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SUMMARY

The Anaerobic digestion (AD) of organic material gathers a great interest worldwide due to
the global needs for waste recycling and renewable energy production. Biogas, the end
product of an AD process, is a mixture of methane and carbon dioxide. Biogas can be used
for heating, electricity or upgraded to pure methane for vehicle fuels. It could also serve as a
part of the cycle in biorefineries. Although widely applied for energy production, an improved
knowledge regarding the underlying microbial community is desired to ensure stable and
efficient energy production. Therefore, the studies described in this thesis aimed to increase
the knowledge base of microbial community in biogas reactors and relate this to stability and

performance of the digestion process.

We analyzed 16S rRNA gene sequences from samples collected of both unstable and stable
laboratory-scale biogas reactors, and studied the community profile and dynamics of bacteria
and archaea. In particular, we evaluated the balance between acidogenesis and
methanogenesis in reactors fed with an easy degradable substrate. We also evaluated how the
microbial composition linked to performance was affected by different storage conditions on
inoculum, as well as temperature and recirculation of effluent. The microbial community
collected from a stable thermophilic industrial-scale reactor was further exposed using a
combined meta-omics approach. This allowed us to map quantitative metaproteomics data to
phylotype-specific genomic bins, in order to study the microbial network and metabolic

pathways.

The interaction between different participating bacterial and archaeal groups have a
significant impact on the stability of a biogas process. Volatile fatty acid (VFA)
accumulation and a reduced biogas production was related to an unbalance between the
acidogenesis and methanogenesis in both mesophilic and thermophilic reactors, caused
either by a too fast hydrolysis due to overloading, or a too slow methanogensis due to
ammonia inhibition. Our results related the presence of several microbial groups to the
accumulation and depletion of fatty acids. We also observed that recirculation of effluent
had a negative effect on the thermophilic processes, with severe accumulation of VFAs and
ammonia. While recirculation had only minor effects on the biogas production and
performance under mesophilic operation, the microbial community composition changed.

This indicates a substantial functional redundancy in the mesophilic microbiome, making



the community more resilient. The results also indicate that the inoculum may be stored up
to one month without severe loss of microbial activity. Importantly, the deep
characterization of microbial community revealed a synergic network, including a putative

novel syntrophic acetate oxidizing bacteria.

Overall, the findings reported in this thesis provides increased insight into microbial
community and the ecological roles of different microbial groups in relation to stability and
performance of the AD process. Improved understanding about this intricate microbial
network can be used to monitor and control the AD process, to ensure stable and efficient

biogas production.
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SAMMENDRAG

Anaerob nedbrytning av organisk materiale har stor interesse verden over pd grunn av det
globale behovet for resirkulering av avfall og generering av fornybar energi. Biogass, som er
sluttproduktet etter er anaerob nedbrytningsprosess, bestir av en blanding metan og
karbondioksid. Biogassen kan brukes til varme, strom eller oppgraderes til ren metan og
brukes som biodrivstoff. Den kan ogsa tjene som en del av syklusen i et bioraffineri. Selv om
anaerob nedbrytning for energiproduksjon er en godt etablert prosess, er gkt forstaelse om det
underliggende mikrobielle samfunnet enskelig for & sikre stabil og effektiv energiproduksjon.
Studiene som beskrives i denne avhandlingen tar derfor sikte pa & eke kunnskapsbasen rundt
mikrobielle samfunn 1 biogassreaktorer, og relatere dette til stabilitet og ytelse 1

nedbrytningsprosessen.

Vi analyserte 16S rRNA gensekvensene 1 prover tatt fra bdde ustabile og stabile laboratorie-
skala biogassreaktorer, og studerte samfunnsprofilen og dynamikken av bakterier og arker.
Mer spesifikt evaluerte vi balansen mellom acidogenesen og metanogenesen i reaktorer foret
med lett nedbrytbart substrat. Vi evaluerte ogsd hvilken effekt ulike lagringsforhold av
inokulumet, sd& vel som temperatur og resirkulering, hadde pa den mikrobielle
sammensetningen og ytelsen. Det mikrobielle samfunnet i en stabil, termofil industrireaktor
ble videre studert ved 4 benytte en kombinert meta-omiks tilneerming. Dette gjorde det mulig
a relatere kvantitativ metaproteomikkdata til spesifikke fylotyper, og dermed avdekke

mikrobielle nettverk og sentrale metabolske synteseveier.

Samspillet mellom de ulike bakterie- og arkengruppene har stor innvirkning pa stabiliteten
til en biogass prosess. Akkumulering av flyktige fettsyrer og redusert biogassproduksjon ble
relatert til ubalanse mellom acidogenesen og metanogenesis, som resultat av for rask
hydrolyse pé grunn av overforing, eller for sakte metanogensis pa grunn av ammonium
hemming. Vére resultater kobler tilstedevaerelsen av flere mikrobielle grupper til
akkumulering eller nedbryting av fettsyrer. Resultatene viser ogsé at resirkulering av
effluenten kan ha negativ effekt pd biogassproduksjonen i termofile reaktorer. Resirkulering
hadde derimot liten innvirkning pd biogass produksjonen i de mesofile reaktorene, til tross
for stor forandring i sammensetningen av det mikrobielle samfunnet. Dette tyder pd at en
funksjonell redundans 1 den mesofile mikrobiotaen, noe som gjere samfunnet mer spenstig.

Resultatene tyder ogsé pa at inokulum kan lagres opptil en maned uten & miste mikrobiell

vii



aktivitet. En dyp karakterisering av det mikrobielle samfunnet avdekket et synergisk

nettverk, som inkluderte en antatt ny syntrofisk acetatoksiderende bakterie.

Samlet sett gker funnene rapportert i denne avhandlingen innsikten til det mikrobielle

samfunnet og de gkologiske rollene til ulike mikrobielle grupper i relasjon til stabilitet og
ytelse 1 nedbrytningsprosessen. En gkt forstaelse om dette intrikate mikrobielle nettverket
kan videre brukes til & overvéke og kontrollere den anaerobe nedbrytningsprosessen, for a

sikre stabil og effektiv biogass produksjon.
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1 INTRODUCTION
1.1 Biogas production for a sustainable bio-economy

The increasing energy demand is a global challenge that at the present time is predominantly
met by fossil fuel. Fossil fuel driven energy generation has several negative impacts on the
environment, and the concentration of greenhouse gases (GHG) rises rapidly as a direct
consequence the combustion of fossil fuel. Moreover, the fossil fuel resources are finite, and
many of the reservoirs are found in politically unstable regions making this an unreliable
energy source for the future. A transition from a fossil-based to a bio-based economy with
use of stable and long term energy sources without negative impact on the environment is

therefore desirable.

The vision of bio-economy is to create a resource-efficient economic system where food,
material, chemicals, energy and fuel are produced from a renewable feedstock. The increased
focus on sustainability have led to the development of new technologies, and in this context,
production of energy and fuel from anaerobic digestion of biomass has gained increased focus
during the recent years. Anaerobic digestion (AD) is a biologically mediated process that
under anaerobic conditions converts organic material to biogas. This gas is a mixture of the
energy carrier methane (CHa; 50-70%) and carbon dioxide (CO2; 30-50%), in addition to a
small amount of trace gases (e.g. H2S). The produced biogas can be used directly for
electricity- and heat production, or, when upgraded to biomethane, as a vehicle fuel or as a
feedstock in the speciality chemicals industry (paints, plastics, detergents). In addition to
lowering the GHG emission by replacing fossil fuels with renewable methane, controlled AD
of organic waste will also reduce spontaneous emissions of ammonia and CH4 from stored
waste. Release of CH4 to the atmosphere from e.g. natural wetlands, landfills and livestock
manure storage, is very problematic since CH4 is a 20 times more potent GHG than COa-.
Notably, CH4 from sources associated with agricultural activities are contributing a significant
portion of the global anthropogenic GHG emission (Weiss & Leip, 2012). A cost efficient
reduction of GHG emission otherwise released to the atmosphere have therefore been an
important driving force for establishing stable and efficient AD systems. An additional benefit
of AD is that the residues from the process can be utilized as a fertilizer on agricultural land,
substituting mineral fertilizers (Holm-Nielsen et al., 2009; Weiland, 2010). This leads to

recirculation of nutrients and a reduction of nitrogen loss, as the anaerobic process converts



organically bound nitrogen to ammonium, readily accessible to plants (Mass¢ et al., 2011;
Moller & Miiller, 2012). A high potential is also seen in linking biogas production to other
aspects of the bio-based economy (such as production of ethanol, cosmetics, processed food)
in a cascade of conversion processes. In this way, material that have traditionally been
classified as “waste” can be recycled to valuable “green” products, fuel and energy with
minimal waste generation and GHG emission, moving the society towards a sustainable bio-

economy.

