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ABSTRACT 

Anaerobic digestion (AD) technologies represent sustainable and appropriate 

systems for the treatment of organic wastewaters. Lettinga et al (1987) stated, “A 

satisfactory application to raw domestic sewage would represent the maximum 

possible accomplishment for high-rate anaerobic treatment systems”. The 

harnessing of this technology for municipal wastewater treatment, primarily using 

upflow anaerobic sludge blanket (UASB) reactors is now well established in 

tropical regions. A challenge remains, however, with regard to the full-scale 

application of these systems in countries with moderate- to low- ambient 

temperatures, and such applications have yet to be realised. To be successfully 

implemented at low temperatures, AD must overcome other physicochemical 

challenges and reportedly low levels of microbial activity. However, microbial 

populations are prolific in cold environments and no microbial barrier exists to the 

possibility of anaerobic digestion at low temperatures. This has been further 

demonstrated by successful lab and pilot-scale trials for a multitude of 

wastewaters over a range of low temperatures. The microbial communities 

underpin the entire AD pathway, thus the stability and sustainability of these 

systems depends on the microbial consortia that are still widely uncharacterised 

“black box” systems. The tools utilised in molecular microbial ecology are 

fundamental to understanding population dynamics. Linking molecular microbial 

ecology techniques to process data may help to provide essential insight into this 

complex and dynamic process.   

The overall themes of this thesis were associated with the hydrolysis, 

feasibility, stability and reproducibility of low-temperature anaerobic digestion 

(LtAD) of sewage. Essential to this understanding was the integration of process 

parameters, biomass characterisation in terms of hydrolysis kinetics and 

molecular characterisation using 16S rRNA gene analyses.  

Initially, the first step of the study (Chapter 2) commenced with a sludge-

screening step in order to elucidate the factors influencing hydrolysis and biogas 

production. The activity of a sludge is an important factor to be taken into 

consideration during reactor design. It is essential to have sludge with a high 
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activity on the substrate to be treated for efficient start up and avoidance of 

subsequent operational issues. In this study three anaerobic sludges (S1, S2 and 

S3) were chosen to degrade a range of complex, cellulose-derived, soluble and 

methanogenic substrates across three temperatures (10, 15 and 37°C). Activity 

was assessed through measuring the biogas production and from this the specific 

biogas activity was calculated. Hydrolysis was found to be rate limiting during the 

degradation of particulate complex substrates. Hydrolysis was positively 

correlated with increases in temperature. The greatest degradation of complex 

substrates was achieved using sludge originating from a full-scale reactor treating 

sewage sludge at 37°C. This sludge was non-granular in nature, while the 

remaining granular sludges proved more effective in the degradation of soluble 

compounds. The high level of variation in the biogas activity between sludge 

types highlights the importance of the long-term development of microbial 

consortia, particularly at low temperatures where doubling times are significantly 

lower.  

The two granular sludges from Chapter 2, which had displayed greater 

activity on soluble substrates, were chosen to seed a hybrid sludge bed-fixed-film 

reactor (Chapter 3). This trial was to assess the possibility and feasibility of long-

term (732 days) anaerobic treatment of synthetic sewage at 12°C. Maximum 

organic loading rate (OLR) achieved was 1.5 kg COD m-3 d-1 with total COD 

concentrations within discharge limits for Ireland (125 mg l-1). Carbohydrate and 

protein removal rates routinely reached 100%. Phosphate removal was observed 

in the system (~78%), scanning electron microscopy (SEM) and energy dispersive 

X-ray (EDX) analysis revealed phosphate accumulation in the biofilm on the 

fixed-film section. Hydrolysis kinetics (Amax, Km, Vmax and k) indicated the 

development of an active proteolytic community with increased functioning at 

lower temperature. Specific methanogenic activity (SMA) revealed a preference 

for hydrogenotrophic methanogenesis at 12°C. Denaturing gradient gel 

electrophoresis (DGGE) of 16S rRNA gene sequence analysis revealed temporal 

changes in the microbial community, with cDNA analysis demonstrating greater 

banding patterns. Proteobacteria, Firmicutes, Chloroflexi, Bacteroidetes and 

Methanosaeta were demonstrated to be the dominant microbial communities 

through next generation sequencing (NGS) using Illumina technology. 
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Psychrotolerant mesophilic Trichococcus species and Flavobacterium associated 

with low temperature protein degradation developed throughout the trial. 

Polyphosphate accumulating organisms (PAOs) such as Rhodocyclus, 

Chromatiales, Actinobacter and Acinetobacter were also discovered. A single 

perturbation event during the trial may have been as a result of an increase in the 

Firmicutes and hydrogenotrophic methanogenic population and subsequent 

decline in the acetoclastic community and related activity.  

In the final phase of this study the reproducibility of long term (889 days) 

low-temperature anaerobic digestion (LtAD) of synthetic sewage was 

demonstrated. This study focused on the community development based on the 

mesophilic inoculum utilised.  For the evaluation two identical hybrid anaerobic 

sludge bed-fixed-film reactors were operated at 12°C for the treatment of 

SYNTHES. Chemical oxygen demand (COD) removal efficiencies were routinely 

>78% for total and soluble fractions. Hydrolysis kinetics indicated psychrophilic 

adaptation to the substrate in both reactors. K had increased by 20 times in Phase 

4, compared to the seed inoculum. Km indicated a decrease in substrate affinity at 

mesophilic temperatures. qPCR indicated that the bacterial and archaeal numbers 

and relative composition were reproducible and stable between the systems. NGS 

demonstrated that the adaptation of the mesophilic inoculum and concurrent 

microbial community development was reproducible to family level in both 

reactors. NMDS and PCoA plots illustrated samples grouping based on sampling 

time. ANOSIM revealed that each time period was significantly different (P < 

0.05), with no significant difference when based on reactor identity (P > 0.05). 

The microbial consortium identified in each reactor comprised Proteobacteria, 

Firmicutes, Bacteroidetes, Clostridia, Synergistetes and the acetoclastic 

Methanosaeta with hydrogenotrophic methanogens also present. Process 

divergence was observed in Phase 5. This may be attributed to the development of 

a larger proportion of Leptotrichiaceae and Desulfomaculum and a decrease in 

Trichococcus and hydrogenotrophic methanogens in one system. This highlights 

the importance of understanding microbial community dynamics to improve the 

AD process.  

Overall through the various approaches employed the findings of this PhD 

provide new evidence-based knowledge on the feasibility, efficiency and 
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reproducibility of the anaerobic digestion process for the treatment of sewage at 

low temperature. Moreover, the study identifies the microbial consortium that 

developed underpinning the successful degradation of sewage at low-temperature.  
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1.1 General Introduction 

There is a global responsibility for humanity to work towards environmental 

sustainability, pollution reduction and ecosystem preservation. Depletion of 

precious resources, including freshwater and nutrients, such as phosphorus, is a 

grand challenge facing society; and one that is exacerbated by climate change 

(McCarty et al., 2011; Fritzmann et al., 2007). In this context, domestic 

wastewater should become a focus for water reuse strategies (Verstraete et al., 

2009) and could provide 80% of human freshwater needs (Qin et al., 2006). 

Reclaimed waters (from wastewater treatment plants {WWTPs}) are an ideal 

water source because of low fluctuations in water quality (with the right 

treatment) and ample availability (Daigger et al., 2013). Batstone and Virdis 

(2014) proposed that a holistic new wastewater treatment process is necessary: 

one that “attains health and environmental standards, recoups maximum energy 

and recovers nutrients for re-use”.  

Anaerobic digestion (AD) is a naturally occurring process that involves 

the microbial degradation of organic matter to a biogas, in the absence of oxygen. 

Through the completion of the degradation process, a potential energy source is 

produced in the form of methane (CH4) contained in the biogas. Typically, biogas 

contains 50-80% methane, with carbon dioxide forming the bulk of the remaining 

gas, together with trace amounts of hydrogen, ammonia and hydrogen sulphide 

(Appels et al., 2008). The key to this process lies in the concerted sequential 

activity between the trophic guilds of the bacterial and archaeal populations 

involved. Each group drives the reaction through the sequential stages of: 

Hydrolysis, Acidogenesis, Acetogenesis and the final stage of Methanogenesis 

(Narihiro & Sekiguchi, 2007; Figure 1). 

AD has been harnessed for the bioprocess of waste remediation using 

anaerobic reactors. The success of AD technologies for the treatment of waste 

(waters) is underpinned by the production of methane as the final step of organic 

carbon degradation. In the AD process, approximately 1 kg COD (chemical 

oxygen demand) has the potential to be converted to 3.86 kWh of electricity 

(Garrido et al., 2013). Electricity accounts for 80% of the total running cost of an 
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aerobic biological activated sludge sewage treatment plant, but energy recovery in 

the form of methane through AD of sewage sludge can remediate up to half of this 

cost (Deublein & Steinhauser, 2008). Anaerobic digestor systems have also 

effectively treated an array of challenging substrates, including complex wastes 

with high solids, high fractions of ammonia, recalcitrant compounds and 

industrial wastewaters at full-scale and the technology is now mature for many 

applications (Werner et al., 2011; Pattananuwat et al., 2013; Barros et al., 2008; 

Hu et al., 2012; St-Pierre & Wright, 2013; Chen et al., 2011; Perendeci et al., 

2013). These waste to energy plants are generally operated in the mesophilic (20-

45°C) or thermophilic (>45°C) temperature range.  

1.2 The biology of Anaerobic Digestion 

AD is a multifaceted process requiring the sequential and cooperative action of 

the microbial consortia involved. There are typically four defined stages: 

Hydrolysis (I), Acidogenesis (II), Acetogenesis (III) and Methanogenesis (IV) 

representing the major microbial processes that occur (Narihiro & Sekiguchi, 

2007; Figure 1). The bacterial populations mainly dictate the first three stages, 

while the final stage is sustained by the archaeal methanogens. This last 

methanogenic stage has been the most researched, while the microbial dynamics 

of the initial stages have been somewhat overlooked (Amani et al., 2010).  

1.2.1 HYDROLYSIS 

It is understood that this first step is the rate-limiting step in AD (Zeeman & 

Sanders, 2001). Hydrolysis involves the solubilisation and destruction of complex 

organic polymeric substrates to monomeric or dimeric substrates (Kim et al., 

2003). The biodegradability, and hence the potential for biogas production, 

depends on the content of biodegradable carbohydrates, proteins and lipids 

present in a substrate (Angelidaki & Sanders, 2004; Li & Noike, 1992; Rittman, 

2008). The microorganisms involved in hydrolysis produce hydrolytic enzymes in 

order to help assimilate the large complex materials. Hydrolysis includes multiple 

enzyme production, diffusion, adsorption and enzyme deactivation steps but the 

exact mechanisms are not completely clarified (Vavilin et al., 2008). Extracellular 
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enzymes such as cellulases, proteases and lipases secreted by hydrolytic bacteria 

catalyse the complex starter molecules that are the initial point of degradation 

(Song et al., 2005; Vavilin et al., 1996). There are two proposed methods 

(Batstone et al., 2002): 

i. Secretion of hydrolytic enzymes by the microbial consortia into the 

liquor that break down fragments or soluble substrates (Jain et al., 

1992). 

ii. The microbial species deposit onto the substrate fragments surface 

and secrete enzymes that hydrolyse the particle and produces soluble 

products (Vavilin et al., 1996). 

Environmental factors, such as pH, moisture, particles size, accumulation 

of hydrolysis products and temperature can interfere with the rate and degree of 

the substrate hydrolysis (Sanders et al., 2000; Liotta et al., 2014). Thus, it is 

important to consider these factors when designing and operating reactors 

digesting particulate substrates and innovations in biotechnology should focus on 

ways in which hydrolysis can be improved. 

Bacteria such as Bacteroidetes, Clostridium, Acetivibrio, 

Copothermobacter are known to carry out this step in hydrolytic/acidogenic 

reactors operating under mesophilic and thermophilic conditions (Etchebehere et 

al., 1998; O’Sullivan et al., 2005; Yang et al., 1990; Cirne et al., 2007; Sträuber et 

al., 2012). The organic materials from this stage become the substrates for the 

subsequent acidogenic phase. The bacterial species involved are not constrained 

solely to this step, as in order to satisfy energy requirements; they must remain 

active in the acidogenic phase. 
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Figure 1. The biological stages of Anaerobic Digestion (adapted from Gujer & 
Zinder, 1983). 
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1.2.2 ACIDOGENESIS 

The products from hydrolysis (organic monomers and dimers) are subsequently 

inter-cellularly broken down in the next stage of the process; acidogenesis. The 

products and substrates of this step are variable, depending on the starting 

substrate. The products can either be inorganic intermediates such as H2, CO2 etc. 

or organic intermediates, such as short chain volatile fatty acids (SCVFAs) [C1-

C5] and alcohols. SCVFAs include propionate, butyrate, lactic and valeric acids.  

The bacteria involved in this stage, in addition to those active during the 

hydrolysis stage, include members from the Clostridia class, Bacteroidaceae 

family and Actinomycetes and Proteobacteria phyla members. The family 

Anaerolineacea in the Chloroflexi phylum, and the Bifidobacterium and 

Paludibacter genera within the Bacteroidetes are known to be exclusively active 

in the acidogenic phase (Balk et al., 2002; Dong et al., 2000; Ueki et al., 2006). 

These bacteria have higher growth rates compared to the acetogens and 

methanogens (Ahring et al., 2001; Solera et al., 2002).  

1.2.3 ACETOGENESIS 

The third stage of the process is acetogenesis. This pathway is necessary as some 

products of acidogenesis, such as non-acetate SCVFAs like propionate and 

butyrate cannot be directly used by the methanogens. These must first be 

transformed into acetate, formate, and H2 and CO2 for subsequent methanogenesis. 

Bacterial syntrophic acetogens and methanogenic archaea mediate this process 

(Schink & Stams, 2006). The most frequently reported genera responsible for 

butyrate degradation belong to the Syntrophomonas and Syntrophus from the 

Firmicutes and Proteobacteria phyla, respectively (Sousa et al., 2007; Zhang & 

Dong, 2004), although it is suspected that butyrate degraders may be more diverse 

(Hatamoto et al., 2008; Tang et al., 2007). Propionate degraders have been 

identified within the Delta proteobacteria (Boone & Bryant, 1980; de Bok et al., 

2001; McInerney et al., 2005; Wallrabenstein et al., 1995) and the Clostridia (de 

Bok et al., 2005; Imachi et al., 2002; Plugge et al., 2002). Work on the genomic 

properties and reaction mechanisms for these processes is summarised in a review 

by Müller et al (2010). Acetogenic bacteria also grow much faster than 
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methanogens (Shigehisa & Takane, 1994). The interaction between the bacteria of 

this step and the methanogens involved in methanogenesis is known as a 

syntrophic one that regulates the entire function of the reaction.  

1.2.4 METHANOGENESIS 

Methanogenesis is the terminal step of the anaerobic degradation reaction, 

producing methane as a bi-product. The methanogenic archaea are the 

microorganisms responsible for this process. These are strictly anaerobic obligate-

methane-producing archaeal clades from the Euryarchaeota domain. 

Methanogenesis involves a number of distinctive specialised membrane-bound 

enzyme complexes and co-enzymes. The substrates for methanogenesis are 

restricted to H2 and CO2, methyl-group compounds and acetate. Thus, the three 

pathways of hydrolysis, acidogenesis and acetogenesis are needed for the 

production of usable materials for the methanogens and, ultimately, for biogas 

production during AD.  

The methanogens comprise four orders in AD systems (Liu & Whitman, 

2008) a fifth order, Methanopyrales, exists containing a sole species 

Methanopyrus kandleri, a hyperthermophile unlikely to be present in AD systems 

(Boone et al., 2001). The four orders are theoretically separated into three groups 

based on phylogenetic and phenotypic characteristics (Anderson et al., 2009; 

Bapteste et al., 2005). Three of these orders are hydrogenotrophic methanogens: 

Methanobacteriales, Methanomicrobiales, and Methanococcales. 

Hydrogenotrophic methanogens produce CH4 through the reduction of CO2 

utilising either H2 or formate. The remaining order Methanosarcinales contains the 

acetoclastic families Methanosaetaceae and Methanosarcinaceae. 

Methanosaetaceae comprise a single genus Methanosaeta that solely uses acetate 

as its energy supply (acetotrophic), while the various genus groups in the 

Methanosarcinaceae are capable of both H2 and acetate metabolism for energy 

(Boone et al., 1993).  

The methanogens form intricate community configurations from the 

competition for H2 and acetate. These configurations are susceptible to 

environmental factors, and are shown to be dependent on substrate affinity, 
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temperature, growth and substrate utilisation rates. The Methanomicrobia, 

Methanobacteria and Methanosarcinales phyla appear to dominate anaerobic 

sludges (Nelson et al., 2011). Methanosaeta is shown to thrive in stable anaerobic 

digester systems, being important in granule formation and stability (McHugh et 

al., 2003) and low substrate affinity allows them to dominate and outcompete 

Methanosarcina in low acetate concentrations (Raskin et al., 1995; Fey & 

Conrad, 2000). Methanosarcina are favoured in high acetate and hydrogen 

environments (such as when a high organic loading rate is applied to a system; 

Zinder, 1993; Daniels et al., 1984), in such systems they are seen to outcompete 

their counterparts Methanosaeta and deemed more adaptable (Leclerc et al., 2004; 

Mladenovska et al., 2003).  

The correct functioning of the methanogenic archaeal consortium is 

necessary to ensure that destructive amounts of acetate and hydrogen do not 

accumulate in the reactor, causing detrimental damage to the other trophic groups 

within. A high concentration of volatile fatty acids (VFAs) in the reactor can limit 

methanogenesis.  Accumulation of VFAs can occur during times of stress such as 

higher loading rates (Griffin et al., 1998). VFA accumulation leads to a drop in 

pH and the further inhibition of methanogenesis. 

1.2.4.1 Syntrophy 

These interactions are also dictated by the relationship between the methanogens 

and other microbial populations. The degradation of products, such as propionate 

and butyrate, is thermodynamically feasible only when the hydrogen partial 

pressure is low (Schink, 1997). Obligate hydrogen producing acetogens (OHPAs), 

therefore, will only grow in cooperation with H2-consumers to facilitate 

interspecies hydrogen transfer (Stamms & Plugge, 2009). The methanogenic 

Archaea, bacterial homoacetogens and sulfate-reducing bacteria (particularly in 

sulfate rich conditions) are responsible for maintaining low hydrogen partial 

pressure in AD systems (Stams & Plugge, 2009; Li et al., 1994; Ariesyady et al., 

2007; Schlegel et al., 1992; Zehnder & Stumm, 1988). The maintenance of low 

hydrogen partial pressure is essential as the accumulation of hydrogen can inhibit 

the action of acetogens. Compounded by the fact that the hydrogen partial 

pressure becomes too high for the hydrogenotrophic methanogens. Reactor 
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instabilities can usually be traced back to an imbalance in the syntrophic pathways 

(Wang et al., 2009).  

Under certain conditions such as; high ammonia levels, high temperatures 

and long hydraulic retention time syntrophic acetate oxidation can become an 

important pathway to methane formation (Schnürer et al., 1999; Lü et al., 2013; 

Shigematsu et al., 2004). This pathway involves the syntrophic interaction 

between homoacetogenic bacteria and hydrogenotrophic methanogens. The 

homoacetogenic bacterium oxidises acetate to H2 and CO2, which is subsequently 

converted to methane by the hydrogenotrophic methanogen (Zinder & Koch, 

1984). The absence of Methanosaeta has also been demonstrated to be a factor 

due to their ability to outcompete the homoacetogens (Karakashev et al., 2006; 

Rui et al., 2011).   

1.3 Low-Temperature Anaerobic Digestion 

1.3.1 MICROBIOLOGY AND METHANOGENESIS IN THE COLD 

Earth is predominantly a cold planet, indeed cold exposed environments make up 

~75% of the Earth’s surface (a large portion of this is comprised of water) 

(Cavicchioli, 2006). Such cold environments include oceans, sea ice, lakes, 

glaciers, soils, permafrost, cold caves and even clouds. Some of these 

environments, such as glaciers and permafrost, have never been above 5°C; such 

habitats are hypothesised to contain the most ancient microorganisms on Earth 

(Willerslev et al., 2004). Genome sequencing of isolated cold adapted bacteria 

and archaeal species has yielded ~14 bacterial (Methe et al., 2005; Simon et al., 

2009; Rodrigues et al., 2008; Smith et al., 2013a) and ~4 completed archaeal 

genomes to date (Casanueva et al., 2010). It is estimated that microbial consortia 

(psychrophilic and psychrotolerant Bacteria and Archaea), and the methanogens 

in particular in cold environments, play a pivotal role in global material fluxes 

(Cavicchioli, 2006).  

The terms ‘stenopsychrophile’ and ‘eurypsychrophile’ have been 

recommended to supersede the terms ‘truly psychrophilic’ and 

‘psychrotolerant/psychrotroph’ respectively (Siddiqui & Cavicchioli, 2006; Feller 
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& Gerday, 2003; Bakermans & Nealson, 2004). Higher temperatures (>25°C) 

inhibit stenopsychrophiles, in contrast to eurypsychrophiles, who are facultative.  

The term psychrophilic, however, can be applied to any species in a general sense 

that is growing in/isolated from a cold-temperature environment.  

Reduced temperature affects the microbial population in terms of cellular 

architecture and function, such as decreased diffusion, membrane fluidity, 

transport, transcription, translation, cell division and protein folding (D’Amico et 

al., 2006). In order to transcend the effect of cold temperature (reduced 

biochemical reaction rate and increased viscosity in aqueous environments), these 

microorganisms have employed various and diverse genotypic and phenotypic 

coping mechanisms and adaptations. These mechanisms focus on protein 

adaptation, since proteins drive microbial metabolism and cell cycle. The 

microbial consortia synthesise cold-shock proteins (Csps) and cold-acclimation 

proteins (Caps). These proteins are involved in cellular processes, such as protein 

synthesis, RNA and protein folding, increased membrane fluidity, outer 

membranes (lipid composition) and regulation of specific metabolic pathways 

(Giaquinto et al., 2007; Pikuta et al., 2007; Phadtare, 2004; Bowman, 2008; 

Medigue et al., 2005; Methe et al., 2005; Saunders et al., 2003). Only 

psychrophilic species have constitutively expressed Caps that are irreversibly 

adapted, often originating from transiently expressed Csps. Cold-adapted proteins 

have developed different structural conformities and flexibilities (Aghajari et al., 

1998) to allow for higher low temperature specific activity and stability 

(D’Amico, 2001; Siglioccolo et al., 2010), giving them a high degree of 

conformational complementarity with the substrate. With respect to LtAD 

environments, Gunnigle et al (2013) used proteomic analysis in an effort to 

understand cold temperature shock and cold temperature adaptation of 

Methanosarcina barkeri; an important methanogen. Using post-incorporation 

isobaric labelling (iTRAQ) and nanoflow liquid chromatography-electrospray 

ionization tandem mass spectrometry (nLC-ESI-MS/MS) the authors identified 

that proteins were 16% differentially expressed during temperature-shock 

response and 39% differentially expressed during low-temperature adaptation. 

The upregulated proteins at 15°C included proteins involved in methanogenesis 

through methanol, protein synthesis and chaperone activity which may have 
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facilitated psychrophilic adaptation. The understanding and possible harnessing of 

cold-adapted methanogens and bacterial species has important implications for 

biotechnology (Gerday et al., 2000; Schiraldi et al., 2002; Feller & Gerday, 

2003).  

1.3.2 LOW-TEMPERATURE ENGINEERED ANAEROBIC DIGESTION 

Operation of AD systems at mesophilic and thermophilic temperature ranges has 

advantages, such as; increased pathogen removal, decontaminating effect, 

increased solids destruction (Lund et al., 1996; Buhr & Andrews, 1977), shorter 

retention times and what is believed to be a more stable system, particularly with 

respect to mesophilic operation (Kim et al., 2006). Despite the widespread 

utilisation of the AD process, it is still not being employed to its full potential. An 

area with significant scope for advancement is the implementation, at full-scale, 

of AD systems operating under low temperature conditions. The operation of AD 

systems at ambient temperature would significantly reduce the costs incurred 

during mesophilic and thermophilic reactor operation (Collins et al., 2005). This 

would be particularly useful for regions with a low ambient temperature, seasonal 

weather changes and also industrial processes that generate cold water streams 

(soft drinks manufacturing, brewing and malting; Speece, 1996; Lettinga et al., 

2001). Currently, the necessity to heat anaerobic reactors to a mesophilic 

temperature range has precluded the implementation of AD for low-strength 

wastewaters (such as domestic sewage) in temperate climates, as the bioenergy 

harvested is not sufficient to heat the systems. Low temperature AD (LtAD) 

systems have been successfully employed at laboratory- and pilot-scale for the 

treatment of a wide range of wastewaters such as: dairy (McHugh et al., 2006; 

Bialek et al., 2013), acidified (McKeown et al., 2009a), synthetic waste (Madden 

et al., 2014) and ammonia rich waste (Massé et al., 2014) with encouraging 

results. Some studies have pushed the temperature limits for AD systems, with 

successful operation at 4°C, for example, being demonstrated (McKeown et al., 

2009a; Lettinga et al., 2001).  

Microbial populations are strongly affected by temperature, the 

biochemical reaction, decay, growth and substrate utilisation rates decrease with 

decreasing temperature (Henze & Harremoës, 1983; Lettinga et al., 1999), while 
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the biomass yield of methanogenic (Lin et al., 1987) and acidogenic (van Lier et 

al., 1997) populations may be increased. Levén et al (2007) reported a higher 

diversity of species at lower temperature, when comparing mesophilic and 

thermophilic operations. The acetoclastic methanogenesis pathway is dominant in 

natural cold ecosystems (Kotsyurbenko, 2005). Indeed, this has been found in 

engineered LtAD systems also (Akila & Chandra, 2007; Enright et al., 2009). The 

reason for this has been linked to elevated autotrophic acetogenesis at lower 

temperatures (Kotsyurbenko, 2005). However, if hydrogen partial pressure is 

maintained at a low level, hydrogenotrophic methanogens have the capacity to 

outcompete the homoacetogens, due to their higher affinity for hydrogen. Thus, 

methanogenesis may also proceed through this pathway in both natural 

(Kotsyurbenko et al., 2007; Metje & Frenzel, 2007) and engineered systems 

(Enright et al., 2009; Madden et al., 2010, McKeown et al., 2009b).  

1.4 Bioremediation of sewage 

With human activity comes a multitude of wastes and waste streams. Each of 

these streams impacts, with varying degrees of negativity, on the environment. 

The correct disposal and treatment of this waste is a perpetual issue. Records for 

crude sewage treatment have been found as far back as ~3,000 BC. For example, 

cities ruled by the ancient Akkadian empire contained drainage systems whereby 

domestic sewage was carried to soak pits (Wylie, 1959). These soak pits would 

not be emptied until ‘the very substance of the earth which the sewage had 

contained, had perished’ (Tilley, 2011).  

Wastewater treatment plants (WWTPs) to this day use biological treatment 

processes due to their efficient removal of organic and nutrient content and 

relatively low operational cost. In general these streams get discharged into the 

environment. Treatment of domestic sewage using engineered anaerobic 

processes has been practiced for over a century. Septic and Imhoff tanks were the 

starting point, although these were relatively inefficient (McCarty, 1981). In the 

following 50 years, research focused on a deeper understanding of the complex 

process and efficient technologies were developed allowing for the application for 

domestic sewage treatment in the 1980s (Lettinga et al., 1983; Jewell, 1987). The 
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history of anaerobic digester development over time is detailed by Sastry and 

Vickineswary (1995).    

1.4.1 CHARACTERISTICS OF MUNICIPAL WASTEWATER 

Municipal wastewater is composed of faecal and urinary waste from domestic 

sources, along with wastewater from household activities. Industrial waste 

streams may be discharged into municipal streams in some localities. Combined 

systems may also include storm-water run off (van Haandel & Lettinga, 1994). 

Domestic sewage is regarded as a complex waste (water) (Lettinga et al., 2001) 

with particulate COD (suspended and colloidal solids) comprising a substantial 

fraction (Wang, 1994; Odegaard, 1999; Kalogo & Verstraete, 2001; Mahmoud, 

2002). Sewage and domestic wastewaters generally contain lipids, proteins and 

polysaccharides (70-80%) (Raunkjaer et al., 1994), whilst also containing fatty 

compounds, detergents and other unknown variable components (Foresti, 2001). 

The organic fraction in domestic sewage is variable, with values ranging from 250 

mg l-1 to 1,000 mg l-1 COD (Tchobanoglous & Burton, 1991; Crites & 

Tchobanoglous, 1998). The flow rate of the stream and also its composition 

properties vary considerably, depending on locality. In fact, composition varies by 

a factor of 2-10 throughout the day due to habitual human activities (Gomec, 

2010). The rate of flow can vary by a factor of 4 attributed to the population size 

and sewer type. Factors affecting composition and flow are outlined in Table 1 

below (Haskoning, 1994; Kujawa-Roeleveld & Zeeman, 2006; Leitao et al., 2006; 

Tchobanoglous et al., 2003). The complex and variable nature of sewage 

contributes to the limitations with respect to AD of domestic sewage by limiting 

the removal efficiencies and organic and hydraulic loading rates applicable 

(Lettinga et al., 2001; Foresti, 2002).  As societal demands and industries evolve 

wastewater characteristics may also change, highlighting the need for robust and 

adaptable treatment technology.  
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Table 1. Factors that affect the characteristics of sewage. 

 
Factors affecting sewage composition 

o Number of dwellings connected to the system 
o Economics 
o Social behaviour 
o Industry 
o Climate 
o Water utilisation (More concentrated in water limited areas) 
o Sewer infrastructure (Type, material, length, maintenance, 

infiltration, use of pumps) 

 

1.4.2 ADVANTAGES OF ANAEROBIC TREATMENT OF MUNICIPAL WASTEWATER 

Aerobic systems are in place currently for municipal wastewater treatment in 

temperate oceanic regions, such as Ireland, where the average ambient 

temperature is below 18°C (Lettinga et al., 2001). These systems are described as 

energy leaching (Foresti et al., 2006; McCarty et al., 2011). This is due to the 

large input of energy required to supply air to aeration basins (Owen, 1982; 

Curtis, 2010). In addition, aerobic systems generate a large amount of excess 

sludge that also requires further treatment that can also be costly (Fytili & 

Zabaniotou, 2008; Yang et al., 2010). The advantages and disadvantages of 

aerobic treatment are summarised in Table 2.  
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Table 2. Outlining the disadvantages and advantages of current aerobic treatment 
systems (Adapted from Lettinga, 2008 and Khan et al., 2011). 

 
Disadvantages of Aerobic Treatment compared to Anaerobic 

Processes 

o Energy leaching 
o Excess sludge production (requires further treatment) 
o Large surface area required for the treatment site. 
o High investment cost 
o High operational/maintenance costs (labour intensive, higher 

dependency on specialists) 
o Complex mechanical equipment with relatively short lifetime 
o Complex infra-structure required, such as power supply, 

consequently a high vulnerability 
o Formation of recalcitrant organic compounds (e.g. humic 

acids) due to oxygen exposure 
o Poor degradation of compounds such as azo-dyes, polycyclic 

aromatic compounds and nitro-aromatics 
o Occasionally serious mal-odour nuisance issues 

Advantages of Aerobic Treatment compared to Anaerobic 
Processes 

o Better effluent both in quality and aesthetically (colour, 
turbidity) 

o Nutrient removal is possible 
o No immediate oxygen demand 

 

1.4.3 DIRECT AD TREATMENT OF SEWAGE 

AD technologies have been proposed as an alternative to these systems (Kim et 

al., 2011; Smith et al., 2012, 2013b, Yoo et al., 2012). In contrast to aerobic 

systems, AD processes are less costly and more sustainable (McCarty et al., 

2011). Direct AD of municipal wastewater has the potential to be a net energy 

producer due to the formation of methane in the form of biogas as an end product 

of the reaction, whilst also producing significantly less excess waste sludge (van 

Lier & Lettinga, 1999; Zeeman & Lettinga, 1999; Aiyuk et al., 2004; van Haandel 

et al., 2006).  
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1.4.3.1 Disadvantages of anaerobic treatment of municipal wastewater 

! Increased solubility of gases (CH4, CO2 and H2S) particularly for low-

strength wastewater such as sewage. Dissolved methane not utilised for 

energy production continues to be an issue (Bandara et al., 2011; 

Benjamin, 2010). 

! Low substrate levels inside the reactor and low biogas production. 

! Post treatment is required (to meet discharge standards for organic matter, 

nutrient and pathogen removal). 

! Particulate and organic matter from sewage is difficult to degrade (Foresti, 

2002). 

! Full-scale application at low/moderate temperatures yet to be employed. 

! Possible bad odours. 

1.4.3.2 AD application in tropical climates  

Low-strength streams have been successfully treated in cases above 20°C (Foresti, 

2001). Successful implementation of AD to treat domestic sewage in tropical 

regions can be largely attributed to the upflow anaerobic sludge bed (UASB) 

technology, which harnesses granular biofilm development (Foresti et al., 2006). 

