

Lead Chlorinated phenols  

Cyanide 
Some aminos and quaternary 
ammonium compounds 

 

Zinc 
Some organosulphur 
compounds 

 

Chromium Some silver compounds  

Resin Titanium residues  

Unnatural Fatty Acids  
Oil and Grease discharges 
collected in sediments 

 

Chlorinated Analog 

Polychlorinated biphenyls 
(from carbonless paper) 

• Pesticides, dyes, 
asbestos fibers from 
agricultural residues 

 

Table 3.3: Potential water pollutants from pulp and paper processes 

Source Effluent characteristics 

Water used in wood 
handling/debarking and chip washing 

Solids, BOD, colour 

Chip digester and liquor evaporator 
condensate 

Concentrated BOD, reduced sulphur 
compounds 

“White waters” from pulp screening, 
thickening and cleaning 

Large volume of water with suspended 
solids, can have significant BOD 

Bleach plant washer filtrates 
BOD, colour, chlorinated organic 
compounds 

Paper machine water flows Solids 

Fiber and liquor spills  Solids, BOD, colour 
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3.3. Anaerobic Treatability of Pulp and Paper Mills Wastewaters 

The pulp and paper industry wastewaters contain compounds originating from the 

raw material of the pulp and the chemicals added during the manufacturing process. 

The main components of wood are cellulose (40-45 %), hemicellulose (20-30 %), 

lignin (20-30 %), and extractives (2-5 %) (Sjöström, 1981). The chemical 

composition of the wastewaters is greatly affected by the pulping process and 

bleaching chemicals used.  

The major constituents of wood and grass are lignin and cellulose, which partially 

end up in the wastewaters in pulp and paper processing. Compared to wood, grasses 

are richer in hemicelluloses and their lignin content is lower. The chemical binding 

of lignin to cellulose in grasses is weaker, which makes lignin more accessible 

during digestion. Grasses also contain more proteins, waxes, silica and insoluble 

ashes than wood (Folke, 1989). Table 3.4 summarizes the main organic compounds 

in pulp and paper industry wastewaters and their anaerobic degradability (COD 

removals) as well as the potential compounds inhibiting anaerobic degradation. The 

values of anaerobic degradability have been obtained with actual pulp and paper 

industry wastewaters. 
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Table 3.4: Pulp and paper industry wastewater characteristics relevant to their 

anaerobic treatment (updated by the authors from a review by Rintala, 1992) 

Wastewater 
COD 

(mg / l) 

Organic 

Composition 

(% of COD) 

Anaerobic 

Degradability 

(% of COD) 

Potential 
Inhibitors for 

Anaerobic 

Treatment 

Wet Debarking 1300 - 4100 
T 30-55, SCH 30-

40, MP 10-20, RA 5 
44 - 78 T, RA 

Thermo-mechanical 

Pulping 
1000 - 5600 

CH 25-40, L 16-49, 
E 20, A<10 

60 - 87 RA 

Chemi-thermo 

Mechanical Pulping 
2500 - 13000 

PS 10-15, L 30-40, 
OA 35-40 

40 - 60 
RA, FA, S, 

DTPA 

Neutral Sulphite 

Semi-Chemical 
Pulping Spent 

Liquor 

40000 Nr Nr T 

Neutral Sulphite 

Semi-chemical 

Pulping Condensate 

7000 AA 70 Nr S, AM 

Kraft Evaporator 

Condensate 
1000-33600 M 60-90 83 – 92 RS, RA, FA, VT 

Sulphite Evaporator 
Condensate 

7500 - 50000 
AA 33-60,  
M 10-25, F 

50 – 90 S, OS 

Chlorine Bleaching 900 – 2000 
CLP 65-75, M 1-27, 

CH 1-5, VFA 3 
30 – 50 CP, RA 

Sulphite Spent 

Liquor 

120000-
220000 

LS 50-60,  
CH 15-25 

Nr Nr 

Paper mill 1600-2100 Nr 60 – 70 
S, Hydrogen 

peroxide 

Nr= not responded, T= tannins, SCH=  simple carbohydrates, MP= monomeric 

phenols, RA= resin acids, CH= carbohydrates, L= lignin, E= wood extractives, A= 

acids, PS= polysaccharides, OA= organic acids, FA= fatty acids, S= sulphur 

compounds, AA= acetic acid, M= methanol, AM= ammonia, RS= reduced sulphur 

compounds, VT= volatile terpenes, F= furfural, OS= organic sulphur, CLP= 

chlorinated lignin polymers, CP= chlorinated phenols. DTPA= diethylene triamine 

pentaacetic acid 
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4. MATERIALS AND METHODS 

4.1. Description of the Full-Scale Anaerobic Contact Reactor 

The flow diagram of the pulp and paper effluents treatment system is given in Figure 

4.1. The wastewater known as white liquor is first pumped into the primary 

sedimentation tank for the removal of solid particles. At the end of the sedimentation, 

white liquor is mixed with black liquor and transferred to anaerobic reactor after the 

adjustment of pH, temperature and flow rate.  

 A two-stage anaerobic-aerobic biological treatment is applied for the treatment of 

the wastewaster coming from the Pulp and Paper Factory located in Tekirdağ, 

Turkey. Anaerobic contact reactor is followed by a lamella-type external sludge 

separator. The reactor has a total height of 16 m and active volume of 9 687 m3.  The 

pH and the temperature in the reactor are maintained in the ranges of 6,8 - 7,1 and 

35-37ºC respectively. Wastewater is fed from the bottom of the reactor. 

4.2. Wastewater Characteristics 

The pulp and paper factory uses recyclable materials such as discarded paper or 

straw for the production. Four types of paper named as fluting (straw-based; 110-325 

gr/m2), fluting (discarded paper based; 90-175 gr/m2), black test liner (120-175 

gr/m2), white test liner (120-175 gr/m2) are produced. 

At the stage in straw based production, straw bales are brought to the straw slicing 

region the strands are removed and straws are transferred to the rotating boiler 

manually. In the rotating boiler, the straw is threshed by a hammer axle. The amount 

of the straw is adjusted and sent to the cooking tower. 

The black liquor emitted from the cooking tower is recycled so that the clogging of 

the tower is prevented. The system temperature is maintained in the range of 90-98ºC 

by using the pressurized vapor at the top of the cooking tower. The straw is retained 

in the cooker for 2 hours and sent to squeezing pres. After being squeezed, the straw
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Figure 4.1: Flow diagram of the treatment system 

is transferred to smasher. In the smasher, the straw is broken into pieces and cut into 

strips. Subsequently, the fiber concentration of the straw is reduced by the addition of 

process water and moved to grinder. The paper pulp obtained in the grinder is sent to 

main storage tank. The pulp is driven to paper making machines from the pulp 

storage tank. 

The papers are transported to pulper in order to adjust the density (fiber 

concentration) to 4-5% and pumped to cyclo-screen. The density is increased in the 

cylindrical rotating screen. Following this process, the obtained paper pulp is mixed 

with the pulps in the storage tank. The mixed pulps are sent to refiner for grinding. 

