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Summary 

Anaerobic digestion (AD) of organic material from Norwegian farms can contribute to the 

agricultural value chain. Agricultural waste, including animal manure, is in large supply in 

Norway and AD of these fractions can reduce carbon emission, provide energy in the form 

of methane, and increase recovery of nutrients. To make AD cost effective in Norwegian 

agriculture, process optimization and high methane yields are necessary. One way to 

increase energy yields from agricultural wastes is by co digesting them with other more 

nutrient rich substrates like fish residues. Such substrates contains considerable amounts of 

energy rich fat and protein, and thus represent high methane potentials. In addition, 

coordination of organic wastes from agriculture and aquaculture could improve the 

sustainability and value chains in both these sectors. Moreover, co-digestion of substrates 

with different properties may enhance the nutrient balance and buffer capacity. During AD 

of fat and protein rich substrates, there is a risk for elevated concentrations of ammonium-

nitrogen and fatty acids, which inhibits the methane producing microbial community, and 

might cause instability and failure of the AD process. Proper adjustment of operational 

parameters and adaptation of the microbial community are crucial to avoid process failure 

during AD of energy rich substrates. The focus of this thesis was to evaluate AD process 

stability and methane production from energy rich organic fractions with animal manure as 

a co-substrate. In co-digestion trials using ensiled fish waste and cow manure, a mixing ratio 

of 13 % fish waste  and 87 % cow manure (volume based) operated with a retention time of 

30 days seemed promising with regard to stable AD process and high methane yields. The 

experiments also showed that the biogas process maintained stable at a retention time of 20 

days, which implies that the amount of fish waste in the substrate can be increased if the 

amount of manure is simultaneously increased. The microbial communities involved in the 

AD processes were monitored and analyzed, particularly focusing on the development and 
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establishment of ammonium tolerant microorganisms. The experiments showed that the 

microbial communities adapted to an increased load of proteins and fats, and that the 

presence of some key functioning microorganisms seemed to play important roles in these 

systems.   
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Sammendrag 

Anaerob nedbrytning (AD) av organisk material fra norske gårder kan bidra til å bedre 

verdikjeden i landbruket. Avfall fra landbrukssektoren, inkludert husdyrgjødsel, er i stor 

tilførsel i Norge og anaerob nedbrytning av disse fraksjonene vil føre til redusert karbon-

utslipp, energiproduksjon i form av metan og en økt resirkulering av næringsstoffer. For å 

gjøre AD kostnadseffektivt i norsk landbruk er det nødvendig med prosessoptimalisering og 

økt metan -utbytte. En måte å øke energiutbyttet fra organisk materiale i landbruket er ved 

sambehandling med andre mer næringsrike substrater, for eksempel avskjær og slakteavfall 

fra akvakulturnæringen. Slike substrater inneholder betydelige mengder energi i form av fett 

og protein, og representerer derfor høye metan - potensialer. Koordinering av organisk 

avfall fra landbruk og akvakultur kan også bidra til å øke både bærekraft og verdikjede i de 

to sektorene. I tillegg vil substrater med ulike egenskaper forbedre næringsbalansen og 

bufferkapasiteten og dermed gi et økt metan - utbytte. Når protein og fett brytes ned 

anaerobt er det en risiko for opphopning av ammonium-nitrogen og fettsyrer som kan 

hemme metan - produserende mikrobielle samfunn og ustabilitet og kollaps av 

biogassprosessen kan inntreffe. Riktig justering av driftsparametere og tilpasning av 

mikrobielle samfunn er avgjørende for å unngå prosesskollaps under nedbrytning av 

energirike substrater. Fokuset i denne oppgaven var å undersøke biogassprosess-stabilitet og 

metan - produksjon fra energirike organiske fraksjoner i sambehandling med husdyrgjødsel. 

I sambehandlingsforsøk med ensilert fiskeavfall og storfegjødsel var et blandingsforhold på 

13 % fiskeavfall og 87 % gjødsel (volum basert) og oppholdstid på 30 dager lovende med 

tanke på stabil biogassprosess og høyt metanutbytte. Forsøkene viste også at 

biogassprosessen forble stabil med en oppholdstid på 20 dager, og dette viser at andelen 

fiskeavfall i substratet kan økes hvis andelen gjødsel økes samtidig.  De mikrobielle 

samfunnene som er involvert i nedbrytningsprosessen ble monitorert og analysert med 
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hovedfokus på utvikling og etablering av ammonium -tolerante mikroorganismer. 

Forsøkene viste at det mikrobielle samfunnet tilpasset seg økt belastning av proteiner og 

fett, og at enkelte nøkkel-organismer spilte en viktige roller i disse systemene.            
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Abbreviations and terms 

AD   Anaerobic digestion 

CSTR  Continuously stirred tank reactor  

HRT  Hydraulic retention time 

OLR  Organic loading rate 

VFA  Volatile fatty acid 

LCFA  Long chained fatty acids 

C/N  Carbon / Nitrogen 

FWS  Fish waste silage 

SAO  Syntrophic acetate oxidation  

SAOB  Syntrophic acetate oxidizing bacteria 

q-PCR  Quantitative polymerase chain reaction  

GHG  Greenhouse gas 

NH4
+  Total ammonium  

CH4   Methane 

CO2   Carbon dioxide  

H2  Hydrogen 
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1. INTRODUCTION 

1.1 Anaerobic digestion as part of the circular bio economy  

During recent years, the focus on sustainable production and exploitation of biological 

resources has increased. At the same time we increasingly face global challenges such as 

depletion of natural resources, climate change and the need for more energy. To cope with these 

issues, changes of routines for production, consumption, recycling and disposal of biological 

resources are needed. Aiming to secure healthy food, feedstuffs and energy sources, many 

countries are developing strategies for establishment of a sustainable bio economy. Energy 

production from renewable sources has gained increased attention during recent years, and 

microbiological AD of organic waste is in this context an applicable technique. AD of organic 

material will enhance nutrient recovery and provide energy in the form of CH4 (Weiland, 

2010). Moreover, by including AD and biogas production as part of the energy system, and 

possibly decrease the exploitation and emission from fossil energy sources, GHG emissions can 

be reduced. Compared to CO2, CH4 is a 20 times more potent GHG, and microbial degradation 

is the primary source of global CH4 emissions (Liu and Whitman, 2008). Thus, AD operated in 

closed systems followed by combustion of CH4 to CO2 can significantly reduce carbon 

emissions.  

Primary industries such as farming, livestock producers, fishery and aquaculture have a large 

impact on essential and limited resources such as land area and sea space, soil nutrients, water, 

and energy. Collection and AD of organic materials from these industries can reduce the 

emission of pollutants to land and sea. Moreover, essential nutrients can be recovered during 

the AD process, which in turn will contribute to secure production safety and sustainability in 

the agricultural sector. During AD, a large variety of microorganisms are involved in several 
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degradation steps in which the final products are CH4 (50-70%), CO2 (30-50%) and small 

amounts of other trace gases. CH4 is an energy carrier that can be used for heating and 

production of electricity and as a vehicle fuel after upgrading (e.g. removal of trace gases like 

hydrogen sulfide, H2S).  

 

1.1.1 Anaerobic digestion in Norway and Europe – exploitations and potentials 

The history of AD and biogas production for energy use might go as long back as 10 centuries 

before current era, and household scale self-sufficient biogas production has been, and is, 

widely used in developing countries (Surendra et al., 2014). The first documented attempt of up 

scaled utilization of AD for energy purposes in Europe was a sewage sludge digester 

constructed in India and built in England in the 1890s (Bond and Templeton, 2011). The 

number of biogas power plants in Europe has increased since then, and the development of 

biogas infrastructure has risen sharply in the past 10 to 15 years.  

In 2014 there was more than 17.000 biogas plants operated in Europe, with a total capacity of 

over 8.000 MWel (European Biogas Association, 2016). However, the total number of biogas 

plants in Norway is only 48, of which 26 are sewage treatment plants (ENOVA, 2014). The 

Norwegian Government has set the ambitious goal that within 2020, 30 % of the animal manure 

should be treated by AD (Landbruks- og matdepartementet, 2009). Moreover, the Ministry of 

Climate and Environment recently presented a ‘New Norwegian strategy for biogas’ (Klima- og 

Miljødepartementet, 2014), with an aim of stimulating the production of biogas in Norway. 

Major objectives with the new strategy is increased nutrient recovery and reduction of GHG 

emissions, especially from the agricultural sector. Total production of biogas in Norway in 
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2010 was approx. 0.5 TWh. Of this, 0.27 TWh originated from landfills, 0.16 TWh from 

sewage sludge and 0.06 TWh from biogas plants based on organic waste and manure (Sletten 

and Maas, 2013). The biogas production in Norway is relatively low compared to neighboring 

countries, e.g., Sweden produced 1.6 TWh from AD in 2012 (Klima- og Miljødepartementet, 

2014). Low production of biogas in Norway is largely due to the high proportion of affordable 

electricity produced from hydropower. Although the utilization of organic material for biogas 

production in Norway is currently low, the total unexploited potential is estimated to be 1.7 

TWh (0.7 and 1 TWh from animal manure and wet organic waste, respectively) (Sletten and 

Maas, 2013).  

The agricultural sector produces the largest fraction of potential biogas substrates in Norway, 

i.e. more than 50 % of the total potential. Manure and byproducts from crop- and oilseeds are 

estimated to constitute about 40 and 10 % of the methane potential, respectively (Raadal et al., 

2008). In addition to agriculture and farming, a large potential for biogas production in Norway 

is found within the aquaculture sector. Fishery and fish farming (aquaculture) produces 

significant amounts of organic waste, both from processing fish for food (offals), fish that dies 

(dead-fish), and sludge from farming (feces and excess feed) (Arvanitoyannis and Kassaveti, 

2008). The total methane energy potential from Norwegian industry is estimated to be approx. 

23 % of the total, and fish offal and dead fish from fish industry constitute 46 % of this (Raadal 

et al., 2008). Although a portion of this potential is utilized for other purposes (e.g. animal feed 

and extraction of oils), there is a considerable biogas potential from Norwegian aquaculture. In 

addition to agriculture and industry, mainly sewage sludge and household waste covers the rest 

of the total potential.       
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1.1.2 Anaerobic digestion as a part of the aqua- and agricultural value chains 

Due to low energy prices, and the fact that Norwegian agriculture is dominated by small and 

scattered farms, only a few farm biogas plants have been built so far. To get Norwegian farmers 

to adopt biogas production, the technology must be easy to use and economically viable, and 

hence there is a need to make farm scale biogas production robust and cost effective. Smaller 

biogas plants will normally demand a higher investment per energy unit produced than for a 

larger plant. Moreover, compared to large plants, a small on-farm plant will often represent a 

greater challenge in terms of operating capacity, since large industrial plants usually have 

dedicated personnel. Nevertheless, there is potential for more biogas production on farms. 

In addition to the energy yields from AD, there are several other significant driving forces for 

establishment of AD on, or close to farms. By adopting AD, essential nutrients for plant 

production can be managed in a more sustainable way. Most fertilizers commonly used in 

agriculture contain the three basic plant nutrients nitrogen, phosphorus, and potassium of which 

nitrogen is required in the largest quantity (Masclaux-Daubresse et al., 2010). Plants cannot 

readily utilize organic nitrogen, and during AD a share of 10 – 30 % of the total nitrogen is 

mineralized to plant available NH4
+ (Möller and Müller, 2012). Phosphorous is essential for 

plant growth, and the global phosphorous reservoirs are limited and unequally spread around 

the world (Cordell et al., 2009). It has been estimated that the world’s phosphorous reservoir 

could be depleted within the next 50 to 100 years (Cordell et al., 2009; Smil, 2000). It will 

therefore be crucial in the future to recover nutrients from organic streams in order to provide 

the fertilizers needed for food production. Technologies for nutrient recycling from organic 

waste streams are established and under development (Batstone et al., 2015; Jensen et al., 

2014), and such technologies can be used within a sustainable bio economy strategy to increase 
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recycling of essential nutrients such as nitrogen and phosphorous. The agriculture is Norway’s 

fifth largest contributor to GHG emission (8.3 % of total emissions), mainly in the form of CH4 

and nitrous oxides from animals and fertilizers (Pettersen et al., 2017). In addition to GHG 

emission to air, the use of animal manure and chemical fertilizers for soil quality improvement 

results in considerable nutrient runoff. Excess plant nutrients like nitrogen and phosphorus 

flows into streams and lakes, and cause eutrophication and overgrowing in waters and seas. 

Currently, the total runoff of phosphorous and nitrogen from Norwegian agriculture is 790 and 

27.000 tons per year, respectively (Miljødirektoratet, 2016). By adopting AD and biogas 

production, energy can be produced on the farm, a larger portion of nutrients can be recovered, 

and the pollution from both GHG emissions and nutrient runoff will be reduced. A potential 

large source for both reduction of pollution, and biogas production in Norway is the waste 

fractions from aquaculture; sludges and slaughterwaste. Fish farming at sea is carried out using 

open cages, and the excess organic fractions of sludge accumulating under the cages is a 

tremendous source of pollution and nutrient leachate. Fish farming is the largest source of 

anthropogenic emissions of nutrients along the Norwegian coast, and approx. 10.000 and 

60.000 tons of phosphorous and nitrogen, respectively, are discharged from fish farming every 

year (Miljødirektoratet, 2016).  

Norway is the world’s largest producer of Atlantic salmon, and the fish industry experiences 

great loss, as many fish dies in fish farms. The current annual loss of Atlantic salmon in 

Norwegian aquaculture is approx. 50 million individuals (Statistics Norway, 2016), where one 

salmon can weigh up to 5 kg (Rosten et al., 2013). Moreover, during evisceration and 

processing of fish for food production, 40 % of the fish is disposed as waste (Liaset and Espe, 

2008). The total rest raw material (e.g. guts, heads, liver, fins) from industrial fishing and fish 
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farming of cod fish, herring fish and shell fish is more than 800.000 tons (RUBIN, 2012). Out 

of this, approx. 200.000 tons are disposed of as waste, and dumped either at sea or on land. 

Disposing of this nutrient rich organic fraction have a potentially large environmental impact, 

and the cost for disposing fish offals and dead fish represents a large expense for the fish 

industry.  

Sludge, fish offals and dead fish are rich in protein and fat, which make them potentially energy 

rich biogas substrates. However, anaerobic degradation of such energy rich substrates stands a 

great risk of process disturbances from accumulation of inhibiting nitrogen compounds and 

fatty acids (Gebauer, 2004; Gebauer and Eikebrokk, 2006; Kafle et al., 2013). Nevertheless, a 

possible strategy to reduce problems with such process instability would be to mix organic 

fractions with different properties.  

In areas where it is logistically reasonable, combining waste streams from agriculture and 

aquaculture could lead to more robust biogas processes, and thus increased CH4 yields. 

Agricultural wastes such as animal manure are usually energy poor, but provides advantageous 

buffering capacity and nutrient composition (Angelidaki and Ellegaard, 2003; Weiland, 2010, 

2003; Whalen et al., 2000) and are thus commonly used in biogas production as co-substrates. 

Aquacultural wastes are energy rich, and thus represents high CH4 potentials which can more 

easily be achieved by dilution and co-digestion with animal manure (Callaghan et al., 1999; 

Lanari and Franci, 1998). The economy of biogas operations can be enhanced by achieving 

more stable processes and increased CH4 yields, and the overall bio economy for both 

agriculture and aquaculture could be improved by a closer co-operation between these sectors. 
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1.2 Reactions and microorganisms involved in anaerobic digestion 

Production of biogas is a microbial process that takes place in the absence of oxygen (or at low 

oxygen levels), and the final products from AD are mainly CH4 and CO2. Essentially, the AD 

process consists of four steps, namely hydrolysis, fermentation (acidogenesis), acetogenesis and 

methanogenesis (Figure 1). The degradation process is not always complete, and in addition to 

biogas and traces of other gases, final products may include reduced compounds such as fatty 

acids and nitrogen-compounds. To maintain a stable and robust biogas production process, 

numerous different groups of microorganisms need to be active and properly adjusted to the 

environment, and each other. Unsuccessful maintenance of the microbial interactions will 

increase the risk of biogas production process failure and breakdown.    

                           

Figure 1: overwiev of anaerobic digestion and CH4 – production. Adopted from (Beschkov, 

2017). 
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1.2.1 Hydrolysis, fermentation and acetogenesis 

The current knowledge about basic metabolism during AD is quite firm, but there are still gaps 

in the information about the responsible microorganisms. The bacteria involved in AD can be 

divided in two major groups: the hydrolyzing and fermenting bacteria (primary fermentative 

bacteria) and the acetogenic bacteria (secondary fermentative bacteria) (Weiland, 2010). 

Microbes that are directly involved in CH4 production belong to the phylum Euryarchaeota and 

are generally called methanogenic Archaea, or methanogens. In both number and complexity, 

the bacterial groups involved in the first steps of AD are superior to the methanogenic group 

that carries out the final reaction (Rajagopal et al., 2013).  

Most of the bacteria involved in the initial steps of AD typically belongs to the phyla 

Firmicutes, Bacteriodetes and Proteobacteria, where the classes of Clostridia and Bacilli are 

usually the most abundant (Klocke et al., 2007; Krause et al., 2008; Kröber et al., 2009; 

Schlüter et al., 2008; Wirth et al., 2012), and these microbes play crucial roles in the initial 

steps of degrading organic material. CH4 is produced by methanogens during the last step of 

AD, and the complete process of breaking down organic material to biogas is comprised of 

numerous interdependent biochemical reactions. Hydrolytic and fermentative bacteria initiate 

the first reaction steps of AD by secretion of extracellular enzymes that degrade complex 

organic polymeric material (carbohydrates, lipids and proteins) into smaller monomeric 

compounds. Carbohydrates are degraded mainly to simple sugars such as glucose, and proteins 

are degraded to amino acids by hydrolytic peptidases and proteases. Lipids are initially 

hydrolyzed by lipases to glycerol and long chained fatty acids (LCFA). Following hydrolysis, 

fermentative bacteria converts the hydrolyzed monomers to alcohols, short-chained volatile 

fatty acids (VFA, e.g. acetic, propionic and butyric acid), NH4
+ and H2-gas. Only a few of the 
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products from fermentation can directly be utilized by methanogens, including acetate, H2 and 

CO2, while other more complex products such as propionate, butyrate and alcohols need to be 

further oxidized to acetate, H2 and CO2 by acetogenic bacteria (Liu and Whitman, 2008). 

During this step, a large and complex group of fermentative H2-producing acetogenic bacteria 

carries out various reactions to degrade the hydrolyzed compounds. Accumulation of H2 can 

inhibit the acetogenic bacteria, and for maintenance of their metabolism, a low concentration of 

H2 is essential, and such conditions are provided by H2 scavenging microorganisms (Weiland, 

2010). The last step of AD is methanogenesis, and involves conversion of mainly H2 and 

acetate to CH4 and CO2. 

 

1.2.2 Methanogenesis  

While a large consortia of bacteria are involved in the first degradation steps, a more narrow 

and specialized group of methanogenic archaea (methanogens) carries out the last step. The 

conversion of final products from hydrolysis, fermentation and acetogenesis to CH4 mainly 

proceeds through transformation of acetate, or CO2 combined with H2 or formate as electron 

carriers (Thauer, 1998). The reactions involving CH4 formation are carried out by the two 

functional groups called acetoclastic and hydrogenotrophic methanogens (Karakashev et al., 

2005). CH4 formation from acetate can proceed through two pathways, and the most commonly 

described is acetoclastic methanogenesis (Zinder, 1993). During acetoclastic methanogenesis, 

acetate is directly cleaved into methyl- and carboxyl groups by acetoclastic methanogens, 

followed by conversion of the methyl- and carboxyl groups to CH4 and CO2, respectively 

(Whitman et al., 2006). Among the methanogenic archaea, only members of the order 



10 

 

Methanosarcinales use acetate cleavage as a mechanism for CH4 formation (Dworkin et al., 

2006). The methanogenic population in biogas reactors with acetate cleavage as the main 

pathway for CH4 production is typically dominated by members of the genera Methanosaeta 

and Methanosarcina (Demirel and Scherer, 2008). Methanosaeta is commonly detected in 

biogas reactors with low acetate concentrations (Griffin et al., 1998; Zheng and Raskin, 2000), 

while the abundance of Methanosarcina typically increase when acetate concentrations are 

elevated (Griffin et al., 1998; McMahon et al., 2001; Stroot et al., 2001).  