In the 1980s, the feasibility of this design for municipal wastewater treatment in 

primarily hot climates was assessed (Lettinga et al., 1980; Lettinga & Hulshoff 

Pol, 1986). The first step was made following finance by the Dutch government to 

assess the system at pilot scale for the direct treatment of sewage in Columbia. It 

was hoped that this would encourage the adoption of this technology in 

developing countries (Schellinkhout et al., 1985; Louwe Kooijmans & van 

Velsen, 1986). Acclaimed as the first system of its kind, this pilot-scale 64 m3 

reactor was installed in Cali Columbia in the mid 1980s (Louwe Kooijimans et 

al., 1985) with an average temperature of 25°C. This was followed by similar 

designs in Brazil (Souza, 1986), Indonesia (National Institute for Public Health et 

al., 1988), India (Siddiqi, 1990), Pedregal (Draaijer et al., 1994), Bucaramanga 

(van Haandel & Lettinga, 1994) and Kanpur (Schellinkhout & Osorio, 1994). 

Springing from the success of these systems (75% BOD removal) and significant 

cost savings the UASB technology was adopted rapidly for municipal wastewater 

treatment in tropical countries. Worldwide, ~3,000 large-scale UASB systems are 
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operational (Abbasi & Abbasi, 2012), in 2006 it was estimated over ~200 of these 

were treating domestic sewage (Aiyuk et al., 2006) of which 80% were estimated 

to be in India (Khalil et al., 2008).  

Several authors (Sato et al., 2006; Oliveira & von Sperling, 2009) report 

that, in reality presently, process performance is lower than the promising 

projections from these early pilot and full-scale systems. Heffernan et al (2011) 

undertook a study to identify the causes for this reduced performance. The authors 

assessed ten large-scale municipal UASB plants from Brazil, India and the Middle 

East. The root causes for sub-optimal performance were linked to design flaws, 

sparse or unskilled maintenance or to high SO4
2- concentrations in the influent.  

1.4.3.3 AD application in countries with moderate to low temperature climate 

Uncertainties about the application of LtAD for domestic sewage are related to the 

reduced growth rate of key microbial species and the conjectural limitation of the 

system to meet high quality effluent discharge parameters. In areas with a lower 

ambient temperature heating the reactor to mesophilic (25-37°C) or thermophilic 

(45-60°C) is of course possible. However, owing to the dilute nature of the 

domestic sewage stream a loss of energy would be incurred, as methane 

production is greatly reduced (Lettinga et al., 2001; Martin et al., 2011). 

Combining the difficulties of treating a dilute stream with low temperature causes 

challenges for researchers (Lettinga, 2001; Letting et al., 2001). However, despite 

these issues psychrophilic digestion has been demonstrated to be effective but the 

adoption of full-scale systems has yet to be realised (Zeeman & Lettinga, 1999; 

Lettinga et al., 2001; Zakkour et al., 2001). The constraints faced with low-

temperature digestion and some successes of lab-scale studies will be discussed 

below. 

1.4.3.3.1 Successes and constraints for the use of LtAD for municipal wastewater 

treatment 

In areas with a lower ambient temperature, the temperature of this waste stream 

can be lower than 10°C for most of the year. A reduction in temperature affects 

the physicochemical nature of a wastewater as the physical cooling action on a 

waste stream leads to an increase in dissolved gases, viscosity and the diffusion of 
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soluble compounds is decreased by ~50% (Lettinga et al., 2001). The degradation 

of organic matter to methane is dependent on the microbial community structure, 

which is strongly influenced by temperature (Raskin et al., 1994). Microbial 

biochemical reactions slow down with decreasing temperature (Smith et al., 2012; 

Foresti et al., 2006). Long SRTs are required in the system to maintain the slow-

growing anaerobic microbial populations and biomass washout needs to be 

avoided (Lettinga et al., 2001).  

COD removal efficiencies have been reported to drop to 50% at 15°C, 

attributed to a slow hydrolysis rate and a decrease in the degradable organic 

matter fraction owing to the production of more non-degradable COD and lower 

degradation rates (Elmitwalli et al., 2001; Singh & Viraraghavan, 2002; Lew et 

al., 2003). In these studies, suspended solids accumulated due to the lower 

extracellular degradation rate and/or decreased hydrolysis (Elmitwalli et al., 2001; 

Lew et al., 2003; Singh & Viraraghavan, 2002). This initial hydrolysis step is 

recognised as being rate-limiting particularly with decreasing temperatures. 

Agrawal et al (1997) demonstrated suspended solids accumulation attributed to a 

78% decrease in biogas production and 25% reduction in COD removal efficiency 

(CODRE), when reactor temperature was reduced from 27 to 10°C. Preliminary 

studies on LtAD focused generally on solving the physicochemical issues and the 

separation of solids. Pre-treatment (Collins et al., 1998; de Man et al., 1988; van 

der Last & Lettinga, 1992), pre-settlement steps, mixing strategies and the 

separation of hydrolysis from methanogenesis were employed (van Lier et al., 

1997; Lettinga et al., 1999, 2001). Two reactors in series were also employed for 

entrapment (Zeeman et al., 1997), entrapment and some acidification (Wang, 

1994) or pre-digestion (El-Gohary & Nasr, 1999). By experimenting with 

different reactor designs and parameter combinations, low-temperature AD can 

become more efficient (Verstraete & Vandevivere, 1999).  

LtAD has been employed successfully for numerous industrial waste 

streams (Siggins et al., 2011a, 2011b; Enright et al., 2007; Bergamo et al., 2009; 

O’Reilly et al., 2009; McKeown et al., 2009; Massé et al., 2010, 2014; Bialek et 

al., 2014; Madden et al., 2010). There has been some recent success with respect 

to treatment of low-strength wastewaters at low ambient temperatures (Latif et al., 
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2011; Kayranli & Urgurlu, 2011; Lew et al., 2011; Álvarez et al., 2008). In 

contrast, research with respect to the LtAD of sewage is limited. Numerous 

reviews (O’Flaherty et al., 2006; van Haandel et al., 2006) have stipulated 

however that no microbial barriers exist to low-temperature treatment of domestic 

wastewater provided the system is operated at long SRTs and sulphate 

concentrations are relatively low. Table 3 outlines recent work with respect to 

sewage treatment at low temperatures. 

1.5 System Designs 

One cannot deny the success of AD processes is underpinned by the development 

of new reactor design concepts - ‘high-rate’ reactors that allow for greater 

biomass retention allowing the uncoupling of the solid retention time (SRT) and 

the hydraulic retention time (HRT) (Lettinga et al., 2001). Thus decreases in HRT 

and increases in the organic loading rate (OLR) could be applied (Tchobanoglous 

et al., 2003), providing greater operation flexibility and the potential to treat a 

number of waste streams. In order to be ‘high-rate’ a reactor must firstly be 

capable of retaining viable sludge under high loading conditions and secondly 

adequate contact must occur between the influent and held sludge (Lettinga et al., 

1987). 

The UASB (Upflow Anaerobic Sludge Blanket) system developed by 

Lettinga et al in the early 1970s played an influential role in the adoption of AD 

technologies for the treatment of wastewaters (Lettinga et al., 1980; Lettinga & 

Vinken, 1980). A schematic diagram of a UASB reactor is shown in Figure 2. 

Fundamental to this system is the retention of biomass and suspended solids and 

aggregation of the symbiotic microbial consortia into diversely populated granules 

(Singh & Viraraghavan, 1998; Hulshoff Pol et al., 2004). The gas products 

produced from the reaction fluidise the granules allowing for better contact with 

the wastewater (Rittman & McCarty, 2001). Numerous wastewaters have been 

successfully treated employing this technology (Silva et al., 2011; Firmino et al., 

2011). Pilot-scale studies found that in reality internal mixing in the UASB was 

flawed when treating sewage over a range of psychrophilic temperatures (de Man 

et al., 1986) with the formation of dead zones causing a reduction in treatment 
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efficiency. The expanded granular sludge bed (EGSB) was employed with better 

influent distribution and increasing the mixing capacity. This was achieved using 

effluent recirculation combined with taller reactors and by applying a high 

hydraulic load to create turbulence, thus eliminating dead zones (van der Last & 

Lettinga, 1992).  

The slower growth rate of microbial biomass at low temperatures 

necessitates retention of this biomass in AD systems. Thus, the amount of 

biomass washout permitted is a serious issue when treating low strength 

wastewaters at low temperatures. Various strategies have been proposed to tackle 

this issue and produce a cleaner effluent. The use of an anaerobic filter (AF) 

section for biomass retention and cultivation of biofilm on the support matrix has 

been explored (Young & McCarty, 1969; Elmitwalli et al., 2000, 2002, 2003). 

Anaerobic membrane reactors (AnMBRs) employing membrane filtration for 

further biomass retention have also been employed successfully for domestic 

wastewater treatment at low-temperature (Smith et al., 2013b). Anaerobic baffled 

reactors have also been applied with success at low temperatures (Feng et al., 

2008). These contain multiple interconnected units compartmentalising the 

biomass within (Bachman et al., 1985). Post treatment applied to the 

anaerobically treated effluent can also be employed to further improve effluent 

quality. One such method is the down-flow hanging sponge (DHS) that has been 

successfully employed in conjunction with a UASB to treat municipal sewage at 

low ambient temperature (Uemura & Harada, 2010).  
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Figure 2. Configuration of UASB (left) and lab-scale hybrid EGSB anaerobic 
filter (AF) reactor (right). Modified from van Haandel & Lettinga (1994), Wang 
(1994) and Seghezzo et al (1998). P=Recirculation pump 
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Table 3. Examples of recent high-rate lab and pilot-scale trials for the treatment of sewage below 20°C.

Reactor 
Design Temperature* Influent** HRT*** CODRE**** Inoculum Reference 

UASBa 6-31 173 2-8 50-71 Anaerobic granular sludge Bandara et al. (2012) 

AFb 15-17 705 10-17 80 
Biomass from lab-scale 

anaerobic reactor at 
psychrophilic temperatures 

Martín et al. (2010) 

AF-UASB 15-21 470-1230 8 <50 Flocculent sludge Sawajneh et al. (2010) 

AnMBRc 15 440 16 92 Mesophilic and psychrophilic 
granular sludge Smith et al. (2013b) 

AnMBR 15 500 12 85 Mesophilic sludge and AnMBR 
sludge Ho and Sung (2010) 

AnSMBRd 20 250 17-26 84-94 Mesophilic digested sludge Martinez-Sosa et al. (2011) 
HUSB-
UASBe 18 276 5.7-2.8/13-6.6 49-65 Biomass from the same plant Álvarez et al. (2008) 

SAF-MBRf 8-15 207-424 4.5-6.8 94 Digested sludge Shin et al. (2014) 

ASBRg 15-10 500 15 94-83 Anaerobic granular sludge Kayranli and Ugurlu (2011) 

ABRh 20-32 500 8 85 Flocculent anaerobic sewage 
sludge Gopala Krishna et al. (2008) 

CABRi 18-10 300 9 62-43 Screened digested sludge Feng et al. (2008) 

UASB-ASDj 15-10 1576 6 66-42 Granular sludge from UASB 
treating food wastewater Lew et al. (2011) 

UASB-STk 17.3 905 48 51 None Al-Jamal and Mahmoud 
(2009) 

*° Celsius; **mg l-1; ***hydraulic retention time (hours); ****COD removal efficiency (%). a) Upflow anaerobic sludge blanket, b) Anaerobic filter, c) Anaerobic membrane reactor, d) Anaerobic submerged membrane 
reactor, e) Hydrolytic upflow sludge bed-UASB, f) Staged anaerobic fluidized-MBR, g) Anaerobic sequencing batch reactor, h) Anaerobic baffled reactor, i) Carrier ABR, j) UASB-Anaerobic sludge digestor, k) 

UASB-septic tank. 
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1.6 Microbial consortia in engineered AD systems 

While generally AD systems are still deemed as “black boxes” in terms of 

microbial diversity and activity, it is understood that the microbial consortia 

underpin the overall efficiency of the process. Recent advances in microbial 

ecology techniques as applied to AD certainly have shed some light on the 

communities present (Ahring, 2003; Riviére et al., 2009; Vanwonterghem et al., 

2014; Werner et al., 2014; Town et al., 2014a, 2014b). The microbial 

communities involved in AD have complemented its operations and loss or 

inhibition of any trophic group from any of the stages can lead to process 

bottlenecks and failures (Gujer & Zehnder, 1983). Numerous studies, for example 

(McMahon et al., 2001; Akarsubasi et al., 2005; Kaparaju et al., 2008; Rincón et 

al., 2008; Supaphol et al., 2011; Ciotola et al., 2014; Chen et al., 2014; Chen et 

al., 2012; Bialek et al., 2012; Kundu et al., 2013; Kim et al., 2010) have 

demonstrated that mixing, temperature, wastewater characteristics and loading 

rates can affect the microbial population structure and dynamics in both low-rate 

and high-rate AD reactors. There are fewer studies assessing how changes in the 

microbial consortia influence reactor performance.  

In low-rate suspended biomass systems, such as continuously stirred tank 

reactors {CSTRs} (Hofman-Bang et al., 2003; Klocke et al., 2007), shifts in the 

microbial dynamics can reportedly occur without any measureable variations in 

performance (Fernández et al., 1999; Fernández et al., 2000; Zumstein et al., 

2000; Wang et al., 2010; Wang et al., 2011). The rate of bacterial and archaeal 

community changes has been demonstrated to vary 20-50% over 15 days even 

under stable operation (Pycke et al., 2011). Furthermore several authors 

(Fernández et al., 1999; Kaewpipat & GradyJr, 2002; Feng et al., 2011) have 

argued that reproducible links cannot be made between the bacterial community 

structure and performance owing to high functional redundancy and microbial 

population disparity between reactors and waste streams. 

High-rate, retained biomass, systems have also been investigated. These 

systems are fundamentally different to suspended systems with respect to the 

microbial community dynamics and, in these cases links between microbial 
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community structure and performance have been proposed (Madden et al., 2014; 

Madden et al., 2010; Collins et al., 2006; Baserba et al., 2012; Kundu et al., 

2013). The archaeal populations, in particular, are less diverse than the bacteria 

and it has been possible to define clear links between the presence of particular 

groups and process performance. For example, Methanosaeta is considered to 

dominate in terms of acetoclastic methanogenesis in healthy high-rate AD 

systems, while increasing Methanosarcina dominance can be associated with 

periods of instability (Demirel & Scherer, 2008; Rincón et al., 2008; Blume et al., 

2010). Moreover, numerous LtAD studies have demonstrated a shift towards 

hydrogenotrophic methane production as a consequence of lower temperature 

(Collins et al., 2005; Connaughton et al., 2006; Bandara et al., 2012; McKeown et 

al., 2009b). However, contradictory reports suggest that acetoclastic 

methanogenesis dominates at low temperature (Akila & Chandra, 2007; Enright et 

al., 2007), as a result of increased homoacetogenic activity (Kotsyurbenko et al., 

2005). While several authors propose that reactor stability requires the presence of 

both hydrogenotrophic and acetoclastic methanogens (Leclerc et al., 2001; 

McHugh et al., 2003; Zhang et al., 2012). 

Work on the relationship between the bacterial community structure and 

AD process performance is less expansive. A study by Nelson et al (2012) 

compared the effect of feedstock on the microbial communities in UASB and 

CSTR reactors. The authors focused on both the biomass and liquid fraction of 

each reactor, although no clear connections could be made to performance. Thus 

there are challenges to be faced in connecting process parameters with bacterial 

species composition and function. Indeed, it is argued that fundamental 

knowledge gaps in the microbial populations at each trophic level have hindered 

advancements into solving process bottlenecks and failures (Schlüter et al., 2008; 

Talbot et al., 2008; Kröber et al., 2009; Werner et al., 2011). The understanding 

and utilisation of the community interactions to manipulate and enhance process 

performance would bridge a significant knowledge gap. Improvements in 

microbial ecology methodologies, such as the development of next generation 

sequencing (NGS) and more sensitive tools to measure specific activity, will aid 

the goal of opening the AD black box (Schlüter et al., 2008; Talbot et al., 2008; 
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Kröber et al., 2009; Werner et al., 2011). An examination of some important 

methods for the study of the microbiology of AD is provided below. 

1.6.1. PHYSIOLOGICAL ANALYSIS 

Methodologies based on analysis of microbial activity provide key insights into 

metabolic capabilities of the biomass, including specific syntrophic interactions. 

In order to assess and characterise temporal changes in the functional capacity of 

AD reactor biomass, some physiological assays can be used. 

Specific methanogenic activity (SMA) assays (Colleran et al., 1992) are 

routinely employed to ascertain the metabolic ratio between the various trophic 

groups found in the biomass (using intermediate substrates) and the route of 

methanogenesis via the decarboxylation of acetate or the reduction of CO2 

(Wilkie & Colleran, 1987). Briefly, this method monitors the change in biogas 

pressure (methane production) in sealed anaerobic batch vials following the 

addition of soluble (ethanol, acetate, propionate and butyrate) and gaseous 

(H2/CO2) substrates. The substrates are supplied individually in order to 

separately assess the activity of each trophic group within the biomass. The SMA 

is subsequently determined as ml CH4 g VSS-1 day-1.  

The hydrolytic capacity of the biomass, based on a range of substrates can 

also be assessed using substrate degradation assays using a modification of the 

SMA method described above. The hydrolytic activity (k) is calculated using the 

hydrolysis first order rate constant. The maximum specific activity Amax calculated 

from the steepest linear decline in this curve divided by the VSS in the bottle as 

reported by Rebac et al (1999). The results are then expressed in g COD g VSS-1 

d-1. An integrated solution to the Michaelis-Menten equation (Bergamo et al., 

2009) can be used to determine the kinetic constants (Vmax; maximum initial 

velocity) and Km (apparent half-saturation constant) from progress curves of 

substrate utilisation (Ahring & Westermann, 1987) as below:  

                                                                                 

Where t = time, S0 = initial substrate concentration, St = substrate concentration at 

t, Vmax is the maximum initial velocity that can be attained and Km is the half- 
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saturation constant. These kinetics parameters can be used to identify changes in 

substrate utilisation rates with decreasing temperature. For example, the 

relationship between the maximum substrate degradation rate (Vmax) and the 

apparent Km, (Vmax/Km) has been previously used to show whether or not 

temperature compensation (in terms of a reduction in temperature dependency and 

increase in substrate affinity) will manifest for a given methanogenic consortium 

(Lin et al., 1987; Westermann et al., 1989). This ratio reflects the rate of substrate 

degradation at substrate levels much smaller than the Km. 

1.6.2 PCR-DEPENDENT APPROACHES IN MOLECULAR MICROBIAL ECOLOGY USED IN 
AD STUDIES  

The diversity of the microbial consortia refers to the complexity and variability at 

different levels of biological configuration (Torsvik & Øvreås, 2002). According 

to Torsvik and Øvreås (2002) this comprises the following features: 

o Genetic variability with taxa (species). 

o The number of taxa (species richness). 

o The relative abundance of each taxa (species evenness) and functional 

groups (guilds). 

In order to assess the taxa present various methods have been used. Before 

modern microbial ecology techniques (Figure 3), culturing was the first port of 

call for species identification. ‘The great plate count anomaly’ is the notorious 

truism for culture-based microbiology, whereby only a fraction (~1%) of 

microorganisms are in fact culturable under laboratory conditions (Staley & 

Konopka, 1985; Amann et al., 1995; Alain & Querellou, 2009; Lewis et al., 

2010). Therefore, the true diversity of an environmental sample cannot be 

assessed using culture-dependent methods alone. Antiquated studies in microbial 

ecology were limited by culture-dependent techniques alone. This shortcoming 

led to the development of a novel research area called ‘Molecular Microbial 

Ecology’ (Akkermans et al., 1996). Zoetendal et al (2004) defined this field as the 

application of culture-independent technologies to: i) identify specific 

microorganisms in a particular environment, ii) to assign functional roles to these 

microorganisms, and iii) to assess their significance to environmental processes. 



 Chapter 1 - Introduction  
  

 

 26  
  

 

Thus molecular microbial ecology techniques are the foundation for 

understanding and assessing the spatial and temporal population shifts in 

microorganisms in relation to their various environments (Sekiguchi et al., 2001; 

O’Flaherty et al., 2006). A summary of the techniques generally applicable can be 

found in Figure 3. 

 

Figure 3. Microbial Ecology ‘Toolkit’ for analysing environmental samples. 
 

The revolution of Molecular Microbial Ecology could not have happened 

without the work of Lane et al and Woese et al, who 30 years ago identified the 

5S, 16S and 18S ribosomal RNA (rRNA) marker gene sequences. Prokaryotic 

species identification and the assessment of microbial diversity based on the 

sequence polymorphism of the small subunit ribosomal RNA (SSU rRNA or 16S 

rRNA) gene, in particular, has become essential to microbial ecology analysis 

(Woese, 1987; Head et al., 1998; Suau et al., 1999; Eckburg et al., 2005; DeSantis 

et al., 2006). Indeed, it was these studies that led to the fundamental classification 

of the Archaea. The past two decades has seen the advancement of molecular 

techniques to study microbial ecology based on the analysis of 16S rRNA genes 
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or functional genes. These include cloning, fluorescent in situ hybridisation 

(FISH), denaturing gradient gel electrophoresis (DGGE), single-strand 

conformation polymorphism (SSCP), terminal restriction fragment length 

polymorphism (TRFLP), quantitative polymerase chain reaction (qPCR) and next 

generation sequencing (NGS) technologies (Leclerc et al., 2004; Malin & Illmer, 

2008; Sousa et al., 2007). Many new archaeal and bacterial lineages have since 

been identified, unbounded by cultivation. By employing these techniques to the 

anaerobic digester ‘Black Box’ the microbial diversity and community structure 

with reactor biomass can be characterised and used to give clues to elucidate 

function and consequently to optimise stable and efficient reactor performance 

(Kirk et al., 2004). Wastewater treatment systems are an expansive source of 

previously novel and uncultured microbial species (Godon et al., 1997; Snaidr et 

al., 1997; Crocetti et al., 2000; Daims et al., 2001; Juretschko et al., 2002). New 

diverse bacterial phyla are being discovered such as, OP1 (Chouari et al., 2005), 

OP8, OP10 [Armatimonadetes] (Hugenholtz et al., 1998), TM6, TM7 (Rheims et 

al., 1996; Bond et al., 1995), WS3, OP3 (Derakshani et al., 2001; Harris et al., 

2004) and EM3 (Sekiguchi & Kamagata, 2004).  

The 16S rRNA gene is universally conserved, has a relatively consistent 

evolutionary rate and is present in the microbial genome in at least one copy 

(Acinas et al., 2004; Gray et al., 1999). The gene consists of ~1,600bp allowing it 

to be suitable for bioinformatics analysis and the discrimination of prokaryotic 

communities by inferring phylogenetic information (van de Peer et al., 1996; 

Prosser, 2002). rRNA gene products can form stem and loop secondary structures 

(Noller et al., 1985). Sequences from certain loops involved in essential function 

are conserved across all microbial species, while others can be highly variable and 

specific to particular classes (van de Peer et al., 1996; Jonasson et al., 2002). It is 

these hypervariable regions, termed V1-V9, that are utilised in microbial ecology 

(Lane et al., 1985) through polymerase chain reaction (PCR) studies. PCR is a 

method used to make multiple copies of fragments of DNA using primers to target 

these regions as the entire 16S rRNA region cannot be sequenced (Bartlett & 

Stirling, 2003).  
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DNA cloning of the 16S rRNA gene fragments was the backbone to many 

community-based studies of complex ecosystems for two decades (Zoetendal et 

al., 2004). This technique involves the incorporation of PCR-amplified DNA into 

a plasmid, with genes encoding antibiotic resistance, and the transformation of 

Escherichia coli host cells into the vector. The subsequently transformed 

competent E. coli cells will each contain a 16S rDNA gene product from an 

organism from the sample. This clone library of sequences can be screened in 

methods such as amplified rRNA restriction analysis (ARDRA) before isolation 

of the plasmids. Sanger sequencing (Sanger et al., 1977) is then applied to obtain 

the nucleotide sequences the 16S rRNA inserts. Sequence comparisons can then 

be made between the microbial populations identified through the use of sequence 

databases such as SILVA, GenBank, Ribosomal Database Project (RDP) and 

GreenGenes. Anaerobic digestion studies using cloned sequencing cannot account 

for the diversity of the populations, as out of practicality and economics all clonal 

isolates cannot be sequenced and complex ecosystems can comprise thousands of 

species (Lefebrve et al., 2007; Torsvik & Øvreås, 2002). However, in a study by 

Cardinali-Rezende et al (2013) clone library analysis and real-time PCR of the 

communities in domestic wastewater treatment gave similar phylogenetic results 

as NGS studies (Nelson et al., 2012; Smith et al., 2013).  

Forney et al (2004) put the molecular microbial ecology situation rather 

eloquently by using the saying ‘the one-eyed man is king in the land of the blind’. 

This is apt as any view (despite its limitations) into the microbial populations is 

better than the ‘black box’, so long as the researcher is aware of the limitations 

and of the view we are not seeing. The choice of gene region is crucial to a study 

and can fundamentally alter the conclusions of an experiment (Andersson et al., 

2008; Liu et al., 2008). Using primers that fail to cover a high percentage of 

species within the sample will lead to underestimation of certain species and 

certain taxa being overlooked (von Wintzingerode et al., 1997; Kanagawa, 2003). 

To exasperate this issue, amassment of polymorphisms in the conserved areas has 

deteriorated the coverage rates of known primers (Jonasson et al., 2002). A 

comprehensive study into primer coverage rates by Wang and Qian (2009) and an 

overview by Klindworth et al (2012) are worth noting. From this study candidate 

primers were identified due to their high coverage in almost all phyla. The authors 
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highlighted the limitation of using the RDP database for primer design. Rare 

phyla will not be identified if known primers don’t apply to them. Without 

representative species in the appropriate databases it is impossible to create new 

target primers. The studies by Hamp et al (2009) and Huse et al (2007) also 

demonstrate the importance of correct primer selection based on the region of 16S 

rRNA being targeted and also the subsequent analysis applied. This becomes 

more pronounced when applied to the ‘rare biosphere’. Given that new bacterial 

phyla are being discovered in virtually all environments, it is likely that current 

studies with established primer sets are omitting novel phyla. Thus, environmental 

diversity is still underrepresented. Indeed this ‘rare biosphere’ can be impossible 

to determine and in turn the true estimation of species richness is unattainable. 

Various mathematical methods have been proposed, however, to estimate the true 

microbial diversity (Dunbar et al., 2002; Hughes et al., 2001; Haegeman et al., 

2013; Bunge et al., 2014).  

Studies involving the 16S rRNA genes focus on one or several factors to 

form deductions on the activities and organisations between the communities and 

the habitat in question. Analyses include:  

i. Alpha and/or beta diversity that covers species richness and species 

turnover. 

ii. Presence/absence analysis. Beta diversity metrics including 

Jaccard, Hamming, and unweighted Unifrac (Lozupone et al., 

2006) are based on the presence/absence of particular OTUs when 

comparing samples. Thus, the detection frequency is highly 

significant in such measurements. 

iii. Distance matrices (Hamady & Knight, 2009).  

The important consideration when designing a microbial community experiment 

is to define the hypothesis and select the appropriate methods and analyses to 

apply. 

1.6.2.1 A glimpse into the active community 

By using rRNA instead of or in conjunction with rRNA genes (or rDNA), 

microbial studies can be more representative. Generally, metabolically active cells 

contain higher levels of 16S rRNA than dormant/starved or dead cells (Nomura et 
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al., 1984; Poulsen et al., 1993; Aviv et al., 1996). RNA has a rapid turnover rate 

and a short lifetime in comparison to DNA (Novitsky, 1986). Thus, analysis of 

RNA is representative of the ‘active’ component of a sample (Kahlisch et al., 

2012). Microbial community analysis based on reverse transcripts of RNA 

(complementary DNA, cDNA) should embody a more accurate representation of 

the population dynamics at the point of sampling (Frias-Lopez et al., 2008). The 

advantages of which have been outlined by several authors (Brettar et al., 2012; 

Mahmood et al., 2005; Mikkonen et al., 2014). These approaches have yielded 

greater insights into the microbial communities involved in anaerobic digestion 

(Akuzawa et al., 2011; Ito et al., 2012; Zakrzewski et al., 2012). As with all 

techniques RNA-based approaches are not without their limitations. Articles have 

outlined that RNA-based analyses are subject to the same biases as DNA-based 

analyses (Hoshino & Matsumoto, 2007; Norris et al., 2002; Griffiths et al., 2003a, 

2003b). 

1.6.2.2 Molecular fingerprinting methods 

Denaturing Gradient Gel Electrophoresis (DGGE) is a molecular fingerprinting 

technique useful for studying microbial community structure particularly those 

with a large number of samples and temporal and/or spatial sampling (Yeates et 

al., 1998; Muyzer et al., 1993; Ranjard et al., 2000; Akkermans et al., 2000; 

Fromin et al., 2000). DGGE allows the separation of PCR amplicons of the same 

size but containing different sequences based on a chemical denaturant (usually 

urea) gradient (Muyzer & Smalla, 1998). Temperature Gradient Gel 

Electrophoresis (TGGE) based on using a temperature gradient has also been used 

(Muyzer & Smalla, 1998). DGGE is a well-established approach for examining 

the microbial population dynamics in complex ecosystems such as soil (Jousset et 

al., 2010), activated sludge (Evans et al., 2014) and seawater (Viggor et al., 

2013). The results from this method are at best a preview or snapshot into 

community structure. Limitations such as individual species producing more than 

one band on a gel through variation in rRNA gene copy numbers and sequence 

variation within single species (Gafan & Spratt, 2006) must also be considered. 

Compounding this, a single band could comprise numerous species particularly 

when dealing with complex community structures (Kisand & Wikner, 2003). 
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Interestingly, a study Yu et al (2004) revealed that the V regions of the bacterial 

16S rRNA marker gene sequence affect the DGGE banding patterns in terms of 

number and separation. Again, in 2008 the authors demonstrated that this was also 

the case for archaeal DGGE analysis. The regions targeted allowed the 

identification of gradient ranges to be used for optimum separation, with the V3 

region for Archaea showing optimum community profiling.  

Similar to DGGE, Terminal Restriction Fragment Length Polymorphism 

(TRFLP) is particularly useful for the rapid comparison of a large number of 

samples with spatial and/or temporal tracking of the microbial consortia 

(Martinez-Murcia et al., 1995). TRFLP stems from amplified rDNA restriction 

analysis (ARDRA), whereby rDNAs are obtained through PCR and the product is 

subsequently digested using restriction enzymes. Analysis of these restriction 

digests is then performed using capillary electrophoresis (Martinez-Murcia et al., 

1995).  In TRFLP, one of the primers is labelled with a fluorescent dye so that the 

sizes of only the terminal restriction fragment (T-RF) can be ascertained and the 

amount can be quantified. This technique has been applied to the gut microbiome 

of humans (Nava et al., 2011) and other species (Roeselers et al., 2011; Oakley et 

al., 2014). With both TRFLP and DGGE useful information has been reported 

through examination of changes in rRNA- as well as rDNA-based analysis (Angel 

et al., 2013; Brettar et al., 2011; Roy et al., 2009; Corgié et al., 2006) 

DGGE, TRFLP and other fingerprinting methods have the disadvantage of 

being only an indication as to the variations in the prevailing microbial species 

(Forney et al., 2004). There is difficulty in assigning peaks/bands to species 

without in tandem sequencing efforts (Staley, 2006; Lesser et al., 2000).   

1.6.2.3 Next generation sequencing technologies 

Established methods, such as clone libraries have disadvantages, particularly in 

terms of highly diverse populations where even projects with the largest numbers 

of constructed clones only identify the most abundant consortia while failing to 

identify ‘the rare biosphere’ (Axelrood et al., 2002; Dojka et al., 1998; Dunbar et 

al., 2002; Huber et al., 2003; Urbach et al., 2001). Recent developments in 

massive parallel sequencers have transformed community composition studies by 



 Chapter 1 - Introduction  
  

 

 32  
  

 

producing thousands of short reads in a single run allowing the detection of less 

abundant members (Margulies et al., 2005; Metzker, 2010).  

Roche 454 genome sequencers are so called ‘pyrosequencers’ because of 

the method itself, which detects the release of pyrophosphates released during 

DNA synthesis creating a chemiluminescent signal that is recorded as a 

“flowgram” (Margulies et al., 2005). This can generate over 400,000 sequences 

(reads/tags), which are generally around 250-400 bases in length. The information 

generated by pyrosequencing can then be used to design specific primers and 

probes to target some of the specific members that were found, particularly owing 

to the relatively long read length obtained (Edwards et al., 2006; Warnecke et al., 

2007; Angly et al., 2006; Brown et al., 2009; Balzer et al., 2011). This method 

has been applied with great success in estimating microbial diversity in a range of 

complex habitats such as ancient dental plaque (Adler et al., 2013), soil (Roesch 

et al., 2007), amphibian skin (Walke et al., 2014), wounds (Dowd et al., 2008), 

human oral microflora (Keijser et al., 2008), and the alligator gut microbiome 

(Keenan et al., 2013). This technology has been recently applied to AD reactor 

systems (Li et al., 2013; Pervin et al., 2013; Town et al., 2014a; Werner et al., 

2011). The latter three are particularly interesting as the authors merged the 

temporal biomass samples from pyrosequencing with a considerable number of 

performance measurements and in depth constrained ordination and statistical 

analysis. 

Several studies have demonstrated that this platform has uniquely high 

error rates as a result of base over and under -calls and carry over errors 

(Margulies et al., 2005; Gilles et al., 2011). High error rates are particularly 

compromising for metagenomic analysis, as a consequence of short read length 

and high error rates there is a difficulty in differentiating low frequency genomic 

variation such as single nucleotide polymorphism (SNP) from sequencing errors 

(Quinlan et al., 2008). In addition, in amplicon sequencing, errors based on PCR 

library preparation and PCR bias have been demonstrated by Balzer et al (2011) 

and Pinto and Raskin (2012) to constitute a large proportion of detected errors.  