1.2 Biogas in Europe and Norway

Generation of combustible gas from decaying organic matter in absence of oxygen has been
a known phenomenon for several centuries. The first anaerobic digesters were constructed to
treat wastewater already late in the 19'" century and the first biogas reactor treating wastewater
from a whole city was established in 1895 (Exeter, UK). The use of anaerobic treatment
continued to develop over the following century, with a main focus on treatment of domestic
wastewater and with an initial objective of reducing sludge volume. The energy crisis in 1970
stimulated a rapid boost in the application of AD, this time also with a focus on energy
production and reduction of dependence of fossil fuel. Today, AD of waste streams from
agriculture compromises the main feedstock in European biogas plants (71%, EBA Biogas
Report 2014), but AD treatment of organic waste originating from households and food
processing industries are also well established. The application of biogas production from
organic waste for electricity and heat production is common in Europe, and according to the
latest report from European Biogas Association (EBA Biomethane & Biogas Report 2015),
17 240 biogas plants and 367 biomethane plants were operated within EU by the end of 2014.
Germany is a pioneer in biogas production among the European countries, responsible for
approx. half of the biogas production, followed by United Kingdom (UK) and Italy
(EurObserv’er, 2014). Germany is also leading in the use of biomethane as a fuel, followed
by Sweden that by the end of 2014 used 78% of its 1 303 GWh production of biomethane to
run almost 50 000 vehicles (EBA Biomethane & Biogas Report 2015). Globally about 25*10°
m® methane is produced each year, but if the available portion of the world agricultural
byproducts and domestic residues were anaerobically digested this could be increased to more

than 1000*10° m?, potentially replacing a quarter of current natural gas consumption. While



most biogas currently is used for heat and power, about 17 million vehicles worldwide are

running on natural gas which could be switched to biomethane.

In 2014, the Norwegian Ministry of Climate and Environment presented a new ‘Norwegian
strategy for biogas, where the objective was to stimulate more production of biogas in
Norway. A significant driving force is to reduce GHG emission. The current production of
biogas in Norway is about 63*10° m®> CH4 (630 GWh), but the production potential is much
larger. Agriculture is a large biomass resource in Norway, where the methane production
potential from manure is more than 200*10° m* CH4. An equally large biogas potential is hold
by the aquaculture industry along the Norwegian coast. Fish sludge (feces, feed rests) is
extremely high in energy, but using fish waste as feed to biogas production is nevertheless
challenging due to the high N level (low C:N ratio, as described in the forthcoming section),
potentially leading to ammonia accumulation and process instability (Aspé et al., 2001;
Gebauer, 2004). However, as both fish sludge and manure are rich in nutrition and have a
high N-content, and they represents good substrate for co-digestion with carbon-rich residues
generated in lignocellulosic biorefineries.

In total 48 biogas plants (number from ENOVA, 2014) are operating in Norway, with several
others under construction. These are mainly degrading waste and residues from household,
food processing industry and agriculture in addition to a large fraction of sewage sludge. Most
of the biogas produced in Norway have traditionally been used for power and heath, but a
clear trend the recent years is that the plants are upgrading biogas to vehicle biofuel. Purified
biogas can easily replace the use of natural gas driven vehicle fuel, and about 100 busses are
running on biogas derived biofuel in Norway today — an number expected to double in the
near future. Another potential use of biogas is the production of hydrogen, primarily as a

renewable emission free vehicle fuel, but also as a chemical feedstock to biorefineries.



1.2 The biogas reactor

A biogas reactor is in principle a closed system, constructed with an inlet for the substrate, an
outlet for the effluent and a system for collecting the produced biogas. Different process types
of biogas reactor configuration can be applied for AD, and the reactor size can vary from
large-scale reactors treating municipal waste or household waste from entire cities, to small-
scale reactors located at farms to utilize cattle manure on site for energy production.
Laboratory-scale reactors are often used to study the biogas process and to evaluate different
feedstocks. A typical system to study is continuously stirred tank reactors (CSTR), where the
substrate is pumped continuously or semi-continuously into the process, simultaneously with
removal of digestion residues (the effluent) (Figure 1). Batch systems, where the feedstock
initially is added to a closed reactor system and then digested, is suitable for evaluation of
biochemical methane potential (BMP) of specific substrates. The hydraulic retention time
(HTR) is the average time the liquid remains in the reactor, and plays a crucial role in CSTR
due to the continuously loss of active microbial biomass. Optimal HTR have been suggested
in the range of 15-30 days for AD under mesophilic (30-40 °C) conditions, and 10-20 days
under thermophilic conditions (Angelidaki et al., 2011), although even shorted HTR have

been reported for high-rate thermophilic (50-60 °C) digesters (Ho et al., 2014).
% s T TN Ty T ,
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Figure 1. Laboratory-scale semi-continuously stirred tank reactors (CSTR)



The AD process is carried out by a complex microbial community, where the whole process
can be divided into four stages: Hydrolysis, Acidogenesis, Acetogenesis and Methanogenesis.
A diverse group of anaerobe and facultative anaerobe bacteria performs the three first, while
a specific group of methane producing archaea (methanogens) performs the final stage (Gujer
& Zehnder, 1983) (An overview is given in Figure 2). These four groups work closely
together, where in particular microorganisms from the first and second groups as well as the
third and fourth group are linked closely together (Schink, 1997). In order to ensure an
efficient and stable AD process, the operating parameters have to accommodate the growth
requirements of the participating microorganism in terms of nutrients, temperature and pH
(Weiland, 2010). This can be challenging, as the microbial consortia usually are very divers
and have different requirements. A separation of the two first stages (hydrolysis and
acidogenesis) from the two last (acetogenesis and methanogenesis) have been demonstrated
as promising to improve hydrolysis without inhibiting the methanogenesis (Blonskaja et al.,
2003; Liu et al., 2006; Lv et al., 2010; Schmit & Ellis, 2001; Zhang & Noike, 1991). However,
two-stage digestion process requires additional operational costs, and more research is needed

to evaluate the potential benefits of implementation in commercial systems.

1.2.1 Feedstock

In a balanced AD process, the degradation rate of the first two steps equals the degradation
rate in the two final steps. A well-constructed process adapted to the feedstock material is
therefore essential to ensure an optimal biogas production. Typical substrates for AD includes
sludge from wastewater treatment plants, agriculture by-products and manure, crop silage,
food waste from households and by-products from food processing industry. In general,
biomass rich in proteins and fats, such as food waste and slaughterhouse waste, have a higher
biogas potential than biomass with high level of soluble carbohydrates (Schniirer & Jarvis,
2009; Wagner et al., 2013; Weiland, 2010). Since microorganism utilizes carbon faster than
nitrogen, and a carbon-to-nitrogen (C:N) ratio in the range between 15:1 and 30:1 is often
desired to maintain a balanced degradation (Hills, 1979; Panichnumsin et al., 2010; Wu et al.,
2010; Zhang et al., 2013). Whereas high C:N ratio will give less methane, too low C:N ratio
might cause accumulation of ammonia, and eventually a pH exceeding the growth range for
methanogens (Wang et al., 2012). In addition to carbon and nitrogen, phosphate and minor-

nutrients (trace elements) is essential to support the microbial growth. Anaerobic co-digestion



has been shown as an efficient way to achieve a suitable C:N ratio and nutrient composition
in the feedstock, and the synergic effect utilizing several different substrates is well
documented (Astals et al., 2012; Diaz et al., 2011; Hartmann & Ahring, 2005a; Mata-Alvarez
etal., 2011; Vivekanand et al., 2012; Wang et al., 2012; Wu et al., 2010). Moreover, different
pretreatment methods (enzymatic, physical or chemical) have been successfully applied to
enhance the degradation rate of recalcitrant substrates, such as lignocellulosic biomass

(Risberg et al., 2013).

1.2.2 Process parameters influencing the process stability

Most of the biogas reactors are operating at a temperature ranging from 30 — 40 °C
(mesophilic) or 50-60 °C (thermophilic). Mesophilic operation are often the preferred
configuration in industry, as it requires less energy input for heating than the thermophilic
(Gallert & Winter, 1997). The microbial populations found in mesophilic biogas reactors are
also relative resilient, with a higher tolerance to fluctuations and inhibitory compounds in the
environment (Angelidaki & Ahring, 1994; Sanchez et al., 2000). Several studies have reported
that the microbial community in thermophilic reactors typically are less diverse than
mesophilic populations, and therefore more vulnerable to environmental stress and
operational changes (Karakashev et al., 2005; Leven et al., 2007). Moreover, ammonia
toxicity increases with increasing temperatures, especially inhibiting the methanogenic
population (Angelidaki & Ahring, 1993), as discussed further in the forthcoming sections. On
the other hand, an increased metabolic activity of the microorganisms is achieved under
thermophilic temperature, allowing shorter HRT and a higher efficiency in degradation of
organic matter (Sanchez et al., 2000; Zabranska et al., 2000). Digestion under thermophilic
conditions also benefit from sufficient sanitation of the organic waste (Bagge et al., 2005;

Sahlstrom, 2003; Zabranska et al., 2000).

An AD process generally have a pH range from 6.0 to 8.5. Several bacteria may tolerate acidic
pH conditions, while it is widely accepted that the methanogenic population will be inhibited
at lower pH (Boone & Xun, 1987; Weiland, 2010). Volatile fatty acids (VFAs) are important
fermentation intermediates in AD and accumulation of VFAs, e.g. as a result of high organic
loading rate or free ammonia inhibition, can potentially lead to a critical drop in pH

(acidification). Acidification resulting from VFA accumulation is the most common AD



process failure, where methanogenesis becomes the rate-limiting step leading to a decreased
methane production (Akuzawa et al., 2011; Barredo & Evison, 1991; Goux et al., 2015;
Koster & Cramer, 1987). Thus VFA concentrations, especially butyrate, propionate and
acetate, are often monitored to spot possible process problems (Ahring et al., 1995; Nielsen
etal.,2007). It should nevertheless be noted that the accumulation of VFAs does not necessary

lead to decreased pH, depending of the buffer capacity in the substrate (Shehu et al., 2012).