During hydrogenotrophic methanogenesis, H2 or formate is utilized to convert CO2 to CH4, and 

contrary to the narrow ability for methanogenic acetate utilization, all methanogenic orders are 

able to use H2 for CH4 production (Weiland, 2010). Members of the orders Methanosarcinales, 

Methanobacteriales, Methanococcales and Methanomicrobiales are typically detected in biogas 

reactors with hydrogenotrophic methanogenesis as the main pathway for CH4 production 

(Karakashev et al., 2005). Acetate has traditionally been considered to be the most important 

substrate for methanogenesis (Hatti-Kaul et al., 2016). However, the focus on H2 as a precursor 

for methanogenesis has increased, and a dominance of hydrogenotrophic methanogenesis is 

common in many biogas reactors (Kampmann et al., 2012; Klocke et al., 2008; Zhu et al., 

2011). In general, hydrogenotrophic methanogens are described to have a higher tolerance for 

extreme conditions, e.g. increased temperatures and high concentrations of fatty acids and 

nitrogen (Chen et al., 2008; Hanaki et al., 1981; Rajagopal et al., 2013; Ziganshin et al., 2016).     
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1.2.3 Syntrophic interactions between bacteria and methanogens in biogas reactors  

Since the energy generated during AD is low compared to aerobic degradation, the conversion 

of complex organic material to biogas in anaerobic environments is dependent upon efficient 

cooperation between several types of microorganisms with various metabolic demands. The 

degree of interdependency in anaerobic microbial communities varies. Some microbes benefits 

from utilizing metabolic products from other organisms, while other microbes are completely 

dependent on other organisms’ behavior and metabolic pathways. In syntrophic relations in 

biogas reactors, cooperation along the food chain is obligate between metabolically different 

microorganisms. Syntrophic microbes rely on each other for carbon and nutrient supply, and at 

the same, they keep the concentration of intermediate products at a minimum. The syntrophic 

reactions often involves, and are completely dependent on interspecies transfer of H2 

(McInerney et al., 2008), and such transfer involves the production and utilization of H2 by 

bacteria and methanogens, respectively. When an oxidative fermentation process yields H2 (e.g. 

during conversion of ethanol to CH4) the net free energy change (ΔG) will be endergonic, i.e. 

thermodynamically impossible, if H2 is not scavenged at the same rate as it is produced. Due to 

the syntrophic relations between microorganisms and their transfer of H2, the H2 concentration 

is kept low and the fermentation process becomes thermodynamically favorable. 

Syntrophic acetogenic bacteria converts metabolites produced during hydrolysis and 

fermentation (e.g. ethanol, propionate, butyrate) into acetate and H2, and these reactions are of 

crucial importance during methanogenesis, due to the accumulation of unfavorable metabolites 

that will occur if these reactions are stagnated. Methanogens are inhibited when concentrations 

of products from earlier steps are elevated, and acetogenic activity is thus essential for the CH4 

production process to proceed. Since the metabolic efficiency of the syntrophic acetogenic 
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bacteria strongly depend on the H2 removal by a methanogen, the microorganisms involved are 

interdependent on each other to maintain methane production. Several factors involving 

syntrophic operations in biogas reactors has been investigated, such as impact from increased 

H2 formation on methane yields (Bagi et al., 2007) and reactions involving syntrophic 

conversions of propionate and butyrate to acetate and H2 (Li et al., 2012; Müller et al., 2010; 

Schmidt et al., 2013). 

 

1.2.4 Syntrophic acetate oxidation  

In addition to acetoclastic methanogenesis, an alternative reaction for CH4 production from 

acetate is called syntrophic acetate oxidation (SAO). The reaction involves conversion of 

acetate by a syntrophic acetate oxidizing bacteria (SAOB) followed by hydrogenotrophic 

methanogenesis in which CO2 is reduced to CH4 (figure 2).  

 

Figure 2. Syntrophic acetate oxidation and hydrogenotrophic methane formation.  

Adopted from (Ali Shah et al., 2014).    
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The reaction consists of two separate steps initiated by oxidation of acetate to CO2, H2 and 

formate by a SAOB, followed by conversion of H2 and CO2 to CH4 by a hydrogenotrophic 

methanogen (Zinder and Koch, 1984). 

a: [CH3COO- + 4H2O  2HCO3
- + 4H2 + H+] b: [4H2 + HCO3

- + H+  CH4 + 3H2O]  

Energetically, the oxidation of acetate to CO2 and H2 is an unfavorable reaction at standard 

conditions [(a) ΔG° = +104, 6 kJ / mol]. However, the subsequent reaction where CH4 is 

produced from CO2 and H2 is thermodynamically favorable [(b) ΔG° = -135,6 kJ / mol], and the 

sum of these reactions results in a final change in free energy of -31,0 kJ / mol.  

SAO can only proceed if the H2 pressure is kept low by the action of a hydrogenotrophic 

methanogen (Schink, 1997; Stams, 1994). However, if the H2 levels becomes too low, the 

reaction will stagnate due to inactivation of hydrogenotrophic methanogenesis. These 

conflicting requirements results in a demand for a narrow range of H2 concentration during AD 

(Stams, 1994). The H2 concentration should be in the range of 10 – 50 Pa at thermophilic (55-

60 ℃) conditions (Hattori et al., 2001). At mesophilic (~ 37 ℃) conditions, the H2 

concentrations for maintenance of syntrophic activity is found to be between 1.6 – 6.8 Pa 

(Schnürer et al., 1997). Hence, sustained and sufficient flow of H2 is crucial to maintain the 

activity of SAOB and their partner methanogens.  

Various factors have been suggested as driving forces for the different syntrophic relations 

occurring in biogas reactors, and NH4
+ has proven to be a strong regulating factor for 

development of SAO (Schnürer et al., 1999; Schnürer and Nordberg, 2008; Westerholm et al., 

2011a, 2016). The shift in reaction pathway from acetoclastic methanogenesis to SAO at 

elevated NH4
+ levels is possibly a consequence of inhibition of acetoclastic methanogens, 
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which are known to be more sensitive to NH4
+ than hydrogenotrophs (Angelidaki and Ahring, 

1993). The contribution from SAO in biogas reactors is considered to be significant, and factors 

affecting the reaction other than NH4
+ are described. Among these are acetate concentration 

(Ahring et al., 1993; Ahring, 1995; Hao et al., 2010), the synergetic stress of acids and NH4
+ 

(Lü et al., 2013), dilution rate (Shigematsu et al., 2004) and temperature (Schink, 1997; Schink 

and Stams, 2013). 

 

1.2.5 Syntrophic acetate oxidizing bacteria 

A few SAOB are currently isolated and characterized from differently operated biogas reactors. 

Thermacetogenium phaeum (Hattori et al., 2000) and Thermotoga lettinga (Balk et al., 2002) 

were initially isolated from thermophilic reactors. Tepidanaerobacter acetatoxydans is identified 

as thermotolerant, and Clostridium ultunense and Syntrophaceticus schinkii are isolated from 

reactors operated in the mesophilic range (Schnürer et al., 1996; Westerholm et al., 2010, 2011c). 

However, observations of SAO in anaerobic digesters, and recent detections of novel syntrophic 

populations suggests that methane formation via this pathway appears to be quite common (Frank 

et al., 2016; Lee et al., 2015). 

The growth of SAOB are normally lithotrophic or heterotrophic, and they produce acetate 

through the Wood–Ljungdahl pathway involving the key enzyme Acetyl Co enzyme A (Müller 

et al., 2013). However, when they grow in a syntrophic relation with a methanogen, they reverse 

this pathway and oxidize acetate to H2 and CO2. Growth of SAOB in co-culture with 

hydrogenotrophic methanogens have been investigated, and a doubling time of 28 days for C. 

ultunese is reported (Schnürer et al., 1994), while the generation time of S. schinkii in co-culture 
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with Methanoculleus sp. MAB1 is calculated to be as long as 69-78 days (Westerholm, 2012). 

The doubling time of T. acetatoxydans during acetate oxidation is currently not known 

(Westerholm et al., 2011c). The slow doubling times for SAOB suggest that a long retention time 

is essential to avoid washout of these bacteria from continuous biogas reactors. However, SAOB 

have been detected in a number of different biogas reactors operated under a wide range of 

hydraulic retention times (HRTs), suggesting that other parameters might also influence the 

presence of these bacteria (Karlsson et al., 2012; Moestedt et al., 2014; Sun et al., 2014; 

Westerholm et al., 2012, 2011b). Moreover, a possible reason that slow growing microorganisms 

are able to retain in continuous processes with low HRTs might be the formation of biofilms. It 

is known that microbes in biogas reactors tend to grow in biofilm structures that attach to surfaces 

(Davey and O’toole, 2000) and such attachments in biogas reactors would make the 

microorganisms more resistant to washout.   

 

1.2.6 Ammonium tolerance and inhibition   

During hydrolysis and fermentation, proteins are degraded to amino acids and peptides by 

bacterial proteases and peptidases (Kovács et al., 2013). During fermentation, the amino acids 

are further broken down, and amine groups (NH2) are released as NH4
+; ammonium (NH4

+) and 

ammonia (NH3). NH4
+ and NH3 are in equilibrium, and the dominating form is highly dependent 

on pH and temperature (Gerardi, 2003; Speece, 1996). Some NH4
+ is essential for bacterial 

growth, but elevated concentrations, especially in the form of NH3, inhibit methanogenic activity 

in biogas reactors (Rajagopal et al., 2013; Yenigün and Demirel, 2013) and leads to an unstable 

biogas process. The mechanism of inhibition is not fully known, but some suggestions have been 
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presented. Investigations of pure cultures have shown that NH4
+ can affect methanogenic 

microbes by direct inhibition of NH4
+ on methanogenic enzymes, and by diffusion of NH3 into 

bacterial cells, causing pH and proton imbalance and potassium loss (Gallert et al., 1998; Sprott 

and Patel, 1986; Whitman et al., 2006). NH3, which is uncharged, can enter the microbial cell 

(Figure 3) and subsequently be converted to NH4
+. Hydrogen ions (H+) are consumed in this 

reaction with concomitant increase in pH. To compensate for the change in pH, the cell pumps 

in H+ from the environment. At the same time, potassium (K+) is pumped out, and the cell will 

eventually suffer from potassium loss (Sprott and Patel, 1986). The initial potassium content 

within a cell will have an impact on the degree of inhibition from NH3, and methanogens that use 

acetate for CH4 production generally contains lower levels of potassium than hydrogenotrophic 

methanogens. The former methanogenic group is thus more sensitive to NH3. 

  

Figure 3. The effect of ammonia in methanogenic microbial cell. Hypothesis proposed by 

(Sprott and Patel, 1986). Figure adopted from (Schnurer and Jarvis, 2010).  

 

Optimal NH4
+ levels provides a valuable nitrogen source for the microbes involved, and also a 

sufficient buffer capacity for low pH levels. However, elevated NH4
+ concentrations is a 
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commonly reported reason for biogas process failure (Chen et al., 2008; Hejnfelt and Angelidaki, 

2009). NH4
+ inhibition is usually indicated by a decrease in steady state CH4 yields together with 

accumulation of other intermediate products such as VFA (Angelidaki and Ahring, 1994; Calli 

et al., 2005). Inhibitory levels of NH4
+ in biogas reactors have been investigated, and the reported 

results are non-consistent. Concentrations from around 1.5 and up to 7 grams NH4
+ / L has been 

reported as inhibiting (Rajagopal et al., 2013). These variable reported levels of inhibition by 

NH4
+ are most likely due to the impact of other factors such as pH-levels, temperature, type of 

inoculums and acclimation time (Chen et al., 2008). The share of NH3 increases with elevated 

temperature and pH levels, and a biogas reactor operated in the mesophilic range (~ 35 – 40 °C) 

will maintain stable at higher NH4
+ concentrations than a reactor operated in the thermophilic 

range (~ 55 – 60 °C). If the pH level is increased from 7 to 8 in a biogas reactor operated in the 

mesophilic range, the share of NH3 will increase from approx. 1 to 10 % of NH4
+ (Fernandes et 

al., 2012). Adaptation of the microbial consortia is of great importance to avoid process failure 

from NH4
+ inhibition. Several studies have reported successful adaptation of microbial 

communities to elevated NH4
+ levels (Angelidaki and Ahring, 1993; Angenent et al., 2002; Calli 

et al., 2005), and the required adaptation time is reported to be as long as 2 months or even longer 

(Hansen et al., 1998). However, even after adaptation, low CH4 production is obtained at elevated 

NH4
+ levels compared to an undisturbed system (Van Velsen, 1979). 

It has not been clear whether NH4
+ tolerance can develop in an already existing population, or if 

adaptation occurs due to establishment of new microbes. Studies investigating the effect of 

accumulated NH4
+ concentrations in methanogenic environments have demonstrated that the 

main pathway for CH4 production is through the syntrophic relations between acetate oxidizing 

bacteria, SAOB and H2 utilizing methanogens (Angelidaki and Ahring, 1994; Angenent et al., 
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2002; Schnürer et al., 1999, 1994; Werner et al., 2014; Westerholm et al., 2011a). The presence 

of SAO and SAOB has been investigated in biogas reactors operated at high NH4
+ levels, and a 

shift in CH4 production pathway and methanogenic community structure is typically detected 

when the NH4
+ concentrations exceed 3 – 4 grams / L (Schnürer and Nordberg, 2008; Westerholm 

et al., 2011a). This shift in methanogenic community to slow growing SAOB may explain the 

long adaptation time required for NH4
+ tolerance to develop.  

 

1.3 Anaerobic digestion process operation and substrate loading  

The choice of biogas reactor design and operation is usually based on a compromise between 

maximizing CH4 yield, sufficient organic material degradation, and process economy. The 

hydrolytic and fermentative bacteria differ widely from the methanogenic Archaea in their 

preferred environment, such as optimal pH range and nutrient requirements. The main energy 

components in substrates for AD are carbohydrates, fat and proteins, and they represents 

theoretical biogas potentials of approx. 0.4, 1.0 and 0.5 m3 biogas / kg VS, respectively 

(Berglund and Bôrjesson, 2003). For a successful optimization of a biogas process, it is 

necessary to adjust the parameters so that important microbes and pathways are maintained. 

The number of different factors that affects AD stability is extensive, and mostly in close 

relation to each other. Factors such as process and reactor design, substrate type and mixes, 

loading of potentially inhibiting compounds together with other operational parameters are of 

crucial importance for a successful AD process. A large variety and combinations of biogas 

reactors are available, and the most common reactor type for slow rate processes (i.e. long HRT 

and high solid loading) has traditionally been the continuously stirred tank reactor (CSTR) 
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(Weiland, 2010). Such reactors typically consist of a cylindrical tank with in- and outlet valves, 

and a steering mechanism (Figure 4). The principles of a CSTR is that AD takes place at 

constant rate and temperature in a completely mixed reactor (Froment et al., 2009). The main 

advantage of the CSTR is that it is typically robust and easy to operate, due to a relatively 

simple design. 

 

Figure 4. Continuously stirred tank reactor, CSTR.  

 

1.3.1 Operational parameters  

A wide number of operational parameters such as biogas production, substrate loading, 

operational pressure, and reactor capacity are commonly adjusted and monitored in a biogas 

reactor (Al Seadi et al., 2008). Monitoring and adjustment of operational parameters is crucial 

for process maintenance, i.e. facilitate sufficient microbial activity and biogas yields.  
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CH4 production takes place at different temperature ranges, but most biogas reactors are 

operated either in the mesophilic or thermophilic range, at temperatures of 35-37 and 55-60 ℃, 

respectively (Bouallagui et al., 2004). Digestion under thermophilic condition has several 

benefits, such as higher metabolic rates and CH4 yields, and a high destruction of pathogens and 

weed seeds (Zabranska et al., 2002). However, thermophilic conditions in biogas reactors have 

some drawbacks compared to mesophilic conditions. The rate of metabolism in hydrolytic and 

fermentative bacteria is increased with elevated temperatures (Ahring et al., 2001), and elevated 

concentrations of intermediate products (e.g. NH4
+, LCFA and VFA) from these bacterial 

groups are reported to inhibit AD at high temperatures (Ahring et al., 2001; Angelidaki and 

Ahring, 1993, 1992; Sung and Liu, 2003). The NH3 share of NH4
+ is increased at elevated 

temperature. It has been reported that AD processes operated at high NH4
+ concentrations are 

more easily inhibited and less stable at thermophilic temperatures than at mesophilic 

temperatures (Braun et al., 1981). Moreover, decreasing the temperature in thermophilic biogas 

reactor suffering from NH4
+ inhibition can restore process stability (Angelidaki and Ahring, 

1994; Hansen et al., 1999). Hence, AD is considered more robust in the mesophilic range than 

at high temperatures, although lower CH4 yields are obtained.  

Hydraulic retention time (HRT) is an important parameter for dimensioning of a biogas 

reactor. The HRT is the residence time of a substrate in the reactor, and it is correlated to the 

reactor volume and the volume of substrate fed per unit of time (Al Seadi et al., 2008). The 

HRT in CSTRs is typically 15 to 30 days in mesophilic reactors, and 10 to 20 days in 

thermophilic reactors (Angelidaki et al., 2011). In addition to dimensioning and scaling, the 

HRT is regarded to be an important factor for the microbial community in a biogas reactor. 

HRT is regulated based on several different factors, such as process temperature and substrate 



21 

 

properties, and the microbial population is highly dependent on these parameters. The microbes 

involved in AD need a uniform flow of substrates and effluents to maintain stable activity, and 

they require a certain amount of time for sufficient degradation of the substrates.  Slowly 

degradable materials (e.g. poorly bioavailable carbohydrates and fat) will need a longer HRT 

than more easily degradable material. Due to an increased metabolic rate at elevated 

temperatures, a thermophilic process is typically operated at a shorter HRT than a 

corresponding mesophilic process (Kim et al., 2006). However, reactor operation with short 

HRT and elevated temperature will increase the risk of inhibition from accumulation of 

hydrolysis and fermentation intermediates. Moreover, a short HRT is likely to increase washout 

of the microbial population (Sreekrishnan et al., 2004), which can result in removal of key 

functioning microbial groups in a biogas reactor. 

The organic loading rate (OLR) is a measure for amount of organic material added to a 

process, commonly designated as volatile solids (VS) or chemical oxygen demand (COD) / 

volume / time (Al Seadi et al., 2008). For most CSTRs, the OLR is completely correlated with 

the volumetric loading, and hence also the HRT. Operation at short HRT corresponds to a high 

volumetric load and thus an elevated OLR. Different reactors are operated at various OLR, and 

typically, mesophilic wet fermenting CSTRs are stable at OLRs between 2 and 4 kg VS / m3 

(Weiland, 2010). Increased OLR will increase biogas yields. However, biogas reactors loaded 

with extended high input of organic material have an increased risk of failure. Organic overload 

occurs when the amount of organic material added to the reactor exceeds the degradation 

capacity of the microbes to produce biogas. Elevated OLR is causing instability due to 

increased concentrations of fatty acids (Blume et al., 2010; Marchaim and Krause, 1993), NH4
+ 

(Kovács et al., 2013), or a combination of these (Lü et al., 2013), depending on the substrate 
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composition. Process instability due to accumulation of NH4
+ often results in VFA 

accumulation, which again may lead to a decrease in pH (Chen et al., 2008) and process failure.   

 

1.3.2 Proteinaceous organic material 

Nitrogen and carbon are essential elements in biogas substrates, and the yield of biogas from 

any substrate is highly dependent on the ratio of carbon/nitrogen (C/N). Proteinaceous 

substrates, such as slaughterhouse wastes and animal offals, fish waste and some types of food 

wastes are energy rich, and usually consist of relatively low levels of carbon in relation to 

nitrogen (Cuetos et al., 2010; Divya et al., 2015). The effect of C/N ratios on CH4 production 

has been extensively studied. Optimal C/N ratios are suggested to be in the range between 15 

and 30 (Weiland, 2010), however, stable AD of proteinaceous substrates have been achieved at 

lower C/N values (Mshandete et al., 2004). During AD of substrates with a low C/N ratio, 

accumulation of inhibiting NH4
+ can occur, and the risk of process instability increases. 

However, although high NH4
+ concentrations can lead to inhibition, it can also provide 

increased buffering capacity. In processes operated with high organic load and elevated 

concentrations of fatty acids, NH4
+ can provide maintenance of neutral pH level and thus 

potentially minimize the inhibitory effect of VFA and LCFA (Marchaim, 1992).  

In addition to balancing the macronutrients C and N, certain micronutrients and trace elements 

also affects the AD process and biogas production (Feng et al., 2010; Wintsche et al., 2016), 

especially in processes operated with high concentrations of fatty acids and nitrogen (Banks et 

al., 2012). Trace elements required for enzyme activity in methanogenic systems are, for 

example, Co, Ni, Fe, Zn, Se, B, Mo and W (Feng et al., 2010; Schattauer et al., 2011). Studies 
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have shown that trace elements can be depleted in biogas reactors (Schattauer et al., 2011), and 

that organic loading and biogas yields can be increased and inhibition can be minimized by 

addition and balancing of micronutrients (Banks et al., 2012; Feng et al., 2010).     

 

1.3.3 Fish waste  

Organic waste from aquaculture is produced in large quantities, and the focus on sustainable 

management of these fractions is increasing. A significant portion of such waste is represented 

by slaughter waste and offal from fish processing, and dead fish. These fish wastes are energy 

rich, i.e. they contain large amounts of protein and fat (Callaghan et al., 1998), and thus have a 

high biogas potential. A portion of the fish waste is utilized as animal feed, and processing for 

such purposes is typically carried out by separating the fish oils during fishmeal production. 

The majority of fish oils are used in aquaculture feeds, and the fishmeal is used in livestock 

animal feed manufacturing (Arvanitoyannis and Kassaveti, 2008). In Europe and Norway, fish 

waste (i.e. offals and dead fish) is divided into different quality categories, and category 1 and 2 

consist mainly of disease infected self-dead fish, and can thus not be utilized for animal feed 

(Grøntvedt et al., 2010). The fish waste in Norway that is used for biogas production is 

pretreated by ensilation for stabilization (i.e. to minimize microbial activity). Ensiled fish waste 

is a liquid product produced from the fish or fish parts, and the liquefaction of the biomass is 

initiated by the interaction of added acids and enzymes from the fish (Arruda et al., 2007). The 

process involves grinding and mixing of the fish waste with formic acid to a pH below 4.0, 

followed by thermal treatment, according to regulations. The fish silage processing method 
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(FSPM) is a Norwegian sanitation method approved by the Norwegian Animal Health 

Authority, originally adapted from the EU legislation (Møretrø et al., 2010).  