Diversity can be considerably overestimated as a result of read errors as erroneous 

reads can be identified as less abundant but closely related OTUs (Quince et al., 
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2009; Kunin et al., 2010). Abundance speculations are also affected by artificial 

duplications (Gomez-Alverez et al., 2009). Rigorous methodologies have been 

established to identify and correct sequencing and PCR errors and improve the 

quality of 454/pyrosequencing data (Huse et al., 2007, 2010; Schloss et al., 2011; 

Kunin et al., 2010; Quince et al., 2009, 2011; Quinlan et al., 2008).  

Illumina/Solexa technologies, which also work on a sequencing by 

synthesis have recently grown in popularity (Luo et al., 2012). A shift to this 

platform from 454 has allowed for deeper sequencing with the possibility of even 

detecting rare phylotypes (Lazarevic et al., 2009). The limitation of the Illumina 

technology for environmental sequencing is that it produces relatively short reads 

(75-100 bases), although paired reads can produce (150-200bp). However, it has 

been demonstrated that two thousand single-end reads in Illumina technology are 

sufficient to recapture the same relationships as full-length sequences among 

samples with the full dataset (Caporaso et al., 2011). The probability of a 

sequencing error in this technology actually increases with increasing read length 

(Qu et al., 2009), and partially overlapping complementary reads of the same 

amplicon may predict sequencing errors. Shorter reads can have the advantage of 

reducing the likelihood for chimeras and increase the likelihood of detecting low-

abundant taxa, thus the approach has been preferred for estimating ‘the rare 

biosphere’ (Huber et al., 2009). This deeper sequencing offers a benefit by 

offering greater precision in β-diversity analyses by reducing variability between 

replicate libraries (Liu et al., 2007; Caporaso et al., 2011). 

Next generation sequencing is extremely useful in environmental studies 

whereby little is known of the bacterial community structure held within. These 

technologies provide greater taxa identification and characterisation depth than 

molecular fingerprinting techniques subsequently upgrading microbial community 

analysis to extraordinary levels providing greater depth and resolution. 

Improvements made to these technologies to allow multiple sample investigation 

through the use of tags or barcodes has made complex community studies even 

more feasible (Huber et al., 2007; Parameswaran et al., 2007). These methods 

have been so successful and widely adopted as they bypasses the arduous cloning 

step, are relatively low cost and produce reads at a greater rate making them ideal 
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for metagenomic and metagenetic analysis of microbial communities. The 

development of automated bioinformatics pipelines for data analysis for 

taxonomic classifications also made these techniques more appealing to biological 

researchers (Liu et al., 2008). Analysis of Illumina and pyrosequencing data has 

been facilitated by pipelines such as the Quantitative Insights into Microbial 

Ecology (QIIME) toolkit developed by Caporaso et al (2010), MOTHUR by 

Schloss et al (2009) and Less Operational Taxonomic Unit Scripts (LotuS) by 

Hildebrand et al (2014). These pipelines allow for the analysis of large datasets, 

quality checking, operational taxonomic unit (OTU) and taxonomic assignment, 

as well as the calculation of diversity indices and statistical measures in the 

former two pipelines. 

Because the variable regions of the 16S rRNA gene are, by their very 

nature, variable, issues could arise when comparing and drawing conclusions 

about the composition of microbial communities (Woese et al., 1980). Liu et al 

(2007) investigated whether microbial populations retrieved from a range of 

internationally diverse locations form clusters based on habitat or if, in fact, they 

form clusters based on primer selection i.e. the targeted region of the 16S rRNA 

gene. This study was also concerned with the phylogenetic conclusions drawn 

from the short sequences obtained from next generation sequencing. The authors 

concluded that samples did not cluster based on primer selection, however, the 

quality of clusters was affected by the primer selection. Short amplicons were also 

found to be satisfactory for phylogenetic characterisation.  

A study by Kröber et al (2009) analysed the microbial community 

dynamics of a full-scale biogas plant using 16S rDNA clone library analysis and 

metagenome pyrosequencing. The authors found that almost no sequences could 

be linked to lower taxonomic ranks using the 16S libraries, indicating the 

limitations of this method in cases where a sizeable fraction of the community is, 

as of yet, unknown. Nelson et al (2011) found that up to 60% of bacteria in an 

anaerobic digester were not previously characterised. Lemos et al (2011) used 

next generation sequencing in the analysis of soil communities. The authors found 

that the level of sequencing representing the ecosystem will affect the result and 

reproducibility of this result markedly, if sampling does not cover the diversity of 
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the environment, and also whether the appropriate type of analysis is used 

thereafter. The sequencing effort required should be judged based on the 

communities being compared, with a larger number of sequences needed the more 

closely related the communities. In essence, the techniques and analysis 

appropriate in microbial ecology experiments need to be well considered by the 

researcher.  

1.6.2.4 Quantitative Polymerase Chain Reaction (q-PCR) 

Next generation sequencing technologies have the drawback of not being 

quantitative. Advances in quantification of microbial numbers have been aided by 

the development of real-time PCR (Higuchi et al., 1992). The quantitative real-

time PCR (qPCR) technique (Reischl et al., 2002; Wittwer et al., 2001) is a rapid 

and sensitive well-established procedure for the detection and quantification of 

microbial populations and specific groups in particular (Yu et al., 2005; Bacchetti 

De Gregoris et al., 2011; Suzuki et al., 2000). This method monitors the changes 

in fluorescence in the PCR tube in ‘real-time’ and quantification occurs during the 

exponential phase of amplification (Malinen et al., 2003). qPCR tracks the 

numbers of microbial target sequence. This method has the advantage of being 

quantitative, specific, highly sensitive and rapid (Suzuki et al., 2000; Yu et al., 

2005; Ritalahti et al., 2006). qPCR adopts the technique of conventional (end-

point) PCR using to target specific sequences and advances the approach by 

supplementing a fluorescent probe. This probe hybridises with a specific site 

within the targeted region. This method gives increased sensitivity and specificity 

owing to the specific oligonucleotides of both primers and the probe for the target 

(Yu et al., 2005). The fluorescence is measured during the exponential phase and 

is directly correlated to the amount of microbial gene copy numbers in the initial 

target template (Becker et al., 2000; López-Gutiérrez et al., 2004; Zhang & Fang, 

2006; Kubista et al., 2006). In addition, reverse transcription q-PCR (RT-QPCR) 

has the advantage of incorporating RNA molecule analysis, which as stated earlier 

focuses on the ‘active’ community. These are present in greater amounts relative 

to DNA (Nicol et al., 2003). Talbot et al (2010) developed five RT-QPCR assays 

that focused on identifying the primary trophic bacterial groups involved in the 

anaerobic digestion of swine manure. Combining next generation sequencing 
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technologies with quantitative approaches such as this will ultimately give greater 

understanding to the complex microbial community dynamics in complex 

ecosystems. 

1.6.3 PCR-INDEPENDENT APPROACHES UTILISED IN AD STUDIES  

Despite the clear advantages that PCR-based techniques have brought to the study 

of complex environments, PCR-based technologies are not without drawbacks. 

Issues, such as the importance of primer selection and the issue of the ‘rare 

biosphere’ were discussed previously. Fundamental artefacts in the PCR method 

may occur based on preferential or differential amplification (Reysenbach et al., 

1992; Walsh et al., 1992). Causes of this can be linked to: 

i. Primer mismatches at the annealing sites of template DNA of certain 

genotypes. 

ii. A reduced primer hybridisation rate for particular templates with 

differential denaturation (Walsh et al., 1992). 

Further bias can occur from complex bulk DNA extracts with: 

i. Heteroduplexes that form in latter PCR cycles as PCR products 

concentration are high enough to compete with the primers for annealing 

(Kanawaga, 2003). 

ii. Formation of chimeras through incompletely extended primers competing 

with the original primer for annealing.  

iii. Template concentration that is high enough to allow the re-annealing of 

templates before or during primer extension (Kanawaga, 2003).  

These issues vary greatly between applications and samples, many approaches 

have been suggested to tackle and minimise these artefacts of PCR (Polz & 

Cavanaugh, 1998; Thompson et al., 2002; Suzuki et al., 1998). The use of PCR-

independent techniques in tandem with PCR-based approaches would be ideal in 

gaining a more encompassing view of complex communities. These techniques 

are particularly useful in the study of anaerobic biofilm communities. Some 

examples of PCR-independent methodologies are given below. 

Stable isotope probing (SIP) involves the tracking of a specific stable-

isotope labelled substrate in the environment studied. Biomarkers such as nucleic 
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acids (Manefield et al., 2002; Radajewski et al., 2000) and phospholipid fatty 

acids (Treonis et al., 2004) can be used to assess the assimilation of the substrate. 

This allows the examination of complex communities in situ while also linking 

functional properties of the metabolically active population (Gray & Head, 2001).  

Advances in microscopy such as confocal laser scanning microscopy 

(CLSM) have allowed the direct non-invasive visualisation of the three-

dimensional spatial structure of a community through excitation of a fluorophore 

by a focused laser beam (Wilderer et al., 2002). The use of a structurally non-

invasive approach is particular advantageous in anaerobic biofilm studies. 

Combining microscopy techniques with fluorescence in situ hybridization (FISH) 

using 16S rRNA targeted oligonucleotide probes which bind specifically to the 

microbial DNA in the sample provide a sensitive and also quantitative method for 

the detection of single cells and phylogenetic groups in situ (Wintzingerode et al., 

1997; Wagner et al., 2003; Amann et al., 1995, Gilbride et al., 2006).  

Microautoradioraphy (MAR) has been applied to study microbial 

ecophysiology since the 1960’s (Brock & Brock, 1966) through the visualisation 

of the uptake of radiolabelled substrate by the individual cells. Previously 

visualisation was achieved through simple staining procedures (Andreasen & 

Nielson, 1997). A significant enhancement of this method was gained through 

coupling MAR with FISH (MAR-FISH), whereby the uptake of a radioactive 

isotope-labelled substrate is tracked in situ and the phylogenetic groups then 

identified and quantified at a single cell level (Andreasen & Nealson, 1997; 

Nielsen et al., 2003; Nielsen & Nielsen, 2005; Wagner et al., 2006). Thus, this 

technique has the advantage of linking microbial population structure with their in 

situ physiology. 

One of the major restrictions of MAR lies in that elements without a 

radioactive isotope with suitable half-life cannot be used, leading to the omission 

of some elements essential to microbial processes (Li et al., 2008). New 

generation secondary ion mass spectrometry (NanoSIMS) technologies allow 

elemental and isotopic composition mapping (up to 7 ions in parallel) of the 

analysed sample at nano-meter scale (Musat et al., 2011). Furthermore, FISH can 

be used in conjunction with this technique through isotope or element-labelling of 
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the probe; upon hybridisation of the probe cells which have metabolised the 

substrate can simultaneously be determined in situ by NanoSIMS imaging (Musat 

et al., 2011; Li et al., 2008; Orphan, 2009). The isotopic ratio values can then be 

used to calculate cell-specific uptake rates and nutrient fluxes (Musat et al., 2011). 

1.6.3.1 “Meta-omics” Methodologies 

In order to comprehensively understand complex microbial environments it is 

essential to study the microbial community on a number of levels (DNA, RNA, 

proteins and metabolites). Molecular approaches have ascended to new heights 

with the development of so-called “meta-omics” techniques. A review on the 

application of these techniques in relation to AD systems by Vanwonterghem et al 

(2014) is worth noting. These technologies allow direct links to be made between 

community composition, function, interaction and capability giving greater 

insight into the different pathways and processes. One of the greatest advantages 

of these techniques is the ability to explore the microbial community in their 

natural environment and to bypass both cultivation and PCR biases.  

Metagenomics involves the random sequencing of the collectively 

extracted genomic DNA from an ecosystem. This allows the analysis of the 

functional metabolic capabilities of the microbial community (Xu, 2006; Su et al., 

2012; Shakya et al., 2013). Metagenomic analysis of four full-scale AD systems 

treating municipal wastewater identified Proteobacteria, Bacteroidetes, Firmicutes 

and Actinobacteria to be the dominant bacterial phyla and acetoclastic 

methanogenesis to be a dominant pathway to methane formation (Li et al., 2014). 

However, dormant and dead cells will also be picked up through this DNA-based 

analysis (Bakken & Frostegård, 2006). 

Metatranscriptomics is the analysis of gene expression in complex mixed 

microbial communities (Yu & Zhang, 2012). This method gives a snapshot of the 

metabolically active community members (Su et al., 2012). The application of 

this technique to AD environments is in its infancy with just single study by 

Zakrzewski et al (2012). In this study the authors identified transcripts encoding 

enzymes involved in each step of the AD pathway, thus allowing the detailed 

examination of the activity of the population at each trophic level. This study also 
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highlighted the necessity to carry out metagenomic sequencing in order to build 

reference metagenomes, as a large proportion of transcripts could not be assigned. 

The analysis of whole community proteins (final product of genome 

expression) is referred to as metaproteomics (Wilmes et al., 2008; Siggins et al., 

2012). This commonly involves mass spectrometry (Langley et al., 2013). The 

community and physiological response to various environmental conditions can 

be assessed through changes in protein expression (Hagenstein & Sewald, 2006; 

Lacerda et al., 2007). Metaproteomics applied to AD systems has demonstrated 

promising results and feasibility (Abram et al., 2011; Hanreich et al., 2012; Lü et 

al., 2014). Integration of the metatranscriptomics and metaproteomics (Haroon et 

al., 2013) has given valuable insights into key microbial relationships in AD 

systems such as syntrophic interactions (Men et al., 2011).  

The analysis of the metabolites formed by the entire complex community 

metabolism is known as metabolomics (Han et al., 2008). The formation of 

specific metabolites can provide great insight into an AD system. For example, 

formate: an essential intermediate of the AD process and precursor to methane 

formation has been proposed as a process indicator (Lins et al., 2012). Owing to 

the vast range of metabolites produced in complex environments such as AD 

systems studies generally have to choose specific metabolites of interest, as a 

consequence there are a number of experimental procedures that can be employed 

(Goodacre et al., 2004). Metabolomic studies to date have met with limited 

success (Yun-Feng, 2013). Boaro et al (2014) integrated metabolomics with 

metaproteomic data to assess the microbial response to perturbation with 

difficulty in interpreting the metabolomic data, as direct metabolites were not 

targeted. In contrast a study by Sasaki et al (2014) the metabolome of a stable and 

unstable reactor system were compared. The authors used an approach whereby 

metabolites from specific pathways in anaerobic fermentation were determined. 

The unstable system was associated with increased pyruvate, acetyl-CoA and 

succinate.  
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1.7 Knowledge gaps and limitations 

 
“Overall, AD in 2013 is more dynamic than ever and also beautiful than 

ever because of its baffling potential and its ever increasing complexity” 

-Willy Verstraete 

 

While the work cited in this review has provided fundamental insights into 

the AD process, knowledge gaps could be considered in any one facet of 

anaerobic digestion technologies. One aspect is, as stated previously, the difficulty 

in linking microbial community dynamics and composition to reactor process 

parameters. By understanding the microbial response to environmental stresses 

and triggers within these systems, we can try to understand the complex processes 

so that process failures may be avoided and even steps taken to optimise AD 

systems. ‘Omics’ techniques have been employed in AD systems with increasing 

impact. Certainly, a holistic approach covering microbial species composition, 

gene expression profiling, the study of metabolites, proteins and genome studies 

would bridge the knowledge gap in these complex systems. However, owing to 

the complexity of the systems, with the use of these techniques comes difficulty is 

linking performance with these complex microbial mediated pathways that are 

heavily influenced by outlying factors. 

Despite widespread AD implementation and impressive microbial 

diversity surveys fundamental issues are not understood or well characterised. In a 

very basic manner, the hydrolysis of various substrates present in sewage at low 

temperatures remains to be described conclusively. Indeed, the feasibility of LtAD 

processes for treatment of sewage is still denigrated. Furthermore, microbial 

community development, and in particular the bacterial component, during LtAD 

has yet to be characterised over long-term trials. The reproducibility and 

reliability of such systems in relation to microbial community development also 

requires research. It is with these knowledge gaps in mind the current research 

was undertaken. 
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1.9 Thesis Scope  

The primary objective of this study was to explore the biological and 

environmental factors affecting low temperature anaerobic digestion for the 

treatment of domestic sewage. A particular focus was on an evaluation of the 

potential for the development of efficient hydrolytic and methanogenic microbial 

communities during long-term reactor trials. For the evaluation, process 

parameters were combined with microbial physiological analyses (specific 

methanogenic activity, specific biogas activity and hydrolysis kinetic assays) and 

16S rRNA gene analysis techniques from extracted DNA and cDNA (DGGE, 

TRFLP, qPCR and Illumina/Solexa next generation sequencing) in order to 

monitor the development, acclimation and temporal changes in the microbial 

community structure in the digestion of synthetic sewage. 

Chapter 2: The factors affecting hydrolysis were elucidated in the first 

experimental chapter. The capacity for degradation of a diverse range of cellulose, 

cellulose-derived and simple substrates using sludges from a variety of sources 

over a range of temperatures was estimated. This was achieved through the use of 

a specific biogas activity (SBA) assay. The study aimed to ascertain what factors 

were important for the successful hydrolysis of a complex substrate.  

Chapter 3: In the second experimental chapter, two granular sludges 

showing optimum performance on simpler substrates at lower temperature 

(therefore previously acclimated and psychrotolerant) were chosen to seed a 

hybrid granular sludge bed fixed-film (fixed-film composed of granular pumice 

stone) reactor (R1) treating 500 mg l-1 synthetic domestic sewage (SYNTHES). In 

this experiment, the efficiency of long-term (732 days) cold (12°C) anaerobic 

treatment of this substrate was tested. The hydraulic retention time (HRT) was 

decreased from 36 to 8hr over the trial. The removals of CODTotal, CODSoluble, 

CODSuspended, CODColoidal, protein, and carbohydrate fractions were assessed to 

give indications of the hydrolytic performance. Phosphate analysis was also 

undertaken as previous work by Hughes (2014) indicated phosphate removal from 

wastewater was possible using reactor design. The degradation capacity of the 

sludge over time was assessed using Substrate Degradation and SMA tests. 

Scanning Electron Microscope (SEM) and Electron Dispersive X-Ray (EDX) 
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analysis were carried on the sludge and filter material to further characterise the 

biomass. This study was also concerned with the microbial ecology of the 

anaerobic digestion process and whether community dynamics could be linked to 

process parameters. Microbial analysis of the total (DNA) and active (cDNA) 

archaeal and bacterial populations was undertaken. This was carried out using 

Denaturing Gradient Gel Electrophoresis (DGGE), Terminal Restriction Fragment 

Length Polymorphism (TRFLP), Quantitative Polymerase Chain Reaction (qPCR) 

and next generation sequencing using Illumina Miseq.  

Chapter 4: The third experimental chapter employed two replicate (R1 and 

R2) hybrid granular sludge bed fixed-film hybrid reactors, seeded with non-

acclimated granular mesophilic biomass. This trial aimed to demonstrate both the 

feasibility and reproducibility of the process. Reproducibility in terms of process 

performance, biomass activity and microbial community development was 

ascertained. These reactors were operated at (12°C) using 500 mg l-1 synthetic 

domestic sewage (SYNTHES) as a substrate. The operational period was 875 

days. The HRT was decreased from 48 to 12hr over the trial, while reactor process 

performance, sludge and filter characterisation methods were the same as 

described for Chapter 3. Microbial analysis of the total (DNA) and active (cDNA) 

archaeal and bacterial populations was undertaken. This was carried out using 

TRFLP and qPCR. Results from these molecular fingerprinting techniques were 

used to screen samples, from which samples were selected for Illumina Miseq 

next generation sequencing analysis.  

Overall the work described in this thesis aimed to assess the feasibility of 

low-temperature AD in terms of process stability and reproducibility by gaining a 

better understanding of the microbial ecology that drives the process. Specifically 

the aims of this PhD were as follows:    

1. To screen selected sludges and assess the factors affecting 

hydrolysis of substrates of varying complexity. (Chapter 2) 

2. To evaluate the feasibility of long-term high rate AD of a synthetic 

sewage-based wastewater at 12°C. (Chapter 3) 

3. To assess the potential for development of enhanced hydrolytic, 

acidogenic and methanogenic activity and the fate of the various 
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COD fractions (total, suspended, colloidal and soluble) during LtAD 

of this wastewater. (Chapter 3) 

4. To assess the reproducibility of the LtAD of a synthetic sewage-

based wastewater in terms of process performance and microbial 

community development and activity during a long-term trial. 

(Chapter 4) 

5. To track and identify the microbial populations involved in LtAD of 

a synthetic sewage-based wastewater. (Chapter 3 and Chapter 4)  
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ABSTRACT 

 

In this study, the ability of various sludges to digest a diverse range of cellulose 

and cellulose-derived substrates was assessed at different temperatures to 

elucidate the factors affecting hydrolysis. For this purpose, the biogas production 

was monitored and the specific biogas activity (SBA) of the sludges was 

employed to compare the performance of three anaerobic sludges on the 

degradation of a variety of complex cellulose sources, across a range of 

temperatures. The sludge with the highest performance on complex substrates was 

derived from a full-scale reactor treating sewage at 37°C. Hydrolysis was the rate-

limiting step during the degradation of complex substrates. No activity was 

recorded for the synthetic cellulose compound carbomethylcellulose (CMC) using 

any of the sludges tested. Increased temperature led to an increase in hydrolysis 

rates and thus SBA values. The non-granular nature of the mesophilic sludge 

played a positive role in the hydrolysis of solid substrates, while the granular 

sludges proved more effective on the degradation of soluble compounds.  
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2.1 Introduction 

Given the depletion of natural resources and ever-increasing energy costs, the use 

of waste treatment technologies for pollution control, energy production and 

resource exploitation has never been more important (Argenent et al., 2004). 

Anaerobic Digestion (AD) is a well-established technology for the treatment of a 

wide range of waste streams. Extensive research over the last 30 years has focused 

on broadening the application range of AD (Rebac et al., 1995; Connaughton et 

al., 2006). One area of research that has gathered significant interest is the 

application of AD at ambient or low temperatures. In principal, low-temperature 

anaerobic digestion (LtAD) has the potential to be an energy-efficient, cost saving 

and perhaps, profit-producing process (Collins et al., 2006). By applying LtAD 

for the treatment of abundant wastes, such as municipal solid waste (MSW), 

simultaneous treatment and production of energy in the form of biogas, could be 

achieved.  

AD involves the interaction of a variety of microorganisms, which act in a 

sequential and interdependent manner to biodegrade organic matter. Hydrolysis is 

the first stage in the AD process and is generally considered to be the rate-limiting 

step during the degradation of complex substrates (Sanders, 2001). Pavlostathis 

and Giraldo-Gomez (1991) noted that at low temperatures, in particular, the rate 

of solids conversion to biogas, in most cases, is limited by the rate of hydrolysis. 

Hydrolysis involves multiple enzyme production, diffusion, adsorption and 

deactivations during the breakdown of complex polymeric substances (Vavilin et 

al., 2008). It is unknown why hydrolysis should be the rate-limiting step in AD 

(Vavilin et al., 2001). Problems include a build up of suspended solids, which 

lead to a decrease in methanogenic activity and removal efficiencies (Miron et al., 

2000). Longer hydraulic and solid retention times (HRT and SRT) are therefore 

required for hydrolysis to proceed and subsequent methanogenic activity to occur 

(Lettinga et al., 2001).  

Cellulose is a major constituent of organic waste and is the most abundant 

polysaccharide (Khan & Trottier, 1978). Thus, it has great potential to be used as 

a renewable energy source through biogas production. Cellulose fibers are mainly 

insoluble in water and partially arranged in a crystalline structure, combined with 
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hemicellulose, which may then be covered by a matrix of lignin (Claasen et al., 

1999). This complex structure makes enzymatic attack of the substrate difficult 

and consequently hydrolysis of cellulolytic compounds very slow (O'Sullivan et 

al., 2005). Insight into cellulose hydrolysis during AD would be advantageous as 

this information could be applied to the studies of the biodegradation of 

agricultural wastes and MSW, with the aim of increasing the applicability and 

efficiency of AD. Anaerobic cellulose degrading bacteria, which have been 

previously isolated, fall into four families: Syntrophomonodaceae, Clostridiaceae, 

Eubacteriaceae, and Lachnospiraceae, of these most are from the genus 

Clostridium (Schwarz, 2001). These anaerobic species have a unique enzyme 

complex called cellulosome, which is responsible for their cellulolytic behaviour 

(Bayer et al., 2007).  

This study aimed to assess the hydrolytic capacities of three anaerobic 

sludge sources using a range of cellulosic substrates at different temperatures. For 

this purpose, specific biogas activity (SBA) tests were performed on a variety of 

substrates, including several forms of cellulose and other soluble compounds, 

which would derive from its hydrolysis.  
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2.2 Materials and Methods 

2.2.1 ANAEROBIC SLUDGE AND GROWTH CONDITIONS 

Two granular anaerobic sludges were obtained from laboratory scale reactors 

treating synthetic sewage (S1) and raw domestic sewage (S2) at 12˚C. A third, 

non-granular, mesophilic sludge (S3) was obtained from a full-scale sewage 

sludge digester operating at 37˚C at the Mutton Island wastewater treatment plant, 

Galway City, Ireland. These sludges varied with respect to cultivation 

temperature, granulation, and the substrate that they were treating.  

 

2.2.2 SPECIFIC BIOGAS ACTIVITY (SBA) TEST METHOD 

Screening of sludges (S1-S3) was achieved by the Specific Biogas Activity (SBA) 

test method on a variety of complex (Colleran et al., 1992). The phases of the 

anaerobic digestion were evaluated by the complexity of the substrate, as 

illustrated in Chart 1. Substrates used included complex cellulosic substrates: 

Cotton (CO), Filter Paper (FP), Ground filter paper (FPG), Ground cotton (COG), 

Carbomethylcellulose (CMC) (complex soluble cellulose), Cellobiose, (a reduced 

form of soluble cellulose). Glucose was also included as a substrate, as the main 

hydrolysis product of cellulose, as was the direct methanogenic substrate, acetate. 

The SBA of the biomass sources was determined using the pressure transducer 

technique. The tests were carried out in triplicate at 37ºC, 15ºC and 10ºC. All 

hypovials contained a sludge concentration of 2 g volatile suspended solids (VSS) 

l-1.  
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Chart 1. Phases of Anaerobic Digestion as represented by the substrates used. 
(FP = Filter Paper, CO = Cotton, FPG = Ground Filter Paper, COG = Ground 
Cotton). 
 

2.3 Results and Discussion 

2.3.1 EFFECT OF SUBSTRATE COMPLEXITY 

The SBA results obtained demonstrated a strong relationship between SBA and 

substrate complexity (Figure 1 and 2). The low SBA values on the solid substrates 

were expected due to the complex nature of these substrates, which make 

microbial enzymatic attack difficult (Sanders et al., 2000). Our results agree with 

those of Eastman and Ferguson (1981), which stated that it is indeed the 

hydrolysis of particulate, rather than soluble matter that is rate limiting in AD. 

The results clearly showed that a pre-treatment such as grinding of the cellulosic 

substrates (CO and FP) for all sludges improved degradation considerably, as can 

be seen by the increased activity rates recorded, particularly, for S3 at 37°C 

(Figure 1C). This effect is likely to be due to the increased surface area available 

for attachment of the microbial consortia (Sanders et al., 2000), as well as the 

physical break down of the crystalline structure of cellulose during the pre-

treatment (grinding).   
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Figure 1. SBA values (ml Biogas g [VSS]-1 d-1) at 37°C, 15°C and 10°C for 
sludges; (A) S1, (B) S2 and (C) S3. 
 

Interestingly, the complex soluble form of cellulose, carbomethylcellulose 

(CMC) showed the lowest activity of all substrates (Figure 1 and 2). These results 

indicated that none of the sludges tested were capable of hydrolysing CMC, while 

they demonstrated higher activity on the most complex forms of cellulosic 

substrate (CO and FP). This may suggest that for these sludges, the degradation of 

solid cellulose was not necessarily through the same pathways as the soluble 

form. Reese et al (1950) demonstrated that for many microbial species the ability 

to degrade complex natural cellulose did not confer with the production of the 

enzyme responsible for CMC degradation. The aforementioned authors also 

discovered a correlation between increasing CMC hydrolysis with a decrease in 

pH. During our study pH was maintained at neutral conditions, this might also 

have impeded CMC degradation. Carbomethylcellulose (CMC) is a synthetic 

form of cellulose, formed by the process of carboxymethylation (Cheng & 

Biswas, 2011), and made by the chemical reaction of monochloroacetic acid with 

purified cellulose (Baar et al., 1994). Perhaps, the synthetic nature of this 

cellulose was also a factor in its recalcitrance observed during this study.  
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The last step of cellulose breakdown (cellulose!cellobiose!glucose) was 

represented using cellobiose and glucose. In this case, the sludges tested 

performed well, which can be seen by the high SBA on cellobiose. In fact, in the 

case of S3, the activity against cellobiose at 37°C was slightly higher than that 

obtained against the monomeric substrate, glucose, indicating that this sludge was 

acclimated to the cellulose-derived compound and would readily degrade 

cellobiose in the reactors once it was produced from cellulose. The same fact was 

observed for S1 at 10˚C, indicating that this sludge would have the ability to 

readily degrade cellobiose at low temperatures once it was produced in the 

reactors.  

In the cases of S1 and S2, Figure 1 (A and B), hydrolysis of all complex 

substrates was low, even in the case of ground substrates (pre-treatment). This is 

in contrast to S3 in which the degradation of complex substrates appears superior, 

indicating the better ability of this sludge to degrade complex cellulosic 

substrates.  

2.3.2 EFFECT OF SEED SLUDGE 

The results show that the activity of the non-granular sludge S3, in terms of 

complex substrates was better than the two granular sludges S1 and S2, Figure 2 

(A and B). This was valid for all complex substrates with the exclusion of FP at 

10°C. The sludges were all exposed to the same substrate (sewage, raw or 

synthetic) and acclimatization to the different substrates tested was not the major 

limiting factor. The only major difference was the structure of S3, which was non-

granular. Therefore, sludge structure appeared to play an important role for the 

hydrolysis of complex substrates. The advantages of the self-

aggregating/granulation of microorganisms in AD has been pointed out by 

numerous authors (Batstone & Keller, 2001; Liu et al., 2002), and although 

granulation was beneficial for the faster degradation of soluble substrates such as 

glucose, our study shows that a non-granular sludge performed better in the 

degradation of cellulosic substrates. This could be explained by the fact that the 

degradation of cellulose requires colonization of the substrate prior to its 

degradation (Akin & Barton, 1980), and the suspended microbial biomass may 

have the ability to attach to the substrate faster than if they are structured as 
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granules. However, more analysis on the effects of sludge structure would need to 

be carried out to elucidate this further. 

In respect to the two granular sludges, S1 showed the highest activity on 

the majority of the substrates. While S1 and S2 previously treated similar 

wastewaters (synthetic and raw-sewage respectively), S1 had been subjected to 

synthetic sewage over a much longer period of time (~300 days), while S2 

cultivation was half of that (~150 days), suggesting that a more diverse and robust 

microbial community may have developed over this extended time-scale. The 

high level of variation in the biogas activity between sludge types highlights the 

importance of the long-term development of microbial consortia, particularly at 

low temperatures where doubling times are significantly lower. The activity of a 

sludge is an important factor to be taken into consideration during reactor design. 

It is essential to have sludge with a high activity on the substrate to be treated for 

efficient start up and avoidance of subsequent operational issues (Foresti, 2001). 
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Figure 2. SBA values in ml Biogas g [VSS]-1 d-1 for sludges S1-S3; (A) 37°C, (B) 
15°C and (C) 10°C. 
 

2.3.3 EFFECT OF TEMPERATURE 

The effect of temperature on the SBA values is clearly indicated in Figure 2 (A-

C). For all sludges tested, activity was higher at 37°C, and in particular in the 

cases of complex substrates, indicating that temperature played a major role on 

hydrolysis, which agrees with previous work, which showed that hydrolysis was 

negatively affected with decreased temperature (O’Rourke, 1968). In the case of 

S1 and S2, Figure 1 (B and C), there was indeed higher activity with increasing 

temperature, suggesting that S1 and S2, which derived from reactors operated at 

low temperatures, were not truly psychrophilic but merely psychrotolerant. This 

finding agrees with previous reports, which showed that higher temperatures have 

a positive effect on the maximum substrate utilization rates of microbial consortia 

(Lawrence & McCarty, 1965; Kettunen & Rintala, 1997). 

 

S1 
S2 

S3 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Acetate 

Glucose 

Cellobiose 

CMC 
FP 

FPG 

CO 

COG Slu
dg

e 

S
B

A
 (m

l B
io

ga
s 

g 
[V

S
S

]-1
 d

-1
) 

Substrate 

(C) 



 Chapter 2  
  

 

 96  
  

 

2.4 Final discussion and recommendations 

Our findings indicated that a sludge derived from a full-scale treatment plant 

could be used as inoculum for an AD system digesting cellulose-rich substrates 

since this sludge S3 demonstrated higher SBA activity on the complex forms of 

cellulose used in this study, while sludges derived from psychrophilic reactors 

would be more suited to the degradation of soluble substrates. However, as the 

activity on cellulose was low, an acclimatization period would still be required. 

Amongst the three sludges tested, the one which would be selected to seed a 

reactor digesting cellulose-rich substrates would be the one derived from a full-

scale digester treating domestic sewage at 37°C, showing that the substrate the 

sludge was cultivated on was complex enough to allow the growth of a 

consortium capable of digesting various forms of cellulosic substrates. 