The sand particles are separated and weight of the paper is adjusted in the line. The 

pulp is conveyed to a fan pump and the density is reduced to 0,8-1 % by vacuuming 

water from the system. Next, the pulp is sent to the pressurized screen and cleaned. 

The cleaned pulp is transferred to long screen in order to make paper. The paper 

plate is dewater by vacuuming and moved to press unit as 19-21 % dried. In the press 

unit, the paper plate is dried to 40-42 % by press felts and transported to drying unit. 

There are 38 drying cylinders in the drying unit heated by vapor. The paper is passed 

through the drying cylinders and rolled with dryness of 92-93 % (7-8% humidity). 

Lamella 
clarifier 

Boiler 
burner 
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Table 4.1: Pulp and paper production wastewater characteristics 

Flow rate 4500 m3/day 

 210 m3/h 

pH 6 - 9  

Chemical Oxygen Demand 8000 mg/l 

 40000 kg/day 

Temperature 50ºC 

Suspended solid 2000 mg/l 

SO4
2- < 1000 mg/l 

Ca2+ < 200 mg/l 

4.3. Sample Collection 

Anaerobic sludge samples were taken from three different stages of the anaerobic 

reactor in July 2005 and August 2005. They were stored in cool boxes of dry ice 

during the arrival to the laboratory. The samples were kept at -20ºC in the laboratory.  

It should be noted that there was a system shut-down 3 weeks before the second 

sampling period.  

4.4. Genomic DNA Extraction 

Fast DNA Spin Kit for Soil (Q-biogene) is used for the extraction of the genomic 

DNA. Extraction is achieved by physical and chemical disruption as described 

below:  

Homogenized samples were added to the lysing matrix tube available commercially 

in the extraction kit. The first step of physicochemical disruption was achieved in the 

ribolyser for 30 seconds with a speed of 5,5 m/min. The lysing matrix tubes were 

centrifuged at 14000 g for 30 seconds. The supernatants were removed to clean 

eppendorf tubes and mixed with 250 µl PPS reagent. The tubes were centrifuged for 

5 minutes to settle the pellets. The supernatant was resuspended with binding matrix 

suspension and DNA was bound in the matrix. The binding matrix-DNA suspension 

was homogenized and filtered through the commercially available filter spin tube by 

means of centrifugation. DNA was captured in the filter. The filters were washed 

with SEWS-M solution and centrifuged at 14000g for 1 minute. Filters were then 
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transferred to clean tubes and centrifuged for drying. The dried filters were incubated 

at room temperature in catch tubes and treated with sterile DES (DNase/Pyrogen free 

water). The filter with DES was vortexed and centrifuged. Filter cartridges were 

discarded and the remaining genomic DNA in the tubes was ready for analysis.  

4.5. Polymerase Chain Reactions (PCR) 

The amplification of Archaeal and bacterial 16S rDNA is achieved by PCR. Thermal 

cycler TECHNE-TC 412 was used for providing the reaction conditions. The primers 

used for amplification, primer sequences and annealing temperatures are given in the 

following table.  

Table 4.2: Bacterial and archaeal oligonucleotide primers used for PCR 
amplification 

 Name Sequence 

Annealing 

Temperature 

(°C) 

Vf-clamp 5’-GC GCC TAC GGG AGG CAG CAG-3’ 55 

Vr 5’-ATT ACC GCG GCT GCT GG-3’ 55 

pA 5’-AGA GTT TGA TCC TGG CTC AG-3’ 55 

pHr 5’-AAG GAG GTG ATC CAG CCG CA-3’ 55 B
ac

te
ri

al
 

pC 5’-CTA CGG GAG GCA GCA GTG GG-3’ 55 

Arch 46F 5’-YTA AGC CAT GCR AGT-3’ 40 

Arch1017R 5’-GGC CAT GCA CCW CCT CTC-3’ 40 

Arch344F 5’-GC GAC GGG GHG CAG CAG GCG CGA -3’ 53 

A
rc

ha
ea

l 

Univ522R 5’-GWA TTA CCG CGG CKG CTG -3’ 53 

4.5.1. Bacterial 16S rDNA gene amplification 

Bacterial DNA was first amplified with pA and pHr primers that target 1500 base 

pair (bp) long 16S rDNA. After the amplification of the whole DNA, 200 bp long V3 

region was amplified by Vf-Vr primers.  

30 cycles of amplification reaction were carried out for pA-pHr and Vf-Vr under the 

conditions given below:  

Denaturation:  94°C for 45 sec 

Annealing: 55°C for 45 sec 

Extension: 72°C for 1 min 
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The reaction mixture contained 1 U of Taq polymerase, 0,2 pmol of each primers, 

0,2 µmol of dNTP mix, 2,5 mM MgCl2, 1/10 volume of 10x PCR buffer. 1/100 

diluted genomic DNA was the template for the pA-pHr reaction. The products of this 

reaction were used as template in order to amplify the V3 region. 200 bp products 

were used for DGGE analysis. 

PCR products were run on ethidium bromide-stained %1 (w/v) agarose gels in 1x 

Tris-Acetate-EDTA buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA; pH 8). A 

gel documentation system, Mitsubishi 91, was used for the visualization of agarose 

gels. PCR products were stored at 4°C.  

4.5.2. Archaeal 16S rDNA gene amplification 

The first couple of primers in archaeal DNA amplification is Arch46F - Arch1017R. 

These primers amplify 1000 bp region of the total 16S rDNA gene. 1000 bp rDNA 

amplification is followed by the amplification of 200 bp long region by primers 

Arch344F - Univ522R 

30 cycles of amplification reaction were carried out for Arch46F - Arch1017R under 

the conditions given below:  

Denaturation:  94°C for 30 sec 

Annealing: 40°C for 30 sec 

Extension: 72°C for 1 min 

The reaction mixture contained 1 U of Taq polymerase, 0,2 pmol of each primers, 

0,2 µmol of dNTP mix, 2,5 mM MgCl2, 1/10 volume of 10x PCR buffer. 1/100 

diluted genomic DNA was the template for the Arch46F - Arch1017R reaction. The 

products of this reaction were used as template in order to amplify the 200 bp long 

region by Arch344F - Univ522R primers. Arch344F - Univ522R products were used 

for DGGE analysis. 

Due to the difference in annealing temperatures, different conditions are supplied for 

Arch344F - Univ522R reactions as given below:  

Denaturation:  94°C for 30 sec 

Annealing: 53°C for 30 sec 

Extension: 72°C for 1 min 
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PCR products were run on ethidium bromide-stained %1 (w/v) agarose gels in 1x 

Tris-Acetate-EDTA buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA; pH 8). A 

gel documentation system, Mitsubishi 91, was used for the visualization of agarose 

gels. PCR products were stored at 4°C.  

4.6. Denaturing Gradient Gel Electrophoresis (DGGE) 

The first step of DGGE is preparation of the perpendicular gradient gel sandwich. 1 

mm thick denaturant gels are prepared. Figure 4.2 shows the assembly of the gel 

sandwich. 