The inoculum serves as an initial start culture, and is usually the slurry (effluent) from
operative well performing biogas reactor, rich in active anaerobic microorganisms. The
inoculum composition have been proven as a key determinant of the final microbial
community and performance of the AD (Cortes-Tolalpa et al., 2016). Studies have shown that
microbial communities can adapt to stress, and remain tolerant over several generations
(Fotidis et al., 2013). Thus, depending on the history of the inoculum source, the inoculum
may introduce a microbial community core adapted to specific operational conditions or to
stress, such as elevated ammonia levels (De Vrieze et al., 2015). The degradation efficiency
may also be directly reflected by the inoculum selection, as the microbial community will be
inhered to the feedstock and temperature that it was exposed to in the source (Moset et al.,
2015). Thus, selecting an inoculum source that contains a collection of microorganism
suitable for the desired degradation process is important to ensure a stable and efficient biogas
production. Moreover, designing ‘elastic’ microbial start cultures, with ability to quickly
respond on environmental changes or that possess the functional machinery needed for
degradation of recalcitrant material (e.g. lignocellulose) might be relevant for future

applications.



1.3 From waste to energy — a microbial process

Despite the worldwide application of biogas reactors, the microbial community responsible
for the AD process has for a long time been a black box. The increased application of AD for
energy production have motivated researchers to investigate the underlying microbial
community, and it is now clear that we can divide the whole AD process into the four major

steps previously mentioned (Figure 2).

Organic material

l, 1 HYDROLYSIS

Soluble monomers

2 i 2 2
. ACIDOGENESIS
Volatile fatty (fermentation)
acids
3 3
ACETOGENESIS
Y 4 Y {anaerob oxidation)
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7 6
METHANOGENESIS
CH, ,CO,

Figure 2. Anaerobic digestion of organic material to methane and carbon
dioxide proceeds through four main steps: Hydrolysis (1), Acidogenesis (2),
Acetogenesis (3; Syntrophic oxidation of VFAs, 4; Syntrophic acetate
oxidation, 5; Hydrogen oxidation) and Methanogenesis (6; Hydrogenotrophic
methanogenesis, 7; Acetoclastic methanogenesis).

In the first step, degradation of biopolymers to monomers takes place (Hydrolysis).
Depending on the biomass material, different microorganisms secrete specialized enzymes
for breaking down polymeric material to compounds small enough to enter the bacterial cells.
Insoluble carbohydrates are hydrolyzed into soluble carbohydrates, proteins are hydrolyzed
into amino acids and lipids are converted to glycerol and oleate. These compounds are then
fermented to fatty acids, secondary alcohols, CO> and hydrogen (second step; Acidogenesis).

Fatty acids and secondary alcohols are syntrophically converted to hydrogen, CO» and acetate



(third step; Acetogenesis) (Angelidaki et al., 1999). While a large consortium of bacteria
carries out the three first steps of anaerobe degradation, a more specialized group of archaea
collectively called methanogens performs the final step (Methanogenesis). Hydrogenotrophic
methanogens utilize H, to reduce CO> to CHa4, while acetoclastic methanogens converts
acetate to methane through formation of acetyl coenzyme A (CoA) (Thauer, 1998). Most of
the described methanogens are hydrogenotrophic (e.g. the Methanobacteriales,
Methanococcales and Methanomicrobiales orders). The group of acetoclastic methanogens
are restricted to species belonging to the order Methanosarcinales, with Methanosaeta and
Methanosarcina as important genera. Methanosarcina can additionally grow on CO2 and Ho.
An alternative pathway for converting acetate to methane is through a syntrophic association
between the hydrogen consuming microorganisms (i.e. hydrogenotrophic methanogens) and
a specialized group of homoacetogenic bacteria, called syntrophic acetate oxidizing bacteria

(SAOB).

1.2.2 Syntrophic degradation of fermentation intermediates

For a microbe, the energy generated from degradation of organic matter in an anaerobic
process is low compared to aerobic degradation or anaerobic respiration. Thus, a complete
conversion of complex organic compounds to biogas in anaerobic environments depends
upon an efficient and well-working cooperation between several metabolic types of
microorganism. The degree of dependency between members in the metabolic network varies,
from utilizing the metabolic product from the organism ahead in the food chain as substrate
supply to being entirely dependent on the metabolic behavior of another microorganism. In
syntrophy, such cooperation is obligate between two metabolically different microorganisms.
One syntrophic partner rely on the other for substrate availability, while keeping the
concentration of the intermediates at a minimum making the first reaction possible. The
metabolism often involves interspecies transfer of either hydrogen or formate. A classic
example is the discovery of the “Methanobacillus omelianskii” culture, a classified organism
shown to convert ethanol to CH4. Later, it turned out that Methanobacillus omelianskii was
not a pure culture, but rather a co-culture of two syntrophic partners that in cooperation
through interspecies hydrogen transfer made the conversion of ethanol to CHg
thermodynamically possible (Mclnerney et al., 2008). Under standard conditions, the Gibbs

free energy changes (AG) of the oxidative fermentation of ethanol is a hydrogen releasing,



endergonic reaction (+19 kJ per 3 mol of Etanol). Thus, in a pure culture, this reaction would
go in the energetic favorable direction producing ethanol. However, with the action of the
hydrogen scavenger keeping the hydrogen partial pressure low, the hydrogen production

becomes thermodynamically favorable.

Depending on the substrate combination and how active the hydrogen-utilizing population in
an AD is, a portion of VFAs are generated from the fermentation of carbohydrates, amino
acids and lipids. Butyrate, propionate and acetate are the most common fermentation
products, and a rapid removal of these are critical to avoid build-up of VFA that may result
in a drop in pH, process inhibition and eventually process collapse. Degradation of fatty acids
is even more endergonic under standard condition (shown by the positive Gibbs free energy
changes in equation 1-3. The values are adapted from Schink el al., 1997) than ethanol
degradation. The hydrogen partial pressure required is lower that what hydrogenotrophic
methanogens can maintain, and this conversion is balancing on the limit of what is
thermodynamically possible (Schink, 1997; Thauer et al., 1977). In addition to relying on a
hydrogen-consuming counterpart keeping the partial pressure of H> at a minimum,
degradation of VFA therefore requires a mechanism for reversed electron transport (Schink,

1997; Sieber et al., 2010; Worm et al., 2014).

1. Butyrate” + 2H20 — 2Acetate” + H" + 2H; (AG®’= +48 k] mol ™)
2. Propionate” + 2H,O — Acetate” + CO, + 3Hz (AG®°'=+76 k] mol ")
3. Acetate” + 2H>O — 2CO2 + 4H> (AG®’=+95 kJ mol™!)

Equations (1-3)
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Oxidation of fermentation products yields low free energy change even under optimal
syntrophic growth conditions. Moreover, the available energy is shared between several
partial reactions and two or more organism, leaving very small amount of energy (ATP) left
for cell maintenance and growth, resulting in a very slow growth of syntrophic organisms. All
known syntrophic butyrate degraders, e.g. Syntrophomonas wolfei (Mclnerney et al., 1981),
Syntrophothermus lipocalidus (Sekiguchi et al., 2000) and Syntrophus aciditrophicus
(Jackson et al., 1999) oxidize butyrate via the f-oxidation pathway (Figure 3). This pathway
includes one reaction generating ATP, that partly have to be invested in the conversation of
butyrate-CoA to crotonyl-CoA. Longer fatty acids are also degraded through several B-
oxidation cycles, where the fatty acids are truncated by two carbons for each cycle. Depending
on the carbon chain of the fatty acid, acetyl-CoA (degradation of even-numbered fatty acids)
or propanoyl-CoA (degradation of odd-numbered fatty acids) is the end product. Propionate
is also major product from glycerol degradation, and most of the described syntrophic
propionate degraders utilize the methylmalonyl-CoA (MMC) pathway (Kosaka et al., 2006)
(Figure3). In this pathway, one ATP is generated through substrate level phosphorylation
generates one ATP, of which a large fraction is invested in the oxidation of succinate to
fumarate. Only a few syntrophic propionate oxidizing bacteria been characterized, amongst
them Syntrophobacter wolinii (Boone & Bryant, 1980) and Pelotomaculum
thermopropionicum (Kosaka et al., 2006). An alternative route, the dismutation pathway, to
butyrate and acetate have been reported for the propionate degrader Smithella propionica (de
Bok et al., 2001).
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Figure 3 Metabolic pathways that are used for syntrophic degradation of butyrate and longer chain
fatty acids (B-oxidation), propionate (methylmalonyl CoA pathway) and acetate (Wood-Ljungdahl
patway) (Adapted from Worm et al., 2014).