The SBA results presented in this work will be complemented with PCR-

based molecular typing method (Denaturing Gradient Gel Electrophoresis 

(DGGE)) and clone library analysis to provide a description of the bacterial 

community present (Collins et al., 2006), and hopefully provide insights into the 

communities carrying out hydrolysis in these inocula. This information could 

contribute to the optimization of organic matter removal efficiencies and the 

consequent improvement in the AD process (Gessesse et al., 2003). 

2.5 Conclusions 

o In most cases, increased temperature leads to a greater level of hydrolysis 

of the substrate. 

o Complexity of the substrate effected SBA, showing that hydrolysis was 

the rate-limiting step during the degradation of substrates. 

o Hydrolysis of cellulose did not appear to go through CMC in the sludges 

tested. 

o Granulation of sludges was an important factor. It appeared to enhance the 

degradation of simple soluble compounds particularly at lower 

temperatures. While a non-granular biomass was more effective against 

complex substrates perhaps due to colonization of the solid substrate. 
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ABSTRACT 

 

The feasibility of long-term (732 days) anaerobic treatment of synthetic sewage 

was studied in a hybrid sludge bed-fixed-film reactor. The reactor was operated at 

12°C and optimum operating performance was observed at a hydraulic retention 

time (HRT) of 24 hours and an organic loading rate (OLR) of 0.5 kg COD m-3 d-1, 

when chemical oxygen demand (COD) removal, based on total, suspended, 

colloidal and soluble fractions reached 84%, 60%, 37% and 87% respectively. 

The maximum OLR applied was 1.5 kg COD m-3 d-1
,at a HRT of 8 h, although 

suspended solids removal was reduced to 36% at this stage. The hydrolysis of 

CODsuspended and CODcolloidal fractions was the rate-limiting step. Carbohydrate and 

protein removal rates routinely reached 100% throughout the trial. Hydrolysis 

kinetics (e.g. Amax and Km) demonstrated the development of an active proteolytic 

community that appeared to have enhanced reactor performance at lower 

temperatures. Specific methanogenic activity (SMA) profiling revealed a 

methanogenic preference for H2/CO2 at 12°C. SMA analysis also revealed an 

important degradation pathway via propionate. Significant phosphate removal was 

obtained. Soluble phosphate analyses and scanning electron and energy dispersive 

X-ray microscopy analyses revealed that phosphate removal (up to 78% of the 

influent concentration) occurred in the biofilm growing on the fixed-film section. 

Temporal microbial community changes were initially tracked using denaturing 

gradient gel electrophoresis (DGGE) analysis of bacterial and archaeal 16S rRNA 

gene sequences. Next generation sequencing, using Illumina technology, indicated 

the dominant bacterial phyla were the Proteobacteria and Firmicutes and the 

dominant archaeal genus was Methanosaeta. Anaerolineacea were also 

continuously present at notable levels. Psychrotolerant mesophilic Trichococcus 

and Flavobacterium populations, previously associated with low temperature 

protein degradation, developed throughout the trial. The presence of 

polyphosphate accumulating organisms (PAOs) such as Rhodocyclus, 

Chromatiales, Actinobacter and Acinetobacter were also recorded. 

Keywords: Anaerobic digestion, psychrophilic, sewage, hydrolysis, microbial 

community dynamics, phosphate removal, DGGE, hybrid reactor, NGS. 
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3.1 Introduction 

High-rate anaerobic digestion (AD) wastewater treatment technologies harness the 

biological interactions between microbial species to produce biogas as an end 

product, through the methanogenic biodegradation of the organic pollutants 

present in wastewater. Biogas is regarded as a renewable source of energy 

(electricity and heat; Paska et al., 2009), and AD simultaneously provides low-

cost and effective removal of pollutants, with many advantages over other 

catalytic processes. Typically, high-rate AD is used for the treatment of medium 

or high strength industrial wastewaters, at temperatures exceeding 25°C. 

Domestic sewage, by contrast, is generally treated in developed countries using 

aerobic biological systems, such as the activated sludge process, although these do 

not rank well in terms of sustainability criteria due, for example, to the high levels 

of energy required for aeration. The setup and implementation of anaerobic 

systems, in particular high-rate AD reactor systems, could lead to considerable 

savings in domestic sewage treatment (Kalogo & Verstraete, 2001; Lettinga et al., 

2001; Tawfik et al., 2002). High-rate AD has indeed been successfully 

implemented for low-strength domestic sewage, but only in tropical/warm 

temperature regions (Lettinga & Hulshoff Pol, 1991; van Haandel & Lettinga, 

1994; van Haandel & Catunda, 1997). Mesophilic AD, while effective, is 

inefficient in terms of cost for treatment of dilute wastewaters in areas with a 

lower ambient temperature, as excess energy would be required to heat the 

reactors. Low temperature (psychrophilic) high-rate AD could allow for the 

economically efficient application of AD to low-strength wastewaters, such as 

domestic sewage (McKeown et al., 2012). 

A reduction in temperature affects the physicochemical nature of a 

wastewater as the physical cooling action on a waste stream leads to an increase in 

dissolved gases, viscosity and the diffusion of soluble compounds is decreased by 

~50% (Lettinga et al., 2001). The degradation of organic matter to methane is 

dependent on the microbial community structure, which is strongly influenced by 

temperature (Raskin et al., 1994). Microbial biochemical reactions slow down 

with decreasing temperature (Smith et al., 2012; Foresti et al., 2006). Long sludge 

retention times (SRTs) are required in the system to maintain the slow-growing 
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anaerobic microbial populations and biomass washout needs to be avoided 

(Lettinga et al., 2001). However, domestic sewage is a high volume stream and, 

therefore, short hydraulic retention times (HRTs) would be necessary in order to 

meet treatment demands. Reported hydrolysis rates are greatly reduced at low 

temperature, which can result in an accumulation of biodegradable solids within 

even high-rate reactor systems (Álvarez et al., 2008; Sawajneh et al., 2010). 

Accumulation of such suspended solids (SS) adversely affects the AD process 

(Zeeman & Lettinga, 1999; Prashanth et al., 2006). Recently, an empirical model 

for suspended solids (SS) removal with the IWA anaerobic digestion model no. 1 

(ADM1) was developed for anaerobic digestion of entrapped SS and dissolved 

matter in wastewater (Elmitwalli, 2013). This model demonstrated that SS in the 

effluent were directly proportional to SS in the influent and inversely proportional 

to both the HRT and temperature. The authors concluded that HRT should be 

chosen in order to minimise SS accumulation rather than basing on COD removal 

to guarantee stable reactor performance. At low organic loading rates, however, 

washout of biomass particles may also occur, particularly under psychrophilic 

conditions, thus reducing reactor performance capacity (Aiyuk & Verstraete, 

2004). In this study, therefore, a granular sludge bed was combined with an 

anaerobic filter (AF; Young & McCarty, 1969) to address some of the problems 

associated with the low-temperature treatment of dilute wastewaters (Lettinga, 

2001; Collins et al., 2006). 

Despite this background, there is little information available on the 

potential for the development of enhanced hydrolytic activity during low-

temperature AD. Indeed, knowledge of the roles played by the diverse bacterial 

species responsible for hydrolysis and acidification is only understood at a very 

basic level (Cirne et al., 2007; Krause et al., 2008; Kröber et al., 2009; Liu et al., 

2009).  It is known, however, that increased methanogenic and acetogenic activity 

can develop during low-temperature AD, driven both by shifts in the microbial 

community and the development of psychrotolerance in organisms, such as 

Methanosaeta (Akila & Chandra, 2007; McKeown et al., 2009). The capacity for 

enhanced hydrolysis, acidification and methanogenesis at low temperatures could 

underpin future high-rate AD sewage treatment systems by allowing shorter 

hydraulic retention times and more efficient treatment outcomes to be achieved. 
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The present study was thus concerned with the potential for development of 

hydrolytic activity during low-temperature AD and with the fate of the various 

COD fractions (total, suspended, colloidal and soluble) during low-temperature 

AD of sewage. Our hypotheses were that highly efficient, high-rate, low-

temperature methanogenic biodegradation of the solid, colloidal and soluble 

fractions of a sewage wastewater would be possible: (i) at loading rates >1 kg 

total COD m-3 day-1; (ii) and could produce an effluent quality of <125 mg total 

COD l-1; and (iii) that microbial community development would result in 

increased hydrolytic, acidogenic and methanogenic activity at low-temperatures 

by comparison to the seed inoculum.  

3.2 Materials and Methods 

3.2.1 SOURCE OF BIOMASS 

Anaerobic sludges were tested in a previous sludge-screening step against a range 

of substrates at a range of temperatures (Keating et al., 2012; Chapter 2). The two 

sludges, which showed the highest conversion rates against soluble substrates 

were mixed and used as inoculum for this study. The volatile suspended solids 

(VSS) concentration of the granular sludge was 93 g VSS l-1. Visually the 

granules were small, spherical and black in colour.   

3.2.2 REACTOR DESIGN, SET-UP AND OPERATION 

This study employed a glass laboratory-scale hybrid sludge bed-fixed-film reactor  

(2.8 l working volume). The upper ‘fixed-film’ anaerobic filter (AF) section that 

was placed above the sludge bed and below the effluent line consisted of 

granulated pumice stone (∅ c. 1-4 mm), tightly packed inside a low-density 

polyethylene (LPDE) cylinder (Hughes, 2014). The reactor was seeded with 20 g 

VSS l-1 of the seed biomass. The substrate used was synthetic sewage 

(SYNTHES; Aiyuk & Verstraete, 2004) at 500 mg l-1 CODTot. The reactor was 

operated at 12˚C in a trial of 732 days. The trial was divided into five phases, each 

involving a different hydraulic retention time (HRT) and organic loading rate 

(OLR; Table 1). 
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Table 1. Reactor operation phases and associated operational conditions. 

PHASE 

DAYS 

S.U.* 

1-35 

1 

36-105 

2 

106-209 

3 

210-307 

4A 

308-487 

4B 

487-638 

5 

639-732 

HRTi 36 36 24 18 12 12 8 

TEMPii 12 12 12 12 12 12 12 

OLRiii 0.4 0.3 0.5 0.6 1 1 1.5 

VLRiv 0.7 0.7 1 1.3 2 2 3 

SLRv 0.03 0.03 0.05 0.10 0.16 0.16 0.23 

SLRvi 0.02 0.02 0.03 0.05 0.08 0.08 0.11 

UVvii 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
i Hydraulic retention time (hrs.);  ii Temperature (°C); iii Organic loading rate (kg COD m-3 d-1*; iv 
Volumetric loading rate (m3 Wastewater m-3 Reactor d-1); v Sludge loading rate based on granular sludge 
bed VSS estimated at each phase  (kg COD kg [VSS]-1 d-1)*; vi Sludge loading rate (m3 Wastewater kg 
[VSS]-1 d-1); vii Up-flow velocity (m h-1). *Values calculated based on influent concentration of 500 mg l-1 
CODTot. *Start-Up.  

 

3.2.3 CHEMICAL OXYGEN DEMAND (COD) 

Reactor influent and effluent was sampled thrice weekly and the COD 

concentration of the samples was determined according to Standard Methods 

(APHA-AWWA-WEF, 2005). Reactor effluent was also sampled on a daily basis 

and combined into a weekly composite sample for total COD (CODTot), soluble 

COD (CODSol), suspended COD (CODSus) and colloidal COD (CODCol) 

determinations. CODTot, CODSol, CODSus and CODCol were separated by passing 

the effluent samples through a Whatman No. 3 0.55 µm filter and subsequently 

passing the filtrate through a Whatman membrane cellulose filter 0.45 µm filter. 

The CODSus fraction was calculated by subtracting the first filtrate COD from the 

neat sample. The CODCol fraction was then calculated by subtracting the soluble 

(second filtrate) from the first filtrate COD.  The COD removal efficiency was 

calculated based on measurements of both the effluent and influent. 

3.2.4 CARBOHYDRATE, PROTEIN AND PHOSPHATE ANALYSES 

Protein and polysaccharide concentrations in the effluent were determined by the 

Lowry method (Lowry et al., 1951) and the DuBois method (DuBois et al., 1956), 
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respectively. Dissolved phosphorus (expressed as PO4
3-) was measured in the 

reactor effluent and influent by first passing effluent through a 0.2 µm filter and 

then analysed using colorimetric spectrophotometry (HACH DR4000) as 

described in Pattananuwat et al (2013). 

3.2.5 VOLATILE FATTY ACIDS (VFA) 

VFA analyses were performed by chromatographic analysis of liquid samples in a 

Varian Saturn 2000 GC/MS system, equipped with a CombiPAL auto-sampler 

(Varian Inc., Walnut Creek, CA). Separation was carried out on a GC fused-silica 

capillary column with a free fatty acid phase (bp21-FFAP; 30 m length x 250 µm 

i.d. 0.25 µm film thickness, Agilent Technologies Inc., USA). Helium was 

supplied as the carrier gas at a flow rate of 14.4 ml/min. The initial oven 

temperature was 80°C, maintained for 0.2 min, to 110°C at 2°C/min and held for 

0.2 min, then increased to 200°C at 20°C/min, and held at 200°C for 0.2 min. The 

temperature of the injection port was maintained at 220°C. A split ratio of 10 was 

carried out initially, split off at 0 min, split 50 at 0.75 min and split 10 at 5 min. 

The injected sample volume for GC analysis was 2 µl. The MS-detector was 

operated in the scan mode in the range of 40-150 m z-1 at a temperature of 210°C. 

Stock standards were prepared for acetic-, butyric-, iso-butyric, propionic-, 

valeric- and iso-valeric acid. 2-Ethylbutyric acid was used as internal standard. 

Calibration curves of standard VFAs were conducted and used for relative 

concentration of VFAs in the effluent samples and the results were expressed in 

mg COD l-1. Linearity of response was calculated as described by Zhao et al 

(2006). Limits of detection (LOD) and quantification (LOQ) were calculated as 

described by Nageswara Rao et al (2005).  

3.2.6 SPECIFIC METHANOGENIC ACTIVITY (SMA) TESTING 

To evaluate changes in sludge hydrolytic and methanogenic capabilities the seed 

biomass and reactor biomass at HRT changes (36, 24, 12 and 8 h) were screened 

using the specific methanogenic activity (SMA) testing method employing the 

pressure transducer technique as described previously (Colleran et al., 1992; 

Coates et al., 1996; Siggins et al., 2011; Bialek et al., 2013).  



 Chapter 3  
  

 

 107  
  

 

3.2.7 SUBSTRATE (PROTEIN) DEGRADATION ASSAYS TO ASSESS SUBSTRATE 
DEPLETION CURVE FOR THE DETERMINATION OF K, VMAX, AMAX AND KM. 

The maximum specific activity (Amax), the maximum initial velocity (Vmax), the 

apparent half-saturation constant (Km) and the first-order hydrolysis constant of 

the seed inoculum and reactor biomass were evaluated on a protein source 

(solubilized skimmed milk powder). These rates were determined using substrate 

depletion assays, which were set up similarly to the SMA test described above. 

Tests were performed in triplicate vials at 12°C and 37°C using 2 g VSS l-1 with 2 

g COD/vial of protein. The bottles were sampled at regular intervals, protein 

concentration was measured in the samples and a substrate depletion curve was 

plotted. The kinetic parameters described above were calculated as described by 

Bialek et al (2013). The concentration of protein was determined using the Lowry 

method (Lowry et al., 1951).  

3.2.8 SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY DISPERSIVE X-RAY 
MICROSCOPY (EDX) ANALYSIS 

Scanning electron microscopy (SEM) was used to assess the structure of unused 

pumice stone, washed pumice stone and colonised stones and biomass from the 

filter, at the end of the trial. SEM was carried out as described previously 

(Gunnigle et al., 2013). Samples were viewed using a SEM (Model S-4700, 

Hitachi, Japan). EDX was used to provide elemental composition of the samples 

as described by Kitis et al (2005).  

3.2.9 DNA/RNA CO-EXTRACTION FROM BIOMASS 

Genomic DNA and RNA was extracted from granular biomass samples taken 

from R1 on Days 0 (Inoc), 105 (Phase 1), 209 (Phase 2), 301 (Phase 3), 361 

(Phase 4A.a), 429 (Phase 4A.b), 454 (Phase 4A.c), 534 (Phase 4B.a), 596 (Phase 

4B.b), 634 (Phase 4B.c), 638 (Phase 4B.d) and at end of the trial (Phase 5-Day 

732). Biomass was sampled from the fixed-film filter at two points: - mid-trial 

(Day 230) and at the end of the trial (Day 732). The nucleic acids were co-

extracted by a modification of a phenol extraction method, described by Carrigg 

et al (2007). Granular biomass (1 g) was crushed to a powder in a liquid nitrogen 

cooled mortar (BelArt) and 0.25 g of this powder was added into a sterile lysing 
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matrix E tube (Fischer Scientific) prior to adding 250 µl of 1% cetyl 

trimethylammonium bromide (CTAB) extraction buffer (Griffiths et al., 2000), 

250 µl 0.1 M Na3PO4 (pH 8) extraction buffer and 250 µl of phenol-chloroform-

isoamyl alcohol (25:24:1; pH 8). Microbial cells in the samples were lysed by 

bead beating for 10 min at 3,200 rpm in a Vortex-Genie2™ (Scientific Industries 

Inc.) Phase separation was achieved by centrifugation at 13,300 g for 10 min at 

4°C. The clear aqueous supernatant was transferred into a sterile Phase Lock 

Gel™ (Fischer Scientific) with equal volume of chloroform isoamyl alcohol 

(24:1). Phase separation was achieved by centrifugation at 13,300 g for 10 min at 

4°C. The supernatant was transferred into fresh RNase free tubes, 2.5 vol of ice-

cold ethanol (100% v/v) and 1/10 vol of 3 M Sodium Acetate (pH 5.2) were added 

to the extract, incubated on ice for 30 min, then the total nucleic acids (TNA) 

were precipitated by centrifugation (13,300 g) at 4°C for 20 min. 200 µl 70% 

(v/v) ice-cold ethanol was used to wash the pelleted nucleic acids prior to air-

drying before resuspension in 50 µl DepC treated water. The integrity of each 

sample was assessed using agarose gel electrophoresis and quantified using a 

Qubit v2.0 fluorometer (Life Technologies, Darmstadt, Germany).  Samples were 

then stored at -80°C for use in downstream applications. 

RNA was prepared by treating the TNAs with a TurboDNAse free kit 

(AMBION) following manufacturer’s instructions. RNA was confirmed DNA 

free by 16S rRNA PCR of a range of RNA dilutions. cDNA was subsequently 

synthesised using a method adapted from Corgié et al (2006) outlined in Gunnigle 

(2013). DNA and cDNA were purified with the QIAquick PCR Purification Kit 

(Qiagen, Germany). 

3.2.10 DENATURING GRADIENT GEL ELECTROPHORESIS (DGGE) 

Denaturing gradient gel electrophoresis (DGGE) was carried out on DNA and 

cDNA from granular biomass samples taken on days 0 (Inoc), 105 (Phase 1), 209 

(Phase 2), 307 (Phase 3), 638 (Phase 4B.d), 732 (Phase 5-Take-Down) and on 

filter biomass sampled on day 732. Initial PCR amplification employed, for 

Bacteria, the forward primer 341F (5’-CCTACGGGAGGCAGCAG-3’) and the 

reverse primer 517R (5’-ATTACCGCGGCTGCTGG-3’), which targeted the 
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bacterial V3-V5 region (Muyzer et al., 1993); while for the Archaea, the forward 

primer ARC 787F (5’-ATTAGATACCCSBGTAGTCC-3’) and the reverse 

primer ARC 1059R (5’GCCATGCACCWCCTCT-3’; Yu et al., 2005) targeted 

the V5 region, were employed with a 40-base pair GC clamp attached to the 5’ 

terminus of the forward primer, in order to enhance separation (Muyzer et al., 

1993). PCR reactions were carried out in a Mastercycler Gradient Thermal Cycler 

(Eppendorf). Each reaction contained 25 pmol of each primer (MWG-Biotech, 

Germany), 1x ammonium (NH4) buffer, 1.5 mM MgCl2, each 

deoxyribonucleoside triphosphate at a concentration of 200 µm, 1 U Taq DNA 

polymerase (all Bioline, UK) and 2 µl of template DNA made up to a final 

reaction volume of 50 µl. Negative controls were included to ensure there was no 

contamination amplification. Genomic DNA from Escherichia coli was used as a 

positive bacterial control and genomic DNA from Methanosarcina barkeri was 

used as an archaeal positive control. 

The touchdown PCR program protocol consisted of an initial denaturation 

step at 94°C for 2 mins, followed by denaturation at 94°C for 30 seconds, 

annealing of primers (65°C-55°C; 1 cycle at 1°C increments; 25 cycles at 55°C) 

for 30 seconds and extension at 72°C for 30 seconds, followed by a final 

extension step at 72°C for 10 minutes was used. Cycle number was kept low, as 

previous research has shown that the number of cycles can affect species 

representation (Parameswaren et al., 2007). Bacterial PCR products were 

visualised on a 1x TAE 1% agarose gel, while archaeal PCR products were 

visualised on a 1x TAE 2% agarose gel. DGGE was performed as described by 

Siggins et al (2011) using standardised aliquots of each GC-clamped PCR product 

loaded onto an 8% (w/v) polyacrylamide gel containing a denaturing gradient of 

30-70% (where 100% denaturant contained 7 M urea, 40% [v/v] formamide) for 

bacterial and 40-60% for archaeal analyses. DGGE gels were inspected visually 

and statistical analysis was carried out as described in O’Reilly et al (2010). 

3.2.11 QUANTITATIVE-POLYMERASE CHAIN REACTION 

Quantitative polymerase chain reaction (qPCR) was carried out for Archaeal and 

Bacterial domains using DNA and cDNA generated from granular biomass 
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sampled from R1 and R2 on Days 0 (Inoc), Days 105 (Phase 1), 209 (Phase 2), 

301 (Phase 3), 361 (Phase 4A.a), 429 (Phase 4A.b), 534 (Phase 4B.a), 596 (Phase 

4B.b), 634 (Phase 4B.c) (P3c), 666 (P4), and at the end of the trial on (Day 732-

End). qPCR was also performed on filter biomass sampled at the mid-trial stage 

(Day 230; F1) and at the end of the trial (FE). The qPCR method in this study was 

employed with a TaqMan probe (Lie & Petropoulos, 1998; Livak et al., 1995), 

which allows reliable detection and quantification of DNA and cDNA. It has been 

well established that the majority of archaea in anaerobic digestors are 

methanogens (Sundberg et al., 2013; Li et al., 2013; Nelson et al., 2011) and, 

thus, the use of the general archaeal primer set as described by Yu et al (2005) 

should be close to the sum of the DNA/cDNA that would be quantified, if 

targeting the four specific methanogenic orders.  

Quantitative standard curves were constructed using standard plasmids 

containing the full-length 16S rRNA gene sequence from the representative 

bacterial strain (Escherichia coli) and representative archaeal strain 

(Methanosarcina bakeri). The plasmids were extracted using a Plasmid Extraction 

kit (BIOLINE). A PCR reaction was then carried out using the primer pairs Bact 

1369F (5’-CGGTGAATACGTTCYCGG-3’) and Prok 1492R (5’-GGWT-

ACCTTGTTACGA-CTT-3’) for bacterial analysis - Suzuki et al (2000) and 

ARC787F (5’-ATTAGATACCC-SBGTAGTCC-3’) and ARC1059R (5’-GCCA-

TGCACCWCCT-CT-3’) -Yu et al (2005). This product was cleaned using 

QIAQuick PCR Clean Up kit (Qiagen, Crawley, UK) according to manufacturers 

instructions and subsequently used as the template solution for constructing the 

standard curve. The concentration of all standards was measured in duplicate 

using a Qubit system (Invitrogen) and converted into copy concentration. A 10-

fold serial dilution series (109-101 copies ml-1) was generated for each standard 

solution and analysed by real-time PCR, in duplicate, with its corresponding 

primer and probe set (described below). 

To construct the RT-PCR cDNA standard curve, a PCR was carried out 

using the reference strains described above and the primer pairs (1369F - 1492R) 

and (787F - 1492R). The 16S rRNA gene sequences were then cloned into a 

pGEM-T vector (Promega, Manheim, Germany) and transformed into chemically 
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competent E. coli using a Topo TA kit (Invitrogen, Paisley, UK). White colonies 

were picked for subsequent PCR (each colony was inoculated into 100 µl of TE 

buffer and boiled for 10 min and 1 µl was used as template) using the reverse 

insert primer (1059R and 1492R) and M13F primer. The PCR products were 

visualised on an agarose gel. A band confirmed the correct orientation of the 

insert. PCR products containing the insert were then purified using a QIAquick 

PCR Clean Up Kit (QIAGEN, Germany). The Megashortscript T7 kit (Ambion, 

Austin, Texas) was then used to generate RNA transcripts. The RNA was then 

DNase treated and the concentration of RNA was measured using a Qubit system 

(Invitrogen) and converted into copy concentration. cDNA was then synthesised 

as described previously. A 10-fold serial dilution series (109-101 copies ml-1) was 

generated for each standard solution and analysed by real-time PCR, in duplicate, 

with its corresponding primer and probe set (described below).  

Quantitative real-time PCR was performed using a LightCycler 480 

(Roche, Manheim, Germany). The primers 1369F and 1492R and Taqman probe 

TM1389F (5’-CTTGTACACACCGCCCGTA-3’) were used for bacterial analysis 

(Suzuki et al., 2000). The primers 787F and 1059R and Taqman probe 915F (5’-

AGGAATTGGC-GGGGGAGCAC-3’) were used for archaeal analysis (Yu et al., 

2005). All samples were analysed in duplicate. Each reaction mixture was 

prepared using the LightCycler TaqMan Master Kit (Roche). All DNA and cDNA 

samples were analysed with each primer and probe set in duplicate. Each reaction 

mixture was prepared using the LightCycler TaqMan Master Kit (Roche; 4 µl 

PCR-grade water, 10 µl of 2X reaction solution, 1.8 µl of 1/10 dilution of each 

primer (final concentration 500 nM), 0.4 µl of 1/10 dilution of probe (final 

concentration 200 nM) and 2 µl of template DNA or cDNA). Amplification was 

carried out using a two-step thermal cycling protocol consisting of pre-

denaturation for 10 min at 94°C, followed by 50 cycles of 10 sec at 94°C and 30 

sec at 60°C. The threshold cycle (CT) values were plotted against the logarithm of 

their input copy concentrations. The 16S rRNA gene copy concentrations of the 

targets were then estimated against the standard curves within the linear range (R2 

> 0.995). The volume-based concentrations (copies l-1) were converted to per g 

biomass. 



 Chapter 3  
  

 

 112  
  

 

3.2.12 ILLUMINA MISEQ ANALYSIS 

DNA and cDNA from Day 0 (Seed), Days 105 (Phase 1), 301 (Phase 3), 454 

(Phase 4A.c), 732 (End) and the filter upon take-down (FE) were sent for 

sequencing analysis at MR DNA (www.mrdnalab.com, Shallowater, Texas, 

USA). Universal 16S primer pair targeting the V4 region 515F (5’-

GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’GGACTACHVGGGTWTCT-

AAT-3’) -Caporaso et al (2012) in conjunction with the archaeal primer pair 

targeting the V3-V4 region 349F (5’GYGCASCAGKCGMGAAW-3’) and 806R 

(5’-GGACTACVSGGGTATCTAAT-3’)-Takai and Horikoshi (2000) were used 

for paired-end sequencing with the forward primer in each pair containing a 

barcode sequence. The PCR conditions included an initial denaturation step at 

94°C for 3 min, followed by 28 cycles of denaturation at 94°C for 30 sec, 

annealing at 53°C for 40 sec, and extension at 72°C for 1 min, with a final 

elongation step at 72°C for 5 min using HotStarTaq Plus Master Mix Kit (Qiagen, 

USA) for the reaction. Amplicons were then pooled in equal proportions and 

purified using calibrated Ampure XP beads (Bechman Coulter). The combined 

and purified product was prepared using the Illumina TruSeq DNA library 

protocol. The DNA library was processed on a Solexa Miseq machine according 

to the manufacturer’s instructions. Sequence data was subsequently processed by 

MR. DNA (Dowd et al., 2008). Briefly, barcodes, primers, sequences below 

>150bp and sequences with ambiguous base calls were removed. Sequences were 

denoised, OTUs were generated and chimeric sequences were identified and 

removed. OTUs were defined by clustering at 3% divergence (97% similarity). 

Final OTUs were taxonomically classified using BLASTn against a curated 

GreenGenes database (DeSantis et al., 2006).  

The V3 to V6 region was chosen as research such as that by Ong et al 

(2013) demonstrated that it has the potential to more completely capture microbial 

OTU’s and with greater resolution. Studies by Youssef et al (2009), Herlemann et 

al (2011) and Schloss (2010) also demonstrated that the V3-V5 region for 

bacterial analysis gives a high correlation to the full-length 16s rRNA gene. While 

515f and 806r are considered ‘universal’ and these were used for sequencing in 

this case, ‘universal’ primers have been demonstrated to differ dramatically in 
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terms of specificity (Baker et al., 2003). Thus, the archaeal primer 349f was 

paired with 806r for separate archaeal analysis.  

3.3 Results and Discussion 

3.3.1 THE TREATMENT PERFORMANCE OF THE HYBRID REACTOR 

The reactor was operated continuously for 732 days at 12°C and, overall, was 

both an effective and stable treatment system. Effluent concentrations of CODTot 

and CODSus were initially high (>250 mg l-1) indicating an initial period of 

biomass washout upon commencement of the trial, however the start-up phase 

was short and concentrations of CODTot and CODSus had consistently fallen below 

150 mg l-1 by day 35 of operation (Figure 1). During this phase, CODTot, CODCol 

and CODSol removal efficiencies were, on average 22%, 17% and 91%, 

respectively (Table 2). Effluent VFA concentrations were low (<16 mg COD l-1), 

indicating that an active methanogenic population was present from the outset. 

The short start up phase was not altogether surprising, since it has been previously 

reported that granular sludges, originating from mesophilic reactors, demonstrated 

rapid acclimation to low-temperature anaerobic digestion (Collins et al., 2006; 

O’Reilly et al., 2009; Madden et al., 2010; Smith et al., 2013). 

An increase in the removal efficiencies of the CODTot, CODCol and 

CODSus, fractions, to reach average levels of 80%, 47%, 64%, respectively, was 

observed in Phase 1 (Figure 1; Table 2). Following a decrease in the applied HRT 

on day 105 (from 36 to 24 h; Phase 2, Table 2), reactor performance remained 

excellent; with effluent COD concentrations within marine discharge limits for 

Ireland (125 mg l-1; Figure 1). The CODCol removal efficiency, however, dropped 

to an average of 37% during this phase (Table 2). The effluent concentrations of 

CODSus decreased by 60% during Phase 2 indicating that this fraction started to be 

degraded in the reactor, which could have led to the rise in the colloidal fraction 

concentrations. Lew et al (2009) investigated the degradation of various COD 

fractions in domestic wastewater. The authors found that, at 15 and 10°C, 70% of 

suspended solids become colloidal particles. 
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The third phase of operation started on day 210 with a reduction in the 

applied HRT from 24 hr to 18 hr and a consequent increase in OLR from 0.5 to 

0.625 kg COD m-3 d-1. The performance of the reactor was again satisfactory with 

respect to effluent discharge standards (Figure 1), but Phase 3 was associated with 

a drop in the average CODTot, CODCol and CODSol removal efficiencies (Table 2). 

Specific features included a decrease in the average carbohydrate removal 

efficiency from 99% to 85%, the appearance of acetic acid in the effluent (at low 

levels, up to 24 mg l-1) and an increased VFA:COD ratio from 0.14 (Phase 2) to 

0.25 (Phase 3). These data indicated that both hydrolysis and methanogenesis 

were not functioning as well in Phase 3.  

Phase 4 began on day 301 with a further reduction in the applied HRT 

from 18 hr to 12 hr and an OLR increase from 0.625 to 1 kg COD m-3 d-1. This 

was the longest phase of the trial, and it was divided into Phase 4A (prior to a 

filter change on day 487) and Phase 4B (after the filter change). A short 

disturbance period was noted between days 336 to 364, which affected the 

removal of all fractions of COD (Figure 1), but apart from this, the reactor 

performance was robust in terms of effluent quality and consistent with that of 

Phase 3, until day 469 (Figure 1). Following this, CODTot and CODSus removal 

efficiencies decreased and, at this point, evidence of filter clogging was noted 

pointing to an accumulation of solids within the filter. The filter matrix was thus 

replaced with new pumice stone. The filter change resulted in increased overall 

COD removal efficiency during Phase 4B, particularly with respect to the removal 

of the non-soluble fractions (Table 2). A decrease was also noted in the 

carbohydrate removal efficiency, however, along with an increase in effluent VFA 

concentrations and VFA:COD ratio (Table 2). This suggests that some of the 

active microbial community involved in the hydrolysis of sugars and VFAs had 

developed in the original filter biomass. 

During the fifth and final phase of operation, during which the applied 

OLR was increased to 1.5 kg COD m-3 d-1, through reduction of the HRT to 8 hr, 

CODTot, the average CODSus, CODCol and CODSol removal efficiencies were 70%, 

36%, 0% and 74%, respectively (Table 2). During this phase, colloidal particles 

were apparently not degraded or retained, while the degradation of carbohydrates 
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was also affected (Table 2). The reduced performance of the reactor with respect 

to the degradation of particulate COD during phase 5 may indicate that a HRT of 

8 hours was too short for complete degradation or retention of complex substrates. 