CH4 potentials from fish waste (e.g. various types of fish offal’s) have been investigated, and 

reported to be in the range between 400 and 800 L / kg VS (Callaghan et al., 1999; 

Gunnarsdóttir et al., 2014; Kafle et al., 2013; Mshandete et al., 2004), which is high, compared 

to e.g. animal manure. However, loading of a continuous biogas reactor with fat- and protein 

rich substrates can be challenging due to accumulation of and inhibition from fatty acids and 

NH4
+ (Weiland, 2010; Yenigün and Demirel, 2013). In addition, during AD of ensiled (i.e. 

acidified) substrates, the pH levels might drop significantly. Such conditions will inhibit 

methanogenic activity and increase the risk of biogas process failure. A possible way to enable 

sufficient AD of fat- and proteinaceous substrates is by co-digesting them with a carbon rich 

substrate with high buffer capacity, such as manure.    

 

1.3.4 Manure from cows and other livestock  

The largest fraction of organic material for biogas production in Europe is animal manure from 

cattle, pig and poultry (Faostat, 2014). As the focus on energy production from biomass has 

increased, the use of the organic fractions from agriculture, industry and households for CH4 

production has gained interest. Untreated and poorly managed animal manure is a source of air 

and water pollution in the form of nutrient leachate rich in nitrogen and phosphorous. A large 

portion of animal manure in Europe is handled as slurries; liquid mixtures of urine, feces, water 

and bedding material (Holm-Nielsen et al., 2009), consisting of mainly carbohydrates, proteins 

and lipids (Møller et al., 2004). When handled properly, this is an organic fraction suitable for 



25 

 

energy production and a source of nutrients for agriculture. Animal manure as a biogas 

substrate is widely investigated (Alvarez et al., 2006; Artanti et al., 2012; Lehtomäki et al., 

2007; Møller et al., 2004; Wu et al., 2010), and the CH4 yields depends on several factors, e.g. 

livestock feeding regimes, animal metabolism and energy uptake. Among the different animal 

waste fractions, manure from cows represents the largest volume, and CH4 yields between 150 

and 300 L CH4 / kg VS are frequently reported from this material (Amon et al., 2007; 

Lehtomäki et al., 2007; Møller et al., 2004). Manures from pigs and poultry are reported to 

contain higher concentrations of NH4
+ than cattle manure (Hansen et al., 1998; Kelleher et al., 

2002), and moreover, pig manure contains higher levels of lipids than manure from cows 

(Møller et al., 2004). Since a large portion of cattle are fed mainly with roughage, the levels of 

organics with low bioavailability (e.g. lignin) is frequently high in cow manure (Lehtomäki et 

al., 2007; Møller et al., 2004). In general, cow manure is considered to be a low energy biogas 

substrate. When this fraction is added to a biogas reactor, it has already passed through the 

digestive system of the animal, and most of the energy-rich substances (i.e. proteins and easy 

carbohydrates) contained in the feed (crops) have already been digested. However, although 

cow manure does not contribute  to very high CH4 yields, it is a highly suitable co-substrate, 

providing increased buffer capacity and nutrient balance in a reactor feedstock (Alvarez and 

Lidén, 2008; Lehtomäki et al., 2007).  

 

1.3.5 Co – digestion 

Co-digestion of substrates with different properties provide several benefits. AD of energy poor 

material, such as manure from ruminant livestock, is usually stable, but results in relatively low 

CH4 yields (Alvarez and Lidén, 2008; Amon et al., 2007; Artanti et al., 2012). Thus, many 



26 

 

agricultural biogas plants add co-substrates to the process to increase the content of energy and 

hence obtain higher CH4 yields (Weiland, 2010, 2003). Due to improved balance of nutrients, 

minerals and trace metals (Braun and Wellinger, 2003), and thus a more complete medium for 

microbial metabolism and growth, CH4 yields from mixed substrates are frequently reported to 

be higher than the sum of CH4 yields from digestion of individual substrates (Carucci et al., 

2005; Neves et al., 2009; Parawira et al., 2004). In addition, co-digestion of high-energy 

content substrates with energy - poor substrates will dilute the concentration of possibly 

inhibiting compounds such as NH4
+ and fatty acids.  

Cow manure as a co-substrate provide buffering capacity due to its alkalinity, and a wide range 

of nutrients (Lehtomäki et al., 2007). The buffering capacity of cow manure can play an 

important role during co-digestion by decreasing the risk of pH drop, and hence inhibition from 

fatty acids. The extracellular enzymes produced by microorganisms during AD are affected by 

pH, with minimum, maximum, and optimal pH for activity (Lay et al., 1997). The pH interval 

for methanogenic activity is quite narrow ranging from 5.5 to 8.5 with an optimal range of 6.5-

8.0 (Nielsen, 2006). For hydrolyzing and fermentative bacteria a much wider pH range between 

4 and 8 is observed (Hwang et al., 2004), and it is reported that optimal pH levels in a mixed-

culture AD is between 6.5 and 7.5 (Moosbrugger et al., 1993). In addition to buffer capacity, 

cow manure usually have a balanced C/N ratio with values between 16 and 25 (Divya et al., 

2015). The use of co-substrates with low protein content and a sufficient portion of 

carbohydrates (e.g. manure) to blend with proteinaceous material will increase the C/N ratio 

and thus reduce the risk of potential problems associated with accumulation of NH4
+. 
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2. Project outline and objectives  

 

2.1 The research project 

This PhD project was part of a Norwegian research project (Biogas reactor technology for 

Norwegian agriculture, BIONA) aiming to make biogas reactor technology in Norwegian 

agriculture more economically viable by testing and evaluating different methods for increasing 

biogas yields. 

 

In order to reduce the greenhouse gas emissions from agriculture, the Norwegian Government 

has set ambitious goals for AD treatment of animal manure in the future (Klima- og 

Miljødepartementet, 2014; Landbruks- og matdepartementet, 2009). Due to low energy prices, 

and because Norwegian agriculture is dominated by small and scattered farms, only a few farms 

have installed biogas plants. To establish more farm-based biogas plants the AD economy must 

be improved. Thus, higher biogas- and energy yields are needed. 

 

2.2 The PhD project; outline and objectives   

One possible way to increase methane and energy yields in the agricultural sector is co-

digesting animal manure with energy rich substrates like fish offals. Such co-digestion of 

organic waste fractions from agriculture and aquaculture could add value to both sectors. 

However, co-digestion with such protein rich fractions stands the risk of elevated NH4
+ 

concentrations, which might cause process inhibition. Although biogas production can occur in 
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environments with elevated NH4
+ levels, sufficient stabilization and adaptation periods are 

required, and even after adaptation, relatively low CH4 productions may be achieved (Van 

Velsen, 1979). The microbial adaptation to elevated NH4
+ concentrations is probably due to the 

development of an alternative mechanism for CH4 production called syntrophic acetate 

oxidation (Schnürer et al., 1999; Schnürer and Nordberg, 2008). In this pathway, acetate is not 

directly converted to biogas, but initially converted to H2 and CO2 by syntrophic acetate 

oxidizing bacteria (SAOB), followed by the subsequent reduction of CO2 to CH4 by H2-

utilizing methanogenic partners. Thus, establishment of such syntrophic microbial consortia 

offers a way to run high NH4
+ AD processes. However, due to their slow growth, wash-out of 

continuous flow reactors can be a challenge. Factors like sufficient adaptation, long HRTs and 

biofilm formation may facilitate and retain the syntrophic microbial community in the reactor, 

allowing stable operation even at high levels of NH4
+. 

The main objective of this PhD project was to make biogas production from protein rich fish 

waste efficient and robust by blending it with cow manure to develop a stable co-digestion 

processes. Secondary objectives were to optimize fish waste and manure ratios, investigate 

microbial adaptation during startup period and characterize microbial communities and key 

syntrophic microorganism in co-digestion processes. The first part of this work focused on 

finding optimal proportions of fish waste silage and cow manure for efficient biogas production 

(Paper I). In the next part, the microbial communities in biogas reactors added fish waste silage 

and manure during a startup phase were characterized and compared to the original inoculum 

(Paper II). In the last part of this work, the dynamics of important NH4
+ tolerant 

microorganisms in reactors with different hydraulic retention times and in reactors added 

increasing ratios of fish waste silage were investigated (Paper III).  
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3. Main results and discussion 

 

This PhD study is based on three research papers, and the main findings are summarized in 

this section. 

 

3.1 Effects of increased loads of fish waste silage in co digestion with manure on methane 

production (Paper I):  

 

In this paper the effects of increased loads of nitrogen-rich fish waste on AD and CH4 

production was examined. Co-digestion of fish waste silage (FWS) and cow manure was 

studied in two parallel laboratory-scale continuously stirred, semi-continuously fed tank 

reactors, and compared to AD of cow manure alone. The reactors were operated in the 

mesophilic range (37 °C) with a hydraulic retention time of 30 days, and the entire 

experiment lasted for 450 days. The rate of organic loading was raised by increasing the 

content of FWS in the substrate blend. During the experiment, the amount (volume %) of 

FWS was increased stepwise in the following order: 3% – 6% – 13% – 16%, and 19%. CH4 

production and pH were continuously monitored while the content of VFA and NH4
+ were 

analyzed. The highest CH4 production from co-digestion of FWS and manure was approx. 

0.400 L CH4 / gram VS, obtained during a period with loading of 16% FWS.  Compared to 

mono-digestion of manure, the CH4 production was increased up to 100% when FWS was 

added to the reactors. At very high FWS loadings between 16% and 19%, the biogas 

processes failed due to accumulation of NH4
+ and VFA. During a period of loading the 
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reactors with a substrate mix of 13 % FWS and 87 % manure, a stable AD operation and 

relatively high CH4 yields were observed (Figure 3.1 A). The effluent quality was within a 

range typically tolerated by methanogenic bacteria, i.e. the concentrations of VFAs and 

NH4
+ did not exceed inhibitory levels, and the pH levels were stable in the range of between 

7 and 8. Overall, this study clearly shows that FWS in mix with manure increases the biogas 

yields, and that the AD process is stable at a substrate mixing ratios of up to 13 % FWS,  

and can be recommended for scaled up production. However, higher levels FWS lead to 

accumulation of NH4
+ and VFAs, which caused CH4 production failure. At loadings of 

between 16% and 19% FWS, the NH4
+ concentrations reached 7-8 g/L (Figure 3.1 B). The 

VFA levels, mainly acetic- and propionic acid, increased to concentrations of 15-20 g/L, 

causing a marked drop in pH.  

 

 

Figure 3.1. Process performance of two parallel experimental CSTR biogas reactors fed with 

increased ratios of fish waste silage, and one CSTR biogas reactor fed with manure only 

(control). A: Specific methane production, L CH4 / gram VS / day. B: Ammonium 

concentrations, gram NH4
+ / L.  
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3.2 A metagenomic study of the microbial communities in four parallel biogas reactors 

(Paper II):  

 

The biogas process performance during the startup phase of four parallel continuously 

stirred tank reactors co-digesting FWS and manure was studied in Paper II. The reactors 

were operated in the mesophilic range, with a substrate blend (volume) of 13 % FWS and 

87 % manure, based on the stable process achieved by operating reactors with this feedstock 

blend described in Paper I. The microbial communities found in the inoculum (day 0) and 

the reactors at day 59 were characterized and compared using 454 FLX Titanium 

pyrosequencing. In the inoculum and the reactor samples, bacteria belonging to the genera 

Clostridium and Syntrophomonas were highly abundant (Figure 3.2), while the dominating 

methanogen was the hydrogenotrophic Methanoculleus. Syntrophic prokaryotes frequently 

found in biogas reactors with high concentrations of NH4
+ and VFA were detected in all 

samples. Compared to the initial inoculum, the experimental reactors showed somewhat 

different microbial composition. In particular, the Candidatus Cloacamonas belonging to 

the candidate phylum Cloacimonetes (WWE1) increased in all reactors and was the 

dominating bacterium at day 59. Interestingly, this bacterium showed a significantly higher 

abundance in one reactor. Candidatus Cloacimonas acidaminovorans is described to be a 

syntrophic bacterium, obtaining most of its energy from the fermentation of amino acids, 

and can ferment propionate to acetate, H2, and CO2 in syntrophy with H2-consumers 

(Bengelsdorf et al., 2015). CH4 production and the reactor effluent characteristics were 

monitored over the experimental period, showing stable operation and similar 

characteristics for all four reactors. The average CH4 production in the reactors varied 

between 0.278 and 0.296 L/g VS. Thus, this study showed that four parallel reactors co-
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digesting manure and FWS operated stably and similar during a startup phase. Several 

important Archaea and Bacteria degrading the protein-rich substrate were identified, and 

analysis of metabolic systems showed that highest percentage of reads in the samples were 

related to amino acid metabolism.  

 

 

Figure 3.2. Microbial composition at genus level of four parallel biogas reactors after 59 days 

of stabilization, and in the initial inoculum sample. Percentage of reads assigned to the 44 

genera with more than 0.1% reads assigned. Insert shows full scale of the Y-axes. 
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3.3 Process stability and dynamics of ammonium-tolerant microorganisms during co-

digestion of fish waste and manure (Paper III):  

 

Co-digestion of FWS and manure with a mixing ratio of 13 and 87 %, respectively (volume 

based), was carried out at different hydraulic retention times (HRT) and organic loading rates 

(OLR). The effects on CH4 production, NH4
+ accumulation and composition of NH4

+-tolerant 

microorganisms (syntrophic acetate oxidizing bacteria, SAOB, and hydrogenotrophic 

methanogens) were investigated. The microbial composition in reactors operated at different 

HRTs and equal ratios of FWS in mix with manure, were compared to the microbial 

composition in reactors operated at equal HRTs with a feedstock of increasing ratios of FWS 

in mix with manure. In the latter mentioned reactors, the ratio of FWS were increased 

gradually from 3 to 19 % (volume based), and this experiment is described in detail in Paper 

I. The microbial composition and density of SAOB and methanogens (Figure 3.3 A & B), 

NH4
+ concentrations and process performance were stable throughout the experiment in 

reactors operated with equal ratios of FWS and different HRTs. In comparison, in the reactors 

loaded with increasing ratios of FWS, it was observed a gradual increase of NH4
+, and in the 

abundance of NH4
+-tolerant microorganisms (Figure 3.3 C & D). The methanogenic groups 

of Methanosarcinaceae and Methanosaetaceae dominated at low levels of NH4
+ and low 

loadings of FWS, while the hydrogenotrophic methanogenic group of Methanomicrobiales 

increased in abundance in response to higher FWS loading rates and NH4
+ concentrations. In 

the reactors operated with increased ratios of FWS, the CH4 yield increased until a load of 

around 16 % volume FWS was added. A further increase of FWS in the feedstock resulted in 

elevated NH4
+ levels with maximum concentrations of 7-8 g/L, with a subsequent instability 

in microbial composition and biogas performance, and ultimately AD process failure. The 
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microbial composition changed when the reactor process got unstable, and the predominant 

change was the decrease in density of the SAOB Tepidanaerobacter acetatoxydans. High 

NH4
+ concentrations as a result of an increased load of FWS caused an increase in the 

abundance of different SAOB and the hydrogenotrophic methanogenic order 

Methanomicrobiales. Overall, different HRTs had little effect on methane yield and microbial 

community composition, but elevated ratios of FWS inhibited activity of syntrophic 

microorganisms and caused instability and failure of the anaerobic process. The results 

showed that increasing the total volume of a fixed FWS/manure-blend is less inhibiting for 

the syntrophic microbial community and the biogas process performance than raising the 

proportion of FWS in the feedstock. This experiment showed that it is possible to utilize fat- 

and protein-rich FWS as biogas substrates at relatively low HRT and high OLR. By 

decreasing the HRT from 30 to 20 days and keeping the substrate proportions equal, the 

loading volume of FWS can be increased by approx. 50% without process failure, which can 

allow management of increased waste volumes. 
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Figure 3.3. Concentrations (average log gene abundance / mL) of targeted NH4
+ tolerant key 

functioning microorganisms in continuous biogas reactors operated with feedstock mixes of fish 

waste silage and manure. A and B: abundance of SAOB and methanogens, respectively, in four 

experimental reactors operated at different HRTs and fed with equal ratios of fish waste silage 

in mix with manure. C and D: abundance of SAOB and methanogens, respectively, in two 

experimental parallel reactors fed with increased ratios of fish waste silge in mix with manure, 

and one control reactor fed with manure only. 
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4. Concluding remarks and future perspectives 

The Norwegian Government’s goal of reducing GHG and nutrient emissions requires increased 

focus on our environmental challenges, such as management of the organic waste from the agri- 

and aquaculture sectors. AD is an applicable strategy for waste treatment, and increased energy 

yields are necessary for profitability. Aquaculture is one of the largest industries in Norway, 

and Norway is the world's foremost producer of Atlantic salmon. With the planned increase of 

aquaculture production in Norway, the need for waste treatment will increase. This PhD project 

has addressed some of the challenges regarding AD of proteinaceous organic waste. It has been 

shown that waste fractions produced in aquaculture can be treated with manure in anaerobic co-

digestion processes and increase biogas yields, and that the microbial communities in such 

biogas reactors are able to adapt to this feedstock. However, only relatively low loadings of 

such proteinaceous wastes can be added to a biogas reactor before instability occurs due to 

accumulation of NH4
+ and fatty acids.   

The objective of establishing a stable mesophilic co-digestion process was achieved by 

gradually increasing the amount of fish waste in mix with manure, and a fish waste content 

between 13% and 16% volume was determined as the maximum in continuous biogas reactors 

operated at a HRT of 30 days and total OLR of approx. 3 (Paper I). Moreover, when adding a 

feedstock with a ratio of 13% fish waste, it was observed that by decreasing the HRT from 30 

to 20 days, the feedstock loading could be further increased to a total OLR of approx. 4 without 

markedly inhibiting the AD process performance (Paper III). Compared to AD of manure 

alone, the methane yields could be increased by approx. 100% when fish waste was added to 

biogas reactors (Paper I). Nevertheless, high loads of fish waste to a biogas reactor will inhibit 

the methane production process stability due to accumulation of NH4
+ and fatty acids (Paper I). 
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The studies of the microbial population dynamics in reactors operated at high protein loading 

and NH4
+ concentrations showed that metabolic relations between syntrophic bacteria and 

hydrogenotrophic methanogens plays an important role under such conditions (Paper II and 

III). Investigation of the microbial structure in biogas reactors operated at high protein loading 

during a start-up phase showed that the total methanogenic community changed over time 

(Paper II), e.g there was detected a significant transition in dominance of the genus Candidatus 

Cloacamonas  in continuously operated reactors compared to the initial inoculum. This study 

also revealed that even in parallel reactors initiated from the same inoculum and showing 

similar and stable process performance, the microbial communities can be different (Paper II).  

However, the study of key functioning microbes involved in syntrophic reactions during AD at 

high NH4
+ concentrations showed that the process performance can be related to the 

development, establishment and maintenance of certain specialized bacteria and their 

methanogenic partners. In particular, the syntrophic relation between Tepidanaerobacter 

Acetatoxydans and the hydrogenotrophic Methanomicrobiales seemed important in these 

reactors.  (Paper III).     

Overall, this work has emphasized that to enable development of microbial communities 

adapted to stressful environments, such as biogas reactors operated at high NH4
+ 

concentrations, process parameters must be carefully controlled. Additionally, the microbial 

community structure, especially the development of certain key functioning microorganisms, 

are important elements for successful AD operations. A main conclusion is that stable AD 

operation and relatively high methane yields can be achieved from co-digesting fish waste and 

manure due to the adaptation of NH4
+-tolerant microbial consortia. Collectively, these findings 
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provides useful information and guidelines for operation of biogas plants that use aquaculture 

wastes and other protein-rich substrates as feedstocks.  

However, further research focusing on AD of proteinaceous materials such as aquaculture 

waste is needed to improve waste management and exploit the energy potential from such 

fractions.   

The aquacultural sector is producing large amounts of proteinaceous organic waste in the form 

of slaughtery waste and sludge, and management of such waste will require development and 

use of new methods, and implementation of established methods in new sectors. Successful 

treatment and management of such waste fractions by AD require an interdisciplinary approach 

where microbial, chemical and mechanical engineering disciplines are important.  

One possible way of establishing key microbes in high NH4
+ processes is direct addition of 

specific pre-cultured bacteria and methanogenic partners. This approach, called 

bioaugmentation, have been investigated and shown as a promising solution for AD process 

improvement, or even a method for process stability recovery. From an industrial point of view, 

the addition of NH4
+ tolerant microbial populations could be a way to increase energy yields or 

prevent process failures. Known key functioning microorganisms in high NH4
+ AD processes, 

SAOB and hydrogenotrophic methanogens, are slow growing. One possible approach to 

facilitate and retain these bacteria and methanogenic partners in such systems would be 

application of adapted biofilms in biogas reactors. Such biofilms have shown to enhance the 

performance in AD by providing an increased surface area for attached growth of 

microorganisms which can lead to increased population densities in the reactor. Most research 

on AD and biogas-production is performed using traditional lab scale semi-continuously fed 
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CSTRs, and there is a lack of knowledge about whether process stability can be improved by 

using other types of reactors and feeding regimes during AD of proteinaceous materials.  