 

Figure 4.2: Assembling the horizontal gradient gel sandwich 

After the assembling gradient gel sandwich, the denaturant gels were prepared. %10 

polyacrylamide gels are used for the separation of 200 bp long DNA pieces. %30 

denaturant gel contains 33.3 ml of %30 acrylamide:bisacrylamide, 2 ml of 50X TAE 

(2 M Tris, 50 mM EDTA, and 1 M Acetic acid), 12 ml formamide and 12.6 g urea in 

a total volume of 100 ml completed with distilled water. Similarly, %60 denaturant 

gel is composed of 33.3 ml of %30 acrylamide:bisacrylamide, 2 ml of 50X TAE, 24 

ml formamide and 25.2 g urea in a total volume of 100 ml completed with distilled 

water.  

200 µl of %10 ammonium persulfate (APS) and 10 µl of TEMED were added to 

each gel to provide polymerization. The gels were casted by gradient maker making 

a linear denaturing gradient. Figure 4.3 demonstrates the gradient maker and casting 

step. 
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Figure 4.3: Casting the gel 

After 1 hour of polymerization, bacterial and Archaeal PCR products were loaded to 

each gel. Sample loading is displayed in figure 4.4.  

 

Figure 4.4: Loading the samples 

The electrophoresis occurred in 1X TAE buffer at 60°C and 200 V for 4 hours. 

Electrophoresis was performed with Bio-Rad DCodeTM system shown in figure 4.6. 

At the end of 4 hours, the gels were stained with SYBR Gold and visualized by a gel 

documentation system, Mitsubishi 91. 

4.7. Band Excising 

Visible DGGE bands were excised under UV light by using a razor blade and placed 

into 50 µl 1x TAE buffer. The bands were stored at -20°C. 
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Figure 4.5: Bio-Rad DCodeTM system 

4.8. Sequencing 

Excised bands were amplified with Vf-Vr and Arc 344-Univ 522 primers for 

bacterial and archaeal sequencing respectively prior to sequencing. The 200 bp 

PCR products were used as templates of the sequence PCR. Big Dye Reaction 

Kit was used for the sequence PCR. The reaction includes  1µl template DNA, 

0.3 µl primer (10 pM pC primer for bacterial bands or Arch 344f primer for 

archaeal bands), 2 µl Big Dye Reaction mix, 2 µl Big Dye Reaction buffer in 

4.7 µl molecular grade water. The thermal conditions of the 30-cycle reaction 

are given below: 

Denaturation:  94°C for 30 sec 

Annealing: 53-55°C for 30 sec 

Extension: 60°C for 4 min.  

Annealing temperature is 53°C for archaeal templates and 55°C for bacterial 

bands.  

Products of the sequence PCR were purified in the mixture of 3M sodium acetate and 

50 µl 95% absolute ethanol at 4°C. The mixture was centrifuged for 30 minutes and 

supernatant was removed. The settled DNA was further purified in 70% absolute 

ethanol. After 30 minutes of centrifugation, ethanol was removed and dried at 95°C 
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for 2-3 minutes. The remaining double stranded DNA was resuspended in formamide 

and denaturated at 95°C. The denatured DNA strands are sequenced in the instrument 

A 3130 Sequencer, Abi Prism. 

Sequence results were previewed by the software Chromas Lite 2.01, (Technelysium 

Pty Ltd) and converted to FASTA format. Nucleotide sequences in FASTA format 

are compared to the electronic nucleotide databases for environmental samples and 

prokaryotes in the website http://www.ebi.ac.uk/fasta33/nucleotide.html 
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5. RESULTS 

5.1. Performance of the Anaerobic Contact Reactor 

The anaerobic contact reactor has a volume of 10000 m3. 2500 m3/day of the 

wastewater is treated in the anaerobic reactor. Hydraulic retention time of the reactor 

is 4 days. The weekly measurements show that the pH and the temperature in the 

reactor are maintained in the ranges of 6,8 - 7,1 and 35-37ºC respectively. Figure 5.1 

represents the COD removal efficiency and the organic loading rate of the reactor for 

the time period between April 4, 2005 and August 17, 2005. 
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Figure 5.1: COD removal efficiency and organic loading rate of the reactor 

Performance of the anaerobic reactor in terms of COD removal efficiency varied 

between 47% and 55% at organic loading rates in a range of 1.6-1.8 kg COD m-3 d-1 

and methane yield varied between 0.18 and 0.20 m3CH4 kg CODrem
-1. 

5.2. Genomic DNA Extraction and PCR Results 

The first step of community analysis is genomic DNA extraction. Agarose gel 

electrophoresis results show that genomic DNA was successfully extracted from the 

samples.  
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The samples are loaded in the order of sampling periods and levels of the reactor. M 

stands for the standard DNA ladder. JB, JM and JT stand for the samples taken in 

July 2005 from the bottom, middle and upper level of the reactor respectively. 

Similarly, AB, AM and AT represent the samples taken in August 2005 in the order 

of bottom, middle and upper levels.  

 

 

Figure 5.2: Agarose gel electrophoresis of extracted genomic DNA 

Bacterial genomic DNAs of the samples were amplified with pA-pHr primers. pA-

pHr products were the templates for the amplification of V3 region of 200 bp with 

the primer pair Vf-Vr. 

Archaeal genomic DNAs of the samples were amplified with Arch 46f-Arch 1017r 

primers. Arch 46-Arch 1017 products were the templates for the amplification of 200 

bp region with Arch 344-Univ 522 primer pair. 

Figure 5.3 and 5.4 depict the agarose gel electrophoresis results of bacterial and 

archaeal PCR products amplified with Vf-Vr and Arch 344-Univ 522. 

200 bp DNA bands were observed for each level of the reactor in both of the 

sampling times. 200 bp bands were run on DGGE gel.   

 

 

         JB        JM      JT     AB     AM      AT       M 
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Figure 5.3: Agarose gel electrophoresis of Vf-Vr amplified bacterial DNA 

 

 

Figure 5.4: Agarose gel electrophoresis of Arch 344-Univ 522 amplified archaeal 
DNA 

5.2. DGGE and Sequencing Results 

PCR amplified 200 bp regions of duplicate samples for each stage of the reactor 

taken in two different sampling times were run on DGGE gel.  

5.2.1. Archaeal DGGE and Sequencing Analysis 

The gel was analyzed in Bionumerics for accurate detection of bands. A total of 15 

different bands were detected for archaeal species. Figure 5.5 is a raw photograph of 

the DGGE gel for the archaeal samples under denaturant gradient of 30% to 60%. 

15 visible bands were excised under UV light. Sequence analysis was applied to the 

excised bands. Sequencing results were compared in the internet databases for 

environmental samples and prokaryotes and similarity values in the range of 85-96 % 

were obtained.  

In Table 5.1, the presence-absence data for the specified archaeal bands are given. 

When the archaeal gel is screened, the band that corresponds to Methanococcus 

aeolicus shows a prominent difference in the brightness meaning a considerable 

change in the species between two sampling periods. 