Another possibility for reduced performance may be related to the volumetric 

loading rate applied, which may not have allowed for the retention of particulates. 

Moreover, the sludge loading rate was much greater in this final phase than in 

phase 4A (Table 1).  

CODSol removal efficiency was stable and efficient throughout all phases 

of the trial. C3-C6 volatile fatty acids were generally not detectable, while acetic 

acid was detected only during brief transient periods. Increases in the applied 

OLR led to transient decreases in COD removal, although in concentration terms 

the increases in effluent concentrations were minimal. The quality of the biogas 

generally ranged between 50-60% throughout the trial. Methane yields were 

consistent with methanogenic COD conversion (data not shown). 

Particulates have been shown to comprise 85% of the CODTot in domestic 

sewage (Levine et al., 1985, Zeeman et al., 1997) thus it is necessary to look at all 

the fractions of COD when assessing reactor performance. The variable removal 

of CODSus and CODCol fractions reflected the difficulty in degrading the complex 

part of the substrate, especially as the applied OLR was increased. The hybrid 

system degraded protein during all phases of the trial, however, with removal 

efficiencies between 97% and 100% (Table 2). This was surprising since proteins 

are considered to be harder to degrade than carbohydrates under anaerobic 

conditions, especially at cold temperatures (Bialek, 2012). This result suggests 

that an active and efficient psychrophilic, or psychrotolerant, proteolytic group 

developed in the reactor. This result, along with the carbohydrate removal data, 

also suggests that starch and soy oil were the rate-limiting components of the 

SYNTHES, with respect to hydrolysis during this trial. 

The fate of all fractions of solids within the system was assessed and the 

data presented in this study supports the idea that particulates were first physically 

entrapped in the filter section of the reactor, allowing them to be subsequently 

degraded. Moreover, no accumulation of solids (a common issue in low-

temperature systems) was observed in the granular bed section of reactor. The 
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reactor was seeded with 600 g of sludge with a TSS content of 250 g and a 

VSS:TSS ratio of 0.38. Upon completion of the trial, 376 g of sludge remained in 

the sludge bed with a TSS content of 180 g and a VSS:TSS ratio of 0.35. The 

filter biomass had a wet weight of 460 g at 27.7 g VSS l-1 (the filter biomass 

removed during phase 4 had a wet weight of 336 g). While retaining and, to some 

extent at least, degrading the solids, our reactor was ineffective in retaining or 

degrading colloids. The removal of colloidal particles has been shown to be 

extremely difficult, particularly at lower temperatures (Elmitwalli & Otterpohl, 

2006). Compounding this the degradation of suspended particles can produce a 

greater fraction of CODCol (Elmitwalli & Otterpohl, 2006). Optimising the system 

with perhaps different size pumice stones/filters may help to polish the effluent 

further and to improve the retention and biodegradation of colloidal COD. 

 

Table 2. Average CODTot, CODSus, CODCol, CODSol, Carbohydrate, Protein and 
Phosphate removal efficiency (RE) (%) in reactor effluent and the VFA:COD 
ratio for the five phases of reactor operation. + Methane potential calculated 
stoichiometrically, considering that all CODtotalremoved was converted into methane 
and that 1g of CODtotalremoved would produce 350 ml of methane. 
 

Parameter Startup 
Phase 

1 

Phase 

2 

Phase 

3 

Phase 

4A 

Phase 

4B 

Phase 

5 

RE*CODTotal 22 80 84 78 74 77 70 

RE*CODSuspended 0 47 60 65 37 44 36 

RE*CODColloidal 17 64 37 29 13 16 0 

RE*CODSoluble 91 81 87 77 75 79 74 

RE*Carbohydrate 85 98 99 85 95 84 17 

RE*Protein 94 100 97 99 100 100 100 

RE*Phosphate 61 36 69 78 55 43 28 

VFA:COD ratio 0.05 0.10 0.14 0.25 0.26 0.35 - 

Theoretical CH4 

potential+ (l d-1) 
0.10 0.29 0.31 0.27 0.24 0.29 0.25 
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Figure 1. CODtotal, CODsoluble, CODsuspended and CODcolloidal concentrations in (mg l-1) in the reactor effluent for the five phases of 
reactor operation. Effluent Total (!), Effluent Soluble ("), Effluent Suspended (!), Effluent Colloidal (#), Influent Total ($), 
Influent Soluble (%), Influent Suspended (") and Influent Colloidal (&) and OLR (kg COD m-3 d-1) in shading on secondary axis. 
Horizontal black line indicates discharge limits for Ireland (125 mg l-1). Vertical dashed black line indicates when the filter was 
replaced.  
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3.3.2 PHOSPHATE REMOVAL DURING AD WASTEWATER TREATMENT 

Significant phosphate removal and recovery was achieved during the trial (Table 

3), consistent with a recent report by Hughes (2014). These findings support the 

idea that modified AD systems could provide the basis for significant recovery 

and reuse of phosphorus (P) from wastewaters. P is a key chemical element to life 

and is a limited resource, critically important as a fertiliser for food crops and in 

many other applications. In many terrestrial and aquatic environments P is the 

growth-limiting nutrient; in others, human activity has led to an excess of P and 

consequent problems of eutrophication and environmental damage (Withers et al., 

2014; Cordell & White, 2013; Blank, 2012). On the other hand, rock-P reserves 

are declining and possibly sufficient to last only for the remainder of this century 

(Gilbert, 2009; Ashley et al., 2011; Ulrich et al., 2009). P recovery and re-use 

from various sources is thus urgently needed to address an imminent P availability 

crisis. Wastewater streams offer an important opportunity to recover and recycle 

P. Indeed, up to 30% of world demand for P could theoretically be satisfied by its 

recovery from domestic waste streams alone (Gilbert, 2009). Until very recently, 

significant P removal and recovery during AD wastewater treatment had not been 

observed (Hughes, 2014). 

It appeared that phosphate removal required a period of acclimation, or 

perhaps a period of development associated with the colonisation of biofilms, on 

and within the filter in Phase 1 and during this phase, the phosphate removal 

efficiency was relatively low. During Phase 2, a significant increase in phosphate 

removal efficiency (69%) was observed and after that, phosphate removal reached 

its maximum level during Phase 3 (~78%). Upon reduction of the HRT to 12 hr 

(OLR 1 kg COD m-3d-1) during Phase 4, phosphate concentrations increased in the 

effluent. CODSus removal was reduced in this phase, which may indicate biomass 

washout including the washout of phosphate-retaining biomass from the reactor. 

After the filter was changed (Phase 4B), effluent phosphate values increased and 

removal was erratic with an average removal efficiency of 43%. During phase 5, 

phosphate removal efficiency decreased further, to 28%, indicating that the filter 

played an important role in phosphate removal.  
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SEM and EDX analysis was carried out on the sludge granules, unused 

pumice stone, washed pumice stone and biomass from the filter (Figure 2 A-D, 

respectively). SEM of the biomass on the stone (Figure 2D) compared to washed 

(Figure 2C) and unused stone (Figure 3B) showed the sealing of the porous 

channels through biofilm development on the stone. The biomass and biomass on 

the filter stones (Figure 2 A and D) contained on average 2% phosphate as 

determined through EDX analysis, while no phosphate was detected in the 

washed or unused pumice stones (Figure 2 B and C). We hypothesise, therefore, 

that phosphate removal was mediated by biofilms within the bioreactor and that 

the recovery of the removed P would be facilitated by sludge removal as reported 

by Hughes et al (2015). 

 
Figure 2. SEM/EDX images and element composition of reactor contents at the 
end of the trial (A): sludge granule, (B): unused pumice stone, (C): washed 
pumice stone and (D): biomass on the pumice stone. 

This is one of the first reports that P removal, significantly in excess of 

growth requirements, can be achieved through methanogenic treatment of dilute 

wastewater. The process has, to date, only been associated with low-temperature 

AD systems (Hughes et al., 2015). Pumice is not a new material to wastewater 

treatment (Akbal, 2005; Kitis et al., 2007) and chemical adsorption of phosphate 

in this material has also been demonstrated (Onar et al., 1993). The biological 

interaction with the material, however, which promotes efficient P removal and 

recovery greatly in excess of that possible through adsorption (Hughes et al., 
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2015). Recent research has indicated the formation of calcium phosphate granules 

as a new phosphorus product during the treatment of blackwater (Tervahauta et 

al., 2014). Largely insoluble at higher temperatures, calcium phosphate forms 

may partially solubilize at low temperatures allowing interaction with the 

microbial biofilm. However, the environmental and biological triggers that might 

promote this process further; the exact role of the microbial biomass; and to what 

extent AD with P recovery can be developed towards a full-scale technological 

solution, remain to be elucidated and are the focus of ongoing research efforts.  

3.3.3 HYDROLYTIC CAPABILITIES OF THE BIOMASS  

The development of increased hydrolytic, acidogenic and methanogenic activity 

throughout the trial was monitored through SMA and hydrolysis rate kinetics 

compared over mesophilic and psychrophilic temperature ranges. The starting 

seed biomass showed negligible activity against all substrates at 12°C (Table 3). 

This was somewhat surprising as this sludge was acclimated to low-temperatures 

and may be due to the fact that it was stored at 4°C for a prolonged period of time 

before the start-up of this experiment. The SMA of the sludge at 12°C on most 

substrates (except ethanol) increased at the end of phase 1 (Table 3), indicating an 

acclimatisation or reactivation of the sludge at that point. Considerably higher 

activity at mesophilic temperatures, throughout the trial, suggested the 

development of a low temperature tolerant methanogenic community rather than a 

truly psychrophilic one, despite the 732-day reactor operation. When considering 

the specific pathways to methane formation, all assays at both mesophilic and 

psychrophilic temperatures revealed greater SMA for hydrogenotrophic 

methanogenesis throughout the trial, indicating a preference of the sludge towards 

this pathway. During the experiments, the SMA on propionate at 12°C steadily 

increased, indicating that an important degradation pathway was via propionate.  

At the end of Phase 3, it was noticeable that the activity on all substrates 

(except on butyrate) at 37°C decreased, compared to the activity in biomass 

sampled during Phase 1. At this point, the activity on H2/CO2 decreased by 10 

times and, interestingly, no activity was detectable against acetate at this point. 

The negligible activity against acetate may explain the fact that acetic acid started 

to accumulate in the effluent during Phase 3. A similar pattern was observed on 
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the SMA at 12°C when the SMA on most substrates (except for propionate and 

ethanol) decreased compared to the previous sampling point (at the end of Phase 

1). Again, no activity was detected on acetate at 12°C. The SMA results support 

the reactor data discussed above which showed that performance started to 

deteriorate at this phase with subsequent acetic acid accumulation.  

At the end of the trial, the SMA on the direct methanogenic substrates 

(H2CO2 and acetate) at 37°C and 12°C had increased compared to the sludge 

sampled at the end of Phase 3. These results indicate a recovery of the 

methanogenic population at this stage. This also demonstrates the development of 

psychrotolerant behaviour throughout the trial as also indicated by the removal of 

soluble COD. 

Table 3. Specific Methanogenic Activity (SMA) of reactor sludge throughout the 
trial at 37°C and 12°C in ml Methane (CH4) g [VSS]-1 d-1. Values are the mean 
across triplicate vials with standard deviation in brackets. a; No detectable activity 
found. 

 Propionate Butyrate Ethanol Acetate H2/CO2 

Seed 37°C 61 (±21) 31 (±7) 52 (±17) 80 (±20) 125 (±32) 
Seed 12°C 2 (±1) 1 (±1) 7 (±2) 3 (±1) 4 (±0.2) 

Phase 1 37°C 70 (±7) 199 (±27) 492 (±82) 272 (±158) 587 (±276) 
Phase 1 12°C 7 (±5) 24 (±11) 7 (±6) 12 (±11) 21 (±4) 
Phase 3 37°C 70 (±0.5) 273 (±9) 197 (±77) NDa 56.5 (±0.4) 
Phase 3 12°C 10 (±13) 10 (±0.3) 25 (±3) NDa 19 (±1) 

End 37°C 26 (±14) 44 (±28) 284 (±135) 176 (±23) 319 (±36) 
End 12°C 20 (±11) 13 (±38) 36 (±32) 9 (±4) 16 (±10) 

 

To elucidate the hydrolytic capacity of the microbial biomass, particularly 

with respect to protein degradation, tests using skimmed milk as a protein source 

were performed and various kinetic parameters (Amax, Km Vmax and k) were 

calculated. The results showed that the half-saturation constant Km was higher at 

12°C than at 37°C throughout the trial (Table 4) indicating that microorganisms 

with lower substrate affinity predominated at the lower temperature, which is in 

agreement with a previous study, which showed that the Km increased as 

temperature decreased (Banik et al, 1998). At the end of phase 1, the Km at 37°C 

and 12°C had doubled compared to the Km of the seed biomass, again an 

indication of a decrease in the substrate affinity, presumably as a response to the 
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adaptation to cold temperatures (Table 4). At the end of phase 2, the Km decreased 

slightly at 37°C and decreased by 44% at 12°C suggesting that proteolytic 

bacteria with higher substrate affinity started to dominate in the consortium at this 

stage as a response to the low concentration of protein in the influent. From the 

end of phase 3 until the end of the trial, the Km decreased slightly and stabilised at 

both temperatures indicating further acclimatisation of proteolytic bacteria with 

higher substrate affinity (Table 4).  

The initial Amax (maximum specific activity; g Protein-1 d-1) was twice as 

large at 37°C (74 g COD g protein-1 d-1) than at 12°C (35 g protein-1 d-1), while k 

(first-order hydrolysis constant) was ~7 times higher at 37°C than at 12°C (Table 

5). Interestingly, from the end of phase 3, Amax and k were higher at 12°C, 

especially from the end of phase 4 onwards. By the end of the trial, Amax and k 

were 4.5 and 2-times higher, respectively, at 12°C than at 37°C, indicating the 

emergence of a psychrophilic proteolytic consortium rather than a psychrotolerant 

one. This would explain the high proteolytic activity in the reactor throughout the 

trial. 

The protein kinetic parameters evaluated here elaborate on the degradation 

of the protein substrate. From these results, we can see than active low-

temperature proteolytic species, or consortia, were developing throughout the 

trial, probably producing cold-active proteases. Proteases are enzymes that are 

involved in regulatory or catabolic activities in the cell or as extracellular enzymes 

that play an important role in the degradation of proteinaceous substrates that 

serve as carbon or energy sources (Godde et al., 2005).  
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Table 4. Hydrolysis kinetic assays based on a skimmed milk protein source of 
reactor sludge throughout the trial at 37°C and 12°C. a: Maximum substrate 
utilising rate g COD g protein-1d-1. b: Apparent half-saturation constant gproteinl-

1. c: Maximum initial velocity g protein l-1 d-1. d: Hydrolysis rate constant d-1. 
Values are the mean across a triplicate with standard deviation in brackets. 

Sample Amax a Km b Vmax c K 

Seed 37°C 74 (±22) 0.760 (±0.041) 0.609 (±0.059) 3.98 (±2.6) 
Seed 12°C 35 (±20) 2.689 (±0.174) 0.865 (±0.117) 0.59 (±0) 

Phase 1 37°C 40 (±1) 1.867 (±0.109) 2 (±0.256) 4.49 (±0.18) 
Phase 1 12°C 58 (±11) 4.213 (±2.456) 1.728 (±1.256) 1.31 (±0.42) 
Phase 2 37°C 79 (±9) 1.123 (±0.087) 0.153 (±0.033) 2.30 (±0.04) 
Phase 2 12°C 40 (±5.5) 1.856 (±0.053) 0.310 (±0.218) 1.54 (±0.1) 
Phase 3 37°C 67 (±27) 0.905 (±0.012) 0.070 (±0.018) 0.130 (±0.02) 
Phase 3 12°C 188 (±112) 1.261 (±0.034) 0.033 (±0.034) 4.23 (±2.65) 

End 37°C 34 (±10) 0.905 (±0.059) 0.247 (±0.029) 1.69 (±0.34) 
End 12°C 155 (±36) 1.237 (±0.082) 0.054 (±0.038) 3.83 (±0.55) 

 

3.3.4 MOLECULAR CHARACTERISATION OF THE MICROBIAL COMMUNITY 

3.3.4.1 Denaturing Gradient Gel Electrophoresis 

UPGMA cluster analysis of DGGE banding patterns (Figure 3i-3ii) demonstrated 

that changes occurred in the bacterial and archaeal communities in the reactor 

over time. Bands were generated from both DNA and cDNA and some 

differences were noted between these banding patterns with a greater degree of 

variation apparent between the cDNA-based profiles, especially in the samples 

taken towards the end of the trial (Figure 4A-4D). Dendrograms comparing the 

bacterial banding patterns from both DNA and cDNA (Figure 4A and 4B), 

however, did in general show similar profiles and both datasets indicated that 

there was a significant shift in the community as the trial progressed, indicating 

the development of actively growing microorganisms. As expected, the banding 

patterns during the early time-points in the trial were more similar to the seed 

sludge and as the trial proceeded, the bacterial fraction of the community became 

less similar to the original inoculum. The archaeal profile for DNA (Figure 4C) 

followed a similar pattern as the bacteria, with clear transitions occurring over 

time and, again, these transitions were more pronounced.in the cDNA-based 

profiles (Figure 4D). The archaeal profile in the sample from Day 307 was 

distinct from all other samples, a point that coincided with changes reflected in 
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the SMA values at this time indicating a disturbance to the methanogenic 

populations within.  

In this study, and in the study of Hoshino and Matsumoto (2007) changes 

in the DGGE profiles differed between the DNA and RNA-based analysis. The 

greatest differences between the DNA and cDNA profiles in this trial were in 

those samples taken towards the conclusion of the trial, which may reflect the 

capacity of the cDNA analysis to better reflect actively growing community 

members. The results suggest that the cDNA-based analysis may be a more 

responsive method for community analysis and that the DNA-based analysis may 

detect ribotypes no longer active in the community. Low resolution in DGGE can 

be expected when bacterial diversity is high (Torsvik et al., 1998) and, since 

DGGE with eubacterial primers only detects the most dominant species and 

neglects less abundant species (Muyzer et al., 1993). Further molecular 

characterisation of the community was carried out to elucidate the microbial 

ecology of LtAD of dilute wastewater.  

 

 
Figure 3. DGGE gels of i: Archaeal and ii: Bacterial samples. A) Seed DNA, B) 
Seed cDNA, C) Day 105 DNA, D) Day 105 cDNA, E) Day 209 DNA, F) Day 
209 cDNA, G) Day 307 DNA, H) Day 307 cDNA, I) Day 638 DNA, J) Day 638 
cDNA, K) Take-Down DNA, L) Take-Down cDNA, M) Filter DNA and N) Filter 
cDNA. The numbers on the gel refer to the numbers of distinctive bands found. 
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Figure 4. UPGMA cluster analysis of DGGE bands based on a binary matrix and 
Jaccard Coefficient of A) Bacterial DNA, B) Bacterial cDNA, C) Archaeal DNA 
and D) Archaeal cDNA. 

 

3.3.4.2 Quantitative PCR (qPCR) 

qPCR analysis was used to assess temporal changes in the total numbers and 

activity (cDNA-based analysis) of bacterial and archaeal populations. The total 

bacterial and archaeal DNA 16S rRNA gene copy numbers revealed the dynamics 

in the numbers of bacteria and archaea present in the reactor biomass (Figure 5A). 

By the end of Phase 3 (Day 301), the total numbers of bacterial and archaeal gene 

copies had decreased by two orders of magnitude (between ~2 x 106 and 3 x 108 

copies g-1), compared to the numbers in the seed inoculum, coinciding with the 

deterioration in the processes of hydrolysis and methanogenesis detected in the 

reactor at that time (Tables 3 and 4). The bacterial and archaeal copy numbers had 

recovered to similar levels to those of the seed (~2 x 108 copies g-1) by the end of 

Phase 4 and, thereafter, remained relatively stable. The numbers of both bacterial 

and archaeal gene copies were generally one order of magnitude lower in the filter 

than in the granules, but nevertheless indicated that a significant population had 

developed in the filter through time.  
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The 16S rRNA gene expression indicated greater fluctuations in bacterial 

and archaeal transcript numbers throughout the trial, although the trends were 

similar in both DNA and cDNA-based datasets. The cDNA-based analysis 

indicated that the total number of archaeal gene transcipts varied between 1.24 x 

1010 and 6.66 x 1013 (copies g-1), while bacterial copy numbers varied between 

1.67 x 109 and 9.8 x 1011 (copies g-1) (Figure 5B). 

Temporally, total archaeal copy numbers decreased during Phase 3 (and 

again during Phase 4), a reduction of ~three orders of magnitude compared to the 

numbers in the seed biomass. These datapoints (Phase 3, Phase 4A.a and Phase 

4A.b) immediately preceded transient deteriorations in reactor performance 

(Figure 1) and an increase in effluent acetate concentrations. The reduction was 

also reflected in no detectable acetoclastic activity and greatly reduced 

hydrogenotrophic activity in biomass sampled during Phase 3 (Table 3). Bacterial 

copy numbers also decreased at this stage (a reduction of ~2 log compared to the 

numbers in the seed; Figure 5B) and this was reflected in the reduced hydrolytic 

capacity of the biomass sampled during Phase 3 (Table 4). By the end of the trial, 

the archaeal copy numbers were the highest recorded (6.66 x 1013 copies g-1) and 

the bacterial numbers had also increased by two orders of magnitude (Figure 5B), 

which coincided with increases in the hydrolytic and methanogenic activity of the 

biomass (Tables 3 and 4, respectively); and with the capacity of the reactor for 

efficient COD removal at an OLR of 1.5 kg m-3 d-1 (phase 5: Figure 1). The high 

bacterial and archaeal copy numbers in the filter biomass at the middle and the 

end of the trial indicated that an active consortium had also developed through 

time in this section of the reactor. 

Archaeal gene abundance and transcripts demonstrated in this study are 

greater than those reported by previous authors (Town et al., 2014), indicating a 

highly active archaeal population within this system. It has been well established 

that the majority of archaea in anaerobic digestors are methanogens (Sundberg et 

al., 2013; Li et al., 2013; Nelson et al., 2011) and, thus, the use of the general 

archaeal primer set as described by Yu et al (2005), should be close to the sum of 

the DNA/cDNA that would be quantified, if targeting the four specific 

methanogenic orders. It is a limitation of the data presented here that general 
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archaeal and bacterial primer sets were used to quantify total bacterial and 

archaeal numbers. However, recent research has noted the reduction in coverage 

rates of group-specific primers owing to the identification of new strains or 

sequences that mismatch with the primers or probes. In particular the Mst-set used 

by Yu et al (2005) to target Methanosaetaceae has decreased to ~53.3-66.7% 

(Kim et al., 2013). Thus, quantifying genes involved in specific steps within the 

AD pathway might prove more accurate. 

 
Figure 5. qPCR data of Bacterial and Archaeal copy numbers (log scale) for A) 
DNA and B) cDNA from biomass samples throughout the trial.  
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3.3.4.3 Next generation sequencing 

In total, 593,231 16S rRNA gene sequences >200bp were obtained from all 

biomass samples. The S3 cDNA sample yielded only 10 sequences so this sample 

was omitted from the analysis.  

3.3.4.3.2 Bacterial populations 
A variety of fermentative and hydrolytic species were identified within the reactor 

system. The bacterial community structure in low temperature systems have 

previously been indicated to be similar to those in mesophilic settings, with 

fermentative members of the Bacteroidetes and syntrophic members of the 

Proteobacteria being predominant (O’Reilly et al., 2010). The apparent diversity 

of the bacterial population increased throughout the trial, when compared to the 

seed inoculum. The active fraction was also observed to be dynamic as 

demonstrated by the variation in bacterial composition and relative abundance in 

each cDNA sample, although clear trends were identified.  

 The abundance of Proteobacteria increased during the trial and this was 

the most abundant bacterial phylum, being comprised mainly Delta, Gamma and 

Beta-Proteobacteria, although Alpha and Epsilon Proteobacterial classes were also 

present.  The Proteobacteria phylum contains a diverse consortium of species. 

Proteobacteria members have been isolated from numerous low temperature 

environments from the arctic to low-temperature hydrothermal sulfide chimneys 

(Margesin & Miteva, 2011, Ding et al., 2012). They are also common throughout 

anaerobic digestion systems across mesophilic (Nelson et al., 2011; Godon et al., 

1997; Hernon et al., 2006) to low-temperature systems (Bialek et al., 2013; 

O’Reilly et al., 2010; McKeown et al., 2009; Collins et al., 2003). They are 

capable of growth on a range of organic materials (Levén et al., 2007; Yamada et 

al., 2005). Many known species are associated with acetogenesis (McMahon et 

al., 2004; Ariesyady et al., 2007; Sousa et al., 2008; Werner et al., 2011). The 

genus Syntrophus is associated with the syntrophic degradation of butyrate. The 

Deltaproteobacteria class contains genera responsible for the syntrophic 

degradation of propionate (McInerney et al., 2005), such as Syntrophobacter sp., 

which use sulfate as an electron acceptor (McInerney et al., 2005).  



 Chapter 3  
  

 

 129  
  

 

The relative abundance of the Firmicutes phylum also increased 

significantly during Phases 3 and 4 (Figure 6 A). The relative abundance of 

Firmicutes in the biomass decreased after this point but they remained the second 

most abundant phyla (~27%) after the Proteobacteria at the conclusion of the trial. 

The most dominant classes in the Firmicutes phylum were the Bacilli and 

Clostridia (mainly Lactobacillales; Figure 6B). Psychrophilic species belonging to 

the class Clostridia have been isolated and identified from diverse environments 

(Prevost et al., 2013; Moschonas et al., 2011) and the appearance of such species 

in the reactor could explain the development of a psychrophilic proteolytic 

consortium during the trial, as demonstrated in the protein degradation tests 

(Table 4). A relatively small population of Flavobacterium species was also 

detected in the bacterial Illumina Miseq analysis, organisms that have also been 

shown to degrade protein (Cirne et al., 2006) and possess psychrophilic proteases 

(Zhang et al., 2011). 

The Bacteroidetes were an abundant phylum within the reactor system. 

They increased from relatively low starting levels (c. 10%) to reach a relatively 

stable level of 20-30% of the biomass. The major classes present were the 

Bacteroidea, Sphingobacteria and Flavobacteria. Bacteroidetes, like the 

Firmicutes, play important roles in the degradation of complex organic 

compounds. The Chloroflexi were also present at high levels (6-12%) throughout 

the trial. This phylum includes genera capable of various types of energy 

utilisation such as phototrophic and chemotrophic species (Holt & Lewin 1968; 

Oyaizu et al., 1987). The Anaerolineacea were the dominant representative of the 

Chloroflexi phylum in this trial and are thought to play an important role in 

granulation (Yamada et al., 2005). Other phyla present included the 

Actinobacteria (1-7%), Fusobacteria, Acidobacteria, Caldiserica, Nitrospirae, 

OP8, OP9, Synergistetes and Planctomycetes. The analysis also revealed the 

presence of a small proportion of polyphosphate-accumulating organisms (PAOs) 

such as the Rhodocyclus genus (4% S1 cDNA), Chromatiales order, Actinobacter 

class and Acinetobacter genus in granular and filter biomass. A bacterial 

population heatmap analysis (Figure 7) indicated Marinilabiaceae, 

Anaerolineacea and Trichococcus were present throughout. The heatmap also 

indicated that early sampling points clustered together and that the community 
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developed over time, in line with the trends identified by the DGGE analysis 

(Figure 4). 

This profile of the reactor bacterial community will support more targeted 

molecular and labelled substrate approaches, which could provide more 

clarification on the mechanisms of P removal within the system and whether there 

was any role for enzymatic processes in the attenuation of P during low-

temperature AD. 

 

 
Figure 6A. Stacked bar charts for bacterial Illumina Miseq analysis throughout 
the trial showing the dominant phyla.  
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Figure 6B. Stacked bar charts for bacterial Illumina Miseq analysis throughout 
the trial showing the dominant orders. 
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Figure 7. Heatmap generated for the Illumina Miseq bacterial genera (>1.2%) data only. Dendrograms based on Bray-Curtis 
similarity. 
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3.3.4.3.2 Archaeal population 
The Euryarchaeota phylum represented a large majority of the sequences 

identified from the biomass  (representing 50% and 70% of the Seed Inoculum (I) 

and the biomass from the end of Phase 1 (S1-Day 105)). A clear perturbation was 

observed in the Euryarchaeota phyla at the end of phase 3 (S3; Day 301) (Figure 

6A-6B). The reduction in archaeal copy numbers based on qPCR data from this 

phase supports this finding. This coincided with the deterioration of 

methanogenesis in the reactor, represented by the increase in the VFA:COD 

discussed earlier, and with no detectable acetoclastic activity and greatly reduced 

hydrogenotrophic activity. Furthermore, during this phase an increase in acetic 

acid concentrations was observed with values reaching 24 mg l-1. From S6 (Day 

457) the relative numbers of archaea increased until the end of the trial when they 

comprised 27-30% of the biomass sample.  

The Methanosarcinales dominated the community (55%-75% of the 

population on a DNA basis and 68% to 88% on a cDNA basis; Figure 6A-6B). 

The genus Methanosaeta was the sole representative of the acetoclastic group 

since the Methanosarcina genus was not detected (Figure 8). The dominance of 

Methanosaeta was not surprising since they have been found to dominate the 

methanogenic community in reactors during steady state conditions when acetate 

concentrations were low (McHugh et al., 2005; Raskin et al., 1995; Schmidt & 

Ahring, 1999; Sekiguchi et al., 1998). Although Methanosaetacea dominated the 

consortium in the reactor, a decrease in the relative abundance of this group was 

observed at the end of Phase 1 (Figure 6B). At the same time, the proportion of 

the hydrogenotrophic orders Methanobacteriales and Methanomicrobiales 

increased in the consortium, indicating the importance of the pathway via H2/CO2 

in the reactor. The SMA data presented earlier supports this view, as do previous 

reports (Collins et al., 2006; O’Reilly et al., 2010). A shift to hydrogenotrophic 

methane production has been linked to periods of perturbation (McHugh et al., 

2003) and organic overload of the system (Lerm et al., 2012). The increase in 

hydrogenotrophic methanogens and reduced acetotrophic methanogenesis without 

acetate accumulation may have been as a result of syntrophic acetate oxidation 

(Schnürer et al., 1994, 1996) whereby acetate is converted to hydrogen and CO2 

by homoacetogenic bacteria. Karakashev et al (2006) found a strong correlation 
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between the absence of Methanosataceae and the involvement of the acetate 

oxidation pathway in biomass from full-scale digestors. The increase in 

Firmicutes in the next sampling point (Figure 6A), which include homoacteogenic 

species, may be linked to the disturbance seen as both acetoclastic and 

hydrogenotrophic methanogens decreased. Higher effluent acetate concentrations 

were seen in at this point indicating that the homoacetogenic bacteria may have 

been generating acetate as the sole end product from H2CO2 or multicarbon 

compounds and thus, may have outcompeted the hydrogenotrophic methanogens. 

Homoacetogens have been recognized to adapt to low temperature better when 

compared to hydrogenotrophic methanogens (Kotsyurbenko et al., 2001).    

 
Figure 8. Heatmap generated for the Illumina Miseq archaeal genera data only 
with pink shading indicating DNA sample and blue shading indicating cDNA 
sample.  

 

This study provided evidence that low-temperature anaerobic digestion of 

sewage is feasible; and that efficient phosphate removal from sewage wastewater 

may be achieved during AD. Next generation sequencing and physiological 

analyses of the biomass recorded the development, at low temperatures, of active 

hydrolytic and methanogenic populations, which underpinned the successful 

process performance. Further tests would be needed to assess the repeatability of 
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the process and the development of the microbial populations. In addition a more 

targeted approach may help provide functional information concerning the 

hydrolysis of sewage at low-temperature. 

 

3.4 Highlights 

o Efficient long-term AD of domestic sewage at 12°C was possible using the 

hybrid system.  

o High CODTot and CODSol removal was achieved while CODCol and 

CODSus were partially recalcitrant in the system. Reactor performance was 

optimum at a HRT of 24 hours and an OLR of 0.5 kg COD m-3 d-1.  

o The AF and biomass contained within were essential for phosphate 

removal and physical entrapment of particulates.  

o SMA results indicated an important pathway via propionate and methane 

production via H2/CO2 at 12°C was observed.  

o DGGE of DNA and cDNA indicated differences in the metabolically 

active communities over time. DGGE reflected changes in archaeal cDNA 

not present in DNA cluster. 

o Active psychrophilic proteolytic community with reduced substrate 

affinity developed in the reactor system, probably connected to the 

dominance of Firmicutes (mainly clostridia) in the sludge.  

o Methanosaeta and Methanobacteriales members dominated the archaeal 

population.  

o Following perturbation period in phase 3, both Methanosaeta and 

Methanobacteriales decreased. Perturbance to methanogenic population 

may have been linked to the proliferation of Firmicutes in tandem. 

Indicating perhaps a shift to syntrophic acetate oxidation. 

o Species linked to phosphate removal (such as Rhodoclales, Chromatiales, 

Actinobacter and Acinetobacter) found to be present in the system.  
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ABSTRACT 

The process performance and reproducibility of long-term (889 days) low-

temperature anaerobic digestion (LtAD) of synthetic sewage was studied, with 

particular emphasis on the microbial community development. Two identical 

hybrid anaerobic sludge bed-fixed-film reactors were used to degrade a synthetic 

sewage based wastewater at 12°C, at organic loading rates (OLRs) of 0.25-1.0 kg 

COD m-3 d-1. Chemical oxygen demand (COD) removal efficiencies were 

regularly above 78% for the total and soluble COD fractions. Proteins were 

completely hydrolysed within the systems and carbohydrate removal was >68%. 