For AD of aquacultural wastes, not only biological aspects, but also economical and logistical 

challenges need to be addressed. In areas with close proximity of operations, joint biogas plants 

between aquaculture and agriculture could positively influence several problematic aspects 

such as waste management, nutrient recycling and nutrient- and GHG emissions. In addition, 

renewable energy in the form of methane would be produced. Many aquaculture farms are 

located in remote areas where larger-scale biogas plant solutions is not possible due to the 

limited amount of waste produced. However, many such farms are close to agricultural activity, 

meaning that livestock- and fish farmers could combine their waste and make the establishment 

of a biogas plant possible. This is an important perspective for the future, where industrial 

symbioses will have the possibility to improve the sustainability and economy of both aqua – 

and agriculture.  
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s t r a c t

s study examined the effects of an increased load of nitrogen-rich organic material on anaerobic diges-
and methane production. Co-digestion of fish waste silage (FWS) and cow manure (CM) was studied

wo parallel laboratory-scale (8 L effective volume) semi-continuous stirred tank reactors (designated
and R2). A reactor fed with CM only (R0) was used as control. The reactors were operated in the mes-
ilic range (37 �C) with a hydraulic retention time of 30 days, and the entire experiment lasted for
days. The rate of organic loading was raised by increasing the content of FWS in the feed stock. Dur-

the experiment, the amount (volume%) of FWS was increased stepwise in the following order: 3% – 6%
3% – 16%, and 19%. Measurements of methane production, and analysis of volatile fatty acids, ammo-
m and pH in the effluents were carried out. The highest methane production from co-digestion of FWS
CM was 0.400 L CH4 gVS�1, obtained during the period with loading of 16% FWS in R2. Compared to

erobic digestion of CM only, the methane production was increased by 100% at most, when FWS was
ed to the feed stock. The biogas processes failed in R1 and R2 during the periods, with loadings of 16%
19% FWS, respectively. In both reactors, the biogas processes failed due to overloading and accumu-
1. Introduction

Salmon farms in Norway are experiencing reduced production
due to the large number of fish which die at these facilities. In
2012 a loss of 27.412 million salmon was reported. Until recently
such losses were disposed of as waste, despite it representing a
lot of organic material (Statistics Norway, 2013). This waste con-
tains large amounts of fat and protein, and can therefore be used
as an energy-rich substrate for biogas production. In turn, the dig-
estate from the anaerobic biogas process contains high levels of
nitrogen, making it useful as a fertilizer. In Rogaland in western
Norway, fish waste is to some extent utilized in a biogas pilot plant
(320 m3) located at Åna Kretsfengsel (a district prison). The fish
waste is ensiled (acidified) to avoid microbial growth, and this pre-
treatment lowers the pH to approximately 3 (Alwan et al., 1993).
The combination of acidity and high levels of fat and protein make
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difficult to digest as a sole substrate (Nges et al., 2012).
production takes place at pH levels from 6.5 to 8.5, and
al levels for methane production is between 7 and 8.
2010). The steps in anaerobic degradation of organic

oughly consist of hydrolysis, fermentation, and methano-
hich involve several groups of microorganisms (Gujer
er, 1983), and, accordingly, the performance of an anaer-

stion process depends largely on the activity of these
nisms. In general, the microorganisms involved in anaer-
tion differ widely with respect to their physiology, nutri-

eds, growth kinetics, and sensitivity to environmental
s (Chen et al., 2008), and failure to maintain the balance
different groups of microorganisms is the primary cause

instability (Demirel and Yenigun, 2002). In addition,
rs such as temperature and stirring, hydraulic retention
organic loading rate is also of importance for the perfor-
the process (Appels et al., 2008). Process breakdown
y accumulation of toxic compounds such as NH3 and
s, are often the result of overloading with energy-rich

(Ortega et al., 2008).
been demonstrated that the optimum C/N is between 20
arkin and Owen, 1986), and if the C/N is too low, the
ay be inhibited by accumulation of NH3 produced from
egradation (Angelidaki and Ahring, 1993; Angelidaki
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(2014
et al., 2004; Yen and Burne, 2007). Another important parameter is
the content of lipids. During anaerobic degradation, lipids are
hydrolyzed to long chained fatty acids (LCFA) (Angelidaki and
Ahring, 1992) and VFAs (Biebl, 2001). Both LCFAs and VFAs are
detected as accumulating intermediates in unstable biogas reac-
tors, and can give rise to unstable processes and biogas production
failure (Karlsson et al., 2012).

One way to overcome the problems with anaerobic digestion of
protein and lipid rich waste materials (energy- rich materials) is to
use a mixture of substrates with different properties. Co-digestion
may improve the anaerobic digestion process by creating a better
nutrient balance, diluting toxic compounds, and stimulating syner-
gistic effects of microorganisms (Chen et al., 2010; El-Mashad and
Zhang, 2010; Lehtomaki et al., 2007), and possibly also increase the
stability of the system and the methane production.

In addition, to enable the adjustment of the process parameters,
inocula adapted to high concentrations of certain compounds can
enhance production of biogas from energy-rich substrates
(Goncalves et al., 2009; Toreci et al., 2011). Continuous anaerobic
co-digestion of different substrates has been studied extensively
(Ashekuzzman and Poulsen, 2011; Lehtomaki et al., 2007; Møller
et al., 2004), and a few investigations dealing with co-digestion
of fish waste or ensiled fish waste and manure have been carried
out, mostly through batch experiments. The results of these inves-
tigations show that fish waste in general contains high concentra-
tions of fat and protein, and that there is a large risk for
accumulation of fatty acids and NH3 when these types of sub-
strates are anaerobically digested (Gebauer, 2004; Gebauer and
Eikebrokk, 2006; Kafle et al., 2013; Nges et al., 2012). Conse-
quently, the exploitation of the promising waste management
and biogas potentials from FWS is limited. The present study has
three main objectives: (i) to determine the methane production
from co-digestion of FWS and CM; (ii) to ascertain optimal mixing
ratios of FWS and CM as a reactor feedstock by evaluating methane
productions and effluent composition; (iii) to identify a threshold
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2. Materials and methods

In general, the present experiment was designed to study the
methane production from co-digestion of CM and FWS in labora-
tory-scale (8-L) s-CSTR reactors. The amount of FWS in the feed
stocks was gradually increased over the 450 days of operation.
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2.1. Description and chemical analysis of raw materials

The starter culture for the experimental reactors (R1 and R2),
and raw materials for feedstocks, were collected in June 2009 from
a biogas pilot plant (320 m2) located in Åna, Rogaland, Norway. The
pilot plant is operated with co-digestion of FWS and CM under
mesophilic conditions (37 �C). The raw materials used in the pilot
plant is manure from dairy cows and fish waste (category 2), the
latter consisting mainly of dead salmon from fish farms located
on the western and northwestern coast of Norway. The fish waste
(not defatted) is pretreated by ensiling with formic acid under
pressure (3 bars) and high temperature (133 �C) for 20 min.

Before the start of the experiment, the raw materials were ana-
lyzed for content of DM, VS, fat, protein, NH4

+, and pH levels
(Table 1). Content of DM, VS, and pH levels were determined
according to methods specified by the International and European
Organization for Standardization (ISO 11465: 1993; NS-EN 15935:
2012; ISO 10390: 2005). NH4

+ concentrations were analyzed by
using an NH4

+ selective electrode (Thermo Scientific Orion ISE/
NH4) in diluted (1:10) samples held at 20 �C, and supplemented
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ionic strength adjustor (ISA; 10 mL of ISA per 100 mL of
ISA stabilizes NH4

+. The analyses were performed on trip-
ples. The amount of fat and protein in the raw materials

sured by Eurofins AS Norway, on single samples. Determi-
raw fat was carried out by using the SBR method (NMKL,
d the crude protein was determined by using the Kjeldahl

d. The methods for determination of fat and protein have
ent uncertainties of 9–30% and 10–20%, respectively.

acteristics of the raw materials are shown in Table 1.

robic reactor setup and feeding strategy

eactor tanks used in the experiment are previously
in detail by Bergersen et al. (2012). Three reactors were
parallel added FWS in co-digestion with CM (R1 and R2),

additional control reactor added CM only (R0). Each reac-
l volume 10 L, effective volume 8 L, headspace 2 L) was
ontinuously throughout the experiment (30–40 rpm),
at 37 �C, and fed manually with 267 mL of substrate daily,
RT of 30 days. The amount (volume%) of FWS in the feed-

xture was increased five times during the experiment, in
ing manner: 3% FWS for 125 days, 6% FWS for 48 days,
for 93 days, 16% FWS for 94 days, and 19% FWS for

The volume percentages of FWS in the feed stocks corre-
o total gVS L�1 day�1(OLR) of respectively 2, 2.3, 3, 3.5
emi-continuous feeding of the reactors was initiated four
r adding 8 L starter culture, and the reactors were loaded
FWS from startup. Each feedstock mixture was, ahead of
w period with an increase of FWS, prepared in large
tches and divided into smaller portions (0.5 L plastic con-
The 0.5 L containers were stored at 4 �C to avoid hydroly-
solids. The feed stock materials were analyzed for content
S and pH levels twice during each period with different
of FWS, and no particular degradation was detected.

ical analysis of feedstocks and effluents

edstock mixtures were analyzed for content of DM (data
n), VS (data not shown), carbon and nitrogen, and pH lev-
start of each new period with a change of feedstock com-
Determination of total nitrogen and carbon was

d by Eurofins AS Norway, based on the total Kjeldahl
content (spectrophotometric analysis) and the content
stible material (gravimetric analysis).
r effluent samples were analyzed for content of DM (data
n), VS (data not shown), NH4

+, and pH levels every week
e experiment (The analysis methods are described in sec-
The NH3 concentrations in the effluents were calculated

4
+ concentrations, pH and temperatures. The VS removal
lated with respect to DM and VS content in the reactor

ks and effluents.
nt samples for VFA measurements were collected twice
e last week of each period with different feedstock compo-
the period with loading of 16% FWS in R1, and that with 19%
2, the VFA levels were measured on day 30 of the first HRT.
ntrations of VFAs (acetic acid, propionic acid, iso-butyric
tyric acid, iso-valeric acid, n-valeric acid, iso-caproic acid,
acid, and heptanoic acid) were analyzed at Telemark Uni-

ollege (HIT), by gas chromatography (Hewlett Packard
ith a flame ionization detector and a capillary column
m, inner diameter 0.250 mm, film 0.25 lm). The oven
rammed from 80 �C for 1 min, to 180 �C at a rate of
�1, and then 230 �C at a rate of 100 �C min�1. The carrier

helium, at a flow rate of 24 mL min�1. The injector and
temperatures were set at 200 and 250 �C, respectively.
les (50 mL) were prepared by centrifugation (1300 rpm,
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10 min) followed by filtration (pore size 0.45 lm) before dilution.
To stabilize the VFAs, 1 mL of 0.65 M formic acid was added to
the samples. All analysis of feed stocks and effluents were per-
formed on triplicate samples, and the average standard deviations
(SD) were calculated. Table 2 presents data on the duration and
HRT (days) of the experiment, OLR, (g L�1d�1), content of total
nitrogen (g L�1), C/N ratio, and pH levels in the feedstock mixtures.

2.4. Gas measurements

The biogas was collected in 25-L Tedlar bags. CH4 and CO2

(volume%) was measured once a day by use of a GA2000 Landfill
Gas Analyser (Geotechnical Instruments Ltd., UK). Total gas volume
L d–1 was calculated from flow measurements (rate 300 cm3/min)
as follows: ((pump-number/60 s � 300 cm3-min)/(1000 mL).

3. Results

3.1. Methane productions

The methane production (L CH4 gVS�1) in R1, R2 and R0 is
shown in Fig. 1A. During the periods with loading of 3%, 6% and
13% FWS, the methane productions in R1 increased to respectively
0.217, 0.212 and 0.333 L CH4 gVS�1 day�1. In R2, the methane pro-
ductions during the corresponding periods increased to 0.223,
0.241, and 0.310 CH4 gVS�1 day�1. In R0, the methane production
was in average 0.200 L CH4 gVS�1 day�1 throughout the experi-
ment. In R2, during the period with loading of 16% FWS, the meth-
ane productions were 0.400 L CH4 gVS�1day�1, which was the
highest methane production obtained during the experiment.
Compared to anaerobic digestion of CM only, co-digestion of 3%,
6% and 13% FWS with CM in R1 and R2, increased the methane pro-
duction by respectively 10%, 13%, and 60% (average for R1 and R2).
In addition, co digestion of 16% FWS with CM in R2, gave an
increase in methane production of 100%. The percentage of meth-
ane content in the biogas increased from around 65% to 70% in R1
and R2 when the content of FWS was increased from 3% to 13%,
and in R0, the percentage of methane content in the biogas was
ranging between 60% and 65% throughout the experiment (data
not shown). During the period with loading of 16% and 19% FWS,
the biogas process failed in R1 and R2 respectively.

3.2. Effluent composition

The VS removal (volume%), pH, and NH4
+ (g L�1) levels measured

during the experiment is shown in Fig. 1B–D. The effluents concen-
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Table 1
Characteristics of the raw materials, cow manure (CM) and fish waste silage (FWS) used in the e

DM (% WW) VS (% DM) PH

CM 6.2 (0.5) 78.4 (0.7) 7.8 (0.5)
FWS 35.1 (0.2) 93.3 (0.4) 4.3 (0.3)

�Euro fins AS.

Table 2
Feedstock composition presented as the input parameters HRT (days), OLR (gVS L�1 day�1), Tot N

L. Solli et al. / Waste Management 34 (
Feedstock period Input parameters

Days (HRT = 30) OLR (gVS L�1 day�1)

3% FWS 125 2.00
6% FWS 48 2.30
13% FWS 93 3.00
16% FWS 94 3.50
19% FWS 90 4.30
Control CM 450 1.50

a Euro fins AS.
f VFAs is shown in Table 3. In the period with loading of
he average NH4

+ concentrations in R1 and R2 were respec-
9 and 3.14 g L�1 (Fig. 1D), (corresponding to 0.36 and
3 L�1). At the end of the period with loading of 13%
NH4

+ concentrations in R1 and R2 were respectively 5.7
L�1 (corresponding to 0.75 and 0.55 g NH3 L�1), and dur-
riod with loading of 16% FWS, the NH4

+ concentrations in
ed to a maximum of 8 g L�1 (corresponding to 1.35 g NH3

H4
+ concentration in R2 increased to a maximum of 7.0 g

sponding to 1.27 g NH3 L�1), during the period with load-
FWS, and at the end of the period with loading of 19%

NH4
+ concentration was around 8 g L�1 (0.60 g NH3 L�1).

ntrations of VFAs also increased in both experimental
hen the amount of FWS in the feed stock was increased.

nt of acetic acid and propionic acid showed the most sig-
crease, compared to the other VFAs. From startup and
t the period with loading of 13% FWS, the total VFA con-
increased from 1.18 to 6.03 g L�1 in R1, and 1.25 to

in R2 (Table 3). During the period with loading of 16%
total VFA concentration in R1 increased to 19.81 g L�1.

the period with loading of 16–19% FWS, the total VFA
tion increased from 8.16 to 16.42 g L�1 (Table 3).
levels in the reactors were stable around 8 from startup

ghout the period with loading of 13% FWS (Fig. 1C). The
ecreased in R1and R2 during the periods with loadings of
ly 16% and 19% FWS, when the NH4

+ and VFA concentra-
eased. From the experiment startup and throughout the
ith loading of 3% FWS, the VS removal% was between
0% in R1 and R2 (Fig. 1B). At the end of the periods with
13% FWS, the VS removal% was around 60 in R1 and R2.

ing the period with loading of 16% FWS, the VS removal%
een 63% and 70%. During the period with loading of 16%
WS, the VS removal in R1 and R2 respectively decreased
16%. The control reactor (R0) effluent composition was

roughout the experiment, with NH4
+ concentrations

6 g L�1, and the pH levels ranged between 7.9 and 8.2.
VFA concentration in R0 was 0.60 g L�1, and the VS

anged between 30% and 35% (Fig. 1, Table 3).

ent.

þ
4 (g L�1) Fat� (% WW) Protein� (% WW)

(0.7) 0.6 2.3
(0.1) 19.4 14.2

) 1553–1559 1555
ion

an energy- and N-rich substrate that will come to serve
the organic fractions used together with CM for produc-
gas in Norway. The results of the present study demon-

at FWS has a potential as feedstock for methane
n when it is co-digested with CM. The study also

1), C/N ratio, and pH levels.
Tot Na (g L�1) C/Na pH

2.4 (0.5) 17.00 6.64
2.6 (0.5) 15.90 6.15
4.0 (0.9) 8.50 6.30
4.6 (0.9) 8.00 6.10
5.1 (1.0) 6.30 5.90
2.3 (0.5) 17.50 7.80



Fig. 1. Methane production, L gVS–1 day�1 (A), VS removal, volume% (B), pH levels, (C), ammonium concentration, g L�1(D) from reactors R1, R2 and R0, during the 450 days of
adding feedstock with increasing amounts (volume%) of fish waste silage (FWS), in co digestion with cow manure (CM); 3% FWS (125), 6% FWS (48), 13% FWS (93), 16% FWS
(94), and 19% FWS (90). The values represent weekly average measurements.

1556 L. Solli et al. / Waste Management 34 (2014) 1553–1559
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Table 3
Concentration of VFA (g L�1) in effluent samples from R1 and R2 at the end of each period with different loading of fish waste silage (FWS). STDEV are given in brackets, (n = 3).

Parameters (g L�1) 3% 6% FWS (% volume) 13% 16% 19% Control CM

Rl R2 Rl R2 Rl R2 Rl R2 R2 R0

Acetic acid 0.93 (0.06) 0.99 (0.06) 0.50 (0.03) 0.90 (0.06) 3.74 (0.10) 2.40 (0.75) 8.74 (0.70) 4.17 (0.05) 9.34 (0.35) 0.50 (0.03)
Propionic acid 0.11 (0.03) 0.12 (0.05) 0.34 (0.03) 0.57 (0.05) 1.09 (0.02) 0.78 (0.01) 3.40 (0.03) 1.86 (0.02) 3.80 (0.10) 0.10 (0.03)
Iso-Butyric acid 0.04 (0.01) 0.04 (0.01) nd 0.03 (0.01) 0.30 (0.01) 0.80 (0.01) 3.50 (0.01) 1.00 (0.01) nd nd
n-Butyric acid 0.03 (0.01) 0.03 (0.01) nd 0.04 (0.02) 0.03 (0.01) 0.07 (0.01) 1.72 (0.02) 0.15 (0.01) nd nd
Iso-Valeric acid 0.08 (0.02) 0.08 (0.01) 0.06 (0.01) 0.04 (0.01) 0.68 (0.02) 0.61 (0.05) 2.10 (0.03) 0.74 (0.01) 3.28 (0.13) nd

0.0
0.0
nd
4.7

L. Solli et al. / Waste Management 34 (2014) 1553–1559 1557
indicates the amount of FWS that can be mixed with CM to create a
feedstock for use in an anaerobic digester.

As described, starter culture from the biogas pilot plant at the
Åna facilities was added to the two reactors, and, after stabiliza-
tion, co-digestion of FWS and CM was initiated. Fig. 1A shows that
the CH4 production increased significantly when FWS was added to
the feedstocks. In short, it was detected that increasing the propor-
tion of FWS in the feedstock stepwise from 3% to 6% and then 13%,
with a consequent increase of NH4

+, NH3 and VFA concentrations in
the reactors, gave corresponding rises in the CH4 productions from
approximately 0.200 to 0.300 L gVS�1 day�1 (Fig. 1A) in R1 and R2.
This shows that the biogas process gradually adapted to high con-
centrations of NH4

+, NH3 and VFA without markedly inhibiting the
methanogenic microbial community. The CH4 content (volume%)
increased from around 65% to 70% in R1 and R2 from the period
with loading of 3% to 13% FWS. In R0 (without FWS) the CH4 con-
tent was ranging between 60% and 65%.

Some biogas experiments with different kinds of fish waste
have previously been conducted. Kafle et al. (2013) performed a
batch experiment with fish waste silage as a substrate, and the
methane yields obtained from this substrate was 0.441–0.482 L
CH4 gVS�1. It was found that inhibition occurred from high concen-
trations of LCFAs in one of the experiments were fish waste (80%)
was mixed with bread (20%). Nges et al. (2012) conducted a batch
experiment with fish sludge and fish waste as substrates, and the
methane yields obtained were respectively 0.742 and 0.828 L CH4

gVS�1, and no markedly inhibition of the methane production
was observed. Salam et al. (2009) presented an experiment where
cow dung and fish waste were used as a mixed substrate for biogas
production. The highest gas production obtained was 2 L biogas
kg�1 waste, with a ratio of 1:1.2 fish waste: cow dung. In this
experiment it was observed that when only fish waste was used,
the gas yield obtained was as low as 150 mL biogas kg�1 waste.
The results from these previous studies reflect the results from
our experiments, showing that fish waste has a large biogas poten-
tial when it is co-digested with manure.