200 bp 

200 bp 
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            M   AT2  AT1 AM2 AM1 AB2 AB1 JT2   JT1  JM2 JM1 JB2  JB1  M 

 

Figure 5.5: DGGE profile of the archaeal community 

Similarly, bands of Methanopyrus kandleri and Methanococcus jannaschi stand for 

important variances in species observed in July and August. It can be observed that 

species characterized by Methanobacterium thermoautotrophicum, Methansaeta 

concilii and Methanococcus maripaludis have a noticeable increase between two 

samples indicating a community shift. Methanococcoides burtonii, Methanosaeta 

harundinacea, Methanosarcina barkeri, Methanococcus vulcanus, Methanoculleus 

marisnigri and Methanococcus voltae are rather fade bands in which population 

dissimilarities can be observed upon the intensity of the bands. Methanomicrobium 

mobile, Methanosphaera stadtmanii and Methanococcus igneus are of the dominant 

species that is observed in three stages of the reactor for both of the sampling times. 

The comparison of the sequence results with the band analysis by Bionumerics point 

out the loss of two species after the system shut-down. The remaining 13 species 

were observed in the reactor for both of the seasons with either increasing or 

decreasing frequencies.  
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Table 5.1: Presence-absence data for the archaeal bands 

  JB JM JT AB AM AT 

1 1 1 1 1 1 1 
2 1 1 0 1 1 0 
3 1 1 1 1 1 1 
4 1 1 1 1 1 1 
5 1 1 0 1 1 1 
6 1 1 1 1 1 1 
7 1 1 1 1 1 1 
8 1 1 1 1 1 1 
9 0 0 1 0 0 0 

10 1 1 1 0 0 0 
11 1 1 1 1 1 1 
12 1 1 1 1 1 1 
13 1 1 1 1 0 0 
14 1 1 1 1 1 1 
15 1 1 1 1 1 1 

TOTAL 14 14 13 13 12 11 

 

Considering the presence-absence data, for the bottom level of the reactor, 15 species 

were identified in July 2005 whereas only 13 different archaeal groups were present 

in August. Besides the change in the quantity, the locations of bands were also 

shifted. The species represented by the lanes 9 and 10 were observed only at the 

bottom level of the reactor in July whereas they were not detectable in the middle 

and top levels of the reactor in July. In addition, no representative bands for the lanes 

9 and 10 could be observed in August which means a loss of those species. 

In the middle level sample, 13 distinct species were identified in July and 12 archaeal 

groups were detected in August. As a result of a community shift, although the band 

13 was detectable in July, it could not be diagnosed in August.  

The upper part of the reactor is composed of 12 different species. A group of 11 

species exists in July and a different group of 11 species are present in August.  The 

species represented by the lane 5 is absent in July whereas the band 13 was not 

detectable in August.  

Table 5.2 represents the similarity values of the excised archaeal bands. The species 

names for each excised band are signified in Figure 5.6.  

Evaluation of the band patterns along the reactor point out a heterogeneity in the 

distribution of the archaeal species. For instance, in July, the bands 2 and 5 were 

identified in the bottom and middle levels of the reactor whereas no signals of the 

same species in the upper part were attained. In opposition, species symbolized by 
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the band 9 was only present in the upper part of the same sample. Such 

differentiations indicate a considerable change in the community along the reactor.  

Table 5.2: Similarity values of the excised archaeal bands 

Band Species Similarity (%) 

1 Methanococcus aeolicus  90 
2 Methanopyrus kandleri  87 
3 Methanoculleus marisnigri 86 
4 Methanobacterium thermoautotrophicum 95 
5 Methanosaeta concilii 96 
6 Methanomicrobium mobile 90 
7 Methanococcoides burtonii 88 
8 Methanococcus maripaludis 92 
9 Methanosphaera stadtmanii  89 

10 Methanococcus voltae 86 
11 Methanococcus jannaschii 94 
12 Methanosaeta harundinacea 85 
13 Methanosarcina barkeri  87 
14 Methanococcus vulcanus 95 
15 Methanococcus igneus  85 

 

 

Figure 5.6: Species names for the excised archaeal bands 
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5.2.2. Bacterial DGGE and Sequencing Analysis 

The gel was analyzed in Bionumerics for accurate detection of bands. A total of 39 

different bands were detected for bacterial species. Figure 5.7 is a raw photograph of 

the DGGE gel for the bacterial samples under denaturant gradient of 30% to 60%. 

33 visible bands were excised under UV light. Sequence analysis was applied to the 

excised bands. Sequencing results were compared in the internet databases for 

environmental samples and prokaryotes and similarity values in the range of 80-99 % 

were obtained. In Table 5.3, the presence-absence data for the specified bacterial 

bands are given.  
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Figure 5.7: DGGE profile of the bacterial community 

The bacterial gel reveals that there is a more divergent community in charge of 

microbial breakdown than that of archaeal population. The bands that stand for the 

Gamma proteobacterium NEP1, Micromonospora echinospora, Ehrlichia 

ruminantium strain Welgevonden, Mesorhizobium sp. BNC1, Bacterium A25, 

Bacillus clausii KSM-K16, Mycoplasma synoviae 53, Nitrobacter winogradskyi Nb-

255 and Clostridium thermocellum ATCC 27405,  point out an apparent increase 

from July to August. 
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Table 5.3: Presence-absence data for the bacterial bands 

 JB JM JT AB AM AT 

1 0 0 0 1 1 1 

2 0 0 0 1 0 0 

3 0 0 0 1 0 1 

4 0 0 0 1 1 0 

5 1 0 0 0 1 1 

6 0 0 1 1 0 0 

7 1 1 0 1 1 1 

8 0 1 1 0 0 0 

9 1 0 0 0 0 0 

10 0 0 0 0 1 1 

11 1 1 1 1 1 1 

12 0 0 1 1 0 0 

13 1 1 0 1 1 1 

14 0 1 1 0 0 0 

15 1 0 0 0 0 0 

16 0 1 1 1 1 1 

17 1 0 1 1 1 1 

18 1 1 0 1 0 0 

19 0 0 1 1 0 0 

20 1 1 1 0 0 0 

21 1 1 0 0 1 0 

22 1 1 1 1 0 1 

23 0 0 0 0 1 1 

24 0 0 0 1 0 0 

25 0 1 1 0 0 0 

26 0 0 0 1 0 0 

27 1 1 1 0 0 0 

28 0 0 0 0 1 1 

29 0 1 1 0 1 1 

30 1 0 1 1 0 0 

31 1 1 1 1 0 0 

32 1 1 0 1 1 1 

33 0 0 1 1 1 1 

34 1 1 1 0 0 1 

35 1 1 0 1 1 0 

36 0 0 1 0 1 1 

37 1 1 0 1 0 1 

38 1 1 1 1 1 0 

39 0 1 1 0 0 0 

TOTAL 19 20 20 23 18 18 
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There are two alternatives for the band 23 in prokaryotes and environmental sample 

data base which are Syntrophomonas wolfei and Uncultured anaerobic bacterium 

clone B-1AQ respectively. This band also represents an important species that 

increases from july to august.  

On the other hand, there is a significant decrease in the intensity of the bands for the 

speices Arthrobacter aurescens TC1, Streptomyces coelicolor, Dehalococcoides 

ethenogenes 195, Frankia sp. CcI3, Clostridium difficile 63, Synechococcus sp. JA-

2-3B'a,  Desulfobacterium anilini and Dehalococcoides sp. CBDB1. Although the 

bands that stand for Uncultured Bacteroides sp. BCC 5, Anaerobc filamentous 

bacterium KIBI-1, Magnetococcus sp. MC-1, Acidovorax sp. JS42, Bacteroides sp. 