Successful phosphate removal was noted during the trial and was highest (>70%) 

at an applied OLR of 0.5 kg COD m-3 d-1. Sludge biomass characterisation 

indicated the successful development of hydrolytic activity at low temperature in 

the biomass of both reactors. K had increased by 20 times from the seed 

inoculum, for example, after 500 days of reactor operation. Quantitative 

polymerase chain reaction-based analysis indicated that the bacterial and archaeal 

numbers; and that the relative composition of the communities was very similar in 

both reactors. Temporal microbial community development was monitored using 

next generation sequencing (NGS) of 16S rRNA genes and cDNA generated by 

reverse transcription of bacterial and archaeal rRNAs extracted from both sludge 

granules and filter section biofilm. NGS demonstrated that the adaptation of the 

mesophilic inoculum involved a shift in community structure and that microbial 

community structure (both during steady state and in periods of perturbation) and 

development in both reactors was reproducible at family level, with >95% 

confidence. Major constituents of the microbial consortium included the 

Proteobacteria, Firmicutes, Bacteroidetes, Clostridia, Synergistetes; along with 

acetoclastic and hydrogenotrophic methanogens. A divergence in process 

performance was observed during the final phase of the trial (days 665-889), with 

reduced COD removal efficiencies noted in Reactor 1. This was associated with 

the transient development of a larger proportion of Leptotrichiaceae and 

Desulfomaculum and a decrease in the abundance of Trichococcus and 

hydrogenotrophic methanogens in Reactor 1. A greater understanding of the 
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microbial community dynamics underpinning the AD process could facilitate the 

development of more robust and efficient processes. 

 

Keywords: Anaerobic digestion, LtAD, hybrid reactor, hydrolysis, microbial 

community structure, high-throughput sequencing, NGS, sewage, reproducibility.  



 Chapter 4  
  

 

 149  
  

 

4.1 Introduction 

Domestic wastewater treatment technologies utilising the high-rate anaerobic 

digestion (AD) process have been widely adopted at full-scale, but only in tropical 

regions with year-round warm temperatures (Aiyuk et al., 2006; Lew et al., 2009; 

Bowen et al., 2014). In areas with a lower ambient temperature, heating the AD 

reactor to allow mesophilic (25-37°C) or thermophilic (45-60°C) operating 

regimes is, of course, possible. Owing to the dilute nature of unseparated domestic 

sewage, however, a loss of energy would be incurred making the process 

unattractive from an economic and environmental point of view (Lettinga et al., 

2001; Martin et al., 2011). High-rate, low-temperature AD (LtAD) has been 

demonstrated, on numerous occasions, to be a successful approach for the 

treatment of industrial wastewater at operating temperatures below 15°C (e.g., 

Connaughton et al., 2006; Akila & Chandra, 2007; Enright et al., 2009). High-rate 

AD treatment of domestic wastewater, in particular at reduced temperatures, is 

less well studied. Research undertaken on high-rate LtAD of sewage (Seghezzo, 

2004; Smith et al., 2013) has, however, begun to reveal some key process 

parameters influencing treatment outcomes and has demonstrated high levels of 

COD removal. Knowledge on the development and physiological capacity of the 

microbial community during long-term reactor operation is, however, still very 

limited. Key questions about the application of LtAD for domestic sewage 

treatment relate to the operational regimes (e.g. sludge loading rates) possible, the 

long-term capacity of the biomass to sustain efficient performance and the 

conjectural limitation of the process with respect to meeting high quality effluent 

discharge standards. 

Anaerobic digestors are still run at full-scale as ‘black boxes’, with the 

root causes of process disturbances and failures often unknown. Successful high-

rate AD of a wastewater requires the collaborative interaction of the microbial 

populations that sustain the process (Amani et al., 2010; Li et al., 2009; Werner et 

al., 2011). While advances in next generation sequencing (NGS) technologies 

have allowed greater insight into the phylogenetic diversity of AD systems 

(Nelson et al., 2011; Sundberg et al., 2013), the degradation routes linked to 
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microbial community characteristics and functions in AD environments are still 

not fully elucidated (Ferguson et al., 2014; Vanwonterghem et al., 2014). The 

development of the bacterial portion of the methanogenic consortium, in 

particular, is not well understood in AD as, to date, research has mainly focused 

on the methanogenic archaea. The microbial response to process perturbations 

during high-rate AD is considered to vary due to the complexity of the 

consortium, and the process has thus been deemed to be somewhat unstable 

(Wang et al., 2010; Wang et al., 2011; Ferguson et al., 2014; Leitao et al., 2006). 

A greater understanding of microbial community structure and development will 

help to open the AD ‘black box’ and could underpin the further progression of 

AD technologies, for example, through supporting better AD process models. As 

stated by Amani et al (2010), AD can be classified into three main elements, 

microbiological, operational and chemical, but very few studies encompass all 

these features. Most studies also fail to consider long-term acclimation and 

maturation of the microbial consortia and are often carried out without replication 

(McGuinness et al., 2006; Ciotola et al., 2014). 

This study addressed the hypothesis that process performance and 

microbial community development would be reproducible in replicated high-rate 

LtAD reactors treating a sewage wastewater, during a long-term trial. For the 

evaluation, two identical reactors were set up in parallel and were employed to 

treat a synthetic sewage (SYNTHES) at 12°C, over a period of 889 days. 

Microbial community development was assessed over the course of the trial using 

both genomic- and activity-based analyses. Specifically, the microbial community 

activity was tracked using hydrolytic and methanogenic activity assays. Trends in 

the microbial ecology were assessed using TRFLP and qPCR. Illumina 

sequencing of 16S rRNA genes and 16S rRNAs was applied to evaluate changed 

in the microbial community structure in response to incremental increases in the 

organic loading rate. Statistical analyses were employed to demonstrate 

reproducibility between the systems in terms of process and microbial community 

development. 
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4.2 Materials and Methods 

4.2.1 SOURCE OF BIOMASS 

Anaerobic sludge granules were obtained from a mesophilic, full-scale, internal 

circulation (IC) reactor, located at the Carbery Milk Products plant in Co. Cork, 

Ireland. The volatile suspended solids (VSS) content of the granules was 119 g 

VSS l-1. Visually the granules were small, spherical and grey/brown in colour.  

4.2.2 REACTOR DESIGN, SET-UP AND OPERATION 

This study employed two glass hybrid sludge bed-fixed-film reactors (2.8 l 

working volume). The upper ‘fixed-film’ anaerobic filter (AF) section was placed 

above the sludge bed and below the effluent line. The filter consisted of 

granulated pumice stone (∅ c. 1-4 mm) tightly packed inside a low-density 

polyethylene (LPDE) cylinder (Hughes, 2014). Both reactors were seeded with 20 

g volatile suspended solids g VSS l-1 of the seed biomass. The substrate used was 

synthetic sewage (SYNTHES; Aiyuk & Verstraete, 2004) at a concentration of 

500 mg l-1 total COD (CODTot). The reactors were operated at 12˚C in a trial 

lasting for 889 days. The trial was divided into five phases, each representative of 

a different hydraulic retention time (HRT) and organic loading rate  (OLR; Table 

1). 
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Table 1. Reactor operation phases and associated operational conditions. 
 

PHASE 
DAYS 

1 
0-104 

2 
105-259 

3 
260-559 

4 
560-665 

5 
666-889 

HRTi 48 36 24 18 12 
TEMPii 12 12 12 12 12 
OLRiii 0.2 0.3 0.5 0.6 1.0 

VLRiv 0.5 0.7 1.0 1.3 2.0 
SLRv 0.02 0.03 0.05 0.06 0.10 

SLRvi 0.01 0.02 0.02 0.03 0.05 
UVvii 2.5 2.5 2.5 2.5 2.5 

i Hydraulic retention time (hrs.); ii Temperature (°C); iii Organic loading rate (kg COD m-3 d-1*; iv 
Volumetric loading rate (m3 Wastewater m-3 Reactor d-1); v Sludge loading rate (kg COD kg[VSS]-

1 d-1)*; vi Sludge loading rate (m3Wastewater kg[VSS]-1 d-1); vii Up-flow velocity (m h-1). *Values 
calculated based on influent concentration of 500mg l-1 CODTot. 

 

4.2.3 CHEMICAL OXYGEN DEMAND (COD) 

Reactor influent and effluent was regularly sampled and the concentration of 

CODTot, soluble COD (CODSol), suspended COD (CODSus) and colloidal COD 

(CODCol) was determined according to Standard Methods (APHA-AWWA-WEF, 

2005). The separation of the fractions into CODTot, CODSol, CODSus and CODCol 

was achieved by passing the effluent through a Whatman No. 3 0.55 µm filter and 

then passing this filtrate through a Whatman membrane cellulose filter 0.45 µm 

filter. The CODSus fraction was calculated by subtracting the first filtrate COD 

from the neat sample. The CODCol fraction was then calculated by subtracting the 

soluble (second filtrate) from the first filtrate COD.  Percentage COD removal 

efficiency was calculated from effluent and influent measurements. 

4.2.4 EFFLUENT ANALYSES 

The protein portion in the effluent was determined by the Lowry method (Lowry 

et al., 1951), while the polysaccharide portion was measured using the DuBois 

method (DuBois et al., 1956).  

Dissolved phosphorus (expressed as PO4
3-) was measured using 

colorimetric spectrophotometry (HACH DR4000), as described by Pattananuwat 
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et al (2013). Reactor influent and effluent samples were first passed through a 0.2 

µm filter, prior to analysis. 

Volatile fatty acid (VFA) measurements were performed by 

chromatographic analysis of liquid samples in a Varian Saturn 2000 GC/MS 

system, with CombiPAL auto-sampler (Varian Inc., Walnut Creek, CA). 

Separation was carried out on a GC fused-silica capillary column with a free fatty 

acid phase (bp21-FFAP; 30 m length x 250 µm i.d. 0.25 µm film thickness, 

Agilent Technologies Inc., USA), as described in Chapter 3.  

4.2.5 SPECIFIC METHANOGENIC ACTIVITY (SMA) TESTING 

To evaluate changes in the hydrolytic and methanogenic capabilities of the seed 

(Day 0) and reactor biomass (sampled on days 105, 260, 666 and 889), samples 

were screened using the specific methanogenic activity (SMA) testing method 

using the pressure transducer technique, as described previously (Colleran et al., 

1992; Coates et al., 1996; Siggins et al., 2011). The substrates propionate (30 

mM), butyrate (15 mM) and ethanol (30 mM) were used to evaluate indirect 

methanogenic activity from syntrophic populations in the biomass. The substrates 

acetate (30 mM) and H2/CO2 (80:20, v/v) were employed to establish acetoclastic 

and hydrogenotrophic methanogenic activity, respectively. The controls used were 

vials without added substrate, or with the addition of N2/CO2 (80:20, v/v) for 

gaseous tests. Tests were performed, in triplicate, at 12°C and 37°C with biomass 

concentrations in the vials of 2-5 g VSS l-1. The results were expressed as ml CH4 

g VSS-1
 day-1.  

4.2.6 SUBSTRATE (PROTEIN) DEGRADATION ASSAYS TO ASSESS SUBSTRATE 
DEPLETION CURVE FOR THE DETERMINATION OF K, VMAX, AMAX AND KM 

The maximum specific activity (Amax), the maximum initial velocity (Vmax), the 

apparent half-saturation constant (Km) and the first-order hydrolysis constant of 

the biomass on a protein source were determined using substrate degradation 

assays through a modification of the SMA method described above. The 

hydrolytic capabilities of seed biomass (Day 0) and reactor biomass sampled at 

each HRT change (Days 105, 260, 560, 666 and 889) to digest a protein rich 

source (solubilized skimmed milk powder) were determined using substrate 



 Chapter 4  
  

 

 154  
  

 

depletion assays as described by Bialek et al (2013). Tests were performed, in 

triplicate; at 12°C and 37°C using biomass and protein concentrations of 2 g VSS 

l-1 and 2 g COD vial-1, respectively. 

4.2.7 SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY DISPERSIVE X-RAY 
MICROSCOPY (EDX) ANALYSIS 

SEM was used to assess the structure of unused pumice stone, washed pumice 

stone and colonised stones and biomass sampled from the pumice filter, at the end 

of the trial. This was carried out as described previously (Gunnigle et al., 2013). 

Samples were viewed using a SEM (Model S-4700, Hitachi, Japan). EDX was 

used to provide elemental composition of the samples as described by Kitis et al 

(2005).  

4.2.8 DNA/RNA CO-EXTRACTION FROM BIOMASS 

Genomic DNA and RNA was extracted from granular biomass samples taken 

from R1 and R2 on Days 0 (I), Days 105 (P1), 236 (P2a), 256 (P2b), 392 (P3a), 

531 (P3b), 546 (P3c), 666 (P4), and at the end of the trial (Day 889). Biomass was 

sampled from the fixed-film filter at two points: - mid-trial (Day 454) and at the 

end of the trial (Day 889). The nucleic acids were co-extracted by a modification 

of a phenol extraction method, described by Carrigg et al (2007). Granular 

biomass (1 g) was crushed to a powder in a liquid nitrogen cooled mortar (BelArt) 

and 0.25 g of this powder were added into a sterile lysing matrix E tube (Fischer 

Scientific) prior to adding 250 µl of 1% cetyl trimethylammonium bromide 

(CTAB) extraction buffer (Griffiths et al., 2000), 250 µl 0.1 M Na3PO4 (pH 8) 

extraction buffer and 250 µl of phenol-chloroform-isoamyl alcohol (25:24:1; pH 

8). Microbial cells in the samples were lysed by bead beating for 10 min at 3,200 

rpm in a Vortex-Genie2™ (Scientific Industries Inc.) Phase separation was 

achieved by centrifugation at 13,300 g for 10 min at 4°C. The clear aqueous 

supernatant was transferred into a sterile Phase Lock Gel™ tube (Fischer 

Scientific) with equal volume of chloroform isoamyl alcohol (24:1). Phase 

separation was achieved by centrifugation at 13,300 g for 10 min, at 4°C. The 

supernatant was transferred into fresh RNase free tubes, 2.5 vol of ice-cold 

ethanol (100% v/v) and 1/10 vol of 3 M Sodium Acetate (pH 5.2) were added to 
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the extract and incubated on ice for 30 min. The total nucleic acid was then 

precipitated by centrifugation (13,300 g), at 4°C, for 20 min. 200 µl 70% (v/v) 

ice-cold ethanol were used to wash the pelleted nucleic acids prior to air-drying 

before re-suspension in 50 µl of DepC treated water. The integrity of each sample 

was assessed using agarose gel electrophoresis and the yield of nucleic acids was 

quantified using a Qubit v2.0 fluorometer (Life Technologies, Darmstadt, 

Germany). Samples were stored at -80°C for use in downstream applications. 

RNA was prepared by treating the TNAs with a TurboDNAse free kit 

(AMBION) following manufacturer’s instructions. RNA was confirmed DNA 

free by 16S rRNA PCR of a range of RNA dilutions. cDNA was subsequently 

synthesised using a method adapted from Corgié et al (2006) outlined in Gunnigle 

(2013). DNA and cDNA were purified with the QIAquick PCR Purification Kit 

(Qiagen, Germany). 

4.2.9 TERMINAL RESTRICTION FRAGMENT LENGTH POLYMORPHISM (TRFLP) 

Terminal Restriction Fragment Length Polymorphism (TRFLP) analysis was 

carried out for Archaeal and Bacterial domains using DNA and cDNA generated 

from granular biomass sampled from R1 and R2 on Days 0 (I), Days 105 (P1), 

236 (P2a), 296 (P2b), 392 (P3a), 531 (P3b), 546 (P3c), 666 (P4), and at the end of 

the trial on Day 889 (E). TRFLP was also performed on filter biomass sampled at 

the mid-trial stage (Day 434; F1) and at the end of the trial (FE). The bacterial 

specific PCR was carried out using the primer pair 63F (5’-

CAGGCCTAACAATGCAAGTC-3’) and 518R (5’-ATTACCGCGGTGCTGG-

3’) -El Fantroussi et al (1999). The archaeal-specific PCR was carried out using 

the primer pair 109F (5’-ACKGCTCAGTA-ACACGT-3’) and 912R (5’-

CTCCCCCGCCAATTCCTTTA-3’) -Ramakrishnan et al (2001). Both forward 

primers were fluorescently labelled at the 5’ end with 6-carboxylfluorescein (6-

FAM). 2 µl of template DNA was used in 50 µl reactions. The stock mastermix of 

each reaction contained 0.4 mM of each primer (MWG-Biotech, Germany), 1x 

ammonium (NH4) buffer, 1.5 mM MgCl2, each deoxyribonucleoside triphosphate 

at a concentration of 0.2 mM, 2.5 U Taq DNA polymerase (Bioline, UK). The 

PCR conditions included an initial denaturation step at 94°C for 3 min, followed 
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by 29 cycles of denaturation at 94°C for 30 sec, annealing at 54°C for 30 sec, and 

extension at 72°C for 1 min, with a final elongation step at 72°C for 10 min. The 

PCR products were visualised by agarose gel electrophoresis. PCR products were 

purified using a QIAQuick PCR clean up kit (Qiagen, Crawley, UK), according to 

the manufacturers instructions. The purified PCR products were then digested 

using Cfo1 (Invitrogen, Carlbad, California) restriction enzyme for two hours, at 

37°C, according to the manufacturers instructions. After digestion, 5 µl of the 

digest were desalted by ethanol precipitation in the presence of glycogen. The 

pellet was then dried and then eluted in 5 µl of DepC water.  

T-RFLPs were separated using capillary electrophoresis of the digests 

through a Beckman Coulter CEQ 2000 XL DNA Analysis System for 60 min at 

4.8 kV. The size of the fragments was determined using CEQ Fragment Analysis 

Software 2000XL to produce electopherograms showing the abundance and 

length of the restriction fragments which were determined by comparison with a 

known size standard ROX®500 (commercially sequenced and analysed by Source 

Biosciences, Dublin). TRFLP peaks were analysed in Peakscanner (Life 

Technologies™). Fragments with peak height of less than 0.5% were regarded as 

background noise. The resulting TRFLP profiles were aligned using the web-

based program T-Align with a confidence interval of 0.5 (Smith et al., 2005). The 

produced consensus files were then input into the software Primer 6 (PRIMER-E, 

Plymouth, UK) for subsequent statistical analysis, as outlined in Section 4.2.12.  

4.2.10 QUANTITATIVE-POLYMERASE CHAIN REACTION (QPCR) 

Quantitative polymerase chain reaction (qPCR) was carried out for Archaeal and 

Bacterial domains using DNA and cDNA generated from granular biomass 

sampled from R1 and R2 on Days 0 (I), Days 105 (P1), 236 (P2a), 296 (P2b), 392 

(P3a), 531 (P3b), 546 (P3c), 666 (P4), and at the end of the trial on Day 889 (E). 

qPCR was also performed on filter biomass sampled at the mid-trial stage (Day 

434; F1) and at the end of the trial (FE). The qPCR method in this study was 

employed with a TaqMan probe (Lie & Petropoulos, 1998; Livak et al., 1995), 

which allows reliable detection and quantification of DNA and cDNA. It has been 

well established that the majority of archaea in anaerobic digestors are 



 Chapter 4  
  

 

 157  
  

 

methanogens (Sundberg et al., 2013; Li et al., 2013; Nelson et al., 2011) and, 

thus, the use of the general archaeal primer set as described by Yu et al (2005), 

should be close to the sum of the DNA/cDNA that would be quantified, if 

targeting the four specific methanogenic orders.  

Quantitative standard curves were constructed using standard plasmids 

containing the full-length 16S rRNA gene sequence from the representative 

bacterial strain (Escherichia coli) and representative archaeal strain 

(Methanosarcina bakeri). The plasmids were extracted using a Plasmid Extraction 

kit (BIOLINE). A PCR reaction was then carried out using the primer pairs Bact 

1369F (5’-CGGTGAATACGTTCYCGG-3’) and Prok 1492R (5’-

GGWTACCTTGTTACGA-CTT-3’) for bacterial analysis - Suzuki et al (2000) 

and ARC787F (5’-ATTAGATACCC-SBGTAGTCC-3’) and ARC1059R (5’-

GCCATGCACCWCCT-CT-3’) -Yu et al (2005). This product was cleaned using 

QIAQuick PCR Clean Up kit (Qiagen, Crawley, UK) according to manufacturers 

instructions and subsequently used as the template solution for constructing the 

standard curve. The concentration of all standards was measured in duplicate 

using a Qubit system (Invitrogen) and converted into copy concentration. A 10-

fold serial dilution series (109-101 copies ml-1) was generated for each standard 

solution and analysed by real-time PCR, in duplicate, with its corresponding 

primer and probe set (described below). 

To construct the RT-PCR cDNA standard curve, a PCR was carried out 

using the reference strains described above and the primer pairs (1369F - 1492R) 

and (787F - 1492R). The 16S rRNA gene sequences were then cloned into a 

pGEM-T vector (Promega, Manheim, Germany) and transformed into chemically 

competent E. coli using a Topo TA kit (Invitrogen, Paisley, UK). White colonies 

were picked for subsequent PCR (each colony was inoculated into 100 µl of TE 

buffer and boiled for 10 min and 1 µl was used as template) using the reverse 

insert primer (1059R and 1492R) and M13F primer. The PCR products were 

visualised on an agarose gel. A band confirmed the correct orientation of the 

insert. PCR products containing the insert were then purified using a QIAquick 

PCR Clean Up Kit (QIAGEN, Germany). The Megashortscript T7 kit (Ambion, 

Austin, Texas) was then used to generate RNA transcripts and the concentration 
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of RNA was measured using a Qubit system (Invitrogen) and converted into copy 

concentration. Samples were then DNase treated and cDNA was synthesised as 

described previously. A 10-fold serial dilution series (109-101 copies ml-1) was 

generated for each standard solution and analysed by real-time PCR, in duplicate, 

with its corresponding primer and probe set (described below).  

Quantitative real-time PCR was performed using a LightCycler 480 

(Roche, Manheim, Germany). The primers 1369F and 1492R and Taqman probe 

TM1389F (5’-CTTGTACACACCGCCCGTA-3’) were used for bacterial analysis 

(Suzuki et al., 2000). The primers 787F and 1059R and Taqman probe 915F (5’-

AGGAATTGGC-GGGGGAGCAC-3’) were used for archaeal analysis (Yu et al., 

2005). All samples were analysed in duplicate. Each reaction mixture was 

prepared using the LightCycler TaqMan Master Kit (Roche). All DNA and cDNA 

samples were analysed with each primer and probe set in duplicate. Each reaction 

mixture was prepared using the LightCycler TaqMan Master Kit (Roche; 4 µl 

PCR-grade water, 10 µl of 2X reaction solution, 1.8 µl of 1/10 dilution of each 

primer (final concentration 500 nM), 0.4 µl of 1/10 dilution of probe (final 

concentration 200 nM) and 2 µl of template DNA or cDNA). Amplification was 

carried out using a two-step thermal cycling protocol consisting of pre-

denaturation for 10 min at 94°C, followed by 50 cycles of 10 sec at 94°C and 30 

sec at 60°C. The threshold cycle (CT) values were plotted against the logarithm of 

their input copy concentrations. The 16S rRNA gene copy concentrations of the 

targets were then estimated against the standard curves within the linear range (R2 

> 0.995). The volume-based concentrations (copies l-1) were converted to per g 

biomass. 

4.2.11 ILLUMINA MISEQ ANALYSIS 

DNA and cDNA from reactor biomass sampled on Day 0 (Seed), Days 296 (P2b), 

531 (P3b), Take-Down (E-Day 889) and from the filter upon take-down (FE) 

were sent for sequencing analysis at MR DNA (www.mrdnalab.com, Shallowater, 

Texas, USA). Universal 16S primer pair targeting the V4 region 515F (5’-

GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’GGACTACHVGGGTWTCT-

AAT-3’) -Caporaso et al (2012) in conjunction with the archaeal primer pair 

targeting the V3-V4 region 349F (5’GYGCASCAGKCGMGAAW-3’) and 806R 
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(5’-GGACTACVSGGGTATCTAAT-3’)-Takai and Horikoshi (2000) were used 

for paired-end sequencing with the forward primer in each pair containing a 

barcode sequence. The PCR conditions included an initial denaturation step at 

94°C for 3 min, followed by 28 cycles of denaturation at 94°C for 30 sec, 

annealing at 53°C for 40 sec, and extension at 72°C for 1 min, with a final 

elongation step at 72°C for 5 min using HotStarTaq Plus Master Mix Kit (Qiagen, 

USA) for the reaction. Amplicons were then pooled in equal proportions and 

purified using calibrated Ampure XP beads (Bechman Coulter). The combined 

and purified product was prepared using the Illumina TruSeq DNA library 

protocol. The DNA library was processed on a Solexa Miseq machine according 

to the manufacturer’s instructions. Sequence data was subsequently processed by 

MR. DNA (Dowd et al., 2008). Briefly, barcodes, primers, sequences below 

>150bp and sequences with ambiguous base calls were removed. Sequences were 

denoised, OTUs were generated and chimeric sequences were identified and 

removed. OTUs were defined by clustering at 3% divergence (97% similarity). 

Final OTUs were taxonomically classified using BLASTn against a curated 

GreenGenes database (DeSantis et al., 2006).  

To study alpha-diversity (diversity within samples) a rarefaction analysis 

(the number of OTUs observed versus the number of sequences sampled) was 

performed at 97% sequence similarity for each sample. Calculated collector’s 

curves (Schloss & Handelsman, 2004) for different alpha-diversity metrics were 

included, the Chao1 richness estimator (Chao, 1984) and Shannon diversity index 

(Shannon & Weaver, 1949). To compare bacterial diversity between samples 

(beta-diversity), samples were rarefacted to the smallest data set to reduce 

sequence heterogeneity and the UniFrac distance metric was applied (Lozupone et 

al., 2010) to calculate pairwise distances between communities in terms of their 

evolutionary history. Both un-weighted (presence/absence information) and 

weighted (taking into account relative abundance of each OTU) UniFrac analyses 

were carried out and principal coordinate plots were generated. 

4.2.12 STATISTICAL ANALYSIS 

GraphPad Prism software (San Diego, California, USA) was used for calculating 

Student’s t-test based on reactor effluent parameters. A significance level of 95% 
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(p < 0.05) was selected. Cluster analysis, dendrograms and MDS plots of the 

TRFLP data were constructed using the UPGMA algorithm in Primer software 

beta version 6 (PRIMER-E Ltd, UK) after a square root transformation was 

applied to the matrix. This analysis allowed the identification of samples deemed 

interesting to aid in the selection of samples to analyse for total and active 

bacterial and archaeal community compositions through the construction of 16S 

Illumina Miseq library generation. A dataset containing the numbers of each 

family in the samples was analysed using non-metric multidimensional scaling 

(NMDS) via the software R, version 3.0.2. (http://www.R-project.org/) (R Core 

Development Team 2013) using the package “Vegan” (Oksanen et al., 2013). The 

family level abundance next generation sequencing data was used to calculate 

Bray Curtis indices. The software R was also used to generate heatmaps, based on 

the relative abundance of OTUs. One-way analysis of similarity (ANOSIM) was 

used to test the null hypothesis that there was no difference in community 

structure between the reactors and between time points. This was performed on 

the genera abundance data, based on Bray-Curtis similarity matrix on square root, 

or logarithmically transformed data, where applicable, using Primer software, 

according to Clarke and Gorley (2006). DNA and cDNA samples were analysed 

separately. Global R sample statistics were computed for each comparison. Global 

values for the ANOSIM R-statistic ranges from -1 to +1, where R = 0 indicates 

that the null hypothesis is true (Clarke & Gorley, 2006; Clarke & Warwick, 

2001). Correlations were considered significant at P <0.05. Subsequently, 

similarity percentages (SIMPER) analysis was performed to determine the 

average similarities within (and dissimilarities between) reactors and time groups. 

Furthermore, these analyses enabled the generation of lists indicating the genera 

responsible for differences and similarities between the rectors and time points. 

Cut-off for low contributions was set at a default 90%.  

4.3 Results 

4.3.1 REACTOR PERFORMANCE 

Both reactors treated the synthetic sewage wastewater successfully, with COD 

removal efficiencies in excess of 80% generally recorded, corresponding to low 
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effluent COD concentrations, of typically less than 150 mg CODTot l-1 at applied 

OLRs up to 0.75 kg CODTot m-3 day-1 (Table 2; Figure 1). The performance was 

sustained during the long-term trial, with minor fluctuations, until the loading rate 

was increased to 1.0 kg CODTot m-3 day-1, at which point the efficiency of the 

process decreased somewhat in R1, although CODTot removal rates of c. 60% 

were maintained (Table 2; Figure 1). 

During phase 1, a difference in performance was observed between the two 

reactors. Effectively, no start-up period was observed for R1 (Figure 1 A-B), with 

COD removal of >60% throughout the phase, for all fractions of COD. By 

contrast, a start-up period of ~56 days was observed for R2 (Figure 1 A-B). 

Following this, its performance was as efficient and stable as R1. It was 

demonstrated that the removal efficiency was significantly different (P < 0.05) 

between R1 and R2, for all COD fractions, during phase 1. The removal 

efficiency of colloidal particles, for example, was 60% on a COD basis in R1, but 

only 17% in R1 (Table 2). Following commencement of the second phase, on Day 

105, both systems performed well, with only minor transient increases in CODTot 

and CODSus concentrations noted, in response to the increased organic loading 

rate (Figure 1). It was again noted that R1 was significantly (P < 0.05) more 

efficient at degrading/retaining the CODCol fraction (84%) than R2 (27%; Table 

2). Transient increases in the effluent concentrations of the CODTot, CODSus and 

CODCol fractions from both reactors were observed upon a further reduction of the 

applied HRT during Phase 3. (Figure 1 A-B). The CODSol removal was not 

noticeably affected by this change (Figure 1, Table 2). 

The CODSus concentrations in effluent from R1 increased from Day 329, 

and, subsequently, effluent CODCol concentrations also increased, which 

suggested that suspended solids might have been degraded to colloidal particles. 

Similarly, effluent CODSus and CODCol in R2 increased during this period. These 

fractions of COD remained elevated in effluent from both reactors, until the filter 

matrix was changed on Day 434. The fourth period of reactor operation was 

characterised by efficient and stable process performance by both systems, with 

removal efficiencies of CODTot and CODSol routinely >75% (Table 2). Colloidal 

particles were not degraded/retained by either R1 or R2, however, with average 
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effluent concentrations of 33 and 39 mg l-1 (corresponding to 0% removal), 

respectively (Figure 1B). 

The removal of the CODTot, CODSol and CODSus fractions was not 

significantly different (P > 0.05) between the replicate reactors during phases 2-4.  

The final operational phase (Phase 5) was defined by a HRT of 12 h and an 

applied OLR of 1 kg COD m-3 d-1. The response to this HRT change perturbation 

was distinct in both reactors. A period of biomass washout, lasting two weeks, 

upon commencement of the phase was observed in R1, with effluent CODTot 

concentrations reaching 1,000 mg l-1, composed primarily of suspended solids 

(Figure 1 A-B), before slowly decreasing over a period of 20-25 days. By 

contrast, R2 displayed no obvious response to the HRT change. The effluent 

volatile fatty acid to COD ratio was highest during this phase (Table 2). 

A period of ~100 days of stable operation was then recorded in both reactors 

before R1 effluent values began to fluctuate again, with CODCol concentrations 

reaching 110 mg l-1 on Day 812, while CODSus concentrations increased from Day 

847 (138 mg l-1), reaching 443 mg l-1 on Day 868. R2 also displayed a period of 

less efficient performance from Day 819, where CODSus and CODSol increased 

(reaching 125 and 154 mg l-1, respectively) as shown in Figure 1B. An increase in 

effluent VFA concentrations was recorded from Day 805, to reach a range of 10-

20 mg l-1 (data not shown). It was demonstrated that CODTot and CODSol were 

significantly different (P < 0.05) between both systems during this final phase of 

the trial. 

Protein was completely hydrolysed/degraded in both reactors throughout the 

trial with removal efficiencies of c. 99% (Table 3) and with no significant 

difference (P > 0.05) between the systems. Carbohydrate (the polysaccharide 

portion) was also completely degraded/retained in both reactors until the filter 

matrix was changed on Day 434. Following this, effluent carbohydrate 

concentrations from R1 reached 34 mg l-1 on Day 490 (data not shown), but 

removal efficiencies were above 84% throughout the trial (Table 3). Removal 

efficiencies for R2 were above 68% throughout the trial (Table 3). The removal of 

carbohydrates was not significantly different between systems during phases 1-4, 

but during the final phase of operation P was < 0.05. 
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The phosphate removal efficiency was low during Phase 1 in both reactors 

(28% R1 and 14% R2; Table 3), but it increased during phase 2, reaching 78 and 

71% for R1 and R2, respectively. An increase in R1 effluent phosphate 

concentrations was observed during Phase 3 (corresponding to a 49% removal 

efficiency), while the change of filter matrix also led to a further deterioration in 

phosphate removal. By contrast, phosphate removal for R2 was at its highest 

during this phase (72%; Table 3). 