In our experiment, the biogas process failed in R1 and R2 during
the periods of loading 16% and 19% FWS, respectively. Failure was
probably due to overloading of nutrients, and the accumulation of
NH4

+, NH3 and VFAs. By comparison, all the results for the control
reactor were as expected in regard to both methane production
and effluent composition, the former stable at values of between
0.150 and 0.200 L CH4 gVS–1 day–1 (Fig. 1A), which coincides with
results on methane production from cow manure reported by other
researchers (Lehtomaki et al., 2007; Monteiro et al., 2011; Nasir
et al., 2012). Previous experiments with a focus on biogas reactor
performance and process failure, have shown patterns in over-
loaded reactors similar to those observed in our study (Chua
et al., 1997; Banks et al., 2011; Neves et al., 2009). In our reactors,
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n-Valeric acid nd nd nd nd 0.05 (0.01)
Iso-Caprionic acid nd nd nd nd 0.09 (0.01)
n-Caprionic acid nd nd nd nd nd
Tot. id VFA 1.18 1.25 0.90 1.58 6.03

nd = not detected.
Tot. id VFA = total identified volatile fatty acids.
s process failed when the load of FWS was between 16%
with OLRs between 3.5 and 4.3 g L�1 day�1 (Table 2).
al. (2003) carried out a batch experiment with co-

of proteinaceous industrial waste with cow manure and
udge, and it was found that about 5–15% co-substrate
roved to be best suited, without causing any detrimental
the digestion process or on further use of the digestate.

z et al. (2010) investigated biodegradability and methane
n from co-digestion of manure, fish waste and biodiesel,

that the highest biodegradation potential was reached
ixture containing 84% pig manure, 5% fish waste and
esel waste, while the highest methane production rate
ned with a mixture containing 88% pig manure, 4% fish

8% biodiesel waste.
ther experiment, where fish and biodiesel wastes were
o-substrates in pig manure anaerobic digestion, it was
t co-substrates improved the methane production when
g ratio was adjusted to 90% pig manure and 10% fish
e experiment also showed that higher loading of fish

esel caused VFA and NH3 accumulation (Regueiro et al.,
ese findings reflect the results from our experiment.
sults show that the VS removal values increased from
% to 60% in R1 and R2 (Fig. 1B) during the periods with

f 3%, 6% and 13% FWS, with a maximum of around 70%
al in R1 during the period with loading of 16% FWS. When
s production failed, the VS removal decreased to around
th R1 and R2. The maximum VS removal values in R0

were low (30–35%) compared to the VS removal values
R2, which is in accordance to previous experiment eval-
removal in cow manure (Abubakar and Ismail, 2012;
ernández et al., 2013). The results on VS removal in R1
mpared to R0 show that adding FWS largely increased

tock nutrient content, and also the anaerobic degradation
results obtained in our experiment coincide with results
ious experiments where co-digestion of fat and protein
rates and cow manure have been investigated in regard
oval. (Liua et al., 2012; Razaviarani et al., 2013).
N ratio decreased with increasing OLR in R1 and R2, and
estigations have indicated that a C/N value between 15
optimal for biogas production, and that low C/N ratio feed
result in high NH3 release and accumulation of VFAs (Yen
, 2007). Our reactors performed satisfactorily when feed-
h C/N ratio from 17 to 8.5 were added (Table 2). The tol-
r the low C/N ratios can probably be explained by
adaptation to the nitrogen rich feedstocks.
investigations have examined the inhibitory impact of
NH3 on methane production, and the reported results
what variable. Free NH3 is the active component that
with the methane production process (Angenent et al.,

4 (0.01) 0.12 (0.01) 0.10 (0.01) nd nd
8 (0.02) 0.07 (0.01) 0.14 (0.07) nd nd

0.18 (0.06) nd nd nd
7 19.81 8.16 16.42 0.60
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2002), and it is known that the fraction of free NH3 rises with
increasing pH. Inhibition of methane production is reported to
start at NH3 concentrations of 0.15–2.5 g L�1 (Braun et al., 1981;
Hashimoto, 1986; Van Velsen, 1979). However, NH3 concentrations
of up to 4 g L�1 have been detected in stable biogas reactors
(Angelidaki and Ahring, 1993). Koster and Lettinga (1984) found
that inhibition of the biogas process occurred at an NH3 concentra-
tion of 1.7 g L�1 and a pH of 7.5.

Schnurer and Nordberg (2008) found that the activation of syn-
trophic acetate oxidizing bacteria (SAOB) occurs when NH4

+ levels
exceed 3 g L�1, and that the methane production decreases when
the anaerobic pathway changes from acetoclastic to syntrophic
acetate oxidation (SAO). Borja et al. (1996) studied a thermophilic
reactor and found that the VFA levels increased with rising NH4

+

concentrations, and also noted that the activity of acetoclastic
methanogens, microorganisms that are normally responsible for
two-thirds of the methane production, had decreased by 72% at
an NH4

+ level of 7 g L�1. By comparing the previous results with
the results obtained in this study, it is reasonable to assume that
a change in methane production pathway from acetoclastic to
SAO occurred in our reactors as the NH4

+ levels gradually increased
to maximum values of 8 g L�1 (Fig. 1D).

In both R1 and R2, the acidity was stable around pH 8 through-
out the periods with loading of 3%, 6% and 13% (Fig. 1C), although
both NH4

+, NH3 and VFA concentrations increased. Methane pro-
duction in R1 failed during the period with loading of 16% FWS,
when the NH4

+ concentrations reached 8 g L�1 (1.35 g NH3 L�1),
with subsequent decrease in pH to a minimum of 6.5 (Fig. 1C
and D). In R2, the concentration of NH4

+ reached 7 g L�1 (1.27 g
NH3 L�1) during the period with loading of 16% FWS (Fig. 1D). This
was the highest NH3 concentration detected in R2, and methane
production slowly decreased from this point. During the period
with loading of 19% FWS in R2, the pH levels decreased to a mini-
mum of 7.2, and the NH4

+ concentration increased to 7.9 g L�1

(0.60 g NH3 L�1). The elevated NH4
+ levels at high pH values proba-

bly induced the inhibitory effect of free NH3 on acetoclastic meth-
anogenic activity in our reactors.

Considering the effects of VFAs, the inhibition of biogas pro-
cesses from the accumulation of propionic acid has been investi-
gated extensively (Chen et al., 2008; Retfalvi et al., 2011; Wang
et al., 2009), and is considered to be the most toxic of all VFAs
found in anaerobic digesters (Kaushalya et al., 2011). Inhibitory
levels of propionic acid have varied between studies, from
0.8 g L�1 (Ma et al., 2009) to 6 g L�1 (Gallert and Winter, 2008).
Ma et al. (2009) reported that inhibition from propionic acid on
methane production usually occurs at concentrations of around
1–2 g L�1. In our experiments, process failure occurred when the
propionic acid concentration was 3.4 and 3.8 g L�1 in R1 and R2
respectively (Table 3).

The ratio between propionic and acetic acid increased from
about 0.1 at startup to 0.4 at process failure in our reactors. In sta-
ble biogas reactors, there are often variable levels of acetic acid, but
very low concentrations of propionic acid, and there is evidence
that the ratio between propionic and acetic acid is critical for reac-
tor stability (Marchaim and Krause, 1993). In addition to elevated
levels of propionic acid, there was also an accumulation of iso-vale-
ric and iso-butyric acids during process failure in our reactors. In
R1, iso-valeric acid concentration increased from 0.08 to 2.10,
and iso-butyric acid concentration increased from 0.04 to
3.50 g L�1 from the period of loading 3% to 16% FWS (Table 3). In
R2, the iso-valeric acid concentration increased from 0.08 to
3.28 g L�1 from the period of loading 3% to 19% FWS, and the iso-
butyric acid concentration increased from 0.04 to 1.00 g L�1 from
the period of loading 3% to 16% FWS (Table 3). Iso-butyric acid
was not detected in R2 during the period with loading of 19%
FWS. These results are in accordance with previous studies, which
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t the iso-VFAs are slowly degradable (Retfalvi et al., 2011)
accumulation of iso-butyric acid impedes methane pro-
Aguilar et al., 1995; Chen et al., 2008). It has also been
at when NH3 is added to biogas reactors, a significant
in levels of propionic, butyric, and valeric acids can be
(Poggi-Varaldo et al., 1996), and this coincides with our
hich show increasing concentrations of NH4

+, NH3 and
e reactors fed with FWS. According to Inac et al. (1999),

id concentrations of up to 10 g L�1 can be tolerated in
c digesters, which is in accordance with the acetic acid
tected in the effluents from our reactors. Considering both
nt results on methane production and effluent quality,
results from other investigations on the same topic, it
sumed that the accumulation of free NH3 was the initial
hibiting the methanogenic microbial process, followed
gative effects of high VFA concentrations and low pH lev-
and R2. The methane production process failed somewhat
R1 than in R2, which can be explained by the fact that the

ations of NH4
+, NH3 and VFA accumulated to markedly high

ations at an earlier stage in the aforementioned reactor. It

) 1553–1559
uality was maintained longer in R2 than in R1, but a likely
on is that the microbial communities, and especially key
g microorganisms, developed differently in the two reac-
ddress this question, further research is needed.

sions

resent study demonstrates that co-digestion of FWS and
high methane potential. The highest methane production

CH4 gVS�1) was obtained in one reactor when the feed
x was 16% FWS and 84% CM. Addition of this feed stock
ion increased the methane production by 100%, in com-
o the methane production obtained from CM only. Our
ow that an excessive increase of FWS in the feed stock

an accumulation of NH4
+, NH3 and VFA, which will cause

production failure.
er to optimize methane production and avoid evident
, FWS and CM should be mixed at ratios of between

16% FWS with 87% and 84% CM (vol.). Performance data
ctors using different loadings of FWS can provide guide-
operation of biogas plants that use such material and
tein-rich substrates as feedstocks.
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A metagenomic study of the
 microbial
communities in four parallel biogas reactors
Linn Solli1, Othilde Elise Håvelsrud2, Svein Jarle Horn3* and Anne Gunn Rike4

Abstract

Background: Biogas is a renewable energy carrier which is used for heat and power production or, in the form of
purified methane, as a vehicle fuel. The formation of methane from organic materials is carried out by a mixed
microbial community under anaerobic conditions. However, details about the microbes involved and their function
are limited. In this study we compare the metagenomes of four parallel biogas reactors digesting a protein-rich
substrate, relate microbiology to biogas performance, and observe differences in these reactors’ microbial
communities compared to the original inoculum culture.

Results: The biogas process performance during the startup phase of four parallel continuous stirred tank reactors
(designated R1, R2, R3, and R4) co-digesting fish waste and cow manure was studied. The microbial composition
of the inoculum (day 0) and the four reactors at day 59 was studied and compared using 454 FLX Titanium
pyrosequencing. In the inoculum and the reactor samples, the Bacteria Clostridium and Syntrophomonas were highly
abundant, and the dominating methanogen was the hydrogenotrophic Methanoculleus. Syntrophic prokaryotes
frequently found in biogas reactors with high concentrations of ammonium and volatile fatty acids were detected
in all samples. The species Candidatus Cloacimonas acidaminovorans of the candidate phylum Cloacimonetes
(WWE1) increased in all reactors and was the dominating bacterium at day 59. In particular, this bacterium showed
a very high abundance in R1, which distinguished this reactor significantly from the other reactors in terms of
microbial composition. Methane production and the reactor slurry characteristics were monitored in the digestion
period. Generally all four reactors operated stably and showed rather similar characteristics. The average methane
production in the reactors varied between 0.278 and 0.296 L gVS-1, with the lowest production in R1.

Conclusions: This study showed that four parallel reactors co-digesting manure and fish waste silage operated
stably during a startup phase. Several important Archaea and Bacteria degrading the protein-rich substrate were
identified. In particular, microorganisms involved in syntrophic methane production seemed to be important. The
detailed characterization of the microbial communities presented in this work may be useful for the operation of
biogas plants degrading substrates with high concentrations of proteins.

Keywords: Anaerobic digestion, Syntrophic oxidation, Metagenomic, Biogas, Taxonomic structure, Biofuel,
Biorefinery, Methane
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Background
Anaerobic digestion of organic materials from agriculture
and industry may reduce local pollution and provide en-
ergy in the form of methane. Large amounts of organic
materials are produced and disposed as waste every year.
In Norway organic materials such as cattle manure and
dead fish from fish farms are in large supply. In 2012 a
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27.4 million dead salmon was reported from
an fish farms [1], and the total annual amount of
aste in Norway is 1.45 million tons [2].
anaerobic digestion organic materials are con-
methane and carbon dioxide plus small amounts
gases by a microbial community through four
ctions: hydrolysis, acidogenesis, acetogenesis, and
genesis. The anaerobic degradation process is
by hydrolysis, where complex molecules like car-
es, lipids, and proteins are depolymerized into
ompounds by a range of enzymes produced by
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the Bacteria. The hydrolyzed compounds are further fer-
mented into acetate, propionate, butyrate, lactate, ethanol,
methanol, ammonia, hydrogen, and carbon dioxide. Acet-
ogenesis is the reaction in which acetate is produced from
hydrogen and carbon sources by acetogenic Bacteria [3].
Methanogens belong to the Archaeal phylum Euryarch-

aeota [4], and methane is produced in the last step of the
anaerobic process. The methane-producing microorgan-
isms that usually dominate in biogas reactors are the
acetoclastic methanogens [5]. The acetoclastic pathway is
carried out by the order Methanosarcinales [6,7]. The
primary substrate for methane production by the hydroge-
notrophic methanogens is CO2 and H2, and this group
consists of several methanogenic orders: Methanobacter-
iales, Methanococcales, and Methanomicrobiales [6,7]. An
alternative methane production pathway, called syntrophic
acetate oxidation, is known to take place in reactors with
a high content of ammonia and fatty acids. The reaction
includes conversion of acetate to H2 and CO2 by syn-
trophic acetate-oxidizing Bacteria, such as Clostridium
ultunense, Tepidanaerobacter acetatoxydans, and Syn-
trophaceticus schinkii, followed by methane production
by a hydrogenotrophic methanogen (for example, mem-
bers of the orders Methanomicrobiales and Methano-
bacteriales) [8-11].
The acetogenic Bacteria and the methanogenic Archaea

differ largely in terms of nutritional needs and sensitivity
to environmental conditions [12]. Additionally, the metha-
nogens have a slower growth rate than the acidogenic
Bacteria [13], which in turn may result in accumulation of
intermediate degradation products. A common reason for
biogas reactor instability is failure to maintain the balance
between these two groups of microorganisms [14].
The various complex anaerobic reactions that lead to

methane formation are to a large extent performed through
syntrophy between Bacteria and methanogenic Archaea.
These syntrophic relationships provide the methanogens
with their substrates and remove metabolic products from
the acid-forming Bacteria [15]. Analyses of microbial com-
munities have shown that elevated concentrations of am-
monia in biogas reactors trigger the syntrophic acetate
oxidation pathway, where acetate is transformed to CO2

and H2 before methane is produced by hydrogenotrophic
methanogens [8,9]. The syntrophic degradation of other
short chain fatty acids during anaerobic digestion has also
been described [16,17], and several Bacterial strains and
groups of methanogens are identified as having key roles in
various syntrophic reactions.
Ensilaged fish waste contains large amounts of fat and

protein [1], making it an energy-rich substrate that is
suitable for biogas production. However, high inputs of
fat and protein to a biogas reactor may cause accumula-
tion of ammonia and fatty acids, potentially yielding un-
stable methane production and biogas reactor failure
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Generally, methanogens, and thus methane pro-
are inhibited by ammonia (NH3) formed in the
of protein degradation [19-21]. Long chain fatty
CFAs) [22] and volatile fatty acids (VFAs) [23]
rom lipid degradation may also lead to inhibition.
w pH of the ensilaged fish waste and the high
ations of fat and protein make the substrate
for co-digestion with an alkaline organic mater-
ow manure. Co-digestion may improve the an-
digestion process by creating a better nutrient
diluting toxic compounds, and stimulating syn-
effects of microorganisms [24-26], and may
also increase the stability of the system and the
production.
tartup is a critical phase in biogas reactors
], and inoculum stability is highly important.
ic microbial communities can adapt to high
ations of ammonia and fatty acids [29], if a
of gradual acclimatization and proper adjust-
operational parameters such as substrate com-
organic loading rate (OLR), and hydraulic
time (HRT) is applied [30]. During startup of a
actor, many different groups of microorganisms
ying requirements for biochemical and physical
ns are introduced, and the initial one to three
re considered to be a reactor’s startup period
eral experiments have dealt with startup dynam-
naerobic digestion [13,31,32], but to our best
ge, no metagenome analyses of microbial com-
tructure in parallel continuously stirred tank re-
STR) have been carried out.
jectives of this study were to use metagenomic
ng analysis to examine the microbial composition
hane-producing inoculum, and to investigate the
ent of the inoculum through a stabilization period
ys in four parallel biogas reactors added protein-
trate under mesophilic conditions. The goal was
mpare the four reactors to investigate if the devel-
of the microbial communities was similar in reac-
ing under the same conditions.

and discussion
production and reactor slurry characteristics
ormance of four parallel biogas reactors during
tinuous addition of fat and protein-rich mate-
le 1) was studied (Figure 1). The biogas volume
CH4 and CO2 concentrations were measured
ay. In Figure 1A the average methane production
every fourth day. Although the CH4 production
e similar in the four reactors, a somewhat lower
duction was observed from day 47 for R1. The
alues of methane production in R1 and R2 were
0.039) and 0.297 (±0.042) L gVS-1, respectively
1A). These CH4 yields are in accordance with
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Table 1 Chemical characterization of reactors’ substrate

Dry matter (%) Volatile
solids* (%)

Total nitrogen
(g L-1)

Total carbon
(g L-1)

Carbon/n

9.2 84.1 4.06 47.09 11.80

*Percentage of dry matter.
previous experiments on anaerobic co-digestion of the
same substrates, where the yield was between 0.250 and
0.300 L CH4 gVS

-1 [1]. The production of CO2 in the four
reactors was on average between 0.142 and 0.161 L CO2

gVS-1 during the experiment (data not shown).

The N
tions we
mental p
during t
concentr

Figure 1 Anaerobic process performance in R1, R2, R3, and R4 during 28 days of c
productions, B) % volatile solid (VS) removal, C) pH values, D) NH4

+ concentrations, E) ac
gen Acetic acid
(g L-1)

Propionic
acid (g L-1)

Ammonium
(g L-1)

pH

2.88 1.69 2.90 6.20
H4
+, VFA, pH, and volatile solids (VS) reduc-

re measured every fourth day during the experi-
eriod. The pH was around 8 in all the reactors
he entire period (Figure 1C). The average NH4

+

ations were highest in R1, with a concentration

ontinuous operation (day 36 to day 59). A) Methane
etic acid concentration, and F) propionic acid concentration.
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of 5.90 (±0.08) g L-1, and lowest in R2, with a value of
5.84 (±0.042) g L-1 (Figure 1D), with corresponding NH3

concentrations in the range 0.67 to 0.75 g L-1 (data not
shown). Previous experiments show that inhibition of
methane production has been reported to take place at
NH3 concentrations of 0.7 to 2.0 g L-1 [19,29,33,34]. On
average, the concentrations of acetic acid in the reactors
were lowest in R4 and highest in R1, ranging between
1.75 (±0.430) and 2.31 (±0.120) g L-1 (Figure 1E). The
average concentrations of propionic acid varied between
1.43 (±0.482) and 1.86 (±0.351) g L-1 (Figure 1F), with
the highest levels in R1 and the lowest in R2.
High levels of acetate are common in stable biogas

reactors, while propionic acid has been reported to in-
hibit methanogenic activity in the range 0.8 g L -1 [35]
to 6 g L–1 [36]. Previous studies investigating methano-
genic populations’ adaptation capabilities to NH4

+, NH3,
and VFAs have shown that methane production can be
maintained in environments with high concentrations of
these compounds [29]. The concentrations of NH4

+ and
VFAs observed in this study (Figure 1) were not alarm-
ingly high, and the stable performance of the reactors
suggest that the microbial communities in the reactors
adapted to these conditions.
The amount of VS reduction (Figure 1B) supports the

results of the other parameters measured, showing that
the anaerobic degradation was somewhat lower in R1
than in the other reactors. The VS reduction in R1 de-
creased from 72.1 to 68.5 % from the startup of the con-
tinuous process to day 59, and the average VS reduction
value in this reactor was 70.4 (±0.7)% (Figure 1B). In R2,
R3, and R4, the VS removal values were quite similar and
stable, with average values of 71.8 (±0.4), 70.6 (±1.0), and
71.7 (±0.7)%, respectively.