Acetate is the main product of several catabolic conversion process, such as glycolysis, amino
acid degradation, and oxidation of butyrate, propionate and longer chain fatty acids as
described above. In a well working biogas reactor with an active subculture of acetoclastic
archaea, acetate is converted directly to methane through the acetoclastic methanogenesis.
Elevated concentrations of free ammonia are toxic for several microorganisms, either as
inhibitory to enzyme activity, or directly pernicious to the cell, and acetoclastic methanogens
have in particular been shown to be sensitive (Schniirer et al., 1999). A feedstock composed
of protein rich material will lead to a release of ammonia from amino acid degradation, while

a large fraction of easily degradable carbohydrates will cause a rapid production of VFA. In
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such instances, conversion of acetate to methane may occur though a two-step mechanism
involving the action of a syntrophic acetate oxidizing bacteria (SAOB) generating CO> and
hydrogen from acetate, followed by hydrogenotrophic methanogenesis (Figure 4). This
syntrophic acetate oxidation (SAO) pathway enables a complete degradation of organic
matters to methane even under thermodynamically unfavorable conditions. Investigations
have demonstrated that the SAOBs utilizes a reverse (reductive) direction of the Wood
Ljungdahl pathway (Hattori et al., 2005; Lee & Zinder, 1988a), or alternatively by combining
the methyl branch of the Wood Ljungdahl pathway with a glycine cleavage system (Nobu et
al., 2015). Despite the importance the SAO pathway might play in AD processes, very few
cultivable representatives from SAOBs have been described. The first acetogen (strain AOR)
capable of syntrophic acetate oxidation was isolated from a thermophilic (60 °C)
methanogenic environment (Lee & Zinder, 1988b; Zinder & Koch, 1984). This acetogen was
unfortunately lost, and it took more than ten years until a new SAOB, Clostridium ultunense
was isolated (Schniirer et al., 1996). A few additional SAOBs have been isolated and
characterized, namely Thermacetogenium phaeum (Hattori et al., 2000), Syntrophacetius
schinkii (Westerholm et al., 2010), Tepidanaerobacter acetatoxidans (Westerholm et al.,
2011) and Thermotoga lettinga (Balk et al., 2002). Additionally, newer molecular technology
(e.g. high throughput techniques) have revealed novel SAOBs (Mosbak et al., 2016; Miiller

et al., 2016; Nobu et al., 2015).
Sugars, Amino acids; LCFA

Acidogens

\ 4
Propionate; Butyrate; Valerate

C 4
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Figure 4. Methane production pathways. Dashed arrows illustrates acetate
conversion via acetoclastic methanogensis. If the acetoclastic methanogens
(AM) are inhibited e.g. free ammonia, acetate oxidation in a two-step
conversion (solid black arrow) from syntrophic acetate oxidizing bacteria
(SAOB) and hydrogenotrophic methanoges (HM) becomes crucial.
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1.3.1 The study of complex microbial communities

Cultivation have traditionally been the only method to characterize and classify
microorganisms, and cultivation-depended methods have given us a valuable insight
regarding the key populations in AD processes. Isolation of pure cultures or enrichments of
co-cultures of two or more species from AD are still an important and widely applied method
for characterization of novel bacteria and archaea. Nevertheless, many of the microbes found
in complex microbial communities often have complex metabolic requirements or depend on
the presence of other microbial species, such as the syntrophs described above. Moreover, the
activity and characteristics of a phylotype might be very different in a monoculture than
within a complex community. Cultivating obligate or facultative anaerobic organisms is
therefore both challenging and time consuming and likely biased as microbial activity and

function are influenced by environmental factors and the presence of other microbes.

During the last decade, development and application of different culture-independent
techniques have enabled us to get novel insights about complex microbial communities in
environmental samples. The sequencing technology, boosted by the “the human genome
project” (Turnbaugh et al., 2007), have developed rapidly and sequencing of whole
communities directly from the environment is now frequently documented. High throughput
sequencing of conserved marker genes, mostly 16S rRNA genes, have been extensively used
during the recent years to uncover the phylogenetic diversity in e.g. AD reactors. This has
provided information about microbial communities and their relationship to process
conditions and feedstock (e.g. Ziganshin et al., 2013), novel bacterial and archaeal strains
(e.g. Hahnke et al., 2014; Westerholm et al., 2011) and given grounds for proposal for a core
microbiome for AD (Riviere et al., 2009). It has also become possible to study low abundant

microorganisms of the microbial community as the sequencing resolution have increased.

While 16S rRNA data can indicate who is present and in what amount, metagenomics
additionally provide information regarding the metabolic potential of the microorganisms.
Thus, metagenomics, random sequencing of the entire genomic content in the sample, is a
powerful tool for gathering information regarding the genomic diversity and functional
complexity. Metagenomic studies have shown the functional traits of the core microbiome,

e.g. Firmicutes’s
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Figure 5.Combinination of several molecular, isotope labeling and microscopy methods provides a powerful
tool for determining the phylogenetic and functional diversity of a microbial community in e.g. AD. Adapted
from (Vanwonterghem et al., 2014).

role in fermentation and ability to break down polysaccharides together with members of
Bacteroidetes, and characterization of Clostridia as the most important class involved in
Acetogensis (Wood-Ljungdahl pathway) (Jaenicke et al., 2011; Solli et al., 2014). Recently,
a few studies have also reconstructed draft genomes of uncharacterized, novel bacteria from
extensive metagenomics shot gun sequencing (Campanaro et al., 2016; Nobu et al., 2015),
giving a opportunity to explored the functional potential of uncultivated microorganisms.
Furthermore, by analyzing the transcriptome (Nolla-Ardevol et al., 2015; Tveit et al., 2014;
Zakrzewski et al., 2012), metabolites or proteins expressed (Heyer et al., 2015), we are now
also able to get an insight into the activity of a microbial community. Moreover, combination
of several meta-omic based techniques makes it possible to characterize the phylogeny of
microbial communities, interspecies interactions and synergic relationship, and link this to

metabolic function (Hultman et al., 2015; Mosbak et al., 2016; Nobu et al., 2016; Xia et al.,
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2014; Zhou et al., 2014) (Figure 5). This will lead to a deeper understanding of how the

microbial community structure influence anaerobic digester efficiency and stability.
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2 OUTLINE AND AIM OF THESIS

Characterization of the microbial community structures in anaerobic digesters have
demonstrated the presence of complex interspecies food-chains, and identification of key
microorganisms have been the prelude to e.g. application of bioaugmentation to successfully
increase methane production. However, large variations in the microbial communities have
been observed, depending on the substrate, inoculum and process conditions. The
development in DNA sequencing technologies and bioinformatics the recent decade, allowing
characterization of uncultivated microorganisms, have revolutionized microbial ecology.
Biogas digesters are engineered systems intended for waste treatment and energy production.
By applying the new tools for microbial community analyses, we should be able to understand
the digestion process much better and hopefully increase the stability and enhance the
performance of the biogas process. This thesis is a contribution in this regard. The overall aim
of the study was to increase the knowledge base of microbial communities in biogas
reactors and relate this to stability and performance of the digestion process. To achieve
this, several different biogas systems was investigated, spanning from unstable laboratory
scale biogas reactors to a stable full-scale biogas plant. More specifically the following factors
has been evaluated: 1) balance between acidogenesis and methanogeneisis in reactors fed with
an easy degradable substrate (Paper 1), 2) effect of storage conditions on inoculum microbial
community and performance (Paper II), 3) Effect of temperature and recirculation on
microbial community composition and performance (Paper I1II), and 4) deep characterization

of the microbial community in a stable full-scale biogas plant (Paper IV).

In the first part of this study, described in Paper I, 16S rRNA gene sequencing was applied in
a time course study of two initially parallel CSTR reactors fed a co-substrate of cheese whey
and cow manure to investigate microbial community dynamics from start-up to stable
operation. As a consequence of high organic load of a readily degradable substrate, major
process instability was observed in the form of fatty acid accumulation. One of the reactors
recovered, while the other collapsed. This gave a unique opportunity to study the dynamics
of the microbial community in an AD process apparently operating close to the edge of
stability. The biogas performance was correlated to the community structure, demonstrating

that accumulation and depletion of fatty acids was related to several bacterial groups.

17



Paper II describes a systematic storage experiment conducted on inoculum material, used as
a biogas starter culture. The aim was to study how the microbial community composition and
biomethane potential of an inoculum was affected by different storage conditions. This study
led to identification of robust and vulnerable microorganism, and demonstrated a storage-
mediated shift in the methanogenic pathway. The results indicated that inoculum may be

stored up to 1 month without major loss of methanogenic activity.

In Paper III, the performance and the microbial community in four ADs operating at
mesophilic (37 °C) and thermophilic (55°C) conditions with and without digestate
recirculation was studied. While the recirculation had significant impact on the mesophilic
microbial community, the community profile in the two thermophilic digesters were rather
similar. The results showed different impact of ammonia inhibition depending on
configuration and temperature, with lowest methane yield in the thermophilic biogas reactor

with recirculation.

All three abovementioned papers were based on 16S rRNA gene sequencing technology; the
two first were conducted on a 454 pyrosequencing platform, the latter on the Illumina MiSeq
platform. In the final study (Paper IV), a deeper characterization utilizing a combination of
16S rRNA gene sequencing, metagenomics and metaproteomics was applied to identify key
organisms and metabolic pathways in a stable thermophilic (60°C) commercial biogas
reactor. In particular, this data demonstrated a thermophilic uncultured bacterium that
seemingly utilizes the B-oxidation to degrade longer chain fatty acids to acetyl-CoA, followed
by a further oxidation to CO> through the reductive Wood-Ljungdahl pathway. Overall, Paper
IV addresses the ecological roles of several uncultured phylotypes reported to be widespread

in anaerobic digesters.
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3 MAIN RESULTS AND DISCUSSION
3.1 Dynamics in a microbial community undergoing disturbance (paper I)

In the study described in the first paper (Paper I), we got the opportunity to gain insight into
the dynamics and changes of a mesophilic microbiota in an AD process responding on organic
overload. Two initially parallel CSTR where fed with a mixture of cow manure and cheese
whey. Manure was used as a co-substrate to introduce more recalcitrant material and a higher
N-content to the feedstock. The initial aim was to examine the biogas potential of co-digesting
whey and cow manure, and characterize the dynamics of the microbial community. Thus,
samples were collected once a week from both reactors for microbial analysis. During the first
half of the experimental period, instability in the reactors was observed, measured as a
decrease in biogas production and accumulation of VFAs, mainly propionate, as shown in
Figure 1 and 2 (respectively) in Paper I. As discussed in the Introduction of this thesis,
accumulation of VFAs is a typical a sign of an unbalance between the acidogenesis and
methanogenesis step. One of the two parallel reactors (R1) recovered when the organic

loading rate was reduced; the other (R2) did not.