SA-11, Paracoccus denitrificans PD1222, Desulfovibrio desulfuricans and 

Desulfobulbus elongatus species are relatively fade,  the observable differences in 

the intensities of the bands indicate the population shift on the biomass that belong to 

July and August 2005. Clostridium thermocellum ATCC 27405, Synechococcus sp. 

JA-3-3Ab and Synechococcus elongatus PCC 6301 are of the abundant species 

observed in all stages of the reactor. Desulfobacter latus and Desulfosarcina 

variabilis are scarce representatives of the sulfate reducing bacteria in the reactor. 

Presence-absence data for the bacterial community point out that the bottom level of 

the reactor signifies the presence of 19 species in July. An impressing increase is 

observed during the two sampling periods and 23 bacterial species were investigated 

in August. 21 of these bands matched in July and August. The rest of the community 

was altered after the starvation period.  

29 distinct species were observed in the band pattern analysis of July sample. 20 of 

the species were visualized in both samples, 8 of the species were lost in August and 

the rest of the community was exposed to a considerable modification. 

The top of the reactor inhabits 20 bacterial species in July. The quantity was 

decreased to 18 in August as a result of undernourishment. Only 5 of the bands 

matched and the rest of the community was differentiated due to the system shut-

down.  

Assessment of the microbial community along the reactor denotes heterogeneity 

among the bacterial species as in the archaea. The quantity of bands points out a 

community shift between the bottom, middle and upper levels of the reactor. This 
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alteration is most obvious for bacterial communities of August 2005. In August, 

there is a considerable decrease from 23 bands to 18 from the bottom to the top.  

On the whole, 8 bacterial species were lost from July to August. Nevertheless, 

additional 8 species apart from previously observed ones were investigated in 

August. 

The species names for each excised band are signified in Figure 5.8. Table 5.4 

represents the similarity values of the excised bacterial bands. 

8
7

6
4

3 5

19 33

18 17

28 29
30

32
31

13

1

2

14

26 12

9 10

11

1615

25

2324

27

20
22 21

60%

30%

D
e

n
a

tu
ra

n
t

M    AT2   AT1  AM2  AM1  AB2  AB1   JT2    JT1  JM2  JM1   JB2   JB1    M 

8
7

6
4

3 5

19 33

18 17

28 29
30

32
31

13

1

2

14

26 12

9 10

11

1615

25

2324

27

20
22 21

60%

30%

D
e

n
a

tu
ra

n
t

M    AT2   AT1  AM2  AM1  AB2  AB1   JT2    JT1  JM2  JM1   JB2   JB1    M 

8
7

6
4

3 5

19 33

18 17

28 29
30

32
31

13

1

2

14

26 12

9 10

11

1615

25

2324

27

20
22 21

60%

30%

D
e

n
a

tu
ra

n
t

8
7

6
4

3 5

19 33

18 17

28 29
30

32
31

13

1

2

14

26 12

9 10

11

1615

25

2324

27

20
22 21

8
7

6
4

3 5

19 33

18 17

28 29
30

32
31

13

1

2

14

26 12

9 10

11

1615

25

2324

27

20
22 21

60%

30%

D
e

n
a

tu
ra

n
t

M    AT2   AT1  AM2  AM1  AB2  AB1   JT2    JT1  JM2  JM1   JB2   JB1    M 

 

Figure 5.8: Excised bacterial bands 
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Table 5.4: Similarity values of the excised bacterial bands 

Band Species Similarity (%) 

1 Gamma proteobacterium NEP1 96 

2 Arthrobacter aurescens TC1 90 

3 Micromonospora echinospora  87 

4 Desulfobacterium anilini 89 

5 Uncultured Bacteroides sp. BCC 5 97 

6 Magnetococcus sp. MC-1 88 

7 Mesorhizobium sp. BNC1 90 

8 Ehrlichia ruminantium strain Welgevonden 98 

9 Desulfovibrio desulfuricans 90 

10 Clostridium difficile 630 80 

11 Dehalococcoides ethenogenes 195 95 

12 Streptomyces coelicolor A3(2) 87 

13 Acidovorax sp. JS42 85 

14 Bacteroides sp. SA-11 91 

15 Paracoccus denitrificans PD1222 90 

16 Desulfobulbus elongatus 92 

17 Synechococcus sp. JA-3-3Ab 92 

18 Clostridium thermocellum ATCC 27405 97 

19 Pelobacter propionicus DSM 2379 90 

20 Frankia sp. CcI3 91 

21 Synechococcus elongatus PCC 6301 89 

22 Dehalococcoides sp. CBDB1 92 

23 Uncultured anaerobic bacterium clone B-1AQ  96 

23-2 Syntrophomonas wolfei 91 

24 Mycoplasma synoviae 53 90 

25 Synechococcus sp. JA-2-3B'a  96 

26 Clostridium acetobutylicum ATCC 824 94 

27 Anaerobic filamentous bacterium KIBI-1 99 

28 Bacterium A25  92 

29 Bacillus clausii KSM-K16  83 

30 No match available in the database 

31 Desulfobacter latus 88 

32 Desulfosarcina variabilis 92 

33 Nitrobacter winogradskyi Nb-255 93 
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5.3 Phylogenetic Analysis 

Phylogenetic trees represent confirmative results with the community diversity. 

Bacterial pylogenetic tree indicates that the samples taken in July and August are 

classified in different clusters. Moreover, bottom and middle level samples of July 

are grouped in a different cluster than upper level sample. The microbial community 

observed in August is also examined in two different clusters in which the bottom 

level sample differentiates form middle and upper level samples.  

Archaeal communities stand for a different community profile than that of the 

bacterial. The major clusters divide AT and AM samples in one group and the AB 

sample together with the whole July samples in another group. As expected, AB 

sample differentiated from the July samples. The communities of middle and bottom 

level of July samples are grouped in two different clusters which are relatively less 

related to the upper level sample.  

Phylogenetic trees of the archaeal and bacterial communities of the sample were 

drawn with the program Treecon. Figures 5.9 and 5.10 represent the archaeal and 

bacterial phylogenetic trees respectively. 

 

 

Figure 5.9 Archaeal phylogenetic tree 
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Figure 5.10 Bacterial phylogenetic tree  
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6. DISCUSSION   

In the scope of this study, wastewater samples were taken from a full-scale anaerobic 

contact reactor treating pulp and paper mills effluents. The genomic DNAs of the 

samples were extracted and archaeal and bacterial 16S rDNA regions were amplified 

via PCR. The archaeal and bacterial PCR products were run on DGGE. A total of 15 

archaeal bands and 33 bacterial bands were excised from the DGGE gels. The 

excised bands were sequenced and the sequencing results were compared with the 

electronic database of European Bioinformatics Institute. The species represented by 

the excised bands indicates the high archaeal and bacterial diversity within the 

reactor.  