Sequencing, coverage, and taxonomic richness
The results from pyrosequencing of the inoculum and
the four reactors (day 59) before and after quality filter-
ing are shown in Table 2. Unless otherwise specified, all
percentages in the following text refer to the total num-
ber of reads in each of the filtered datasets.
Rarefaction analysis in the program MEGAN was used to

characterize the richness of taxa in the five metagenomes at
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Table 2 Characteristics of metagenomic reads before and after quality
four biogas reactors and their inoculum

Metagenome Raw dataset Filtered dataset

Number of reads Number of reads Reads (%)

R1 245499 177017 72.10

R2 548434 390641 71.23

R3 182122 130610 71.72

R4 286008 205035 71.72

IN 241804 172150 71.19
s level and at the fully resolved level, where all spe-
strains were included (Figure 2). At the genus level,
s were leveling off, indicating acceptable sampling
rage of the richness in the samples. We detected
4 (R3) to 496 (R2) genera (given as number of
Figure 2). At the fully resolved level the number of
in the range of 519 (R3) to 906 (R2). The richness
ples was approximately proportional to the num-

ads in the datasets (Table 2), and this may explain
the variation in the number of taxa detected in the
samples. The high taxonomic richness shows that
les harbor complex prokaryotic communities. The
ic richness in the inoculum (IN) was in the range
ctor samples (R1 to R4).
e genome size (EGS) is a computational method
ct the average genome size, including multiple
copies, inserted sequences, and associated phages
es, from short sequencing reads of metagenomes.
been suggested as a link between the genome size
functional repertoire of the metagenome; the
he functional complexity, the greater the EGS
ddition to the EGS values (Table 3), we calculated
ability (P) for detection of hits to a theoretical
of 1,000 bp. The expected number of hits to this
as calculated, assuming one copy number of this
present in all organisms in our communities. In
or samples (R1 to R4) the average EGS was 2.5.
tly greater EGS in the inoculum (IN) than in the
amples may therefore indicate greater functional
ity in the inoculum compared to the reactor
which have experienced selective pressure in the
abilization period.

ic structure
nomy at the domain level in the reactor samples
e inoculum is shown in Figure 3. 75.64 to 78.48%
tal reads were assigned to taxa in MEGAN, while
24.31% were assigned to no hits. From 69.33% to
f the total reads were Bacterial, while 0.71% to
re assigned to Archaea. Although Archaea is usu-
abundant than Bacteria in biogas reactors [38],
s assigned to Archaea in our reactors are in the
ge of earlier reports. Typically, Archaea in biogas
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filtering derived from DNA extracted from the

Mean sequence length (bp) Mean GC ratio (%)

413 43.08

417 42.86

410 43.75

413 43.65

409 43.10
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reactors is reported to be around 10% of the total reads
[38-40]. However, other studies have reported Archaeal
reads as low as 0.5% [41].
Eukaryota and viruses were also present in the meta-

genomes, representing from 0.44% to 0.58% and from
0.11% to 0.14%, respectively. Sample IN differed from
the reactor samples by slightly greater percentages of
reads assigned to Bacteria, Archaea, Eukaryota, and vi-
ruses, resulting in a corresponding reduction in reads
with no hits.
A comparison of the taxonomic structures in the sam-

ples of phyla with more than 0.1% of the total number
of reads assigned, in at least one metagenome, are given
in Figure 4. The most abundant phyla in all the reactor
samples were Firmicutes followed by Bacteroidetes and
Cloacimonetes (WWE1). Together these phyla repre-
sented about 40 to 50% of all reads. This is in agreement
with other investigations, which report that in nearly all
microbial populations in methane-producing reactors,
species from Firmicutes and Bacteroidetes are dominant
[40,42]. It is therefore likely that these phyla are ubiqui-
tous in all biogas reactors.
The structure in the inoculum (IN) differed from that

of the reactor samples (R1 to R4) in several ways. IN har-
bored more of Firmicutes, Proteobacteria, Euryarchaeota,
Actinobacteria, and Synergistetes, compared to the reactor
samples. Comparison of the reactor samples only showed
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Table 3 Effective genome size of the metagenomes

Metagenome Effective genome
size (Mbp)

Probability (P)
of hitting gene X

Expected hits
to gene X

R1 2.2 0.000452462 80.0934268

R2 2.5 0.000404997 71.69129853

R3 2.6 0.000377457 66.81634238

R4 2.5 0.000394418 69.8187181

IN 3.2 0.000314795 55.72407323
iffered from the other samples. In particular, the
ce of Firmicutes is lower and the level of the in
ylum, Cloacimonetes (WWE1), is greater in R1
the other reactor metagenomes. Proteobacteria,
aeota, Spirochaetes, and Tenericutes were also
ndant in R1 compared to the other reactors.
the complexity of the metagenomes, a principal

ent analysis (PCA) plot, at the phylum level, was
ted to view the clustering of the five samples
5). The reactor samples R2, R3, and R4 were
imilar and clustered closely in the lower right
t, while sample R1, located in the upper left
t, differed in several ways from the other reactor
omes. As expected, the inoculum sample sepa-
m all the reactor samples in the PCA plot and
itioned in the upper right quadrant. The abun-
f Firmicutes and Cloacimonetes (WWE1) were
t important parameters for positioning of the
along the first principal component (PC1). Fir-
Actinobacteria, and Synergistetes all had posi-
es along PC1, indicating that the samples placed
ight section of the PCA plot (IN, R2,R3,R4) had
high abundances of these taxa compared to
1. Proteobacteria and Euryarchaeota have posi-
es along PC1 but also strong positive scores at
icating a greater abundance of these phyla in R1
compared to the other samples. The separation
m the other reactor samples (R2, R3, and R4) is
ue to its high content of Cloacimonetes (WWE1)
of Bacteroidetes.
324 to 496 genera detected in the rarefaction

(Figure 2), 44 genera were characterized as highly
t as each of them harbored ≥0.1% of the reads in
ore of the metagenomes (Figure 6). Candidatus
nas (of the phylum Cloacimonetes (WWE1)) [43]
st abundant genus in the reactor samples, where
nted from 3.26% (R2) to 10.10 % (R1) of the reads.

and the fully resolved level in MEGAN.
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The abundance of this taxon in the inoculum (IN) is
considerably lower (0.12%). An increasing abundance of
phylum Cloacimonetes (WWE1) over longer anaerobic
digestion periods has been observed previously [44]. The
species Candidatus Cloacimonas acidaminovorans has not

digest
analys
carbon
The g
amino

each metagenome. “No hits” are reads without hits in the BLAST search. “Not assig
to a taxon due to the settings in MEGAN. “Environmental samples” are reads with
biological classification.
been cultivated, and the complete genome was recon-
structed from a metagenomic analysis of a biogas reactor

formate,
obic dige

Figure 4 Percentage of reads assigned to prokaryotic phyla with more than 0.1
municipal wastewater [45]. In silico proteome
indicated that this bacterium derived most of its
nd energy from the fermentation of amino acids.
content suggests Candidatus Cloacimonas acid-

rans to be a syntroph producing H2 and CO2 from

” are reads with a hit in BLAST, but with no assignment
in other metagenome sequences with unknown
and this strain is probably present in many anaer-
sters [45].

% of total reads assigned.
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Altogether 25 genera of the phylum Firmicutes were
among the highly abundant genera (Figure 6). The two
genera, Clostridium and Syntrophomonas, each accounted

bacter
mona
The

actors
be inv
compo
theref

represented by red arrows. Labels are shown for parameters with
Euclidean distance over 0.1 from origo. All metagenome data were
given as percentage of total reads.
for about 1 to 2% of the reads in all the five metagenomes.
The 23 remaining highly abundant Firmicutes genera

The t
highly a

Figure 6 Percentage of reads assigned to the 44 genera with more than 0.1% re
kaliphilus, Anaerococcus, Bacillus, Dethiobacter,
rio, Desulfitobacterium, Desulfosporosinus, Desul-
lum, Eubacterium, Halothermothrix, Lactobacil-
hella, Moorella, Paenibacillus, Pelotomaculum,
hilus, Ruminococcus, Streptococcus, Syntropho-
, Tepidanaerobacter, unclassified Clostridiales
neous), unclassified Erysipelotrichaceae, and
ied Lachnospiraceae. The following six genera
ylum Bacteroidetes were also among the highly
t taxa (Figure 6): Alistipes, Bacteroides, Dysgo-
s, Odoribacter, Porphyromonas, and Prevotella.
nera of the phylum Synergistetes (Anaerobacu-
aerophaga, Synergistes), three genera of the
l phylum Euryarchaeota (Methanobrevibacter,
culleus, Methanosarcina; all methane producers)
genera of the phylum Spirochaetes (Treponema
aerochaeta) were also highly abundant in the
omes. In addition, we detected the following
s highly abundant (phylum indicated in brackets):
asma (Tenericutes), Corynebacterium (Actino-
, Haloplasma (unclassified Bacteria), and Pseudo-
roteobacteria).
ost abundant genus of Firmicutes in the biogas re-
s Clostridium. In general, Clostridia are known to
ed in the hydrolytic digestion of macromolecular
ds in the first step of a fermentation process, and
play a crucial role in biogas production [38,46,47].
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axonomic analysis revealed great diversity of
bundant genera in all samples. Still the high
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abundance of Candidatus Cloacimonas, Clostridium,
and Syntrophomonas indicated a major role of these gen-
era in the biogas reactors and in the inoculum. Abun-
dance shifts in the reactor samples compared to the
inoculum at the genus level are illustrated in Figure 7.
The predominant change is the large increase of Candi-
datus Cloacimonas in the reactor samples, especially R1,
indicating an important role of this genus in the reactors.
There is also a relatively large increase in the abundance
of Acholeplasma, while Pseudomonas, Anaerobaculum,
Corynebacterium, Methanobrevibacter, and Methanosar-
cina are among the genera most reduced in their abun-
dance compared to the inoculum.
To further study the clustering of the metagenomes, a

PCA plot at the genus level was constructed. All genera
were included, but reads with no hits were excluded
(Figure 8). When the genus level was used, the metagen-
omes of R2, R3, and R4 clustered more closely than in
the PCA plot at the phylum level (Figure 6). The overall
clustering pattern of the samples at the genus level is how-
ever similar to the clustering detected at the phylum level.
This supports consistency in the clustering analysis using
PCA and shows that the same clustering is expressed at
two quite different taxonomic levels of these complex
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metagenomes. Figure 8 shows that it is the significantly
higher abundance of the genus Candidatus Cloacimonas
in R1 that gives the major contribution to R1's separation

and the
revealed
dominan

Figure 7 Abundance shift compared to inoculum at the genus level. This figure s
or more metagenomes) in the reactor samples compared to the inoculum. Fold chang
their inverse.
ples R2, R3, and R4. Inspection of the MEGAN
owed that all reads of this genus were further
to the strain Candidatus Cloacimonas acida-

ans str. Evry. As suggested from a reconstruc-
the complete genome [45], this uncultivated
probably a syntrophic bacterium that is present
anaerobic digesters.
revious study carried out by Kovács et al. [48],
in the composition of the microbial community
ected through the use of a highly parallel SOLiD®
ing by Oligo Ligation and Detection) next gener-
A sequencing on samples from fed-batch reactors
a low C/N ratio substrate. It was found that the
Candidatus Cloacimonas acidaminovorans dis-
when the reactors were added a protein mono-
with a C/N ratio of 3. This bacterium is not

of producing polyamines and a number of other
. In our experiments we observed an increase in
dance of Candidatus Cloacimonas acidaminovor-
reactors (Figure 6).
irmicutes genus Syntrophomonas strongly influ-
e clustering of R2, R3, and R4 in the lower right
t. It should be noted that the abundance of this
much less in R1 compared to the other reactors
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inoculum. Inspection of the MEGAN charts
the strain Syntrophomonas wolfei as the pre-
t Syntrophomonas in all the five metagenomes.

hows the fold change in abundant genera (>0.1% in one
e values less than 1 were replaced by the negative of
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Figure 8 PCA of genera with Euclidean distance from origo
greater than 0.1. Reads with no hits in the BLAST search and reads
not assigned by MEGAN are excluded. The metagenomic
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S. wolfei is a Gram-negative bacterium isolated from an-
aerobic environments like aquatic sediments or sewage
sludge [49]. This organism is able to beta-oxidize satu-
rated fatty acids (C4 to C8 fatty acids) anaerobically to
acetate, or to acetate and propionate, in the presence of
a syntrophic partner [50]. Fatty acid degradation also
leads to production of H2, which is consumed by a syn-
trophic methanogenic partner (the Methanomicrobiales
strain Methanospirillum hungatei has been reported)
[51]. The syntrophic H2 transfer mechanism from Syn-
trophomonas to the methanogen is probably mediated
by format because H2 cannot diffuse rapidly enough to
account for the level of methane synthesis in methano-
genic cultures [52]. Another synergist known to be in-
volved in syntrophic acetate oxidation under high NH4

+

concentrations, Tepidanaerobacter acetatoxydans [10,11],
was detected in our biogas reactors, with higher abun-
dance in R2, R3, and R4 than in R1. Potential methano-
genic syntrophic partners to Syntrophomonas were also
present in the metagenomes. The methanogenic genus
Methanospirillum was present with low density in all the
reactor samples in this study (data not shown), but the
generaMethanoculleus andMethanobrevibacter (Figure 6)
were abundant. Overall, the high abundance of syntrophic
Bacteria indicates that syntrophic methane production is
important in these reactors.

Methanogenesis and subsystems of metabolism
The methanogenic Archaea play a major role in the global
carbon cycle by carrying out the final methane-producing
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parameters are represented by red arrows. Labels are shown for
parameters with Euclidean distance over 0.1 from origo. All
metagenome data were given as percentage of total reads.
the anaerobic degradation of organic materials.
gens typically thrive in environments where all
acceptors other than CO2 are depleted.
tion of the MEGAN charts of Euryarchaeota at
s level revealed great diversity in all metagen-
he genus Methanoculleus of the order Methano-
les, followed by the genus Methanobrevibacter
der Methanobacteriales (both orders are known
ce methane from H2 and CO2) were the most
t in all the samples (Table 4). Methanosarcina
hanosaeta of the order Methanosarcinales were
but the abundance was significantly lower. Mem-
the genus Methanoculleus are among the most
t methanogens found in wastewater, sewage bio-
and landfills [53]. All reads of the genus Metha-
s in the MEGAN analyses were further assigned
ecies Methanoculleus marisnigri JR1. This organ-
all genes required for methanogenesis from
and CO2 [54]. In addition this organism can use

and secondary alcohols such as propanol and bu-
electron donors in methanogenesis. The high
ce of Methanomicrobiales in the reactor samples
sistence with the relative high VFA levels in the
which indicate high hydrogen production. The

els of acetate in the reactors are in accordance
abundance of the methanogenic genus Methano-
M. acetivorans, M. barkeri, and M. mazei). These
gens are known to be capable of using all the
gradation pathways for methane formation (acet-
hyl, and hydrogen). Acetate cleavage has been
to be dominated by Methanosarcinaceae at high
oncentrations and by Methanosaetaceae at low
oncentrations [55]. Absence of Methanosaetaceae
rrelated with acetate oxidation [55].
undance of Methanoculleus, Methanobrevibac-
hanosarcina, and Methanosaeta in the reactor
indicates that the methane production was car-
by both hydrogenotrophic and acetoclastic meth-
is. Figure 9 shows the results from a KEGG
of functional enzymes involved in methane pro-
Enzymes for methane formation from both CO2

rogen, and acetate were present in the reactors.
sults support the assumption that methane was
rom both hydrogenotrophic and acetoclastic reac-
ways in the reactors.
10 shows the results from the KEGG analysis of
c systems that are related to methane production,
metabolism of amino acids, energy, carbohy-

ucleotides, lipids, cofactors, vitamins, polyketides,
s, glycan, and xenobiotics. These metabolic ac-

re associated with the conversion of biomass into
during anaerobic fermentation. The results

t a large amount of reads are distributed among
cid metabolism and carbohydrate metabolism.
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Table 4 Percentage of reads assigned to the most abundant methanogenic genera

Metagenome Methanoculleus Methanobrevibacter

R1 0.264 0.038

R2 0.183 0.046

R3 0.164 0.057

R4 0.145 0.052

IN 0.417 0.236

Figure 9 The methanogenesis pathway. Enzymes are shown in blue
boxes. Subunits missing in all our datasets (R1, R2, R3, R4, and IN) after
search against the KO database at MG-RASTare underlined. Abbreviations
used in the figure are Acetyl-Pi: acetyl phosphate; ack: acetate kinase; acs:
acetyl-CoA synthetase; cdh: acetyl-CoA decarbonylase/synthase; CO:
carbon monoxide; CoA: coenzyme A; CoB: coenzyme B; CoB-S-S-CoM:
coenzyme M 7-mercaptoheptanoylthreonine-phosphate heterodisulfide;
F420: coenzyme F420; fmd: formylmethanofuran dehydrogenase;
Formyl-H4MPT: 5-formyl-5,6,7,8-tetrahydromethanopterin; Formyl-MF: f
ormylmethanofuran; frh: coenzyme F420 hydrogenase; ftr:
formylmethanofuran-tetrahydromethanopterin N-formyltransferase;
H4MPT: 5,6,7,8-tetrahydromethanopterin; hdr: heterodisulfide
reductase; mch: methenyltetrahydromethanopterin cyclohydrolase;
mcr: methyl-coenzyme M reductase; mer: 5,10-methylenetetrahy-
dromethanopterin reductase; Methenyl-H4MPT: 5,10-methenyl-
5,6,7,8-tetrahydromethanopterin; Methyl-CoM: methylcoenzyme M;
Methylene-H4MPT: 5,10-methylenetetrahydromethanopterin;
Methyl-H4MPT: 5-methyl-5,6,7,8-tetrahydromethanopterin; mtd:
methylenetetrahydromethanopterin dehydrogenase; mtr:
tetrahydromethanopterin S-methyltransferase; ppa: inorganic
diphosphatase; pta: phosphate acetyltransferase.
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servation is consistent with the finding that
ecies found in the samples are involved in
cid and carbohydrate digestion. The amount of
n the fish waste silage that was added to our re-
uring the experiment is 15% (ww), and the high
of protein in the substrate is consistent with the
t reads for enzymes involved in the amino acid
ism. In a previous study, Li et al. [41] used fat-
tein-rich food waste as a biogas substrate, and
nd that a significant amount of reads were
for the processes involved in the protein deg-
pathway. Among the genes involved in the
rate metabolism, those that degrade cellulose
cularly important for the efficient breakdown of
s such as co-manure. The high percentage of
signed to carbohydrate metabolism and the
ce of the Firmicutes phylum and Clostridium
our reactors demonstrate the importance of
rate and cellulose degradation by the anaerobic
l community.
sult on carbohydrate metabolism is in agreement
vious investigations [47,56,57], and the evaluation
olic pathways shows that the capabilities of me-
varied somewhat in the different reactors. En-
lated to metabolism of amino acids and cofactors
ins were highest in the IN sample. Among the

samples, R1 in general had the fewest reads
to metabolic subsystems, while the highest num-
ads assigned to subsystems was detected in R2

ne production in R1 was somewhat lower than
ther reactors. The propionic acid concentration
eactor was somewhat higher than in the other
This, together with the high abundance of Can-
Cloacimonas acidaminovorans in R1 may have
mpact on this reactor’s somewhat lower meta-
abilities. The high prevalence of the bacterium
ve been an inhibiting factor in R1.

ions
ic and functional studies of inoculum and reactor
showed that the microbial consortium changed
e in the four reactors during the digestion phase.
lts show that the microbial community in the four
eactors after 59 days of operation was different

Methanosarcina Methanosaeta

0.019 0.021

0.034 0.017

0.034 0.011

0.031 0.018

0.171 0.017



ph
ona
ph
ox
st

f th
uc
al

s s
ing
a

ati
ed
im
t
ate
ed
po
unc
ing

ria
um
fr
ish
in
oun
rlo
as
tar
n
nd
(g
73.
an

da

Solli et al. Biotechnology for Biofuels 2014, 7:146 Page 11 of 15
http://www.biotechnologyforbiofuels.com/content/7/1/146
from the microbial composition in the inoculum. A greater
functional complexity was detected in the inoculum com-
pared to the reactor samples. Microbial communities tend
to become more specific and less complex over time when
degrading the same substrate. The results showed that the
microbial composition developed quite similarly in three of
the four parallel reactors during the experiment.
Bacteria from the phylum Firmicutes were most abun-

dant in the reactors, followed by the phyla Bacteroidetes
and Proteobacteria. In particular, the species from gen-
era Clostridium and Syntrophomonas play key roles in
the initial degradation of protein, cellulose, and other
polysaccharides. These results were further supported by
gene functional annotation, where we detected many en-
zymes involved in protein degradation and carbohydrate
metabolism. The dominant methanogens present in the
reactors were from Methanomicrobiales, and the most
prevalent genus appeared to be Methanoculleus. Metha-
nobrevibacter, Methanosarcina, and Methanosaeta were
also detected in the samples. These methanogens use ver-
satile substrates and contain both acetotrophic and hydro-
genotrophic pathways for methane production.
The microbial composition in one reactor (R1) differed

from those of the others, especially in relation to the high
prevalence of the Bacterium Candidatus Cloacimonas
acidaminovorans. This reactor also showed lower average
methane production and VS removal than the other three
reactors, and this might be linked to the difference in
microbiology. One possible theory for the dissimilarity
is that the high density of the Candidatus Cloacimonas
acidaminovorans in R1 may have had a negative impact
on the syntrophic relationships between Bacteria and
methanogens in this reactor. R1 had, in addition to very
high values of Cloacimonetes (WWE1), also a low density
of Firmicutes, a phylum consisting of many important
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Figure 10 Reads assigned to level 2 metabolism subsystems at MG-RAST (KO
ic members of the class Clostridia (e.g. Syntro-
s). The reactor also had a low density of the
ic acetate-oxidizing bacteria Tepidanaerobacter
ydans. It should be noted that the 454 sequencing
udy was not done in replicate, mainly due to the
e analysis. While the method is known to be very
ible [58], future studies of parallel reactors should
so include replicate sequencing.
tudy showed that four parallel reactors co-
manure and fish waste silage operated stably
startup phase. Clear changes in the microbial

on were seen in all four reactors, the most pro-
being the increased abundance of Candidatus

onas acidaminovorans. Additionally, several im-
Archaea and Bacteria degrading the protein-rich
were identified. In particular, microorganisms
in syntrophic methane production seemed to
rtant. These results give leads for the design of
tioning microbial communities for biogas plants
similar substrates.

ls and methods
, substrate, and reactors operation
om a biogas reactor co-digesting a mix of 19%
waste silage and 81% cow manure [1] was used

oculum (IN). In a previous study the high amount
t of fish waste silage led to process inhibition due
ading of protein and fat. The slurry from this re-
kept without any addition of substrate for 50 days,
tup of the present experiment. The chemical com-
of the inoculum was measured in triplicate sam-
had the following characteristics: pH =8.1 (±0.09),
L-1) =5.5 (±0.08), DM (%) =6.3 (±0.06), VS of DM
6 (±0.51). The substrate used was a mix of 87%
ure and 13 % fish waste silage (v/v). The substrate

tabase).
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chemical composition was measured in triplicate samples,
and its characteristics are shown in Table 1.
To four 10-L continuously stirred tank reactors, desig-

nated R1, R2, R3, and R4, were added 2.55 L inoculum
(day 0). From day one substrate was added to the reac-
tors every day until the effective reactor volume was 8 L.
The amount of substrate added each day was calculated
from the reactors’ increasing effective volume and 30 days
HRT (for example, based on a reactor with 2.55 L effective
volume and an HRT of 30 days: 2.55 L/30 d =85 mL sub-
strate/reactor/day). At day 36 the reactors were fed with
266.7 mL substrate, yielding a final effective volume of 8 L.
From day 36 to day 59 (28 days), the reactors were fed at a
fixed rate of 266.7 mL substrate/reactor/day (this was
based on reactors with 8 L effective volume, and an HRT
of 30 days: 8 L/30 d =266.7 mL substrate/reactor/day). The
same amount of reactor slurry was removed (prior to sub-
strate addition) each day to maintain the volume at 8 L.
The reactors were operated anaerobically at 37°C with a
stirring speed of 150 rpm. The total carbon and nitrogen
in the substrate was determined in single samples, and the
carbon:nitrogen (C/N) ratio was calculated. Approximately
20 g inoculum was collected at day 0, and 50 g slurry from
each of the four reactors (R1, R2, R3, and R4) were col-
lected at day 59, and stored frozen (-20°C) in 50 mL Nunc
centrifuge tubes prior to DNA extraction.