The microbial community was investigated by 16S rRNA gene sequencing of samples taken
on weekly basis throughout a period of 100 days. Not surprisingly, the results showed
different microbial community dynamics in the two reactors, where in general more variation
was observed in the unstable reactor (R2). While the microbial community in R1 underwent
a gradual dynamic succession, more fluctuations were seen for the microbial community in
R2. Changes within the archaeal community was greater compared to bacteria, presumably
explained by the higher sensitivity towards VFA among methanogens than bacteria. As
previously introduced, acetoclastic methanogens tends to be more liable to toxicity than
hydrogenotrophic methanoges. Accordingly, only a minor fraction of the archaea 16S rRNA
gene sequences was assigned to acetoclastic methanogens (i.e. Methanosarcina,
Methanosaeta) in both R1 and R2 after 20 days of operation, whereas hydrogenotrophic

methanogens dominated (Figure 4 in Paper I).

Propionate is in general an important intermediate in AD, and in a well-working, balanced
AD process with low hydrogen concentration, propionate will be further converted to
succinate, fumarate and eventually acetate via the methylmalonyl-CoA (MMC) pathway.

While a depletion of propionic acids was observed in the recovered reactor (R1), the
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concentration accumulated rapidly in R2 indicating an inhibited or absent propionic acid
oxidizing population. As a step to imply the driving forces governing the microbial changes,
including the observed fraction of uncultured phylotypes, the correlations between variations
of process data and abundance of microorganism was examined (Figure 5 and 6 in Paper I).
Interestingly, both the network map and the redundancy analysis (RDA) plot showed
significant correlation between the abundance of several bacterial groups and the
concentration of propionic acid, among them the phylotype Candidatus Cloacomonas.
Candidatus Cloacomonas belongs to the candidate phyla WWEI, and is widely represented
in anaerobic digesters (e.g.Solli et al., 2014; Stolze et al., 2015). At the time when Paper I
was published, one study reported that the genome of Candidatus Cloacomonas
acidaminovorans contained all genes involved in the MMC pathway (Pelletier et al., 2008).
A more recent study, published after Paper I, also demonstrated that another uncultivated
organism within the same candidate division, referred to as Ca. Cloacimonetes also expressed
an MMC pathway (Nobu et al., 2015). This further supports our initial hypothesis that the
present phylotype Candidatus Cloacomonas was in fact responsible for the propionate
depletion in R1. In another recent study, three parallel CSTR reactors were exposed to organic
overloading with sugar beet pulp in order to examine the effect of inhibitory VFA
accumulation followed by recovery (Goux et al., 2015); while acetate was the major VFA
during the period of overloading, propionate constituted the majority of measured VFA in the
recovery phase. An increased relative abundance of WWEI -affiliated phylotype was seen in
the overload phase, reinforcing our hypothesis of Candidatus Cloacomonas involvement in
VFA degradation. In comparison to the findings reported in Paper I, these three reactors also

showed a dominance of

In an attempt to recover the AD process in both reactors, the OLR was reduced. This did
indeed result in a temporal drop of propionate concentration in both reactors. However, when
the original feeding regime was resumed, a new accumulation of propionic acid was observed
in R2, this time seemingly followed by a subsequent conversion of propionic acid to acetic
acid. A temporary increase of acetic acid concentration was also observed in R1, yet to a
lesser extent than in R2. Overall, the correlation analysis applied in this study revealed that
the variation in VFA concentration (i.e. acetate and propionate) was linked to several groups

of organism.
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3.2 Effect of storage condition on inoculum microbial community composition and

performance (Paper II)

Inoculum, the starter culture of a biogas reactor, provides an active microbial community and
its quality is of high importance regarding the startup phase and the long-term stability of a
biogas reactor (De Vrieze et al., 2015; Moset et al., 2015). Usually, the inoculum originates
from existing AD processes and it is generally recommended to use fresh inoculum for the
start-up of a biogas process. However, it is not unusual to store the inoculum material to be
used in laboratory-scale reactors for some time. To the best of our knowledge, no standardized
guidelines or testing of appropriate storage conditions were available when this study was
conducted. Thus, in the goal of Paper II was to investigate how inoculum quality is affected

by storage at different temperatures and time.

The storage conditions compared was room temperature (RT), 4 °C and freezing at -20 °C for
1 week, 1, 2, 6 and 11 months, and the effect was tested by initiating AD in batch reactors of
cellulose subsequent to storage. The digestion was performed at mesophilic temperature (37
°C) and the experimental period continued for 40 days, although most of the cellulose
degradation was completed already after 20 days (Figure 2 in Paper II). The different storage
conditions had clear impacts on both the microbial community composition and on the biogas
activity of the inoculum. The highest total biogas yields were observed in inocula stored for
up to 1 month, indicating that inoculum should not be preserved for longer times.
Furthermore, a lower methane yield in the initial phase of digestion with inocula stored at -
20 °C showed that the microbial community was recovering slowly after freezing. Overall,
the results showed that time of storage in general had greater influence on the microbial
community than temperature, although the combination of longer storage times and lower
temperatures had the biggest effect. VFA concentrations in all samples (after AD) were very
low, indicating that the hydrolysis step might have been rate-limiting in the reactors with low

BMP.

Moreover, the relationship between storage conditions and microbial communities and biogas
production was evaluated, and one of the objectives was to identify key microorganisms
sensitive, or robust, to storing. The microbial analysis showed that members of Bacteroidetes,
which were abundant in the fresh inoculum sample, decreased with more extreme (longtime

storage at cold temperature) storage, and seemingly handled storage poorer than members of
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Firmicutes. The Candidatus Clacimonas, suggested to be involved in fatty acid (propionate)
consumption in Paper I, also seemed to handle storage poorly. So did the hydrogenotrophic
methanogens (e.g. genus Methanocelleus), which were dominant in the original inoculum.
Interestingly, Candidatus Clacimonas have also, by others, been suggested to play a crucial
role in syntrophic degradation of acetic acid in cooperating with hydrogen consumers
(Chouari et al., 2005; Solli et al., 2014). If this is correct, it demonstrates a shift in the
degradation route of acetate to methane; from the two-step conversion via syntrophic acetate
oxidation, to a direct conversion of acetate to methane by acetoclastic methanogens. The
seemingly most robust methanogen was Methanosarcina, compromising < 60 % of the total

archaeal sequences in samples stores for longer time (Figure 4 and 5 in Paper II).

Studies attempting to assess the impact of sample storage on microbial communities have
reported inconsistent results. Soil samples were affected by preservation only to a minor
extent (Lauber et al., 2010; Rubin et al., 2013), while considerable changes were observed
after storage of soil and fecal samples (Ott et al., 2004; Tzeneva et al., 2009). In contrast to
other sample storage experiments, this study also addresses the microbial community after
anaerobic degradation, thus investigating the viability and activity of the organisms. The
results presented in Paper II clearly showed that extensive preservation of the inoculum lead

to changes in the microbial community that correlated to lower biogas production.
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3.3 Effect of temperature and recirculation on microbial community composition and

performance (paper I1I)

In the next study, described in Paper III, the effect of temperature and recirculation of
digestate was tested on AD of food waste. Food waste has a high solids content and dilution
is often needed prior to AD. Since diluting with water is in some areas both costly and limited,

the use of recirculated digestate for dilution may be an alternative.

The results clearly indicated that while the mesophilic biogas process was hardly affected by
recirculation, the digestate recirculation had a negative impact on the performance in the
thermophilic process. The thermophilic CSTR digesters had in general poorer performance
than the mesophilic, most likely due to ammonia inhibition as described in the Introduction
of this thesis. Methanosaeta, which is widely accepted as sensitive to free ammonia, is
therefore most common at mesophilic conditions, although both mesophilic and thermophilic
species have been characterized (Kato et al., 2014; Kendall & Boone, 2006; Patel & Sprott,
1990). Accordingly, while Methanosaeta was the most abundant methanogen in MD (0.8%
of the total reads) and MD+R (4%), this genus was below detection level in both thermophilic
reactors (TD, TD+R) (Figure 3 and 4 in Paper III). While low VFA concentration in the
mesophilic reactors demonstrated an efficient removal of intermediates, both thermophilic
reactors experienced an accumulation of VFAs (Figure 2 in Paper III). While organic
overloading was the assumed reason for propionate accumulation in the study reported in
Paper I, these ADs most likely suffer from ammonia inhibition of the methanogenic
population. Notably, while propionate was the most abundant VFA in TD+R, acetate
dominated in TD presumably as a result of ammonia-inhibited acetoclastic methanogen
population. This suggested that methane was generated from acetate through the previously
described two-step SAO pathway. Indeed, a genus (Thermacetogenium) which comprises one
characterized SAOB (Thermaceogenium phaeum) (Hattori et al., 2000) was detected in TD
and TD+R, with higher relative abundance in the latter (Figure 4 in Paper III).

The most striking result when comparing the microbial communities in the mesophilic
reactors with and without recirculation (MD+R and MD, respectively) was the inconsistency
of the most dominant bacteria (Figure 3 in Paper III). While 53% of all 16S rRNA gene
sequences in MD were assigned to candidate genus T78 within the phylum Chloroflexi, only

5% was assigned to this phylotype in MD+R. On the contrary, 48% was assigned to
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Clostridium (phylum Firmicutes) in MD+R, while only 1% in MD. Considering the similar
performance of the two reactors, it seems likely that they share the same functional niche,
assumingly related to carbohydrate degradation as discussed in the paper. In contrast to the
mesophilic digesters, the microbial communities in the thermophilic digesters were rather
similar, consisting mainly of the phyla Firmicutes, Thermotoga, Syntergistetes and the
hydrogenotrophic methanogen Methanothermobacter (Figure 4 in Paper III). This could be
explained by a lower risk of microbial biomass wash-out in thermophilic digester without
recirculation, as higher temperatures generally enhance the microbial growth rate. In
conclusion, Paper III demonstrated the recirculation of digestate is a good strategy for diluting

food waste feedstock in mesophilic condition, this despite a relatively high level of ammonia.