When the bacterial community is compared to the literature, significant species in 

charge of cellulose biodegradation were detected. Hammes et al. (2003) investigated 

a bio-catalytic calcification (BCC) reactor which includes anaerobic effluents from a 

full-scale upflow anaerobic sludge blanket (UASB) reactor at a paper-recycling 

industrial site. Bacteroides sp. is reported to be the dominant bacterial group in the 

BCC reactor. Synechococcus sp. is another species detected in the reactor. 

O’Sullivan et al. (2005) examined the cellulose degrading bacterial community in 

anaerobic digestion of leachates and reported Clostridium sp. as the dominant lineage 

involved in cellulose degradation. Clostridium thermocellum, Bacteroides 

cellulosolvens and Clostridium stercorarium were detected to be the most abundant 

groups. Cultivable mesophilic and thermophilic obligate anaerobic bacteria isolated 

from paper mills were studied by Suihko and coworkers (2005). It is found that 11 

different mesophilic taxa within the genus Clostridium and 4 thermophilic taxa witih 

Thermoanaerobacterium and one within Thermoanaerobacter were present. 

Domination of the above mentioned species in cellulose degrading leachate and 

paper-recycling reactors indicates their importance in an anaerobic reactor treating 

pulp and paper mills effluents. These studies confirm that the availability and 

abundancy of Clostridium thermocellum ATCC 27405, Synechococcus sp. JA-3-

3Ab, Synechococcus elongatus PCC 6301, Bacteroides sp. SA-11, Uncultured 

Bacteroides sp. BCC 5 are essential in the reactor that is examined in this research. 

Dehalococcoides spp. feed on toxic and persistent chlorinated aromatics and 
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aliphatics (Kube et al., 2005).  They are strictly anaerobic bacteria. Dehalococcoides 

ethenogenes is the only bacterium known to reductively dechlorinate the groundwater 

pollutants, tetrachloroethene (PCE) and trichloroethene, to ethane. (Seshadri et al., 

2005). The EPA report (2002) on pulp and paper industry points out that bleaching 

effluents include high amounts of chlorinated compounds. In addition, Ali and 

Sreekrishnan (2001) mention the presence of toxic contaminants coming from paper 

production. Considering the fact that the samples are taken from a reactor that treats 

recycled paper mills effluents, Dehalococcoides sp. is one of the most significant 

bacterial groups expected to be in the reactor in charge of degrading toxic and 

chlorinated wastewater. 

Benson and Silvester (1993) mention that Frankia strains grow best on short-chain 

fatty acids, dicarboxylic acids or other low molecular-weight organic acids such as 

propionate, succinate, pyruvate, etc. they also feed on ammonia, or N2, as the 

nitrogen source. As a member of Frankia strain, Frankia HFPCcI3 which is reported 

to grow slowly on organic acids such as propionate or pyruvate is expected to take 

place in an anaerobic reactor that treats pulp and paper mills effluents. 

Gamma proteobacterium NEP1 is one of the most abundant species that is present at 

every level of the reactor in both sampling times. Maeda et al. (2005) report that 

Gamma proteobacterium NEP1 is a bacterium found in coastal marine sediments in 

Pacific Ocean. It is among the species that can survive from psycro- to mesophilic 

environments and it is obligately oligotrophic. 

Pelobacter propionicus is one of the important species that follows an increasing 

profile among two sampling periods. It is a gram-negative, strictly anaerobic, non-

sporeforming bacteria isolated from anaerobic enrichments with 2,3-butanediol, 

propanol, butanol acetoin, ethanol, lactate and pyruvate (Schink, 1984).  

MC-1 strain of Magnetococcus sp. is reported to be isolated from the Pettaquamscutt 

Estuary (Meldrum et al., 1993). It is obligately microaerophilic and use thiosulfate or 

sulfide as electron sources and grows on CO2 as the carbon source (Meldrum et al., 

1993).  

Mesorhizobium spp. is popular in anaerobic bioremediation. They are observed in 

chlorate reducing soil-sediment cultures (Project 835.80.009, Stams et al.). The study 

of Uchiumi et al. (2004) points out to the nitrogen fixing metabolism of 

Mesorhizobium spp.  
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Clostridium difficile is an anaerobic bacterium involved in nitrate reduction to nitrite 

and fermentation. Sebaihia et al. (2006) report that it is a multidrug-resistant human 

pathogen isolated from the human gastrointestinal system. It can metabolize a 

number of glucose derivatives such as fructose, galactose, maltose, sucrose, 

glycogen, soluble starch and sorbitol except for lactose and rice starch (Selmer and 

Andrei, 2001). 

Paracoccus denitrificans PD1222 is one of the anaerobic species that reduce nitrate 

to nitrogen gas. It grows on methanol and oxidizes methylamine to CO2 taking its 

energy from H2 and sulfur compounds (Baker et al., 1998). The metabolism of P. 

denitrificans is a proof of the presene of sulfate and nitrate compounds in the reactor 

Arthrobacter sp. strains are most frequently isolated from soils. They are also found 

in deep subsurface soils, arctic ice, and environments contaminated with industrial 

chemicals and radioactive materials. They have a primitive life cycle. Arthrobacter 

aurescens strain TC1 was originally isolated from soil at an atrazine spill site. Since 

they are metabolically and ecologically diverse and have the ability to survive in 

environmentally harsh conditions for extended periods of time, they can be detected 

in anaerobic reactor despite their aerobic characteristics (Mongodin et al., 2006). 

Syntrophomonas wolfei is one of the species detected in M.hungatei coculture that is 

in charge of short-chain saturated fatty acids oxidation to acetate and propionate 

(McInerney et al., 1981). It is expected to be present in anaerobic environments in 

charge of acetogenesis. 

Mycoplasma synoviae is a swine and poultry pathogen isolated from a broiler 

breeder. It is responsible for serious diseases especially on chickens and turkeys that 

lead to significant losses in egg production and meat quality (Vasconcelos et al., 

2005). The presence of this bacterium could be related to black liquor that comes 

from the production process from hay.   

Streptomycetes provides the production of the majority of antibiotics applied in 

human and veterinary medicine and agriculture. Among this group, Streptomyces 

coelicolor A3(2) is genetically the most studied member of the genus (Bentley et al., 

2002). It is a soil-dwelling, filamentous aerobic bacterium. Its existence in the 

anaerobic reactor can be explained by its spore-forming characteristics. 

Desulfovibrio desulfuricans, Desulfobulbus elongatus, Desulfosarcina variabilis 

Desulfobacterium anilini, and Desulfobacter latus belong to the sulfate-reducing 
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bacteria (SRB) which were previously detected in the study of İnce et al. (2006). 

Amongst this group, D. desulfuricans is known to reduce toxic metals such as 

uranium and chromium (Lovley et al., 1993). This ability of D. desulfuricans points 

out that it can both function in sulfate reduction and the removal of toxic wastewater 

components. It can be mentioned that D. desulfuricans act in harmony with 

Dehalococcoides sp. for the elimination of toxicity. The species that belong to 

Desulfosarcina, Desulfobacterium and Desulfobacter genus can utilize acetate and 

other fatty acids, oxidizing them completely. D. elongatus is isolated from an 

anaerobic industrial digestor (Samain et al., 1984). It is an acid producing anaerobe 

which was detected in a reactor treating starch-processing wastewater (Lee et al., 

2004). The study of Ito et al. (2002) confirms the importance of Desulfobulbus, 

Desulfovibrio, and Desulfomicrobium species in wastewater biofilm by means of 

sulfide reduction. Fukui and coworkers (1996) observed that D. latus maintains a 

large amount of rRNA under starvation conditions so that, in the presence of 

substrate, it can immediately make use of it. D. anilini is one of the SRB which is 

involved in aniline degradation (Schnell et al., 1989). Aniline is a poisonous benzene 

derivative which can be found in the component of ink and it probably comes from 

papermaking or bleaching.  