Chemical analysis procedures
The content of DM and VS, and the pH in the inocu-
lum, the reactor slurries, and in the substrate were de-
termined according to standardized methods [59-61]
every fourth day, in triplicate samples.
The NH4

+ and VFA concentrations in the inoculum
and in the reactor slurries were determined every fourth
day. The concentration of NH4

+ was determined in tripli-
cate samples by use of an ammonium selective electrode
(Thermo Scientific Orion ISE/NH4). Samples for NH4

+

analysis were diluted (1:10) in distilled water and mea-
sured at 20°C and supplemented with an ionic strength
adjustor (28.7 g glacial acetic acid L -1 and 53.6 g magne-
sium acetate L-1), using 10 mL of ionic strength adjustor
per 100 mL of sample, for stabilization of NH4

+. The
NH3 concentrations were calculated based on the NH4

+

concentrations. The average deviations between the trip-
licate samples (not shown) were <0.5. Samples for VFA
(acetic acid and propionic acid) analysis were centrifuged
(13,000 rpm) and filtrated (0.45 μm) prior to analysis.
The concentrations of VFAs were determined in single
samples, by use of a Rezex RFQ Fast Acid H + (8%) 100 ×
7.8 mm HPLC (Phenomenex, Torrance, CA, USA), oper-
ated at a temperature of 85°C, with an Ultimate 3000RS
column and UV detection at 210 nm (Dionex, Sunnyvale,
CA, USA ). The samples were diluted with sulfuric acid
(8 μL total) before analysis.

The
nitrog
comb
Joseph
The

Gas S
CH4 a
ples, w
Gas A
total
from
(pump

DNA e
All sa
same
to ach
inocu
before
in 100
of the
thawe
duplic
(MP B
ducer
ples w
MD)
5400.
100 μ
eluate
tem (
Wizar
centra
eter a
The D
agaros
gel in
DNA
Techn
200 m
Yellow
10 μL
(Invitr
for 90
KODA
the ch

454 p
Samp
were
Centr
standa
were
PicoT

Solli et al. Biotechnology for Biofuels 2014, 7:146
http://www.biotechnologyforbiofuels.com/content/7/1/146
emental composition of carbon, hydrogen, and
was determined in the reactors’ substrate by
ion using a LECO CHN-1000 instrument (St.
I, USA).

ogas was collected in 25-L Tedlar bags (Tedlar®
pling Bag, Sigma-Aldrich, St. Louis, MO, USA).
CO2, as a percentage of the gas volume of sam-
e measured once a day with a GA2000 Landfill
lyzer (Geotechnical Instruments Ltd., UK). The
production rate volume (L/d) was calculated

w measurements (rate 300 cm3/min) as follows:
umber/60 seconds * 300 cm3-min) / (1000 mL).

raction from reactor samples
les for DNA extraction were collected at the
e and treated in exactly the same way. In order
e homogeneous and representative samples, the
and the reactor slurries were thoroughly stirred
d during sampling. The samples were collected
L plastic bottles and frozen. The frozen samples
oculum (IN) and reactors (R1 to R4) were slowly
efore the total genomic DNA was extracted from
subsamples using a FastDNA SPIN Kit for soil

medicals, Santa Ana, CA), according to the pro-
struction. Lysis and homogenization of the sam-
e performed in a Bertin Technologies (Rockville,
ecellys 24 system, for 2 × 20 seconds at speed
ch subsample was eluted from the columns with
Nase/pyrogen-free water (DES). The combined
ere purified using a Wizard® DNA Clean-Up Sys-
mega, Madison, WI) and finally eluted from the
olumn with 50 μl DES. The DNA purity and con-
ns were measured in a NanoVue spectrophotom-
Qubit assay using the Qubit® 2.0 Fluorometer.
quality and chain length were inspected in 1.2%

(Biozyme RESult, LE General Purpose Agarose)
Tris-acetate-EDTA with added 20 μL SYBR Safe
l stain, 10,000 concentration in DMSO (Life
gies, Grand Island, NY) to a final gel volume of
DNA extracts were added using TrackIt™ Cyan/
oading buffer (Invitrogen) to a final volume of
hree microliters of Trackit™ 100 bp DNA Ladder
en) were used. The agarose gel was run at 100 V
inutes. Images of the gel were made using a
Gel Logic 212 Imaging System for inspection of
length prior to 454 pyrosequencing.

sequencing
preparation and sequencing of extracted DNA
rformed at the High Throughput Sequencing
t CEES, University of Oslo [62], according to
454 GS FLX Titanium protocol. The five samples
ged, mixed, and sequenced on a 70 × 75 format
rPlate™ on a GS FLX Titanium instrument. The
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sequence data have been submitted to the NCBI database
(http://www.ncbi.nlm.nih.gov) under BioProject accession
number PRJNA261310.

Quality filtering
The complete datasets were analyzed with PRINSEQ
[63] to determine the sequence quality scores. For each
sample we performed quality filtering to remove low
quality reads (reads containing ≥10 ambiguous bp, ho-
mopolymers of ≥10 bp, and sequence length <100 bp) in
mothur v.1.25.1 [64]. The trimmed files were checked
for artificial replicates using cdhit-454 with standard set-
tings [65]. The cleaned files were analyzed with PRIN-
SEQ before the files were uploaded at the Bioportal
computer service [66] for Blast X against the NCBI non-
redundant Protein database (ncbiP-nr). The maximum
expectation value was set to 10-3, and a maximum of 25
alignments were reported per hit.

Effective genome size
The effective genome size (EGS) for each metagenome
was estimated according to the method developed by
Raes et al. [37], using the constants a =18.26, b =3650,
and c =0.733. A protein reference database containing
the 35 single copy COGs in question was downloaded
from STRING (v. 9.0) [67]. BlastX was conducted at the
freely available Bioportal computer service [68]. The sam-
pling probability of a random universal single copy gene
(1000 bases) and expected number of reads detected were
calculated according to Beszteri et al. [69].

Taxonomic classification
The BlastX output files were analyzed according to NCBI
taxonomy in the program MEGAN, version 4 [70,71] with
default LCA parameters (Min Score: 35, Top Percent:
10.0, and Min Support: 5). All taxa were enabled.

Principal component analysis
The PCA plots were created using the vegan library in R
[72] as previously described [73]. The ordination was
based on reads assigned to the phylum and to the genus
level in MEGAN. All metagenome data were given as a
percentage of total reads.

Metabolic annotation
The metagenomic reads were assigned to subsystems on
the MG-RAST server [74] (version 3.3.9) [75]. The KEGG
Orthology (KO) reference database was used. The max-
imum expectation value was set to 10-5, the minimum
alignment length was set to 50 bases, and the minimum
percentage identity was set to 50%. We used the same set-
tings to search the metagenomes for key genes involved in
methanogenesis.

Abbrev
Acetyl-P
cdh: ace
CoA: co
7-merca
pyrogen
F420: co
Formyl-
MF: form
ftr: form
H4MPT:
mch: m
coenzym
reducta
Methyl-
methyle
tetrahyd
dehydro
ppa: ino
volatile

Compe
The aut

Author
SJH and
did all t
the man
metage
made se
manusc

Acknow
This wo
number
acknow
The stud
Environ
provide

Author
1Biofors
Frederik
Universi
of Chem
Science
Institute

Receive

Referen
1. Sol

loa
pro

2. Sta
nat

3. Da
ace
59

4. An
Sie
Ha
Bris
rev

5. Zin
Eco
by

6. Ga
div

Solli et al. Biotechnology for Biofuels 2014, 7:146
http://www.biotechnologyforbiofuels.com/content/7/1/146
ons
etyl phosphate; ack: acetate kinase; acs: acetyl-CoA synthetase;
CoA decarbonylase/synthase; CO: carbon monoxide;
yme A; CoB: coenzyme B; CoB-S-S-CoM: coenzyme M
heptanoylthreonine-phosphate heterodisulfide; DES: DNase/
e water; DM: dry matter; DMSO: dimethyl sulfoxide;
yme F420; fmd: formylmethanofuran dehydrogenase;
PT: 5-formyl-5,6,7,8-tetrahydromethanopterin; Formyl-
ethanofuran; frh: coenzyme F420 hydrogenase;
ethanofuran-tetrahydromethanopterin N-formyltransferase;
7,8-tetrahydromethanopterin; hdr: heterodisulfide reductase;
nyltetrahydromethanopterin cyclohydrolase; mcr: methyl-
reductase; mer: 5,10-methylenetetrahydromethanopterin
ethenyl-H4MPT: 5,10-methenyl-5,6,7,8-tetrahydromethanopterin;
: methylcoenzyme M; Methylene-H4MPT: 5,10-
etrahydromethanopterin; Methyl-H4MPT: 5-methyl-5,6,7,8-
ethanopterin; mtd: methylenetetrahydromethanopterin
ase; mtr: tetrahydromethanopterin S-methyltransferase;
nic diphosphatase; pta: phosphate acetyltransferase; VFA:
y acid; VS: volatile solids.
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Abstract 

Four lab scale biogas reactors (CSTR) were operated with hydraulic retention times of 

20, 25, 30 and 40 days, and fed with a substrate composition of equal ratios of fish 

waste silage and manure fixed at 13 and 87 volume %, respectively. Co digestion of fish 

waste silage and manure at different HRTs was evaluated with regard to biogas process 

performance and stability in terms of methane yields, NH4
+ accumulation and 

abundance of NH4
+-tolerant microorganisms. The process performance in reactors 

operated with different HRTs were compared to the process performance and 

abundance of NH4
+-tolerant microorganisms in reactors operated with equal HRT, fed 

with increased ratios of fish waste silage in co digestion with manure. The process 

performance and abundance of NH4
+-tolerant microorganisms were stable in reactors 

operated with different HRTs and equal ratios of fish waste and manure in the 

feedstock. In the reactors added increased ratios of fish waste, it was observed an 

elevated concentration of NH4
+ and abundance of NH4

+-tolerant acetate oxidizing 

bacteria. The biogas process failed in these reactors simultaneously with an observed 

shift in microbial composition when the ratio of fish waste silage was increased. In 

particular, the bacterium Tepidanaerobacter Acetatoxydans seemed to affect the biogas 

process stability at high NH4
+ concentrations. The methanogens Methanosarcinaceae 

and Methanosaetaceae dominated at low levels of NH4
+ and loadings of fish waste, 

while the hydrogenotrophic Methanomicrobiales increased in abundance in response to 

higher fish waste loading rates and NH4
+ concentrations. This study showed that it is 

possible to utilize fat- and protein-rich fish waste as a biogas substrate, even at low 

HRT. By decreasing the HRT from 30 to 20 days in reactors added 13% fish waste in 
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mix with manure, the loading volume of fish waste can be increased without process 

failure.  

 

Keywords: fish waste silage, anaerobic digestion, biogas, SAOB, ammonium 

 

1. Introduction 

Fishery and aquaculture are growing industries with high nutritional and commercial 

value [1]. However, it is produced huge amounts of organic waste, both from fishery 

and fish farming, and the two main waste streams from these industries are offals and 

sludge. Processing the organic waste from fish industries is challenging, and focus on 

waste management, energy production and nutrient recycling to achieve sustainable 

operation has increased during recent years. Norway is the world’s largest producer of 

Atlantic salmon [2] and the Norwegian government aims to further increase the 

production from fish industry. During processing around 40% of each fish is disposed 

of as waste [3] and moreover, a significant proportion of farmed fish die mainly due to 

parasites and other diseases [2], [4] For example, in 2015 a total of more than 50 million 

dead salmon were reported by Norwegian fish farms [5]. This organic waste represents 

a potential valuable resource and alternative usage would also reduce the disposal costs. 

During recent years, use of fish waste as a source of renewable energy production has 

been exploited, in particular for production of biodiesel and biogas [6]. Some of the 

dead fish waste from Norwegian salmon production is ensiled with formic acid to 

stabilise it during storage. Such ensiled fish waste contains large amounts of energy-rich 

proteins and fats and has been shown to have large biogas potential [7]. However, 
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proteins and fats are also components that can create problems during anaerobic 

digestion, due to release of total ammonium, NH4
+ (NH3 and NH4

+) and fatty acids 

(LCFA and VFA), respectively. Formation of NH4
+ may initially have a positive impact 

on the anaerobic digestion process by buffering the low pH of ensiled fish waste and 

also results in a nitrogen-rich digestate with high value as a fertiliser [8]. However, 

NH4
+ can also cause severe problems due to inhibition of the microbial community, 

specifically methanogens [9]. Inhibition of methanogens by NH4
+ accumulation is a 

common cause of biogas process failure in reactors fed protein-rich substrate [9]–[11]. 

LCFA can be degraded anaerobically, but are also known to cause inhibition of the 

biogas process, in particular inhibition of gram-positive bacteria and methanogens [12]. 

However, anaerobic digestion of fish waste has been shown to be stable and efficient in 

co-digestion with manure, a substrate with low protein and fat concentrations and high 

buffering capacity [7], [13]–[15]. Anaerobic digestion proceeds through a series of 

degradation steps engaging four main groups of microorganisms: hydrolytic bacteria, 

fermenting bacteria, organic acid-oxidising bacteria and methanogenic Archaea [9], 

[16]. In the last step, methane is produced from acetate and hydrogen by acetoclastic 

and hydrogenotrophic methanogens, respectively. In addition, acetate can be converted 

to methane via syntrophic acetate oxidation (SAO), a two-step process which involves 

syntrophic acetate-oxidising bacteria (SAOB) and a hydrogenotrophic partner 

methanogen [17]. NH4
+ is a strong regulating factor for development of SAO, possibly 

as a consequence of inhibition of acetoclastic methanogens, which are known to be 

more sensitive to NH4
+ than hydrogenotrophs [18], [19]. This shift in pathway from 

acetoclastic methanogenesis to SAO, typically occurring at NH4
+ concentrations around 

3-4 g/l  [20], [21], probably explains the long adaptation period needed for biogas 
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production at high NH4
+ concentrations [22], [23]. To date, only a few SAOB have been 

isolated and characterised. These are the thermophilic Thermacetogenium phaeum [24] 

and Thermotoga lettinga, [25] the thermotolerant Tepidanaerobacter acetatoxydans and 

the mesophilic Clostridium ultunense and Syntrophaceticus schinkii [26]. These bacteria 

are typically slow growing and thus long retention times have been suggested to be 

essential in preventing wash-out in continuous biogas processes [27]. However, SAOB 

have been detected in a number of different biogas reactors operated under a wide range 

of hydraulic retention times (HRTs), suggesting that other parameters might also 

influence the presence of these bacteria [19], [28]–[31]. Moreover, observations of SAO 

in anaerobic digesters, and recent detections of novel syntrophic populations suggests 

that methane formation via this pathway appears to be quite common [32], [33].  

The aim of this study was to examine the NH4
+ tolerant microbial community in biogas 

reactors operated at different HRTs and loading ratios of protein rich fish waste silage. 

Moreover, the aim was to assess the reactor performance, particularly focusing on how 

the process can be managed and maintained in order to enable an increased load of fish 

waste silage. Process limitations due to high nitrogen levels, and the abundance of 

microbial groups previously shown to be influenced by the NH4
+ level in mesophilic 

conditions was investigated and evaluated.  

 

2. Material and Methods  

This study describes the performance in terms of biogas process stability and effluent 

quality in four biogas reactors fed with a mix of fish waste silage (FWS) and cow 

manure (CM). The reactors were operated in the mesophilic range with fixed HRTs of 
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20, 25, 30 and 40 days, and the feedstock was composed of 13 % FWS and 87 % CM 

(volume based). Quantification of NH4
+-tolerant microorganisms in effluents from the 

reactors operated at different HRTs and equal ratios of FWS and CM were carried out. 

Moreover, NH4
+-tolerant microorganisms in two additional experimental reactors were 

quantified. These reactors were operated with HRTs of 30 days, and loaded with 

increased ratios of FWS in mix with CM.   

 

2.1 Biogas reactors operated with equal HRTs 

The reactor experiments were performed in 8-L laboratory-scale semi continuously 

stirred tank reactors (CSTR) previously described by Bergersen et al [34].  

Two experimental reactors operated with HRTs of 30 days were used to investigate 

anaerobic digestion of increased ratios of FWS in mix with CM. The inoculum and 

substrates used, and the performance of the reactors are described in detail in a 

previously published paper [7]. In short, two parallel experimental reactors (R1 and R2) 

were fed with a substrate blend of FWS and CM, with gradually increased amounts of 

FWS (in addition one reactor, R0, was fed with CM only, as a control). The amount of 

FWS in the substrate blend was increased in the experimental reactors from: 3% by 

volume to 6%, 13%, 16% and 19%, with total OLR corresponding to approx. 2.0, 2.3, 

3.0, 3.5 and 4.3 g volatile solids (VS) /l/d, respectively. The reactors were operated in 

the mesophilic range, at a HRT of 30 days throughout the experiment, with a total 

duration of 450 days. Stable biogas process was obtained in the reactors with up to 

between 13 and 16% FWS in the feed stock, and the highest loads of FWS (16-19%) 
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resulted in process failure. Effluent samples from the reactors were collected during 

each phase with increased ratios of FWS in the feedstocks.  

 

2.2 Biogas reactors operated with different HRTs 

Following the initial reactor experiment investigating the effect of an increased ratio of 

FWS in the feedstock on anaerobic digestion, four reactors (R3, R4, R5 and R6) were 

used to evaluate the effect of different HRTs on process stability. Moreover, samples 

collected from the reactors R0, R1, R2 and R3, R4, R5 and R6 were analysed to 

quantify and compare the abundance of NH4
+ tolerant microorganisms in the reactors.  

For start-up, the reactors R3-R6 were inoculated with a mixed culture from the two 

experimental reactors R1 and R2, and fed a mixture of 13% FWS and 87% CM (by 

volume), and operated at 37 °C. During the initial start-up phase of 59 days, the reactors 

were operated at an HRT of 30 days and OLR of approx. 2.8 g VS /l/d, after which the 

HRT immediately was changed to 20, 25 and 40 days, and OLRs to approx. 4, 3.2 and 2 

g VS /l/d in R3, R4 and R6, respectively. The HRT and OLR was modified 

simultaneously to imitate a large scale CSTR biogas process. Reactor R5 was kept at the 

same HRT and OLR as in the start-up phase. The total duration of the experiment with 

fixed HRT in R3-R6 was 150 days.  

 

2.3 Analyses and sampling 

Gas production (volume and content of methane (CH4) and carbon dioxide (CO2) from 

the reactors was measured daily. The concentrations of dry matter (DM), VS and NH4
+ 
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and the pH level in the reactors were measured once every week, and the concentration 

of VFAs in the reactors was measured at the end of every HRT. Samples of reactor 

contents for DNA analyses were collected from the experimental reactors (R1-R6) and 

the control reactor (R0) and stored at -20 °C. DNA isolation and qPCR analysis were 

performed on samples collected from the reactors at the end of every HRT. The biogas 

was collected in 25-L Tedlar bags (Tedlar® Gas Sampling Bag, Sigma-Aldrich, St. 