Moreover, while GS FLX 454 pyrosequencing was utilized to characterize the microbial
communities in the two other studies described above (Paper II and Paper III), the current
work was conducted on Illumina MiSeq platform. Although 454 pyrosequencing provided
longer reads, this sequencing technology is decommissioned in favor of the superior
sequencing depth provided by the [llumina platform. Thus, a procedure for Illumina MiSeq
sample preparation and bioinformatics-workflow was established for the study described in
Paper III. That work provided the basis for other subsequent microbial community analysis

conducted in our laboratory.
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3.4 Characterization of the microbial community in a stable full-scale biogas plant

(paper 1V)

In the final paper, a deeper characterization of the microbial community in a biogas reactor
located on a commercial waste-treating plant in southern Norway was described. Particularly,
this study provides insight to the metabolic roles of scarcely described microbial groups and
uncultured phylotypes, amongst them a novel bacteria believed to degrade longer chain fatty

acids all the way to CO» and Ha>.

Even though 16S rRNA gene sequencing provides information on the microorganisms
present, the technique is restricted to describing phylogenetic abundance. In order to gain
increased knowledge regarding the microbial process, Paper IV presents a study where a
combination of several high-throughput technologies were applied. More precise, 16S rRNA
gene sequencing and total metagenomics analysis was used to recover genomic bins. This
data was then combined with quantitative metaproteomics, allowing us to assign protein
abundance values to specific proteins for each genomic bin. The aim of the study was to
predict the activity of the microbial groups participating in the AD, and explore synergistic
relationship conceivably playing a key role in the process stability. While the other papers
formerly described in this thesis involves digestion processes in laboratory-scale CSTR
reactors (paper I and III) or batch reactors (paper II), this study was conducted on a
commercial full-scale reactor operating under thermophilic conditions. AD of waste and crops
at thermophilic conditions are commonly applied in Europe, although mesophilic reactors are
dominating. Running thermophilic processes have, as mentioned in the Introduction, several
advantages over mesophilic processes, e.g. enhanced hydrolysis of particulate matter and
increased degradation efficiency, higher total biogas produced and reduction of pathogens
(Bolzonella et al., 2012; Leven et al., 2007; Zabranska et al., 2000). The reactor studied in
paper IV was operating at 60 °C. This temperature is higher than usually reported for
thermophilic biogas reactors at commercial plants, although a few attempts on equivalent
temperatures have been tested in pilot scale reactors previously with varying degree of success
(Hartmann & Ahring, 2005b; Ho et al., 2014). A relatively high level of free ammonia (367
mg NH3-N/L) was observed in the reactor, probably as an effect of the high temperature and

proteinaceous feedstock (mainly food waste).
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During the last years, a number of studies based on combinations of functional and
phylogenetic analysis describing the microbial community and the general flow of carbon in
an AD have been published (e.g. Campanaro et al., 2016; Nobu et al., 2015). Only a few
studies based on combination of metagenomics and metaproteomics was reported prior the
planning stage and execution of the study described in Paper IV (Hultman et al., 2015; Lauro
et al., 2011; Ng et al., 2010; Zhou et al., 2014). Although only lightly touched upon in the
paper, the establishment of the methods used to analyze the microbial community was a large
part of this study. Accordingly, a newly established strategy combining Illumina and Pacific
Biosciences (PacBio) long and high accuracy circular consensus sequencing (CCS) reads was
applied, to improve the assembly and taxonomic binning (Frank et al., 2016). Illumina MiSeq
(300 bp) was chosen over Illumina HiSeq (to date maximum 150 bp) for longer reads, yet
sacrificing sequencing depth compared to HiSeq. Two approaches for assembly of the
generated MiSeq and PacBio sequencing reads were tested, one where the reads from each
sequencing technology were assembled into contigs separately, followed by second assembly
of the contigs from both sets. The other strategy applied an assembler (MiRA version 4.0)
that allowed for assembly of raw reads from different platforms. The outcome showed that
the latter alternative yielded increased contig length and this method was therefore chosen for
downstream analysis. One major challenge was the assembly of the dominant bacteria in the
community. The addition of PacBio reads significantly improved the assembly, compared to
the initial attempts using the MiSeq dataset only. Nevertheless, an enlarged number of contigs
making up the genomic bins for the most dominant bacteria, especially C. proteolyticus, was
observed. This resulted in a genomic bin size that exceeded the expected genome size by more
than tenfold. This was most likely due to multiple strains, and oligotyping (Eren et al., 2011)
confirmed the presence of up to 11 polymorphs within the genomic bin of C. proteolyticus.

Thus, this introduces an additional level of complexity seldom reported in biogas reactors.

The most dominant bacteria genus Coprothermobacter, comprised 76 % of all 16S rRNA
gene sequences in the amplicon dataset. C. proteolyticus is recognized as an indicator of a
well-working processes, and successful attempts of using this bacterium for bioagumentation
have been reported (Lii et al., 2014). Moreover, an enhanced degradation of proteins was seen
when grown in co-culture with the hydrogenothopic methanogen Methanothermobacter
thermoautotrophicus (Sasaki et al., 2011). M. thermoautotrophicus was indeed the most

dominating methanogen in the biogas plant, but the overall relative abundance of
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methanogens was very low (<0.1 % of the total 16S rRNA reads) (Figure 1 in Paper IV).
Nevertheless, as discussed in the paper, in contrast to the low phylogenetic abundance, a
relatively high abundance of proteins affiliated to the hydrogenotrophic methanogenesis was
detected. Albeit lower protein abundance, proteins affiliated to the obligate acetoclastic
methanogen Methanosaeta thermophila (reference genome according to supplementary table
S1 in Paper IV) was also detected, indicating metabolic activity of a Methanosaeta-phylotype

acclimatized to elevated ammonia levels (Figure 2 in Paper IV).

Importantly, the paper describes the functional reconstruction of a novel bacterium (called
unFirm02_FrBGR in paper IV) that apparently have the enzymatic machinery to degrade
longer-chain fatty acids by a B-oxidation pathway to acetyl-CoA or acetate, then further
converting the acetyl-CoA to COz and Ha via the reductive Wood-Ljungdahl pathway (Figure
3 in Paper IV). This combination of pathways is documented for non-syntrophic sulphate
reducers, but to the best of our knowledge not for the characterized SAOBs. No genes for
sulphate reduction was found in the genomic annotation of unFirm02 FrBGR, indicating that
this bacteria was not a sulphate reducer. unFirm02 FrBGR also expressed Fe-S
oxidoreductase and a subsequent electron transfer flavoprotein (a- and - subunits) previously
shown to serve as a reverse electron transfer in syntrophic fatty acid oxidizing bacteria (e.g.
S. wolfei (Sieber et al., 2010), giving more supporting our assumptions of a syntrophic
lifestyle. However, cultivation based effort is needed to completely validate the proposed
metabolic traits of unFirm02_ FrBGR. While the work of Paper IV was ongoing, a few other
studies where published, indicating that the occurrence of unknown SAOB is widespread
across anaerobic digesters. Thus, the result from this thesis, and those reported by (Mosbak
et al., 2016) and (Miiller et al., 2016), provides evidence of the importance of this poorly
understood microbial group in anaerobic digesters operating at elevated levels of free

ammonia.
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4 CONCLUDING REMARKS

During the work presented in this thesis, several different biogas reactors have been studied;
two mesophilic CTSR reactors run at the same conditions (Paper I), batch reactors for BMP
tests (Paper II), four CSTR reactors run at different temperatures and with or without
recirculation, (Paper III) and one large-scale industrial thermophilic biogas reactor (Paper IV).
The primary objectives of this work was to study microbial communities in relation to process

conditions, performance and stability.

A congruent observation in all systems investigated was the expected correlation between less
efficient reactors and high levels of VFAs. The imbalance between the fermenting bacteria
and the methanogens, leading to accumulation of VFAs, in particular propionate and acetate,
was presumably the reason for the reduced performance of the AD described in both Paper I
and Paper III. This underpins the importance of a well-balanced microbial community with
an active syntrophic population degrading fermentation intermediates, to ensure stable and
efficient biogas production. Interestingly, findings from both Paper I and the mesophilic
reactors in Paper III indicats that Candidatus Cloacimonas is serving as a syntrophic
propionate oxidizer, playing a crucial role in AD to keep the level of propionate down.
Candidatus Cloacimonas was also abundant in the microbial community studied in paper II,
and seemed to handle storage poorly. The higher methane yield in the mesophilic contra the
thermophilic lab scale reactors was also in accordance with the literature, as mesophilic
reactors often have a more resilient microbial community, that is more robust to withstand
environmental changes and stresses. This was demonstrated by a general higher microbial
diversity in the mesophilic ADs. The elevated levels of free ammonia, observed in both
thermophilic CSTRs and the mesophilic CSTR with recirculation (Paper III), and in the
commercial thermophilic reactor (Paper IV) was not necessary related to poor anaerobic
digester performance, thus indicating that a microbial population may acclimatize to ammonia
stress. Prevalence of uncultured and scarcely described microorganisms was significant in all
the AD systems described in this thesis, emphasizing the need for more investigations to grasp
a more complete picture of the microbial community. For instance, the uncultured candidate
bacterium Atribacteria (OP9) was found in several of the studies included in this thesis. Paper
IV also indicates the findings of a novel SAOB. This bacterium was anticipated, from
comparison of metagenomics and metaproteomics data, to syntrophically oxidize longer chain

fatty acids via acetate to CO; and Ha.
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As discussed in the Introduction of this thesis, syntrophic oxidation of acetate and longer
chain fatty acids are thought to play an essential role in biogas reactors, especially under
circumstances where the acetoclastic methanogens are inhibited or absent. Instability have
major negative impact for commercial biogas plant, and increased understanding of the
underlying microbial cause/response might help preventing process failures. More research is
needed to grasp a complete picture, but the findings in the studies described in this thesis
contributed to get a glimpse of the microbial community in relation to stability and

performance of the anaerobic digestion process.
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5 APPLICATION AND FUTURE PERSPECTIVES