Clostridium acetobutylicum ATCC 824 is one of the distinct fermentative species 

capable of solvent-production such as starch-based acetone, butanol and ethanol 

(Nolling et al., 2001). It feeds on a broad range of monosaccharides, disaccharides, 

starches, and other substrates, such as inulin, pectin, whey, and xylan. However, it 

cannot use crystalline cellulose. 

In the second sampling period a species named anaerobic filamentous bacterium 

KIBI-1 was detected. Yamada et al. (2005) reports that this species is isolated from 

the granular sludge of a mesophilic reactor. It is in charge of fermentation and feeds 

on glucose,  fructose and sucrose. 

Bacterium A25 is a specific species found in the soil of nickel-hyperaccumulating 

plant (Mengoni et al., 2001). The presence of this species in the reactor points out the 

input of nickel coming from recycled papers. 

Bacillus clausii is an alkalophilic strain used for industrial production of enzymes 

(Shirai et al., 1997). Its metabolic function shows that this is one of the species that 

has a role in fermentation. It grows on proteins, peptides and glycopeptides. 
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Nitrobacter winogradskyi is a facultative nitrate reducer that is islated from soil, 

marine and fresh water environments. It cannot grow on glucose and fructose. 

However, it can degrade pyruvate, acetate and formate (Starkenburg et al., 2006). 

The presence-absence data of the bacterial DGGE bands point out the loss and 

occurance of some species after the starvation period. Considering the DGGE band 

comparison analysis, it can be alleged that Dehalococcoides ethenogenes, Uncultured 

anaerobic bacterium clone B-1AQ, C. difficile, D. variabilis, D. desulfuricans and P. 

denitrificans were of the lost species which were sequenced. Similarly, Ehrlichia 

ruminantium strain Welgevonden, Micromonospora echinospora, N. winogradskyi, 

Anaerobic filamentous bacterium KIBI-1, Bacterium A25, Synechococcus sp. JA-2-

3B'a are the new species that were detected in the second sampling period. E. 

ruminantium is a host-associated ruminal pathogen. Love et al, (1992) reports that M. 

echinospora is an actinomycete which produces the calicheamicins, a family of 

antitum or antibiotics. 

Assessment of the archaeal community shows that there is a sharp decrease in the 

band for Methanococcus aeolicus. M.aeolicus is propsed to be a novel mesophilic, 

CO2-reducing, methanogenic archaeon isolated from shallow and deep marine 

sediments (Kendall et al., 2006). The decrease of M. aeolicus points out an 

interruption of the substrates H2, CO2, pyruvate, CO2 and formate on which M. 

aeolicus feeds.  

The research carried out by Nakashimada et al. (2000) covers the direct conversion 

of cellulose to methane by in a tri-culture of anaerobic fungus Neocallimastix 

frontalis, formate-utilizing methanogen, Methanobacterium formicicum and/or an 

acetoclastic methanogen, Methanosaeta concilii. M. concilii is the species that 

produces methane through acetate. The only problem occured in the case of acetate 

accumulation due to the low consumption rate of M. concilii. In this study, the 

increase in the abundancy of M. concilii after the starvation period is possibly due to 

the declining amounts of acetate. 

Bouallagui and coworkers (2004) monitored a two-phase anaerobic reactor treating 

fruit and vegetable wastes and observed that Methanosphaera stadtmanii was 

sensitive to acidic pH. The slight decrease of the quantity of M. stadtmanii might be 

due to the acidifying conditions prior to the system shut-down.  
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Methanococcus maripaludis is a facultatively autotrophic archaebacterium that 

grows with H2 or formate. It is known that this species does not assimilate sugars and 

other complex organic substrates (Yu et al., 1994). However, Yu and friends 

discovered intracellular glycogen biosynthesis in this archaea. This is one of the 

important dominant species in the reactor that treats pulp and paper mills effluents. 

Methanopyrus kandleri is a rod-shaped, Gram-positive hyperthermophile isolated 

from the sea floor at the base of a 2,000-m-deep ‘‘black smoker’’ chimney in the 

Gulf of California (Slesarev et al., 2002). It grows chemolithoautotrophically at 80-

110°C in the H2–CO2 atmosphere. The archaea shares the same methanogenesis 

genes with M. jannaschii, and M. thermoautotrophicum since they are all H2-

dependent autotrophic methanogens and use CO2 as the electron acceptor. The 

similarity of M. jannaschii, and M. thermoautotrophicum is confirmed by the study 

carried out by Smith et al. (1997). The study of Smith and friends (1997) report that 

M. thermoautotrophicum is a lithoautotrophic, thermophilic archaeon isolated from 

sewage sludge. Optimum growth temperature is 65°C in the range of 40-70°C. M. 

thermoautotrophicum reduces CO2 to CH4 and conserves energy by using H2. M. 

jannaschii has the same genes as M. thermoautotrophicum does. These are three 

important thermophilic archaea that were detected in the anaerobic reactor examined 

in this study.  

Methanococcus igneus is a novel hyperthermophilic strictly chemolithoautotrophic 

species that grows between 45-91°C. It is isolated from a 106 m-deep submarine vent 

system at the Kolbeinsey ridge, Iceland. Due to differences in 16S rRNA sequence, 

non-hybridizing DNA and selenium-independent growth characteristics, it differs 

from M. jannaschii (Burggraf et al., 1990). 

Methanococcus vulcanius is one of the autotrophic hyperthermophilic species found 

in the contact reactor. It was isolated from a deep-sea hydrothermal chimney sample. 

It grows in the range of 49-89°C. H2 and CO2 are the only substrates utilized for 

growth and methane production. Presence of tungsten, selenium and yeast has 

stimulatory effect on the metabolism of M. vulcanius. It is found to be closely related 

to M. jannaschii (Jeanthon et al., 1999). The presence of this bacterium might be an 

indicator of tungsten or selenium inflow to the reactor. Increasing concentrations of 

these two heavy metals might lead to inhibition or toxification of the system unless 

monitored and controlled.  
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M. kandleri, M. jannaschii, M. thermoautotrophicum, M. igneus, M. vulcanius are all 

hyperthermophilic species which grow in the range of 40-110°C and most of which 

grow best around 65-80°C. In addition, they all have common phylogeny with M. 

janashii. Their presence in a mesophilic reactor shows that they can adapt to lower 

temperatures providing that the appropriate substrates are available. Their ability to 

grow under heavy metal concentrations offers that these microorganisms can come 

up with toxic wastewater characteristics to some extent.  