Following a further increase in the applied OLR (to 0.625 kg COD m-3 d-1) 

during Phase 4, the efficiency of phosphate removal deteriorated in R2 (to 43.8%) 

and further in the case of R1 (to 20.7%). The phosphate removal efficiency was 

significantly different between systems during Phases 3 and 4, coinciding with the 

filter being replaced. During phase 5, an increase in removal efficiency was 

observed in R1 (33.3%), to reach comparable levels to R2 (36.6%). 
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Figure 1A. CODTot and CODSol concentrations in (mg l-1) in the reactor R1 and R2 effluent for the five phases of reactor operation. 
R1 Effluent Total (!), R2 Effluent Total ("), R1 Effluent Soluble (#), R2 Effluent Soluble ($), Influent Total (…!…), Influent 
Soluble (…"…) and organic loading rate (!). 
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Figure 1B. CODSus and CODCol concentrations in (mg l-1) in the reactor R1 and R2 effluent for the five phases of reactor operation. 
R1 Effluent Suspended (!), R2 Effluent Suspended ("), R1 Effluent Colloidal (#), R2 Effluent Colloidal ($), Influent Suspended 
(…!…), Influent Colloidal (…"…) and organic loading rate (!). 
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Table 2. Average effluent CODTot, CODSus, CODCol and CODSol values during the five phases of reactor operation for R1 and R2. a; 
concentration in mg l-1, b; removal efficiency percentage, c; standard deviation, d; VFA:COD ratio based on average VFA 
concentrations and CODSol for each phase.  

Sample 
Total COD Suspended COD Colloidal COD Soluble COD 

(Conc)a (RE)b 
(SD)

c 
(Conc) (RE) (SD) (Conc) (RE) (SD) (Conc) (RE) 

(SD
) 

R1 Phase 1 73 86 ±11 22 71 ±8 11 60 ±0.1 41 84 ±2 

R2 Phase 1 140 73 ±4 62 17 ±0.2 23 17 ±5 56 78 ±2 

R1 Phase 2 61 88 ±4 18 75 ±6 4 84 ±2 40 83 ±1 

R2 Phase 2 76 85 ±6 31 58 ±0.7 13 27 ±0.7 32 86 ±4 

R1 Phase 3 110 79 ±3 41 46 ±6 25 9 ±2 45 82 ±1 

R2 Phase 3 103 80 ±19 39 47 ±15 24 14 ±4 40 84 ±2 

R1 Phase 4 124 75 ±25 46 36 ±13 39 0 ±6 44 84 ±3 

R2 Phase 4 105 79 ±8 27 63 ±14 33 0 ±5 46 83 ±0.2 

R1 Phase 5 215 59 ±12 125 0% ±0.5 25 9 ±1 67 73 ±2 

R2 Phase 5 114 78 ±5 61 19% ±0.9 15 45 ±1 37 85 ±3 

VFA:COD 
(Ratio)d 

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 

R1 0.07 0.1 0.14 - 1.47 

R2 0.04 0.14 0.48 - 0.56 



 Chapter 4  
  

 

 167  
  

 

Table 3. Average effluent Carbohydrate, Protein and Phosphate values throughout the five phases of reactor operation for R1 and R2. 
a; concentration in mg l-1, b; removal efficiency percentage, c; standard deviation.  

Sample 
Carbohydrate Protein Phosphate 

(Conc)a (RE)b (SD)c (Conc) (RE) (SD) (Conc) (RE) (SD) 

R1 Phase 1 0 100 ±0 0.05 99.6 ±0.04 24.9 28.3 ±1 

R2 Phase 1 0 100 ±0 0.01 99.9 ±0.05 31.3 14.4 ±8 

R1 Phase 2 0.3 99.6 ±1 0.08 99.4 ±0.05 7.6 77.6 ±1 

R2 Phase 2 0.1 99.9 ±0.05 0.03 99.8 ±0.1 9.7 71.4 ±1 

R1 Phase 3 7.08 90.8 ±1 0.09 99.2 ±0.04 17.2 49.4 ±9 

R2 Phase 3 4.1 94.7 ±1 0.07 99.4 ±1 9.5 72 ±3 

R1 Phase 4 12 84.4 ±1 0 100 ±0 27.5 20.7 ±12 

R2 Phase 4 24.3 68.5 ±3 0.02 99.8 ±0.02 19.1 43.8 ±6 

R1 Phase 5 9.4 87.8 ±8 0.01 99.9 ±0.02 23.02 33.3 ±5 

R2 Phase 5 2.1 97.3 ±1 0 100 ±0.06 21.5 36.6 ±4 
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4.3.2 BIOMASS CHARACTERISATION 

4.3.2.1 Hydrolysis 

The hydrolysis rate constant (k) results demonstrated that, throughout the trial, 

biomass activity increased when tests were carried out at both mesophilic and 

psychrophilic temperatures. In fact, the hydrolysis rate at 12°C during phase 4 

was increased by ~20 times in biomass from both reactors, compared to the seed 

inoculum. Both R1 and R2 biomass demonstrated increased Amax (Table 4), with 

psychrophilic activity upon completion of the trial being comparable or greater (in 

R2) than the mesophilic activity. Km for mesophilic hydrolysis increased 

throughout the trial for both reactors, indicating a decrease in substrate affinity at 

the higher temperature. Km at the lower temperature decreased over time, 

indicating an increase in substrate affinity for both biomass sources.   

4.3.2.2 Indirect and direct methanogenic substrates 

The initial inoculum had a high SMA at 37˚C, with acetoclastic activity being 6 

times higher then hydrogenotrophic activity (50±5; Table 5). There was very little 

SMA detectable at 12°C, but at the lower temperature hydrogenotrophic activity 

(39±19) was higher than acetoclastic activity (7±1; Table 5). By the end of the 

first phase of the trial, reactor biomass SMA at 37°C had increased, with the 

hydrogenotrophic methanogenesis SMA increased to a level 10 times and 3 times 

greater than the seed biomass in R1 and R2, respectively. At the lower 

temperature, there was little change in SMA values compared to the inoculum. 

R2 biomass from the second phase had an increased SMA against all 

substrates tested at 37˚C, with the exception of acetate. By contrast, R1 biomass 

displayed decreased activity for all substrates tested, except for propionate. 

Biomass from both systems tested at the psychrophilic temperature demonstrated 

similar activity ranges with increased activity noted against propionate (Table 5). 

Interestingly, no acetoclastic activity was detected in either reactor biomass at this 

point. 

At the end of the fourth phase, the SMA of biomass from both systems was 

within a similar range with the exception of ethanol, for which the SMA was 

greater in R1 then R2. In the psychrophilic tests, the SMA profile had increased 
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for both R1 and R2, with comparable levels of activity in both biomass sources 

(Table 5). At the end of trial, the SMA at 37˚C was comparable for R1 and R2 

biomass samples, with the exception of the direct methanogenic substrates, for 

which SMA was significantly lower in R2 biomass. The SMA at 12°C against all 

substrates was in a similar range for both R1 and R2 and compared to the initial 

inoculum activity on ethanol and acetate had increased by ~3 times (Table 5).  

 

Table 4. Hydrolysis kinetic assays of reactor biomass at 37°C and 12°C, based on 
a skimmed milk protein source. a; Maximum substrate utilising rate gCOD 
gprotein-1 d-1. b; Apparent half-saturation rate constant gprotein l-1. c; Maximum 
initial velocity gprotein l-1 d-1 for R1 and R2, d: Hydrolysis rate constant d-1. 
Values are the mean of triplicates ± standard deviation in brackets. 

Sample Amax a Km b Vmax c kd 
I 37°C 15 (±3) 1.08 (±0.41) 0.91 (±1.07) 0.86 (±0.58) 
I 12°C 18 (±0.135) 2.49 (±0.03) 0.27 (±0.05) 0.26 (±0.06) 

R1 Phase 1 37°C 12 (±1) 1.80 (±0.36) 2.19 (±1.13) 0.97 (±0.42) 
R2 Phase 1 37°C 104 (±10) 2.69 (±0.07) 0.80 (±0.23) 0.76 (±0.31) 
R1 Phase 1 12°C 40 (±7) 0.99 (±0.34) 1.14 (±0.40) 1.31 (±0.06) 
R2 Phase 1 12°C 19 (±2.524) 4.30 (±3.00) 2.69 (±2.19) 0.93 (±0.21) 
R1 Phase 2 37°C 145 (±26.5) 3.93 (±2.12) 8.76 (±8.39) 5.67 (±2.18) 
R2 Phase 2 37°C 164 (±16) 3.08 (±2.23) 7.53 (±6.72) 2.05 (±0.91) 
R1 Phase 2 12°C 127.5 (±45) 1.58 (±0.11) 0.14 (±0.04) 0.84 (±0.16) 
R2 Phase 2 12°C 35 (±27) 1.38 (±0.13) 0.11 (±0.06) 1.19 (±0.58) 
R1 Phase 3 37°C 94 (±26) 1.62 (±0.43) 3.32 (±3.94) 1.56 (±0.37) 
R2 Phase 3 37°C 62 (±9.5) 2.75 (±0.14) 3.13 (±0.70) 2.16 (±0.41) 
R1 Phase 3 12°C 52 (±32) 2.60 (±0.19) 0.31 (±0.09) 1.09 (±0.32) 
R2 Phase 3 12°C 91 (±29) 1.89 (±0.22) 0.32 (±0.16) 1.54 (±0.33) 
R1 Phase 4 37°C 257 (±32) 1.75 (±0.27) 1.02 (±1.07) 0.86 (±0.58) 
R2 Phase 4 37°C 15 (±1) 2.06 (±2.02) 1.96 (±2.00) 1.87 (±1.18) 
R1 Phase 4 12°C 40 (±18) 0.52 (±0.04) 0.11 (±0.01) 3.22 (±0.89) 
R2 Phase 4 12°C 51 (±5) 0.31 (±0.08) 1.68 (±1.57) 4.69 (±2.92) 

R1 E 37°C 89 (±33) 2.83 (±1.43) 2.28 (±3.73) 1.408 (±0.787) 
R2 E 37°C 72 (±8) 1.19 (±0.16) 0.95 (±0.27) 2.887 (±0.216) 
R1 E 12°C 68 (±7) 1.81 (±0.37) 0.36 (±0.23) 1.775 (±0.714) 
R2 E 12°C 83 (±22) 2.15 (±0.19) 0.64 (±0.15) 1.603 (±0.383) 



 Chapter 4  
  

 

 170  
  

 

 

Table 5. Maximum Specific Methanogenic Activity (SMA) of reactor biomass at 
37°C and 12°C presented as ml Methane (CH4) g [VSS]-1 d-1 for R1 and R2. 
Values are the mean of triplicates ± standard deviation in brackets. a; No activity 
detectable. 

Sample Propionate Butyrate Ethanol Acetate H2/CO2 
I 37°C 84 (±9) 523 (±30) 561 (±140) 300 (±33) 50 (±5) 
I 12°C 5 (±2) 3 (±2) 7 (±4) 7 (±1) 39 (±19) 
R1 Phase 1 37°C 100 (±26) 155 (±19) 470 (±39) 345 (±20) 570 (±115) 
R2 Phase 1 37°C 30 (±3) 55 (±18) 166 (±45) 179 (±32) 134 (±6) 
R1 Phase 1 12°C 8 (±3) 2 (±15) 33 (±13) 14 (±11) 15 (±2) 
R2 Phase 1 12°C 5 (±3) 6 (±1) 51 (±18) 14 (±7) 31 (±3) 
R1 Phase 2 37°C 136 (±20) 147 (±35) 230 (±97) 79 (±47) 65 (±41) 
R2 Phase 2 37°C 87 (±4) 187 (±10) 307 (±46) 11 (±6) 193 (±41) 
R1 Phase 2 12°C 17 (±8) 27 (±21) 39 (±2) NDa 11 (±3) 
R2 Phase 2 12°C 22 (±2) 2 (±2) 12 (±3) NDa 24 (±1) 
R1 Phase 4 37°C 23 (±2) 65 (±9) 257 (±92) 201 (±18) 170 (±15) 
R2 Phase 4 37°C 40 (±22) 94 (±7) 21 (±9) 353 (±50) 308 (±21) 
R1 Phase 4 12°C 1 (±1) 3 (±1) 31 (±6) 51 (±22) 19 (±9) 
R2 Phase 4 12°C 3 (±1) 12 (±8) 46 (±12) 42 (±6) 98 (±23) 
R1 E 37°C 23 (±13) 91 (±13) 153 (±33) 329 (±66) 231 (±29) 
R2 E 37°C 34 (±2) 73 (±14) 171 (±16) 181 (±29) 110 (±6) 
R1 E 12°C 2 (±1) 9 (±1) 21 (±6) 26 (±7) 38 (±3) 
R2 E 12°C 4 (±2) 8 (±3) 29 (±4) 28 (±3) 35 (±4) 
 

Significant phosphate removal was achieved by both reactors during the 

trial (Table 3). SEM and EDX analysis of the biomass and filter matrix pumice 

stones (Figure 2) revealed that, by the end of the trial, up to 2% of the total 

elemental composition was phosphorus in R1 and R2 biomass and stones and that 

there was also an increase in calcium, which comprised 1% of the total elemental 

composition. The increase in phosphorus concentrations in the filter biomass 

during the trial (data not shown), and the absence of an equivalent increase in 

phosphorus in the granular sludge biomass (Figure 2), suggested that the 

phosphate removal activity was associated with the filter section of the hybrid 

reactor (Hughes, 2014). 
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Figure 2. SEM/EDX images and element composition of reactor biomass at the 
end of the trial (a): sludge granule R1, (b): sludge granule R2, (c) biomass on the 
pumice stone from R1 and (d): biomass on the pumice stone from R2. 

4.3.3 MICROBIAL COMMUNITY STRUCTURE 

Changes in the microbial populations, as detected by TRFLP analysis were 

visualised using UPGMA analysis based on Bray-Curtis similarity matrix after a 

square root transformation was applied. The active bacterial fraction as assessed 

by cDNA analysis (Figure 3) indicates that the sample from R1 Day 531 (Phase 

3b) was dissimilar to the other samples, which constrained all other samples to 

group together.  

qPCR analysis of total bacterial and archaeal DNA (Figure 4A) 

demonstrated that the relative gene abundance of bacteria and archaea in R1 and 

R2 biomass was broadly similar, but deviations were noted, for example, in R2 on 

Day 296 (Phase2b) and Day 666 (Phase 4), whereby the relative abundance of 

bacteria increased to 31.2 and 42.9%, respectively (1.22 x 109  and 2.26 x 108 

copies g-1) and was significantly greater than in R1 biomass during these times. 

However, no significant difference (p > 0.05) was found throughout the trial. A 

log reduction of the total bacterial and archaeal gene copy numbers was also 

observed in R2 biomass sampled on Day 666 (Phase 4; Figure 4A). The bacterial 
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and archaeal profiles were generally reproducible in both systems with copy 

numbers in the range of 3 x 108-3.5 x 1010 (copies g-1) and 2.38 x 108-1.2 x 1010 

(copies g-1), respectively (Figure 4A). The filter communities were distinct from 

the other sampling points with a larger relative abundance of bacterial cells. This 

was due to a reduction in the archaeal cells relative to the granular biomass 

(Figure 4A). 

The cDNA qPCR analysis (Figure 4B) suggested a greater degree of 

dynamism with respect to the relative abundance of bacterial and archaeal 

transcripts in the reactors. Bacterial and archaeal transcripts were reproducible (at 

much greater levels than observed with the DNA based analysis; 1013-1016 copies 

g-1) in both reactors throughout the trial. However, deviations were again noted in 

the relative abundance of bacterial and archaeal transcripts, but necessarily 

corresponding with the deviations observed during the DNA-based analysis. For 

example, R1 biomass sampled on Day 531 (Phase 3b) had the highest bacterial 

transcripts recorded (1.15 x 1015 (copies g-1), comprising 62% of the total sample 

pool (Figure 4B). This contrasted with the same timepoint in R2, when bacterial 

transcripts were 2.3 x 1014 (copies g-1), comprising just 32% of the total sample 

pool (Figure 4A).  
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Figure 3. UPGMA analysis from terminal restriction fragment length 
polymorphism data with square root and cluster analysis using Bray-Curtis 
similarity for bacterial cDNA of all R1 and R2 biomass samples. *A) = R2 Phase 
1, R2 Phase 3a, plus samples from Phase 2b, 3a, 3c, 4, end of trial, pumice filter 
mid-trial and pumice filter at the end of the trial for both reactors.  

 

 
Figure 4A. qPCR data of Bacterial and Archaeal copy numbers (per g biomass) 
from DNA extracted from biomass samples throughout the trial. 
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Figure 4B. qPCR data of Bacterial and Archaeal copy numbers (per g biomass) 
from cDNA extracted from biomass samples throughout the trial. 

 

4.3.3.1 Community Comparisons 

In total, 421,244 16S rRNA gene sequences >200bp were obtained from all 

biomass samples. Rarefaction indices (Appendices) demonstrated that the 

sequencing depth was sufficient to cover diversity within the samples. Shannon-

Weiner diversity (Appendices) indicated the initial seed inoculum was very 

diverse. Samples from reactor biomass sampled at the mid point of the trial 

demonstrated a reduction in diversity, both on a DNA and cDNA level. However, 

diversity was increased at the end of the reactor trial to a level comparable to the 

seed inoculum. This trend was reproducible in both systems (Appendices). NGS 

analysis using the universal primer set (515f and 806r) demonstrated that a large 

majority of the identifiable sequences from the biomass were representative of 

archaeal populations. Of the 213,684 assignable 16S rRNA gene sequences 

obtained in total, 82,531 of were archaeal in origin.  

Non-metric Multidimensional Scaling (NMDS) of the NGS sequences, at 

the family level, further demonstrates the communities similarities with samples 

grouping together based on sampling date (Figure 5). Principal Coordinate 

Analysis (PCoA), using unweighted Unifrac (ß-diversity metric) on the 

phylogenetic distance on the abundance data (Figure 6), was used to assess the 
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similarities or differences between the samples. Figure 6A indicates that 

sequences from the DNA samples taken at the end of the trial cluster in the upper 

left quadrant, while sequences from the filter samples cluster together on the 

upper left and right for cDNA- and DNA-based analysis, respectively, with the 

variation explained by PC1 (12.3%) and PC2 (10%) nearly equally. Figure 6B 

also indicates that samples, for the most part, clustered together based on the 

sampling date and on whether the sequences were generated from cDNA or DNA.   

ANOSIM analysis indicated that, when assessed using the sampling date as 

a factor, each time group was significantly different (p < 0.05). Furthermore, 

when using the reactor identity as a factor there was no significant difference (P > 

0.05) detectable indicating that the samples were perfectly mixed and bore no 

relationship to reactor identity. This was the case for both DNA- and cDNA-based 

sequence comparisons (Table 6). SIMPER analysis revealed that similarities 

between the two reactors at each time point tested were very high, as both reactors 

on a DNA level displayed only a 25% dissimilarity, while cDNA indicated only a 

26% dissimilarity.  

 

Figure 5. Non-metric Multidimensional Scaling (NMDS) plot displaying 
ordination of R1 and R2 biomass samples based on family level sequencing using 
Bray-Curtis similarity and binary matrix. D; DNA and C; cDNA. 
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Figure 6. PCoA plots based on unweighted Unifrac analysis of Illumina Miseq 
data from biomass samples from R1 and R2. a; Variation explained by PC1/PC2 
and b; Variation explained by PC3/PC2. 

 

Table 6. Global R statistics and P-value generated from ANOSIM analysis based 
on time and reactor identity for both DNA and cDNA, SIMPER averages are also 
indicated based on time (similarity) and reactor identity (dissimilarity).  

 TimeDNA TimecDNA ReactorDNA ReactorcDNA 
R statistic 0.313 0.792 -0.313 -0.063 
P-value 0.004 0.001 0.971 0.714 
SIMPER Day 296: 

81% 
Day 531: 
81% 
End: 85% 
Filter: 74% 
Similarity 

 

Day 296: 
74% 
Day 531: 
67% 
End: 86% 
Filter: 79% 
Similarity 

 

25% 
Dissimilarity 

26% 
Dissimilarity 
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The representative microbial phyla were compared in biomass samples 

taken at the end of the trial based on: i) R1 DNA, ii) R2 DNA, iii) R1 cDNA and 

iv) R2 cDNA (Figure 7A i-iv). The samples contained Euryarchaeota, 

Proteobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Synergistetes and other 

minor phyla. The total and active community similarities can be seen clearly, with 

the profile of biomass samples taken from R1 and R2 being very similar at 

phylum level. A deeper analysis of abundance data, to the family level, again 

indicated that the communities were remarkably similar (Figure 7B i-iv). Slight 

differences were observed within the Proteobacteria and between minor divisions, 

such as ac1 and the Planctomycetes. In R2, for the example, ac1 and the family 

Phycisphaeraceae (Planctomycetes) were slightly more abundant, while the 

abundance of Moraxellaceae (Proteobacteria) was reduced when compared to R1. 

Moreover, the diversity of Proteobacteria present in R2 appeared to be greater 

than R1.  

 
 

 
Figure 7A. Pie charts indicating the dominant families in the reactor biomass 
from Day 296 i) R1 DNA, ii) R2 DNA, iii) R1 cDNA and iv) R2 cDNA. 
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Figure 7B. Pie charts indicating the dominant families in the reactor biomass 
from Day 531 i) R1 DNA, ii) R2 DNA, iii) R1 cDNA and iv) R2 cDNA. 

 

 
Figure 7C. Pie charts indicating the dominant families in the reactor biomass 
from the Filter i) R1 DNA, ii) R2 DNA, iii) R1 cDNA and iv) R2 cDNA. 
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Figure 7D. Pie charts indicating the dominant phyla in the reactor end biomass i) 
R1 DNA, ii) R2 DNA, iii) R1 cDNA and iv) R2 cDNA. 

 
Figure 7E. Pie charts indicating the dominant families in the reactor end biomass 
i) R1 DNA, ii) R2 DNA, iii) R1 cDNA and iv) R2 cDNA. 
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4.3.3.2 Community Composition 

The major bacterial populations included representatives of the Proteobacteria (7-

32%), mainly Deltaproteobacteria based on a DNA-based analysis and 

Gammaproteobacteria, based on the cDNA-derived sequences (Figure 8). The 

Synergistetes (0-19%) and the Bacteroidetes, mainly Flavobacteria, 

Sphingobacteria and Bacteroidea (4-17%) were also present in the reactors 

throughout the trial. Chloroflexi (5-16%), Firmicutes comprised mainly Clostridia 

and Bacilli (4-13%),  

Less abundant, or occasionally present, bacterial groups included the 

Fusobacteria (0-7%), the Actinobacteria (Actinobacteria and Coriobacteria; 0-

4%), ac1 (0-4%), the Spirochaetes (0-3%), the Planctomycetes (Phycisphaerae 

and Planctomycetales; 0-2.5%), op9 (0-2%), gnO2 (0-1%), Acidobacteria 

(Halophagae; 0-1.4%), ws3 (0-1%), Crenarchaeota (0-0.75%), Verrucomicrobia 

(0-0.32%) and nkb19 (0-0.22%). 

Significant differences were noted between the datasets generated from 

DNA and cDNA. For example, Proteobacteria were relatively underestimated in 

the DNA-based samples. The Bacteroidetes and Firmicutes dominated in both 

reactors based on biomass sampled at the end of the trial. The abundance of the 

Synergistetes phylum decreased over time and represented only 0.8% of the 

sequences present in the R1 Day 531 cDNA sample (Phase3b). The Fusobacteria 

made up 7.3% of this sample. In number terms, that was 2,238 compared to ~20 

in all other samples, indicating a substantial increase in this population. 

Heatmap analysis was employed to visualise temporal variations in the 

bacterial populations in both reactors and similarity matrices were used in tandem 

(Figure 9). In the heatmap of the genera (based on cDNA), the R1 biomass 

sampled on Day 531 (Phase3b) formed a separate branch. This was due to the 

apparent increased abundance presence of Desulfomaculum, Leptotrichiaceae, 

WS3 and the reduced abundance of Trichococcus in this sample, compared to the 

other R1 and R2 samples. The other samples clustered together based on whether 

the sequences were generated from DNA or cDNA and based on sampling date. 

The archaeal portion of the community was dominated by the 

Methanomicrobia, composed of mainly Methanosarcinales (largely Methanosaeta 
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throughout the trial). The hydrogenotrophic groups Methanomicrobiales 

(Methanomicrobiales, Methanomicrobium and Methanospirillum) and 

Methanobacteria (Methanobacterium) were also present however. 

Methanobacteriaceae were present in very low numbers in filter biomass. 

Methanobacteria were apparently overestimated in the DNA samples based on the 

sequence data generated with universal-, rather than archaeal-specific primers. For 

example, the presence of Methanobacteria palustre was detected up by the 

universal primer set but not with the archaeal primer set (data not shown). 

Crenarchaeota were occasionally present in biomass samples from both reactor 

and relatively low levels (0-0.75%). 

 

 
Figure 8. Stacked barcharts for bacterial Illumina Miseq analysis throughout the 
trial showing the dominant phyla present. 
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Figure 9. Heatmap analysis for the bacterial fraction from Illumina Miseq 
analysis throughout the trial showing the dominant genera (>1.5%) and Bray-
Curtis similarity between samples and between the dominant genera. 
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Figure 10. Heatmap analysis for the archaeal fraction from Illumina Miseq 
analysis throughout the trial showing the dominant genera (>1.5%) and Bray-
Curtis similarity between samples and between the dominant genera. 

4.4 Discussion 

LtAD has yet to be implemented at full-scale. One reason for a reluctance to 

endorse full-scale implementation of AD, generally, stems from a lack of 

knowledge of the microbial consortium and the belief that, by being biological in 

nature, these systems are in fact unstable, unpredictable and not reproducible. In 

fact, it has been reported particularly in suspended systems that it is difficult to 

establish reproducible links between the bacterial portion of the community, in 

particular and process performance (Fernández et al., 1999; Kaewpipat & 

GradyJr, 2002; Feng et al., 2011), owing to the high functional redundancy and 

microbial population disparity between reactors and waste streams. However, 

high-rate retained granular biomass systems are fundamentally different and links 

in the microbial populations and process performance (Madden et al., 2014; 
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Madden et al., 2010; Collins et al., 2006; Baserba et al., 2012; Kundu et al., 

2013). The current study demonstrated not only that long-term stable operation 

for a problematic waste such as sewage was possible, even at low-operating 

temperature, but also that the system was in fact largely replicable in terms of 

process performance (Figure 1 and 2) and microbial community structure. 

Furthermore, the development of the microbial community over time was 

reproducible down to the family level (Figure 7 A-E). The retention of biomass in 

this hybrid system allowed for the specialised development and acclimation of the 

microbial population. We hypothesise thus, that the long-term retention of the 

biomass allowed for greater reproducibility between the systems.  

Overall reactor performance data indicated that the systems were 

functionally robust and stable. This was demonstrated through efficient effluent 

degradation with COD removal efficiencies for CODTot and CODSol of >73% 

(Table 2), despite the perturbation events applied over the course of the trial. The 

systems exhibited significant long-term reproducibility (889 days) during 

treatment of synthetic sewage at low temperature. Fluctuations in COD removal 

rates generally occurred at similar points in both reactors indicating that 

degradation was occurring through biological activity, rather than physical 

entrapment of the COD fractions. The removal efficiencies of these systems 

exceed those reported in previous low-temperature trials (Bandara et al., 2012; 

Luosturinen & Rintala, 2005). A study by Smith et al (2013), who treated the 

same low-strength substrate using an AnMBR, reported up to 92% CODTot 

removal. The system proposed in this study did not achieve such high removal 

rates, but the operating temperature in this study was 3°C lower. The removal of 

all fractions of COD was similar overall between the reactors throughout the 

phases. 

Two divergences in behaviour were identified, based on process 

performance. Firstly, an initial variation was observed upon start-up of the 

replicated systems (Figure 1 and 2). An immediate start-up was observed in R1 

whereby all COD fractions were degraded, while the start-up of R2 took 

considerably longer (~56 days). While this variation was found to be significant, 

no cause for this initial variation could be identified. Considering that CODSol 
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removal was similar and highly efficient in both reactors during phase 1, the cause 

could be physical in nature owing to the leaching of CODSus particles or the loss 

of flocculent biomass. More intensive molecular sampling would be necessary to 

rule out community fluctuations, as there were no obvious differences in the 

microbial populations at the end of this phase. The commencement of Phase 5 led 

to a period of ~5 weeks perturbation in R1, which was not mirrored in R2. After 

this perturbation, the system recovered and the reactors were once again 

reproducible with respect to performance. The reason behind this could be due to 

slight shifts in population dynamics that occurred in R1, and which were not 

observed in R2. The active community in R1 had two distinct differences at the 

NGS sampling point closest to the commencement of this phase of sub-optimal 

performance. Firstly, the bacterial fraction shows a greater abundance of 

Fusobacteria, mostly within the genera Leptotrichiaceae (Figure 9). These are 

largely uncharacterised within anaerobic digesters, predominantly representing the 

rare (<1%) fraction (Rivière et al., 2009). The Trichoccoccus were also reduced in 

this sample. These bacteria have been identified as psychrotolerant mesophiles, 

involved in the degradation of mono and disaccharides. Xing et al (2010) found 

Trichoccoccus to dominate the end biomass of a low temperature anaerobic 

reactor inoculated with psychrophilic biomassa. The reduction in Trichococcus in 

this system may thus have led to decreased reactor performance. Secondly, the 

archaeal sequencing data indicated a substantial decrease in he abundance of 

hydrogenotrophic methanogens, and in particular the Methanobacteria fraction in 

R1 biomass during this period. Variations in the acetoclastic SMA were also 

apparent between the reactors during the middle phases (2 and 4). These changes 

could have led to an increase in the susceptibility of the reactor to process 

disturbance. Other studies have demonstrated that process stability requires the 

presence and activity of both acetoclastic and hydrogenotrophic groups (Leclerc et 

al., 2001; McHugh et al., 2003). 

Despite this, and as it was mainly the efficiency of solids removal that 

resulted in the relatively poor performance of R1, the cause may have been 

physical in nature, possibly as a result of channel formation or other variation 

between the two filters. However, this issue was not remediated upon changing 
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the filter indicating degradation may have been related to the microbial 

community development. 

The mesophilic inoculum demonstrated rapid acclimation and adaptation 

to psychrophilic conditions in both reactors. SMA data revealed that the microbial 

consortia were psychrotolerant a finding commonly reported in the literature 

(Lettinga et al., 1999; O’Flaherty et al., 2006). Indeed the current study 

demonstrates that a psychrophilic inoculum was not necessary for successful 

stable anaerobic digestion at low temperatures. SMA values obtained towards the 

end of the trial indicated a decrease in the SMA profile of the biomass in both 

reactors. Sequencing and qPCR data from this period revealed the presence of a 

significant and active archaeal community, suggesting that periods of low 

methanogenic activity in the SMA data were due to a suppression of activity 

rather than the absence of both acetoclastic and hydrogenotrophic methanogens. 

Similar findings were reported by Bowen et al (2014). There is inherent limitation 

in the interpretation of the qPCR and sequencing data, a more targeted approach 

focusing on specific group abundances would be valuable in order to correlate the 

two methods. Given the high diversity in anaerobic microbial communities and 

the lack of suitable functional gene targets for several of the trophic groups this 

approach would be challenging. The sequencing analysis however, could be used 

to retrospectively target the microbial groups found through the development of 

specific primer sets. 

Indications of psychrophilic adaptation were, however, observed in the 

hydrolysis assays based on a protein source, which is more representative of the 

feed substrate and represents the key degradation bottleneck in AD systems 

(Bialek, 2012). Moreover, this study demonstrated that development of the 

hydrolytic capacity of the inoculum was reproducible. Km values throughout the 

trial increased at 12°C and decreased at 37°C, indicating an increase in substrate 

affinity at lower temperatures indicating the emergence of psychrophilic 

proteolytic activity that may be linked to the increased abundance of 

psychrophilic species, or the expression of cold adapted proteins (CAPs) or 

enzymes in acclimated species. The presence of a psychrophilic species, 

Flavobacterium xingjangense, originally isolated from the Chinese no.1 glacier 
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was recorded in both reactors during this study (Zhu et al., 2003). While 

psychrophilic microorganisms may not be crucial for successful remediation of 

waste streams from a process steering aspect, the possibility to develop truly 

psychrophilic methanogenic consortia could open important new opportunities for 

AD technology (Sekiguchi et al., 2001). The use of psychrophilic inocula might 

also improve process performance for existing applications. A recent study 

(Petropopolous et al., 2013) examined the treatment of domestic sewage using an 

Arctic soil inoculum with some promising process results. An assessment of the 

development and response of the microbial community in such an inoculum to 

temperature fluctuations would be valuable, in order to assess the robustness of 

truly psychrophilic communities to seasonal weather variation. 

Significant phosphate removal and recovery was achieved during the trial 

(Table 3), consistent with a recent report by Hughes (2014). These findings 

support the idea that modified AD systems could provide the basis for significant 

recovery and reuse of phosphorus (P) from wastewaters. P is a key chemical 

element to life and is a limited resource, critically important as a fertiliser for food 

crops and in many other applications. In many terrestrial and aquatic 

environments P is the growth-limiting nutrient; in others, human activity has led 

to an excess of P and consequent problems of eutrophication and environmental 

damage (Withers et al., 2014; Cordell & White, 2013; Blank, 2012). On the other 

hand, rock-P reserves are declining and possibly sufficient to last only for the 

remainder of this century (Gilbert, 2009; Ashley et al., 2011; Ulrich et al., 2009). 