AD of biomass offers a considerable potential for generation of sustainable energy and fuel,
and could replace large fractions of the energy currently supplied by fossil fuels. The goals
for biobased energy production in Europe is ambitious; by 2020 the EU goal is to supply 20%
of its energy needs from renewable sources, of which 10% should in the transport sector. A
strategy for European bioeconomy (‘Innovation for sustainable growth: a bioeconomy for
Europe’s) was launched by the European commission in 2012, aiming to support research and
innovation to develop biorefining technologies, and reduce the dependency on fossil fuels. In
this transition from a fossil-based economy to a more sustainable bioeconomy, biogas
production clearly has a natural and important role. Although the biogas process parameters
of an AD are well described, the influence of the underlying microbial community on process
stability and biogas yield is less understood. A deeper insight into the microbial community
in biogas reactors might lead to increased knowledge of how to establish stable and efficient
biogas production. The observations during this work emphasized that the microbial

community structure is an important element in AD processes.

Currently, the concentration of VFAs is often used as an indicator of reactor disturbance, but
often at a stage when it too late to save the process. With the rapidly improving and faster
high-throughput sequencing technologies, it could also be possible to use a diagnostic
approach to monitor the microbial community and identify lack of key microorganisms before
the instability is fatal. Culture-independent techniques is a powerful tool to study the
microbiome of environmental samples, and such data may be used to monitor the health of an
AD process and for process control. Bioaugumentation, where specific microorganisms are
added to the system have been shown as a promising solution to improve the performance,
although several obstacles must be overcome. From the industrial point of view, the addition
of SAOBs to save an ammonia-stressed microbial population in AD fed protein-rich material
could be a way to increase the energy yield, or prevent costly process failures. Importantly,
identification of key microbial “populations” is essential order to select good candidate for
bioaugumentation, e.g. Candidatus Cloacomoans for propionate degradation, as well as
potential SAOBs detected by modern culture independent techniques referred to throughout

this thesis.
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A clear trend the recent years have been to integrate biogas production in biorefineries, where
waste from side streams in the refinery serves as the feedstock for the AD. This will be
particularly important in the future, as the volume of the side streams increases with the
rapidly increasing number of biorefineries. Examples of biorefineries are traditional pulp and
paper mills, 1% generation bioethanol from sugarcane and corn, and recently the
commercialization of cellulosic bioethanol. Lignocellulose biomass is suitable as substrate in
biorefineries as this biomass does not compete with food of feed industry. Bioethanol
production will always result in organic residues, and in a true circular biorefinery, this
residue is used as feedstock for biogas production. The biogas produced can be utilized on
site to run produce heat and power for the facility, or the biogas could be upgraded to
biomethane, which can enter existing natural gas grid or used as a fuel. The biorefinery circle
process can be completed by returning the effluent from the biogas process back to

agricultural soil.

In addition to the natural role biogas can play in a biorefinery, biogas can also play a role in
the context of the overall renewable energy sector, including renewables such as solar, wind,
hydrothermal and geothermal. Since energy supply from e.g. solar and wind is intermitted,
there is a demand for of flexible technologies that can supply the energy grid when it is dark
or when the wind is not blowing. One relatively novel idea is to combine flexible biogas
production (and power generation) with other renewable energy sources in order to balance
energy availability. Flexible biogas production can in principle be achievable by regulating
the feeding regime to match the variation in the intermitted energy production, and a few
recent studies on this is found in the literature (Hahn et al., 2014; Mauky et al., 2015). The
study on the effect of inoculum storage (Paper II) contributes in this regard, and suggest that
feeding of substrate once a month is sufficient to maintain a highly active biogas microbial
community. However, to ensure stability and efficiency during ramping up and “dormant”
biogas production, aspects around the feedstock selection (substrate), the microbial

community and the operating parameters needs to be investigated in more details.
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Microbial community profiles in two parallel CSTR biogas reactors fed with whey permeate and cow
manure were investigated. The operating conditions for these two reactors were identical, yet only one
of them (R1) showed stable performance, whereas the other (R2) showed a decrease in methane produc-
tion accompanied by accumulation of propionic acid and, later, acetic acid. This gave a unique opportu-
nity to study the dynamics of the microbial communities in two biogas reactors apparently operating
close to the edge of stability. The microbial community was dominated by Bacteroidetes and Firmicutes,
and the methanogens Methanobacteriales and Methanomicrobiales in both reactors, but with larger fluctu-
ations in R2. Correlation analyses showed that the depletion of propionic acid in R1 and the late increase
of acetic acid in R2 was related to several bacterial groups. The biogas production in R1 shows that stable
co-digestion of manure and whey can be achieved with reasonable yields.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the face of global challenges such as fossil fuel depletion,
increasing greenhouse gas emissions and climate change, anaero-
bic digestion of organic material to biogas has become an attractive
strategy for renewable energy production and sustainable waste
disposal. Agricultural residues, municipal solid waste and waste-
water have traditionally been the main substrates for biogas pro-
duction. In addition, various residuals from the food processing
industry have been proposed as possible substrates for biogas gen-
eration, including by-products from the dairy industry (Luo and
Angelidaki, 2013).
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E-mail address: svein.horn@nmbu.no (SJ. Horn).
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0960-8524/© 2014 Elsevier Ltd. All rights reserved.

Cheese whey is a by-product from cheese production. Between
115 and 160 million tons of whey are generated globally every
year, half of which is transformed into food products or utilized
for ethanol fermentation, while the rest is disposed (Guimardes
et al,, 2010). Due to its world-wide availability and high carbohy-
drate content, whey is considered a suitable substrate to produce
biogas via anaerobic degradation. Whey proteins have a relatively
high value and are typically removed from whey by ultrafiltration.
Thus, it is mainly the whey permeate, i.e., a solution primarily com-
posed of water, lactose and salts, that is available for anaerobic
digestion. Co-digestion of whey permeate with cow manure or
poultry waste has caught some interest because the latter feed-
stocks provide buffer capacity, nitrogen, and nutrients (Gelegenis
et al., 2007). Furthermore, to prevent rapid growth of acid forming
bacteria, the easily degradable lactose in whey permeate needs to
be balanced by more recalcitrant substrates, such as lignocellulosic
material in cow manure.
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Anaerobic degradation of organic compounds to biogas is carried
out by a relatively undefined microbial culture which varies accord-
ing to its origin, substrate composition, operational conditions and
environmental parameters. Generally, anaerobic degradation pro-
ceeds via four main steps: hydrolysis, fermentation, anaerobic oxi-
dation and methanogenesis. The three first steps are carried out by
a large consortium of bacteria, while specialized groups of methane
producing archaea (methanogens) are responsible for the final step
(Gujer and Zehnder, 1983). Efficient and successful conversion of
organic matter to biogas relies on a close and balanced cooperation
between the different groups of microorganisms.

The bacteria degrade organic substrates to acetate and longer-
chain volatile fatty acids (VFAs), mainly propionate and butyrate,
in addition to lactate and alcohols (hydrolysis & fermentation).
Acetate can be directly utilized in the aceticlastic methanogenesis
or in a two-step pathway comprised of acetate oxidation to hydro-
gen and carbon dioxide by syntrophic acetate oxidizing bacteria
(SAOB) and a subsequent conversion of these products to methane
by hydrogenotrophic methanogens (Schniirer et al., 1999). The
other reduced intermediate compounds, including long-chain
VFAs, must be oxidized to acetate, formate or hydrogen prior to
methanogenesis. This anaerobic oxidation process, also called
acetogenesis, is carried out by acetogens. Degradation of VFAs is
generally thermodynamically unfavorable (AG* < 0), and the con-
version is only possible if the hydrogen partial pressure is kept low,
e.g., by hydrogen consuming methanogens. Interspecies hydrogen/
formate transfer between sulfate reducing bacteria and methano-
gens is also widespread in nature, and may play an important role
in degradation of long chain fatty acids (Schink, 1997). Thus, a syn-
trophic cooperation between bacteria and methanogens is critical
for the process. The low growth rate and sensitivity to toxic com-
pounds of methanogenic archaea compared to that of bacteria
makes the complex microbial community in a biogas digester vul-
nerable to changes in operational parameters. For example, an
increase in the organic loading rate of the system will speed up
the hydrolysis-acidification process, whereas hydrogenotrophic
methanogens may fail to consume all the hydrogen produced, thus
leading to accumulation of reduced metabolites, such as VFAs.