Louis, MO, USA). Concentrations (vol.-%) of CH4 and CO2 were measured once a day 

using a GA2000 Landfill Gas Analyzer (Geotechnical Instruments Ltd., UK). Total gas 

production rate volume (l/d) was calculated from flow measurements (rate 300 mL min-

1) as: Time (min) x 300 (mL/min)/1000 mL. Content of DM, VS concentration and pH 

level were determined according to methods specified by the International and 

European Organization for Standardization [35]. NH4
+ concentration was analysed 

using an NH4
+ selective electrode (Thermo Scientific Orion ISE/NH4) in diluted (1:10) 

reactor digestate samples held at 20 °C and supplemented with an ionic strength 

adjustor (ISA; 10 mL of ISA per 100 mL of sample) for stabilisation of NH4
+. Serial 

dilutions of 0.1 M NH4
+ standards were used for calibration of the electrode. Samples 

for VFA analysis were centrifuged (13,000 rpm) and filtered (0.45 μm) prior to analysis. 

The concentrations of different VFAs were determined using a Rezex RFQ Fast Acid 

H+ (8%) 100 × 7.8 mm HPLC (Phenomenex, Torrance, CA, USA), operated at a 

temperature of 85 °C, with an Ultimate 3000RS column and UV detection at 210 nm 

(Dionex, Sunnyvale, CA, USA). The samples were diluted with sulphuric acid (8 μL 

total) before analysis and quantification using VFA standards. 
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2.4 DNA isolation and q-PCR analysis  

The abundance of microorganisms was determined by quantitative PCR (qPCR). Frozen 

digestate samples from different sampling times were thawed and total genomic DNA 

samples were extracted from triplicate aliquots of 0.3 mL using the FastDNA Spin kit 

for soil according to the manufacturer’s protocol (Qbiogene, Illkrich, France). The 

SAOB C. ultunense, S. schinkii and T. acetatoxydans and the methanogenic groups 

Methanosarcinaceae, Methanomicrobiales and Methanosaetaceae were quantified 

using specific primers targeting 16s ribosomal RNA (rRNA) genes and q-PCR analysis. 

Different DNA dilutions were evaluated for the PCR reaction to test possible inhibition. 

Standard curves were prepared from plasmid DNA as described previously [23]. The 

standard curves had a linear correlation coefficient (r2) ranging between 0.9 and 1. The 

calculated qPCR efficiency of the reactions varied between 85 and 105 %. At the end of 

each qPCR analysis, a temperature melt curve was performed to verify reaction quality. 

Primers and PCR conditions were as described by Westerholm et al [23].  

 

3. Results and discussion 

3.1 Biogas process performance 

In the reactors operated at HRTs from 20 to 40 days fed with a substrate mix of 13% 

FWS (R3-R6), the average total CH4 production was approx. 8, 7.5, 6.5 and 5 l CH4 / 

day in R3-R6, respectively (data not shown). These production results show that the 

total methane yields were increased by more than 60 % when the volumetric loading 

was doubled as a result of decreasing the HRT from 40 to 20 days. The specific 

methane production was 0.25, 0.29 0.30 and 0.31 l CH4 /g VS, respectively (Table 2). 
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The NH4
+ concentrations were stable in R3-R6 during the entire experiment, with 

values of 5.92, 5.68, 5.52 and 5.48 g/l in R3, R4, R5 and R6 days, respectively (Table 

2). In the previously published experiment, were the load of FWS was increased to a 

maximum of 19 volume %, the NH4
+-concentrations were elevated to over 7 g/l and the 

process failed. The volumetric loading was constant at 267 mL / day (HRT 30 days). 

These results show that the NH4
+ concentrations in R3 and R4 (20 and 25 days HRT) 

stabilized at lower concentrations although they were operated with higher volumetric 

loading and volume of FWS and proteins. This could be explained either by an inhibited 

or reduced mineralization of nitrogen in the reactors due to the high loading, and also 

possibly by the direct effect of a shorter HRT, i.e. a shorter time for the microbes to 

degrade a higher load of proteins.    

Some VFA accumulated during operation of R3-R6 and the levels were stable over 

time. Increased concentrations of VFAs in the reactors were correlated with somewhat 

lower methane yield (Table 2). Acetic acid concentration varied between 2.2 and 4.6 g/l 

in the reactors, while propionic acid concentration varied between 1.0 and 2.6 g/l and 

was highest in R3, the reactor with the lowest specific methane production. It has been 

suggested that elevated propionic acid levels is an indicator of an unstable methane 

production process [36], which suggests that the OLR in reactor R3 was too high and/or 

the HRT was too short. Inhibition of biogas processes by accumulation of propionic 

acid has been extensively investigated in previous studies [9], [37]–[40], and propionic 

acid is considered to be the most toxic of all VFAs found in anaerobic reactors [41]. The 

reported inhibitory level of propionic acid varies between studies, from 0.8 g/l [42] to 6 

g/l [43].  
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Comparing the results from the reactors used in the two continuous experiments show 

that increasing the total volume of the FWS/CM-blend by modifying HRT (R3-R6) is 

less important for the biogas process performance than increasing the ratio of FWS in 

the feedstock (R1-R2). This is probably due to a higher buffer capacity in the feedstock 

when the ratio of CM and FWS is kept the same, as compared to the experiments with 

increased ratio of FWS. Manure is commonly reported to help stabilize biogas processes 

due to its high buffering capacity [44]–[46]. 

During the previously published reactor experiment were different substrate mixtures 

were evaluated, stable biogas production was seen in the parallel reactors R1 and R2, 

when FWS comprised up to 13% of the substrate mix with CM [7]. These reactors were 

operated at 37 °C with an HRT of 30 days and a total OLR corresponding to approx. 3 g 

VS l/d (Table 1). Specific methane production in R1 and R2 ranged from approx. 0.2 L 

CH4 / g VS (3% FWS) to a maximum of approx. 0.4 L CH4 / g VS in R2 (16% FWS). 

The NH4
+ concentration in the reactors increased during the operating period from 

approx. 3 g/l in R1 and R2 with a load of 3% FWS to 5.7 (R1) and 4.6 (R2) g/l with a 

load of 13% FWS (Table 2). Operation with 16% and 19% FWS was also evaluated but 

eventually resulted in process failure in R1 and R2, respectively. The VFA 

accumulated, yielding total concentrations between 15 and 20 g/l (mainly acetic and 

propionic acids), and reduced methane yields were followed by process failure after 1 

HRT in the reactors. High NH4
+ levels of between 7 and 8 g/l (Table 2) most likely 

caused this instability. For R0, operating solely with CM, the CH4 yield was approx. 0.2 

l/g VS and the NH4
+ concentration was around 2 g/l (Table 2). These are in line with 

values reported in previous studies [47]–[49], and illustrate the low gas yield obtained 

when using only CM as a biogas substrate.  
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Replacing part of the CM with FWS in R1 and R2 increased the methane yield by 

almost 100% at the highest FWS load (Table 2). Increasing the OLR to the same extent 

with CM alone would have resulted in a significant decrease in HRT and, as a 

consequence, most likely decreased degradation efficiency. Moreover, in addition to 

increased methane yield, including FWS in the substrate resulted in residues with high 

NH4
+ content, representing a product with higher value as a fertiliser [8], [50], [51].  

 

3.2 Microbial community analysis - SAOB 

q-PCR analysis of three SAOB (Fig. 1A) showed a change in composition of the 

microbial community as a function of increasing amounts of FWS during the initial 

reactor experiment.  S. schinkii was detected in both R1 and R2 during the periods with 

loading of 3, 6 and 13 % FWS, with NH4
+ concentrations ranging from around 2 to 6 

g/l. However, C. ultunense and T. acetatoxydans (Fig. 1A) were not detected in any of 

the experimental reactors until the period of loading with 13% FWS, when the NH4
+ 

concentration was 5.72 and 4.61 g/l in R1 and R2, respectively. T. acetatoxydans was 

present in both experimental reactors after 90 days of loading with 13% FWS, with 

levels of 6.86 and 6.81 average log gene abundance / mL in R1 and R2, respectively. 

For C. ultunense, levels of 7.07 and 7.05 average log gene abundance / mL were 

observed in R1 and R2, respectively. Both S. schinkii and C. ultunense were detected in 

the control reactor (R0) during the first 90 days of operation, at levels of 7.7 and 4.3 

average log gene abundance / mL, respectively, but for the rest of the experimental 

period S. schinkii was the only SAOB detected in R0.  
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Previous studies have shown that different SAOB are found in reactors with different 

NH4
+ concentrations and it has been observed that S. schinkii, C. ultunense and T. 

acetatoxydans in co-culture can tolerate total NH4
+ concentrations equivalent to 

between 0.6 and 1.0 M NH4Cl [21], [52]. S. schinkii has also been shown to be present 

in reactors operating at lower NH4
+ levels and with acetoclastic methanogenesis as the 

dominant pathway for methane production, but typically at lower abundance than in 

operation at higher NH4
+ levels and with SAO as the dominant pathway for 

methanogenesis [19], [21], [30]. S. schinkii has been found in reactors with total 

ammonia concentrations ranging between 0.65 and 7 g NH4
+ / l (at neutral pH) [23], 

[52]. C. ultunense and T. acetatoxydans are typically found in reactors with high NH4
+ 

concentrations and with SAO as the dominant methane production pathway [19], [21], 

[30]. Similarly, the present study showed presence of S. schinkii at relatively low NH4
+ 

concentrations (2-3 g/l) and presence of T. acetatoxydans and C. ultunense when the 

NH4
+ concentration was elevated to 4-5 g/l (Fig. 1A). 

Although a few cultured SAOB are somewhat firmly characterized there are probably 

several undetected microorganisms involved in SAO at high NH4
+ concentrations. A 

recent proteomic study investigating the syntrophic microbial community detected that 

the microbiome of an NH4
+ tolerant biogas reactor harboured an uncultured phylotype 

capable of SAO [32]. Previously characterized SAOB were also identified in the reactor 

in limited representation compared to the uncultured phylotype, suggesting that the 

novel phylotype played an important role. This finding emphasize that although a small 

number of SAOB are currently characterized, there are probably many undetected 

microorganisms involved in SAO.       
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During the periods of loading with 16 and 19% FWS, when methane formation failed in 

R1 and R2, respectively [7], quantification of SAOB was performed after 30 and 90 

days of operation (1 and 3 HRTs). In R1, after 30 days of loading with 16% FWS and 

296 days of total operation S. schinkii and C. ultunense were still abundant, with levels 

of 7.21 and 7.10 average log gene abundance / mL, respectively, but the level of T. 

acetatoxydans at that time was below the detection limit (Fig. 1A). After 90 days and 

356 days of total operation, none of the SAOB analysed were found in this reactor. 

However, when R1 failed and collapsed the feeding was stopped, and after a period of 

30 days without any feeding and 386 days of total operation, S. schinkii, C. ultunense 

and T. acetatoxydans were again detected in the reactor, with values of 8.55, 7.34 and 

6.71 average log gene abundance / mL, respectively.  

The abundance of SAOB in R2 did not change significantly when the amount of FWS 

was increased from 13 to 16%. Moreover, compared to R1, the increased load of FWS 

from 13 to 16% in R2 resulted in lower levels of accumulated NH4
+ and VFAs (table 2). 

However, after 30 days of loading with 19% FWS and 390 days of total operation, T. 

acetatoxydans was not detected in R2, while S. schinkii and C. ultunense were present at 

levels of 9.09 and 7.68 average log gene abundance / mL, respectively. After 90 days of 

loading with 19% FWS and 450 days of total operation, none of the SAOB was detected 

in R2 but, as seen for R1, after 30 days without any feeding S. schinkii, C. ultunense and 

T. acetatoxydans were again found in high abundance (Fig. 1A). The abundance of the 

SAOB decreased at different times in R1 and R2, but in both reactors when the NH4
+ 

concentration reached approximately 7 g/l. Thus elevated NH4
+ concentration seemed to 

be the main cause of the observed decrease in abundance of these syntrophic bacteria. 
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In reactors R3-R6, operating at different HRT and OLR but with the same substrate mix 

(13% FWS), the different targeted SAOB were detected in all reactors and at all 

sampling points and remained at similar levels throughout the experiment (Fig. 2A). 

These results indicate that the target SAOB all had the ability to persist in the reactors, 

even at rather short HRT and also despite high NH4
+ levels. As mentioned earlier, the 

growth rate of the SAOB is quite low and, as a consequence, HRT has been suggested 

to be a critical parameter influencing the degree of SAO [16], [27], [29], [53]. Studies 

evaluating growth of SAOB in co-culture with hydrogenotrophic methanogens have 

reported a doubling time of 28 days for C. ultunense [54]  while the generation time of 

S. schinkii in co-culture with Methanoculleus sp. MAB1 is calculated to be as long as 

69-78 days [27]. The doubling time of T. acetatoxydans during acetate oxidation is 

currently not known [21]. These findings suggest that an HRT of 20-30 days might lead 

to wash-out of SAOB in continuous reactors. However, Sun et al. [19] investigated 

different large-scale reactors and detected quite high abundance of the known SAOB at 

various HRT (20-110 days). Moreover, Moestedt et al. [29] studied the effect of HRT 

on process performance at high NH4
+ levels and presence of SAOB and found that the 

HRT could be reduced from 45 to 25 days, reaching an OLR of 4.6 kg VS /m3/ d, 

without any disturbance of the anaerobic process or decrease in levels of the SAOB. 

The undiminished levels of SAOB even at rather short HRT might be caused by an 

interactive effect between these bacteria, as described by Westerholm et al. [27] for a 

syntrophic acetate-degrading culture containing C. ultunense, T. acetatoxydans, S. 

schinkii and Methanoculleus sp. MAB1. The doubling time in that co-culture, 

represented by the methane formation rate in the exponential phase, was found to be 

only 9 days. Another explanation for the persistence of these slow growing bacterias in 
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reactors operated at short HRTs could be the aspect of biofilm formation. Studies of 

microbial communities in different environments has shown that microorganisms often 

tend to grow in biofilms on different surfaces [55]–[57], and it can be assumed that the 

microbial communities in CSTR biogas process forms biofilm and are thus enabled to 

retain in the system.  

 

3.4 Microbial community analysis - methanogens 

q-PCR analysis of the methanogens in R1 and R2 fed with increasing ratios of FWS 

(Fig. 1B) revealed that the acetoclastic group of Methanosaetaceae was the most 

abundant methanogen during the period of loading with 3% FWS. This methanogen was 

present in both R1 and R2, at levels of around 4-6 average log gene abundance / mL 

throughout the experiment (Fig. 1B). When the load of FWS was increased from 3 to 6 

%, the level of Methanosarcinaceae increased to 7.38 and 7.05 average log gene 

abundance / mL in R1 and R2, respectively (Fig. 1B). After 90 days of loading with 

13% FWS, Methanomicrobiales was also detected, at levels of 7.39 and 7.88 average 

log gene abundance / mL in R1 and R2, respectively. This group of methanogens was 

not detected at the lower loading ratio of FWS. The generally higher levels of 

Methanosarcinaceae compared with Methanosaetaceae in R1 and R2 are in accordance 

with the higher level of acetate, as this methanogen has a comparatively higher 

threshold for acetate consumption [38], [58]. In addition, the Methanosarcinaceae also 

have a comparatively higher tolerance to NH4
+ [59], which is in consistence with the 

elevated NH4
+ concentrations observed in R1 and R2 when the ratio of FWS was 

increased (table 2). Karakashev et al. [58] investigated methanogen composition in 
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differently treated reactors and reported that those with high levels of NH4
+ and VFA 

were dominated by members of the Methanosarcinaceae, while those with low levels of 

NH4
+ and VFA were dominated by members of the Methanosaetaceae. The 

Methanosaetaceae are known to be sensitive to increasing NH4
+ concentrations [60], 

[61] and it is therefore somewhat surprising that this methanogen was also detected in 

the reactors with high NH4
+ concentrations (Figs. 1 and 2). However, the 

Methanosaetaceae were not the dominant methanogen in the reactors when the NH4
+ 

concentrations increased and their presence has also previously been observed in high- 

NH4
+ processes [19], [44], indicating that there are some members of this group that can 

tolerate higher NH4
+ concentrations. 

The hydrogenotrophic group of Methanomicrobiales appeared simultaneously with the 

SAOB C. ultunense and T. acetatoxydans and at a time when the NH4
+ concentration 

had increased above 5 and 4 g/l in R1 and R2 (table 2). These results are in agreement 

with other experiments investigating the development and abundance of SAOB and 

methanogens, indicating that representatives of Methanomicrobiales are most likely a 

partner in SAO in mesophilic biogas reactors [23], [62]–[65]. More specifically, in 

several studies Methanoculleus sp. have been shown to increase in abundance in line 

with increasing NH4
+ levels and the establishment of SAO. Moreover, Methanoculleus 

sp. has been detected at high abundance in different biogas reactors operating at high 

NH4
+ concentrations, showing the high NH4

+ tolerance of this methanogen [17], [30], 

[62]. Interestingly, the abundance of all target methanogens was stable in both R1 and 

R2 when process instability occurred, i.e. the methanogens did not seem to be affected 

to the same extent as the SAOB when the concentrations of NH4
+ and VFA increased. 

The decrease in the SAOB was possibly the cause of accumulation of acetate in the 
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reactors at this time, and when the feeding of R1 and R2 was stopped, the SAOB were 

again detected in the reactors. Other experiments investigating changes in the 

methanogenic community during biogas reactor instability have reported somewhat 

similar results. For example, Munk and Lebuhn [66] investigated the quantity of 

methanogenic Archaea in differently treated biogas reactors and found no major 

differences in concentration, although when the OLR was raised the Archaeal 

population moderately increased and when the OLR was further increased the 

population decreased, with methane productivity becoming unstable at OLR between 3 

and 4 kg VS / m3 / d. 

In R3-R6, Methanomicrobiales and Methanosaetaceae were detected at similar levels at 

the different HRT and OLR, while the abundance of Methanosarcinaceae was below 

the detection level (Fig. 2B). The absence of Methanosarcinaceae was somewhat 

surprising, but a previous metagenomic sequence analysis of these reactors at start-up 

(inoculum, day 0) and after 59 days showed that Methanosarcinaceae were present at 

day 0, but that their abundance decreased throughout the 59-day start-up phase [15]. 

Thus it seems that Methanosarcinaceae gradually disappeared from the reactors, in pace 

with the decrease in HRT and increase in OLR. Methanosarcinaceae is a group of 

methanogens described as a robust and often persistent microbe in different biogas 

reactors [59], and the observed decrease of this methanogen in R3 – R6 is contradictory 

to previous findings [67] for a high- NH4
+  (5-6 g/kg) biogas process operating with 

stillage, where the Methanosarcinaceae increased in abundance with a decrease of the 

HRT from 45 to 24 and an increase in OLR from 3.2 to 6 g/l/d. It is not clear why the 

density of Methanosarcinaceae decreased in R3-R6. However, during long adaptations 

and adjustment to specific conditions such as nutrient composition it has been observed 
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exchanges of functioning microbial groups [15], [68], and it can be assumed that the 

majority of Methanosarcinaceae members were not key acting and thus defeated by 

other more specialized microbes in the reactors operated in the present experiment.      

 

4. Conclusions 

This study showed that it is possible to utilise fat- and protein-rich fish waste silage as a 

biogas substrate, even at low HRT and high total OLR. High NH4
+ concentrations as a 

result of elevated loading of FWS caused an increase in the abundance of different 

SAOB and the hydrogenotrophic methanogenic order Methanomicrobiales. Stable 

process performance seemed to be related to the presence of T. acetatoxydans together 

with the hydrogenotrophic methanogen. Different HRTs had little effect on methane 

yield and microbial community composition, but increased ratio loading of FWS at a 

fixed HRT inhibited activity of syntrophic microorganisms and caused instability and 

failure of the biogas process. The results thus showed that increasing the total volume of 

a fixed FWS/CM-blend is of less importance for the syntrophic microbial community 

and the biogas process performance than raising the proportion of FWS in the feed 

stock. By decreasing the HRT from 30 to 20 days in reactors added a feedstock 

composed of 13 % FWS, it is possible to increase the loading volume of FWS by 

approx. 50% without markedly inhibiting the microbial community and biogas process. 

Hence, increased waste volumes of FWS can be managed by decreasing the reactor 

HRT.   
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Figure captures 

Figure 1. Concentrations (average log gene abundance / mL) of the target 

micoorganisms in the control reactor (R0) and experimental parallel reactors (R1 and 

R2) as a function of incubation time (days) at the different feeding blends and the 

sampling point for the microbial analyses. The reactors received manure mixed with 

(volume basis): 3% fish waste silage (FWS), 6% FWS, 13% FWS, 16% FWS and 19% 

FWS. A) The SAOBs S. schinkii, C. ultunense and T. acetatoxydans and B) the 

methanogens Methanomicrobiales, Methanosaetaceae and Methanosarcinaceae. The 

experimental reactors R1 and R2 collapsed during the period with addition of 16% and 

19% FWS, respectively. When the reactors collapsed, feedstock addition was stopped. 

 

Figure 2. Concentrations (average log gene abundance / mL) of the target 

microorganisms in experimental reactors R3, R4, R5 and R6 as a function of incubation 

time (days) at the different HRTs and sampling point for the microbial analyses. The 

reactors were operated at HRT 20, 25, 30 and 40 days, respectively. A) The SAOBs S. 

schinkii, C. ultunense and T. acetatoxydans and B) the methanogens 

Methanomicrobiales, Methanosaetaceae and Methanosarcinaceae. 
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Figure 1. 
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Figure 2.  
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Table 1. Substrate composition and operational parameters of the biogas reactors. 

Substrate characteristics and operational parameters for R0, R1 and R2 are previously 

published [7].  

 

 

 
a Fish Waste Silage, b Hydraulic Retention Time, c Wet Weight, d Organic Loading Rate 
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