P recovery and re-use from various sources is thus urgently needed to address an 

imminent P availability crisis. Wastewater streams offer an important opportunity 

to recover and recycle P. Indeed, up to 30% of world demand for P could 

theoretically be satisfied by its recovery from domestic waste streams alone 

(Gilbert, 2009). Until very recently, significant P removal and recovery during 

AD wastewater treatment had not been observed (Hughes, 2014). 

The removal of phosphate during AD of sewage wastewater was 

particularly interesting. This can be attributed to the pumice stone filter. Very 

little removal was recorded in the first phase indicating that perhaps development 

or acclimation of the microbial biofilm on the surface of the pumice stones was 
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necessary as seen in Chapter 3 and work by Hughes (2014). Phosphate removal 

may also have been linked to an optimum organic loading rate, as removal in the 

last two phases was decreased. SEM and EDX analysis indicated that the stones 

from the end of the trial contained 2% phosphate. This may indicate that the 

biofilm formation on the pumice stones could perhaps reach a maximum capacity 

for phosphate attenuation. This might also explain variations in phosphate 

removal between the systems. Further studies to elucidate the capacities for 

phosphate removal in the system would be valuable. Sequencing results indicated 

the presence of species capable of polyphosphate accumulation under particular 

conditions, such as Rhodocyclus, Actinobacter and Acinetobacter.  Acinetobacter 

species and other microorganisms have been demonstrated in enhanced biological 

phosphate removal (EBPR; Barnard, 1984; Beacham et al., 1992; Fuhs & Chen, 

1975) despite being enumerated as less abundant (Head et al., 1998). Purple 

phototrophic bacteria (PPB) were also identified in the system, these are readily 

isolated from wastewater (Zhang et al., 2003) and require IR light and COD 

(Hülsen et al., 2014). However, a more focused experiment should be undertaken 

using the pumice stone system and targeting specific genes involved in phosphate 

accumulation with the help of reference genomes recently sequenced (Li et al., 

2013; Debroy et al., 2013; Kawakoshi et al., 2012). 

Successful high-rate AD is contingent on well-functioning microbial 

communities. Stable community structures are maintained through syntrophic 

interactions between the bacterial and archaeal communities (Schnürer et al., 

1999; Angenent et al., 2002; McMahon et al., 2004; Hattori, 2008). Low 

temperatures had been thought to limit these syntrophic interactions 

(Kotsyurbenko, 2005; Chin & Conrad, 1995). However, the communities 

represented in this system were well balanced from the commencement of the 

trial, as indicated by negligible VFA accumulation in the reactor effluents and the 

diverse bacterial and archaeal populations found in the active fraction throughout 

the trial. There were temporal changes in the bacterial and archaeal community 

structure but the replicate reactors maintained a remarkably similar profile to each 

other. The microbial community development over the trial was, in fact, 

reproducible down to family level. This pattern was evident in statistic 

measurements using NMDS and phylogenetic structure differences between 
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samples (unweighted UniFrac distance on PCoA plots). Unifrac is a ß-diversity 

metric (Lozupone & Knight, 2005), which is based on the phylogenetic distance 

between samples using OTUs. This can be combined with principal coordinate 

analysis (PCoA) to form plots to compare and identify differences in microbial 

communities between ecosystems and along environmental gradients (Hamady et 

al., 2010; Qian et al., 2010). Furthermore, ANOSIM revealed that samples bore 

no relationship to the reactor group and rather that sampling time was in fact the 

determining factor in microbial community structure with SIMPER analysis also 

demonstrating that the reactors at each time point sampled demonstrated 

remarkable similarity. These statistical measurements indeed indicated that the 

sampling date was the driver of microbial community structure in particular 

clusters rather than reactor identity. 

However, it must be noted that a significant limitation of this study is that a 

control reactor was not in place to assess the natural temporal changes in the 

microbial ecology over time. Moreover, more frequent sampling during phases 

would have been advantageous to assess microbial shifts within each phase.  

The bacterial consortium in both reactors was species-rich with a large 

proportion of genera of <1.5% abundance (Figure 6 A-B, Figure 9). The roles and 

metabolic capabilities of the bacterial populations in AD systems are broad 

(Schink, 1988). Previous studies have shown Proteobacteria, Firmicutes, 

Chloroflexi and Bacteroidetes to dominate AD reactor systems (Chouari et al., 

2005; Rivière et al., 2009; Levén et al., 2007; Cardinali-Rezende et al., 2009). 

Furthermore, a study of all sequences available from anaerobic digestors by 

Nelson et al (2011) identified Firmicutes, Bacteroidetes, Chloroflexi and 

Proteobacteria as the dominating phyla. This was also observed in this study. 

Members of the Synergistetes were also dominant members of the AD community 

in this trial. These are generally only found in frequencies of 1% or less in most 

AD systems (Godon et al., 2005; Ohkuma & Kudo, 1996; Godon et al., 1997; 

Sekiguchi et al., 1998). Isolated members of the Synergistetes partner syntrophic 

relationships with the methanogens in the degradation of amino acids with the 

production of VFAs (Díaz et al. 2007; Vartoukian et al. 2007). Thus the 
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Synergistetes may be important for LtAD reactor function and may play a role in 

the low-temperature metabolism of proteins observed in reactor biomass.  

The Chloroflexi metabolise primary substrates in wastewater such as 

carbohydrates and cellular matter (Yamada et al., 2005). The Anaerolinea, which 

dominated the Chloroflexi phyla in the reactor systems described here, belong to 

Subphylum 1 an elusive phylum comprising environmental clones (Hugenholtz et 

al., 1998). Anaerolinea form web-like structures on the outside of granules in 

mesophilic and thermophilic systems and thus are thought to be important for 

granule structure (Sekiguchi et al., 1998, 1999, 2001b). Given their stable 

dominance in these reactors further characterisation would be valuable. Clostridia 

are highly adaptable organotrophic bacteria identified in many AD processes 

(Sundberg et al., 2013; Levén et al., 2007; Patil et al., 2010). This class comprises 

hydrolytic and fermentative species capable of metabolising compounds 

associated with the first step of AD, such as proteins, lipids and carbohydrates 

(Lynd et al., 2002). It is likely that the retention of the biomass for 889 days 

allowed the adaptation of the mesophilic consortia to low-temperature. 

Methanosaeta dominated the archaeal communities in both systems as 

demonstrated by sequencing analysis (Figure 10). Methanosaeta concilii is a key 

organism in granulation in these anaerobic systems (Hulshoff Pol et al., 2004). 

The distinctive solely acetate utilising acetoclastic Methanosaeta are known to 

dominate in steady state reactors in which acetate concentrations are low (Jetten et 

al., 1990; McMahon et al., 2001). VFA analyses indicated that in-reactor acetate 

values were negligible throughout the trial. Moreover acetoclastic methanogens 

have been seen to be dominant at low temperatures (Chin et al., 1999; Lokshina & 

Vavilin, 1999). However, this is in contrast to reports by several authors (Collins 

et al., 2005; Connaughton et al., 2006; McHugh et al., 2006) that 

hydrogenotrophic methanogens dominate at low temperature and are responsible 

for facilitating efficient VFA degradation (Kotsyurbenko et al., 1996; 

Nozhevnikova et al., 2000). Hydrogenotrophic methanogenesis is suggested as 

the preferred pathway at lower temperatures, as acetoclastic activity is heavily 

influenced by temperature (Kotsyurbenko et al., 1996; Nozhevnikova et al., 2000; 

Lettinga et al., 1999). This is proposed to be as a consequence of greater gas 
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solubility at lower temperatures and as it is metabolically and thermodynamically 

more feasible to consume hydrogen compared to acetate (Lettinga et al., 2001; 

Kotsyurbenko, 2005).  

The diversity of the microbial community within an ecosystem is essential 

for stability, productivity and sustainability (Girvan et al., 2004). Identifying the 

structure of the community during stable and unstable periods of operation could 

help in reactor process optimisation. The reproducibility of bacterial communities 

in reactor systems is debated owing to high functional redundancy and microbial 

population disparity between reactors and waste streams. Changes in microbial 

community structure can occur even in stable operation (Fernández et al., 1999) 

or no changes in microbial structure may be seen despite perturbation (Akarsubasi 

et al., 2005). This is has been deemed to be from apparent anarchic dynamics of 

the microbial community resulting in irreproducible systems (Kaewipat & 

GradyJr, 2002; Curtis & Sloan, 2004). Furthermore, community divergences 

between replicate systems have been noted in stable identical systems (Kaewipat 

& GradyJr, 2002). In contrast, many authors (Collins et al., 2006; Saikaly et al., 

2005; Lozada et al., 2006; Nadarajah et al., 2007) found mirroring microbial 

communities in identical parallel reactor set-ups.  The former three were activated 

sludge systems. As the systems demonstrated in this study are granular systems, 

granular systems that essentially retain the biomass for the entirety of the trial it is 

likely that this is the root to the reproducible performance and community 

development.  

It has been hypothesised Fernández et al (2000) that a more flexible 

community structure is more proficient at withstanding stress, but the relationship 

between community dynamics and perturbation is not precisely known 

(Nachaiyasit & Stuckey, 1997; Torkian et al., 2003; Chelliapan et al., 2006; Feng, 

2011). It must be kept in mind that there is a link between the carbon substrate 

and the selection pressure for particular microorganisms (Zak et al., 2003). Thus, 

as stated by Judd et al (2006) microbial dynamics could be the driver for 

environmental processes, or perhaps these processes drive the microbial 

community dynamics. It could also be said that the community composition in the 

reactors was not extremely different from the inoculum, although the environment 
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clearly selected for a diversity of hydrolytic and fermentative species. While 

fluctuations in the microbial consortia occurred throughout the trial this does not 

necessarily indicate changes in metabolic function or in the intricate steps in the 

pathway to methane formation.  

The current study provided an evaluation of the functional process 

performance and the microbial community hydrolytic capacity, structure and 

dynamics. It was demonstrated that the anaerobic digestion of synthetic sewage at 

low-temperature was essentially reproducible from a process point of view. More 

fundamentally, however, the development of the microbial consortia exhibited 

that the adaptation of the mesophilic community was reproducible. This supports 

to the idea that these systems can behave in a similar fashion and that the 

microbial response to temperature and substrate may be predicted and modelled in 

the future. Studies have previously attempted to improve the current IWA 

Anaerobic Digestion model No.1 (ADM1; Batstone et al., 2002) by considering 

microbial diversity (Ramirez et al., 2009; Ramirez & Steyer, 2008; Appels et al., 

2011). The use of a reproducible system in terms of reactor behaviour and 

community development, such as the one indicated in this study could be valuable 

in this regard. Furthermore, the results indicated that TRFLP analysis of the 

bacterial cDNA might be a straightforward tool to indicate changes in microbial 

community structure, which may subsequently influence reactor performance. In 

this study, for example, a divergence in process behaviour was associated with the 

increased relative abundance of Fusobacteria and a decrease in the numbers of 

hydrogenotrophic methanogens. It cannot be established yet, however, whether 

the slight change in microbial consortia led to perturbation upon OLR change or 

was in response to a changed in-reactor environment. Further insights into the 

relationship between the archaeal and bacterial population dynamics are necessary 

to understand the core functioning of the anaerobic reactor. Future studies should 

focus on a holistic approach, encompassing the abundant groups and their 

metabolic capabilities using metabolomics, metatranscriptomics and 

metaproteomics. This information could also be used to design primers to target 

specific key guilds within AD systems. Ultimately, combining these types of data 

with more in depth modelling in terms of microbial community dynamics during 
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low-temperature digestion could help to eliminate the ‘black box’ AD concept and 

develop a more complete model for high-rate AD. 

4.5 Highlights  

o Low-temperature AD treatment of sewage is efficient and replicable.  

o Efficient phosphate attenuation can be achieved during LtAD. 

o Psychrophilic proteolytic consortium developed.  

o A diverse bacterial community was present, dominated by 

Proteobacteria, Clostridia, Firmicutes, Bacteroidetes and 

Synergistetes. 

o NMDS and PCoA plots indicate the development of the microbial 

consortia throughout the reactor phases.  

o Microbial community development was reproducible down to family 

level in the reactors as demonstrated by statistical analysis. 

o  Methanosaeta dominated the archaeal portion of the community. 

Although the presence of hydrogenotrophic methanogens was 

necessary. 
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5.1 Key Findings (Summary) 

 

 
This thesis explored the questions relating to three facets of the LtAD of sewage, 

hydrolysis, physiological biomass characterisation and the microbial community 

dynamics. Overall, the results in this thesis demonstrated that long-term anaerobic 

digestion of a synthetic-sewage based wastewater at low temperature was efficient 

and feasible. The results also demonstrated that hydrolysis may be rate-limiting 

 

Key Findings 

Process 

⇒ Hydrolysis and biogas production is affected by temperature, substrate 

complexity and biomass source. 

⇒ LtAD is feasible for the degradation of a synthetic sewage-based stream. 

⇒ An OLR of 1.5 kg COD m-3 d-1 can be achieved with effluent quality 

within discharge limits for Ireland (125 mg total COD l-1). 

⇒ LtAD of synthetic sewage-based stream was reproducible in terms of 

process performace, microbial community development and activity. 

 
Adaptation 
⇒ Microbial consortium adapted to low-temperature conditions as indicated 

by hydrolysis kinetics and specific methanogenic activity. 

 
Microbial Community 
⇒ Methanosaetaceae dominate the archaeal portion, but hydrogenotrophic 

groups are also present and required. 

⇒ Proteobacteria, Firmicutes, Bacteroidetes and Chloroflexi comprised the 

key microbial phyla. Anaerolinaceae, Trichococcus, Acinetobacter, 

Desulfobulbus, Marinilabiaceae and Porphyromonadaceae in particular 

increased in abundance from the seed inocula. 

⇒ Species map indicating possible pathways (Figure 1). 
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but that no microbial barrier existed for low temperature digestion.  The core 

findings of this PhD thesis are summarised above and will be discussed below.  

5.2 Core Findings Discussion and Future Recommendations 

Firstly, Chapter 2 examined the factors affecting hydrolysis {temperature, 

substrate complexity and biomass source}. The non-granular sludge was better 

able to degrade complex solid substrates (cotton and filter paper), possibly 

attributable to the physical attachment of the suspended microbial consortia to the 

substrate thus facilitating hydrolysis. By contrast, the granular sludges were more 

proficient in the degradation of soluble substrates, particularly at reduced 

temperature. It is recommended that such a screening process should be 

undertaken before lab-scale studies to further optimise reactor start-up and 

operation. This “sludge screening” step facilitated the selection of the optimum 

seed inoculum (from those available) to begin the reactor trial described in 

Chapter 3. A limitation of this study was that the biogas production potential for 

the SYNTHES substrate was not assessed, in conjunction with the complex and 

simple cellulosic substrates tested. However, a study by Bowen et al (2014) 

incorporated similar work and used domestic wastewater (soluble fraction only) 

as a substrate over a range of temperatures. The authors proposed that the limit for 

LtAD lies around 8°C, although the authors tested only one seed inoculum. 

Municipal wastewater is the most abundant type of wastewater that falls 

into the category of low-strength waste streams, characterised by low organic 

strength and high particulate organic matter content. Scepticism exists with the 

regards the treatment of domestic sewage at low temperature. This research goes 

some way to justify the feasibility of AD treatment of sewage in low temperature 

climates. The systems presented would have fulfilled the environmental 

regulations in Ireland for wastewater reclamation and re-use. This gives 

encouragement that this hybrid sludge bed-fixed-film reactor could be play a role 

in domestic sewage treatment with considerably less operational costs. However, 

the cost and feasibility of up-scaling this system should be evaluated. In essence 

the system is a passive system, requiring low operational costs. However, as 

sewage is variable in nature (as discussed in Chapter 1) further trials incorporating 
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raw sewage (rather than synthetic based-sewage) treatment for optimally one year 

(to assess seasonal temperature fluctuations) would be welcomed.  

The reactors demonstrated a rapid start-up phase indicating that hydrolysis 

was not rate limiting, despite the lower temperature applied. The fast start-up 

phase was not surprising since it has been previously reported that sludges 

originally mesophilic in nature demonstrated rapid acclimation to low-temperature 

anaerobic digestion (Collins et al., 2003; Collins et al., 2006; O’Reilly et al., 

2009; Madden et al., 2010; Smith et al., 2013). Although it this is in contrast to 

findings from other researchers concerning low-temperature start-up (Álvarez et 

al., 2006), low-strength waste (Ndon & Dague, 1997) and long-term feasibility 

(Bowen et al., 2014). The lab-scale synthetic sewage trials demonstrated that 

treatment of domestic sewage could be feasible at low temperatures and over 

extended periods of time. The systems were robust and for the most part stable for 

over ~732-889 days, indicating the long-term treatment potential of these systems. 

The two replicate reactors in the lab-scale trial in Chapter 4 demonstrated clear 

stability and reproducibility despite increment increases to the organic loading 

rate. Removal efficiencies for all fractions of COD were high throughout both 

studies and soluble COD removal was consistently high. The systems 

demonstrated stable operation despite increases to the organic loading rate up to 

1.5 kg COD m-3 d-1. The retention of the slow growing anaerobic biomass for a 

period of >700 days allowed the development of a specialised microbial 

consortium providing optimal conditions for organic matter degradation.  

At loading rates of >1 kg COD m-3 d-1 the degradation of suspended and 

colloidal fractions was reduced, this may be linked to the increase volumetric 

loading rate which may have reduced the retention of particulates, in the filter 

system in particular. The greater the capacity for particulate retention the greater 

contact the microbial consortium has with the substrate. Moreover, it is suspected 

that changing the filter under higher volumetric loading conditions may have not 

have supplied optimum conditions for re-growth of specialised biofilm. The effect 

of loading rates on biofilm development on the stones would also be an interesting 

avenue of study. The examination of the optimum conditions for biofilm 

development on the pumice stones could be ascertained through a relatively 
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simple approach. Mini lab-scale batch tests could be set up with various loading 

rates applied and the subsequent biofilm development assessed through 

gravimetric weight analysis, spectrophotometric absorbance and scanning electron 

microscopy (SEM) and energy dispersive X-ray (EDX) analysis to assess the 

change in element composition. Several authors (Naz et al., 2013; Khatoon et al., 

2014) successfully utilised these techniques for the examination of biofilm 

development on particular surfaces.  The removal of colloidal particles has been 

shown to be extremely difficult particularly at lower temperatures (Wang 1994; 

Yoda et al., 1985). Elmitwalli et al (2001) concluded that low colloidal removal 

was related to inefficient physical retention in continuous systems, as the 

biodegradability potential of colloids is in fact high. Some process optimisation 

through the use of taller reactors with one filter as suggested here and a second 

filter containing ground pumice may achieve further removal of colloidal and 

suspended fractions.  

The pumice filter unit is recommended. The pumice stone material is low 

cost, low density and has a highly porous crystal structure allowing greater 

surface area. Using this filter support media, complex particles in the synthetic 

sewage were entrapped, whereby the microbial consortium was capable of 

degrading the substrate. This would help to raise substrate levels within the 

reactor and increase sludge activity combatting the issues observed with low-

strength influent concentrations. It is proposed that an active hydrolytic bacterial 

population involved in the hydrolysis of sugars, carbohydrates and phosphate was 

present in the filter as demonstrated by highly active bacterial qPCR numbers and 

the reduction in removal efficiencies after the filter was changed. The novel 

removal of phosphate through the biological activity of the microbial consortia on 

the stones as demonstrated through SEM and EDX analysis is an important facet 

of this system for nutrient recovery. Returning to the Batstone and Virdis (2004) 

proposal that a holistic new wastewater treatment process is necessary: One that 

“attains health and environmental standards, recoups maximum energy and 

recovers nutrients for re-use”. This thesis demonstrates that this hybrid design 

could play an integral part in an amended municipal wastewater treatment 

process. Replacement/washing of the filter is affordable and simplistic. The used 

filter may be perhaps crushed and used as fertiliser owing to the attenuation of 
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nutrients within the filter. Phosphate attenuation through this system is a process 

that warrants further investigation. Such investigations could include targeted 

molecular analysis based on known genes encoding phosphate accumulation 

{exopolyphosphatase (ppx), polyphosphate kinase (ppk) and phytase}. In addition, 

the batch tests outlined previously to analyse biofilm development on the stones 

could be applied in tandem with techniques such as micro-auto-radiography and 

fluorescence in situ hybridisation (MAR-FISH), or new generation secondary ion 

mass spectrophotometry (NANOSIMS) coupled with FISH in order to assess 

biofilm development in conjunction with the uptake of nutrients such as 

phosphate. This would allow the analysis of biofilm formation, development and 

activity with various loading rates and in addition the isotopic ratio values could 

be used to calculate cell-specific uptake rates and nutrient fluxes (Musat et al., 

2011).  

The studies presented in this thesis demonstrate the importance of the 

initial seed inoculum used. Inoculum selection has been demonstrated as an 

important step in ensuring stable long-term operation (Dechrugsa et al., 2013; 

Wittebolle et al., 2009). In Chapter 2 it was observed that the choice of seed 

inoculum used greatly influenced hydrolysis and thus the specific biogas activity 

of a range of substrates. Granular sludge demonstrated a greater ability to degrade 

soluble substrates, while non-granular sludge demonstrated a positive role in the 

hydrolysis of solid substrates. In the lab-scale reactor trials both inocula 

demonstrated rapid acclimation and stable performance as discussed previously. 

Doubts about the stability of acclimated inoculum for LtAD have been previously 

proposed (Bowen et al., 2014). However, it must be noted that while the ‘sludge-

mix’ from Chapter 3 had previously been acclimated to sewage substrate and low 

temperature operation, the mesophilic inoculum used in Chapter 4 also 

demonstrated rapid start-up and also stable operation. This indicates that 

psychrophilic acclimation is not essential for efficient start up and stable 

performance. Although, the investigation into the performance and development 

of a truly psychrophilic sources biomass; Arctic soil for example (i.e study by 

Petropopolous et al., 2013) would indicate if optimisation of the process was 

possible through the use of such a biomass.  
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The reproducibility of these systems in terms of process and community 

development was demonstrated (Chapter 4). The finding of Chapter 4 

demonstrated that two replicate systems could evolve similarly. This was further 

bolstered by statistical analysis that demonstrated that samples were clustered 

based on the sampling point, rather than reactor identity. There is as of yet no all-

encompassing model for anaerobic digestion, yet alone one for low temperature 

digestion of sewage. These results combined with those from the proposed 

analyses above can then be incorporated into the current ADM1 model to create a 

more accurate picture of how the AD process occurs, providing new avenues for 

system optimization. Mathematical models for the AD process in order to work 

need to incorporate the biological complexity of the microbial consortia (Appels 

et al., 2011). The importance of deterministic and stochastic drivers for microbial 

community composition should also be considered such as neutral theory and 

alternative neutral theory models based on neutral community assembly. It has 

been argued that these drivers alone and not process variation support changes in 

microbial community structure (Ofiţeru et al., 2010). Thus, ultimately any new 

models for AD must incorporate or at the very least consider that the microbial 

community composition is also dependent on neutral processes and incorporate 

such theories accordingly.  

The reactor trial results indicate this novel hybrid reactor design allows far 

greater biomass retention and thus, further specialised psychrotolerant and 

psychrophilic community development to occur both within the sludge bed and in 

the filter system. This was best demonstrated in the assessment of protein 

hydrolysis whereby in all systems Km was decreased for protein-based substrate 

throughout the trial at the lower temperature often considerably lower than the 

mesophilic temperature range indicating an increase in substrate affinity at 

psychrophilic temperatures. This was surprising since proteins are considered 

more difficult to degrade than sugars under anaerobic conditions, especially at 

cold temperatures (Bialek, 2012). This also indicates that this system may be 

applicable to other waste streams such as dairy waste. 
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“Everything is everywhere but the environment selects”-Baas Becking 

It was not surprising that Proteobacteria, Firmicutes, Bacteroidetes, 

Chloroflexi phyla bacterial populations were identified; these have long since 

been recognised as key players in the AD process (O’Reilly et al., 2010; Li et al., 

2014). Indeed this is also the typical composition of most inocula used to seed 

anaerobic reactors. It is the retention of the slow growing anaerobic biomass for 

over 700 days in each system that allowed for specialised LtAD development and 

acclimation of the microbial consortia. This environment selected for a specialised 

community for optimum degradation of the consistent SYNTHES substrate. A 

variety of fermentative and hydrolytic bacterial species were identified in each of 

the reactor systems. Figure 1 indicates a Species Map indicating the microbial 

species identified in the three systems end biomass, which had emerged from the 

seed inoculum. Through examining the literature we were able to elucidate where 

the microbial consortia found would best fit in the degradation pathway. From this 

map it is demonstrated that the biomass was diverse and active at each trophic 

level. Furthermore, the emergence of psychrotolerant Trichococcus species in all 

systems and a psychrophilic Flavobacterium in two of the systems indicates the 

development of acclimation and adaptation of the initial seed inoculum to low 

temperature. 

Within the Archaea the obligate acetoclastic genus Methanosaeta was the 

predominant group. This group is known to outcompete Methanosarcina due to 

their high affinity for acetate (Conklin et al., 2006, Gujer & Zehnder, 1983; Qu et 

al., 2009; Yu et al., 2006). SMA data indicated a preference for hydrogenotrophic 

methanogenesis, particularly at low temperature. However, this SMA method 

does not account for homoacetogenic activity and it would be a significant 

oversight to not consider this pathway. In fact, some small indications throughout 

the two reactor trials hint at the balance of hydrogenotrophic methanogens being 

crucial. Homoacetogenic activity could be assessed using SMA vials with H2/CO2 

and 2-bromoethanesulphonate (BES) that would inhibit methanogenesis. The 

disturbance period in Chapter 3 may have been as a result of imbalance in the 

syntrophic actions of the microbial groups. Next generation sequencing indicated 

that in phase 1 {efficient performance} of the trial hydrogenotrophic methanogens 
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increased. In the disturbance period {Phase 3} the relative abundance of 

Firmicutes increased while the methanogenic groups were greatly reduced. The 

increase in Firmicutes in tandem with subsequent decline in the both 

methanogenic groups was coupled with decreased performance and activity. The 

Firmicutes comprise syntrophic bacteria involved in the degradation of VFAs to 

acetic acid and H2 (Riviere et al., 2009; Vonwonterghem et al., 2014). 

Furthermore, homoacetogenic bacteria consume H2. This indicates that perhaps 

homoacetogens eventually outcompeted the hydrogenotrophic methanogens, 

which has been seen under low temperature conditions (Kotsyurbenko et al., 

2001; Nozhevnikova et al., 2003), this could explain observed hydrogenotrophic 

activity at this point. The absence in acetoclastic methanogenic activity may also 

have been as a consequence of the abundance of Firmicutes; effluent 

concentrations of acetate did not increase considerably indicating that syntrophic 

acetate oxidation may have been occurring or other routes of acetate utilisation. 

Syntrophic acetate oxidation is the reversal of chemolithotrophic 

homoacetogenesis (Lee & Zinder, 1988; Schnürer et al., 1996; Westerholm et al., 

2010). Homoacetogens may oxidise or synthesise acetate depending on the 

external H2 concentrations (Schink, 2002). Researchers have shown that long 

hydraulic retention times could also promote a shift from acetoclastic 

methanogenesis to syntrophic acetate oxidation (Shigematsu et al., 2004). As seen 

in a study by (de Vrieze et al., 2014) syntrophic interaction can occur between 

hydrogenotrophic methanogens and syntrophic acetogenic bacteria and syntrophic 

acetate oxidising bacteria. The authors found both acetoclastic methanogenesis 

and hydrogenotrophic methanogenesis in combination with syntrophic acetate 

oxidation could take place in different reactor phases. This pathway is generally 

seen in mesophilic to thermophilic systems however, it has been observed in a 

natural low temperature environment and in pure culture studies (Nüsslein et al., 

2001l; Schnürer et al., 1994; Schnürer et al., 1996). qPCR of the reactor biomass 

through the use of primers targeting known SOAs (Westerholm et al., 2011) 

would provide clarification as to whether this process was occurring during any 

phase. 
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Figure 1. The biological AD process as underpinned by the microbial consortia 
>1% (in word cloud format). Black indicates presence in all three reactors studied 
unvaried from the seed inoculum. Red indicates R1 (Chapter 3) only. Green 
indicates R1 and R2 (Chapter 4) only. 
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Renewed efforts at the isolation and ecophysiological characterisation of 

these microbial species in particular those such as Leptotrichiaceae and 

Trichococcus species that seemed to fluctuate before variations in process 

performance occurred (Chapter 3 and Chapter 4). While these species (and others) 

are commonly identified in AD systems their functions in these systems are not 

fully characterised. Furthermore, the real drawback of studies using general or 

universal next generation sequencing is the necessary disregard for everything that 

is ‘rare’ or <1%. Ultimately, if we want to fully characterise complex ecosystem 

functions such as the LtAD of complex waste the ‘rare’ phyla cannot be ruled out, 

as low abundance does not necessarily indicate that an organism does not have an 

integral function which is a fact that often goes unheeded. Furthermore to what 

extent can we really know the true diversity of such a complex ecosystem through 

the use of ‘universal’ primer sets? It is likely that the primers used in this study 

failed to amplify some organisms within the community. Incorporating ‘universal’ 

primer sets but also targeting functional genes from the cDNA temporal reactor 

samples would be one way of overcoming this. In conjunction a metagenomic 

survey of the microbial consortia involved in LtAD of sewage would be valuable.  

The use of integrated physiological and molecular microbial ecology 

techniques allowed the elucidation of the processes occurring in the reactor 

systems presented here. However, the linking of microbial community dynamics 

to reactor process data is still challenging. Certainly a holistic integrated meta-

omics approach assessing temporal reactor performance during steady state and 

perturbation may allow reconstruction of the ecological networks and detailed 

definition of microbial community function and capacity. This would be pivotal to 

a better understanding of the LtAD of sewage, with greater understanding will 

come greater predictability, insight into the microbial potential and better models 

for the process overall. Ultimately the results from an integrative approach could 

represent an epoch for AD studies with the possibility to harness and optimise the 

AD process for wastewater treatment in all applications along with the capacity to 

steer the process towards the recovery of valuable nutrients and metabolites.   
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Future Recommendations 

Process 

⇒ Reactor trials incorporating real sewage for >1 year to assess reactor 

performance with wastewater variation and seasonal variation.  

⇒ Assessment of efficient and cost effective methods to recover the biogas 

produced. 

⇒ Enrichment of truly psychrophilic population eg. Soil for use as reactor 

inoculum. 

⇒ Further trials using for example dairy wastewater may assess the 

feasibility of this system for other wastewaters. Moreover dairy 

wastewater is an abundant stream in Ireland. 

⇒ Batch incubations in order to assess biofilm development in the novel 

anaerobic filter and a greater understanding of the removal of phosphate 

through the use of techniques such as MARFISH incorporating a targeted 

approach through qPCR of polyphosphate accumulating genes. 

 
Microbial Community 
⇒ Short-term trials in mini-scale reactors using a targeted molecular 

approach using qPCR of functional genes. 

⇒ LtAD trials with analysis incorporating proteomics and metabolomics 

with metagenetic sequencing of 16S using two variable regions over 

steady state and during perturbation to gain further insight into the 

metabolic process of the low-temperature anaerobic digestion of sewage. 

 
Idealistic Goals 
⇒ Mathematical modelling of the LtAD process with respects to sewage 

encompassing the biological interactions and deterministic and stochastic 

factors.  

⇒ Holistic approach incorporating taxonomic assignment with “meta-omic” 

approaches specifically to the LtAD of sewage. 
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Appendix 1:  

 
 
Figure 1. Rarefaction indices for biomass samples from R1 Chapter 3. The x-axis 
represents the number of sequences per sample. The y-axis represents in A) 
Chao1, B) Observed species, C) PD whole tree (Phylogenetic distance) and D) 
Shannon-Weir rarefaction index averages.  
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Appendix 2:  

 
Figure 2. Rarefaction indices for biomass samples from R1 and R2 Chapter 4. 
The x-axis represents the number of sequences per sample. The y-axis represents 
in A) Chao1, B) Observed species, C) PD whole tree (Phylogenetic distance) and 
D) Shannon-Weir rarefaction index averages.  
 

B) 

A) C) 

D) 

0 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

8000 

10
 

29
85

 
59

60
 

89
35

 

11
91

0 

14
88

5 

17
86

0 

20
83

5 

23
81

0 

26
78

5 

29
76

0 
0 

50 

100 

150 

200 

250 

10
 

29
85

 
59

60
 

89
35

 
11

91
0 

14
88

5 
17

86
0 

20
83

5 
23

81
0 

26
78

5 
29

76
0 

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

10
 

29
85

 
59

60
 

89
35

 

11
91

0 

14
88

5 

17
86

0 

20
83

5 

23
81

0 

26
78

5 

29
76

0 
0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

10
 

29
85

 
59

60
 

89
35

 
11

91
0 

14
88

5 
17

86
0 

20
83

5 
23

81
0 

26
78

5 
29

76
0 0 

50 

100 

150 

200 

250 

10 2985 5960 8935 11910 14885 17860 20835 23810 26785 29760 

R
ar

ef
ac

ti
on

 I
nd

ex
: P

D
 W

ho
le

 tr
ee

 

Sequences 

R1 P2b DNA R1 P2b cDNA R1 P3b DNA R1 P3b cDNA R2 End DNA R2 End cDNA 

R1 F DNA R1 F cDNA R2 P2b DNA R2 P2b cDNA R2 P3b DNA R2 P3b cDNA 

R2 F DNA R2 F cDNA R2 End DNA R2 End cDNA Inoc DNA Inoc cDNA 