Ma et al. (2006) isolated two methanogenic strains from an upflow anaerobic sludge 

blanket reactor treating beer-manufacture wastewater. They were rod-shaped and 

non-motile microorganisms occurring singly or in pairs. At high cell density the cells 

were arranged in long chains. The strains were similar to Methanosaeta concilii and 

Methanosaeta thermophila. However, owing to detailed phylogenetic and phenotypic 

analysis, Methanosaeta harundinacea sp is supposed to be a novel species in place of 

M. concilii strain that was previously suggested.  

Methanomicrobium mobile is an important methanogenic organism isolated from the 

ruminal ecosystem (Ralph et al., 1988). The study carried out by Ralph and 

coworkers points out that high level of acetate is required by M. mobile for growth. 

In addition, M. mobile feeds on the branched-chain fatty acids isobutyrate, 

isovalerate, and 2-methylbutyrate. Under these conditions, it becomes one of the 

most important species in pulp and paper treating anaerobic reactors due to the 

slowly biodegradable long-chain fatty acid content. Yet, it is one of the most 

dominant species available in the contact reactor examined in this study. 

Methanococcus voltae is a heterotrophic mesophilic H2-oxidizing methanogenic 

bacterium isolated from sediment samples taken from Waccasassa estuary in Florida. 

It utilizes H2-CO2 and formate as substrate. Moreover, the carbon source varies from 

and acetate to 2-methylbutyrate and isovalerate. Pantothenate, sodium selenate and 

cobalt are stimulatory growth factors for M. voltae (Whitman et al., 1982). The 

presence of this bacterium in the contact reactor may reveal pantothenate, selenium 

or cobalt output from the pulp and paper production. In case these components are 

present and are not monitored, their accumulation may lead to inhibitory or toxic 

effects on the overall microbial metabolism. 

Methanococcoides burtonii is a psychrophile that grows at 1-2°C, isolated from the 

bottom of Ace Lake, Antarctica. However, it has adapted to growth conditions under 
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23-29°C. The obligatory substrates for M. burtonii are methylamines and methanol. 

It cannot use formate, H2, CO2 or acetate for growth. (Goodchild et al., 2004).The 

tendency to grow under higher temperatures is an important reason why this 

archaeon is found in a mesophilic reactor. Since it is obligately methylotrophic, its 

presence is an indicator of methylamines and methanol in the reactor.  

Methanoculleus marisnigri was isolated and cultured for a study on biogas 

production (Schnürer et al., 1999). The results showed that hydrogenotrophic 

methanogens belonging to the genus Methanoculleus were dominant in mesophilic 

syntrophic acetate oxidation during methane formation. As a hydrogen-utilizing 

methanogen, since M. marisnigri survives in syntropic acetate oxidizing 

environments, it is expected to be present in the reactor examined in this study.  

The metabolism of Methanosarcina barkeri was investigated by the team of Krzycki 

(1985). It is reported that M. barkeri can transform acetate to methane in the 

presence of ATP and hydrogen. In addition, it reduces methanol and methylamines. 

However, cyanide and bromoethanesulfonic acid inhibit the methylreductase and 

carbon monoxide dehydrogenase (Krzycki et al., 1985). The increasing profile of M. 

barkeri can be explained by cyanide inhibition before the system shut-down which 

means the elimination of the inhibitory effect during the starvation period.  

In view of the DGGE band pattern analysis, it can be claimed that M. concilii and M. 

mobile are lost in the second sampling period. When the activity results are taken 

into account, these two species seem to be closely related to methanogenic activity.  

Considering the fact that the samples are taken from an anaerobic contact reactor, it 

is expected to see the same number and type of species in all of the three levels of the 

reactor. However, since the bioreactor is 16 m long and fed from the bottom, it is 

difficult to achieve complete mixing. Thus, relatively different profiles of 

microorganisms are observed within the reactor. In consideration of the SMA results 

(İnce et al., 2006), decreasing potential methane production (PMP) rates for heights 

of 4 m, 8 m and 12 m confirm the non-homogenity along the reactor.  
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7. CONCLUSION  

Restrictions and inadequacy of classical methods in the detection of microorganisms 

in complex environmental systems encouraged the seek for specific analysis 

methodologies. For the last decade, molecular techniques made considerable 

progress on determination, visualization and identification of microbial species in 

natural and engineered ecosystems. Understanding of engineering designed 

bioreactors will help to interpret the occurrence of the metabolism on natural 

environments.  

In this study, a full-scale anaerobic contact reactor treating pulp and paper mills 

effluents was investigated. Samples from three different heights of the reactor were 

taken in July 2005 and August 2005. There was a two-week system shut-down prior 

to the second sampling time. Archaeal and bacterial communities were analyzed via 

DGGE analysis. For a more precise determination, the DGGE bands that are 

representative of archaeal and bacterial species were excised and sequenced. The 

sequence results were compared to electronic databases for environmental samples 

and prokaryotes and the names of each species were determined. Phylogenetic tree 

and band patterns for both communities were analyzed by using software programs. 

The results implicate that the archaeal and bacterial communities have altered during 

two sampling periods. Some of the species available in July samples were lost in 

August whereas new species were detected in August apart from the July samples. 

The case of archaeal community changes and loss of dominant bands can be 

correlated to the decline in the potential methane production in August. These results 

are confirmed by FISH analysis carried out with methanogen-specific probes. The 

difference of species along the reactor indicates insufficient mixing due to high 

volume. Significant bacteria belonging to the taxa Clostridium, Bacteroides, and 

Synechococcus which are in charge of cellulose degradation were determined in this 

study. Dehalococcoides sp. is another group of bacteria determined in this study 

which are capable of the biodegradation of the toxic effluents that come from pulping 

and papermaking processes.  
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Archaeal diversity analysis revealed that methanogenic groups from both 

thermophilic, mesophilic and psychrophilic temperature ranges can survive in the 

same reactor. Eventually, most of the thermophilic species seem to have dominated 

in the reactor. In addition, the DGGE band pattern analysis point out that M. concilii 

and M. mobile are lost in the second sampling period. When the activity results are 

taken into account, these two species seem to be closely related to methanogenic 

activity.  

The enlightening of the whole interdependent diversity allows more accurate 

evaluation of the microbial activity, biodegradation potential and phylogenetic 

relationships. Taking this fact into account, this can be accepted as a promising study 

which could be the initiator of producing co-cultures specific for the type of 

wastewater. The use of effluent-specific co-cultures instead of mixed culture is 

expected to ease the adaptation of the biomass to the wastewater. From this 

standpoint, it is supposed that co-cultures will play a key role during the 

acclimatization stage by shortening the period of reaching steady-state. In addition, 

the use of co-cultures is assumed to help to abolish the existence of inactive biomass. 

The elimination of the inactive biomass will provide a better treatment quality in 

smaller reactor volumes. Reduction in the reactor volumes will economize the 

treatment costs whereas the treatment efficiency is increased.  

The above mentioned reasons emphasize the importance of this study. It is prominent 

that a wastewater-specific co-culture library is a world-wide important database. 

Similar studies can be carried out for a number of biodegradable wastewater types, 

especially for the industries that produce vast amounts of high-strength wastewater. 

The active use of co-cultures in full-scale applications will provide significant 

reduction in the investment and operational costs of wastewater treatment plants. 
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