The start-up phase of biogas reactors is considered as the most
critical period, and comparisons of the microbial diversity in anaer-
obe reactors during start-up and steady-state conditions have
revealed considerable shifts in community composition
(Cardinali-Rezende et al., 2012). Generally, studies of biogas micro-
bial communities have focused on stably performing reactors (e.g.,
Pope et al., 2013) and only a few recently published studies have
explored the dynamic changes in microbial communities in
response to instability and changes during the digestion period
(Westerholm et al., 2012; Ziganshin et al., 2013). Here, the commu-
nity dynamics in two parallel continuously stirred tank reactors
(CSTR) co-digesting cheese whey permeate and cow manure was
investigated. 16S rRNA gene sequencing was used to characterize
the dynamics of the microbial community over a period of three
months. Both reactors were continuously analyzed with regard to
biogas production and accumulation of volatile fatty acids.
Although the two reactors were technical parallels and ran under
identical conditions, they differed in performance over time. This
gave a unique opportunity to study the dynamics of the microbial

Table 1

communities in two biogas reactors apparently operating close to
the edge of stability.

2. Methods
2.1. Substrate and inoculum

Whey permeate obtained by ultrafiltration of whey was supplied
by TINE SA, Norway. The dry matter content (DM) was 16.2% of
which 90.8% were volatile solids (VS). Manure (11.3% DM and
85.9% VS) was supplied by the Department of Animal Sciences, Nor-
wegian University of Life Sciences, Norway. These feedstocks were
stored at 4 °C until required for the digestion experiments. The
microbial inoculum for this study was obtained from a local biogas
plant (Tomb Biogass, Norway), that runs large scale continuous
anaerobic digestion of cow manure and food waste at mesophilic
temperature (37 °C; pH 7.6). The DM content of the inoculum was
5.2% and VS was 68.5%. Prior to the experiments, the inoculum
was incubated anaerobically (37 °C, 10 days) to reduce endogenous
biogas production in the subsequent experiments. Chemical compo-
sition data for the whey, manure and inoculum is given in Table 1.

2.2. CSTR experiments and biogas production

Anaerobic digestion was carried out in laboratory-scale (10 L)
continuously stirred tank reactors (CSTR, Dolly, Belach Bioteknik,
Stockholm, Sweden) with a working volume of 6 L. Two parallel
reactors (R1 and R2) for were filled with inoculum (6 L). Initially
each reactor was fed with 0.5 g VS/L/day of a mixture of whey
and manure (48.0% VS from manure). It was then gradually
increased day by day to reach the final organic loading rate of
2.7 g VS/L/day 10 days after the first feeding, and the loading rate
was then kept constant. Because accumulation of VFAs was
observed, the whey/manure ratio in the feed was reduced after
44 days of operation. For R1 the feed was changed to 2.9 g VS/L/
day (64.2% VS from manure) and kept constant for the rest of the
period. R2, which showed a more severe accumulation of VFAs,
was run in the following way: day 44-57, only manure, 1.9 VS/L/
day; day 58-79, whey and manure, 2.9 g VS/L/day (64.2% VS from
manure); day 80 to the end of the experiment, only manure,
1.9 VS/L/day. The operational conditions of the reactors were:
37 °C, initial pH 7.5, 180 rpm, and feeding 6 days a week with a
hydraulic retention time (HRT) of 25 days. The HRT was kept con-
stant by adding water to the substrate mixture. See Fig. S1 for a
schematic diagram of experimental setup.

Continuous real-time monitoring of pH, stirrer speed, tempera-
ture, gas flow and gas volume produced was managed using the
BIOPHANTOM®© software (Belach Bioteknik, Stockholm, Sweden).
Produced biogas was measured monitoring volume displacement
in dedicated glass columns. Based on methane concentration and
biogas volume the ideal gas law was used to calculate methane
production.

2.3. VFA analysis

Samples for Volatile fatty acids (VFAs) determination were col-
lected once a week, and stored at —20 °C before analysis. VFAs (e.g.,

Chemical characteristics of the materials. Volatile Solids (VS) and elements are expressed as percentage of Dry Matter (DM). Oxygen content was calculated by subtracting C, N

and H values from VS content.

Substrate Total C (%) Total H (%) Total N (%) Total O (%) Dry matter (%) Volatile solid (%) pH
Whey 411 53 0.4 44.0 16.2 90.8 7.2
Manure 45.2 5.6 1.1 34.0 113 85.9 7.3
Inoculum 32.7 4.0 2.8 29.0 52 68.5 7.6
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formate, acetate, propionate and butyrate) were quantified by
HPLC using a Dionex Ultimate 3000 system (Dionex, Sunnyvale,
CA, USA). VFA concentrations were quantified by running stan-
dards. The HPLC samples were prepared by centrifugation and fil-
tration (0.2 pum Sarstedt Filtropur S) in HPLC vials and transferred
to an autosampler. The column applied was a Zorbax Eclipse Plus
C18 from Agilent Technologies, 150 x 2.1 mm column (3.5 pm par-
ticles), equipped with guard column 12.5 x 2.1 mm (5 pm parti-
cles). The column was operated at 40 °C at 0.3 mL/min and 1 pl
injection.

The elution was performed stepwise with eluents A (Methanol)
and B (2.5 mM H,S0,4) starting with 100% B from O to 2.5 min, from
2.51 to 25 min at 85% B and then immediately back to 100% B and
reconditioning for 10 min. Detection was performed by UV absorp-
tion at 210 nm.

2.4. Methane analysis

The biogas composition in the CSTRs was monitored with an SRI
gas chromatograph (Model 8610 C) equipped with a thermal con-
ductivity detector (TCD) and a 2 m Haysep-D column. Chromatog-
raphy, data acquisition and integration were performed using the
PeakSimple 3.88 software for Windows. The injector, detector,
and column were operated at 41, 153 and 81 °C, respectively.
Helium was used as a carrier gas at 20 ml min~!. A standard gas
mixture (CH4/CO,) at 65/35% was used for calibration.

2.5. Other analyses

The elemental composition of carbon, hydrogen and nitrogen
was determined by combustion using a Leco CHN-1000 instrument
(St. Joseph, Michigan, USA).

Dry matter (DM)/total solid (TS) and ash content were deter-
mined by drying and burning the samples at 105 °C and 550 °C
overnight, respectively. The VS content was calculated by subtract-
ing the ash from the DM content.

2.6. Sampling and DNA extraction

The microbial community structure was analyzed in each of the
two parallel reactors. For each digester, samples of reactor slurry
were collected every 6-7th day, starting at day 12 and continued
until day 100, yielding a total of 14 sampling points. Sampling of
the inoculum was also carried out. All samples were frozen at
—20 °C immediately after collection, and stored until extraction
of DNA was performed. Repetitive dissociation of the biogas reac-
tor material and harvesting of cells was performed prior to DNA
extraction to recover microorganism absorbed to the organic mate-
rial. In brief, reactor material samples were resuspended in a disso-
ciation buffer, followed by low-speed centrifugation enabling
harvesting of cells dissociated from particles in the liquid fraction.
Direct DNA extraction was carried out according to Rosewarne
et al. (2010), with minor modifications. DNA quality was checked
for protein impurities and DNA degradation on 1% agarose gels,
and DNA was quantified using the Qubit™ fluorometer and the
Quant-iT™ dsDNA BR Assay Kit (Invitrogen, Carlsbad, CA, USA).

2.7. Amplification and sequencing

The 16S rRNA gene of the extracted DNA was amplified with the
broadly conserved primer sets 8F-515R (5'-AGAGTTTGATCCTGG-
3'/5'-TTACCGCGGCTGCT-3') for Bacteria (Hamady et al., 2008)
and 340F-1000R (5’- CCCTAYGGGGYGCASCAG-3'/5'-GGCCATGCA-
CYWCYTCTC-3’) for Archaea (Gantner et al., 2011), targeting the
V1-V3 regions. These primers contained the 454 Life Science pri-
mer A sequence and a unique 8 - nt multiplex identifier

(Hamady et al., 2008). Triplicate amplification of each sample
was carried out under identical conditions, but with unique multi-
plex identifiers. The PCR was performed with an initial denatur-
ation step at 98 °C for 30s., followed by 30 (Bacteria) or 35
(Archaea) cycles consisting of 98 °C for 10s, 58 °C for 30 s and
72 °C for 45 s., and completed by a final elongation step at 72 °C
for 7 s. The concentration of bacterial amplicons was quantified
using the Qubit™ fluorometer and the Quant-iT™ dsDNA BR Assay
Kit (Invitrogen, Carlsbad, CA, USA). Archaeal amplicon concentra-
tions were quantified by agarose gel electrophoresis using the
Quantity One® software (Bio-Rad Laboratories, Hercules, CA) as
fluorometric based quantification led to overestimation of nucleic
acid concentration due to primer-dimer formation of the archaea
primer pair. Equimolar concentrations of bacterial and archaeal
amplicons were pooled prior to purification with NucleoSpin®
Extract Il columns (Marchery-Nagel, Diiren, Germany). The 454/
Roche GS FLX sequencing was performed at the Norwegian
Sequencing Centre in Oslo (www.sequencing.uio.no), using LIB-L
chemistry. All nucleotide sequences obtained in this study have
been deposited in the NCBI Sequence read archive (http://
www.ncbi.nlm.nih.gov/GenBank/index.html) under accession
number SRP043455.

2.8. Phylogenetic analysis of 16S rRNA gene sequences

The reads were quality filtered using the Quantitative Insight
Into Microbial Ecology (QIIME) software package (Caporaso et al.,
2010). Error correction and chimera removal was performed, and
reads were de novo clustered into operational taxonomic sequences
(OTUs) with 97% sequence identity using USEARCH which incorpo-
rates UCHIME (Edgar et al., 2011). Ribosomal database project
(RDP) classifier with a confidence threshold of 0.8 were used to
assign taxonomy to each OTU. The datasets was than rarefied by
random subsampling to the smallest library (sequences/sample),
to normalize and remove sample heterogeneity. Phylogenetic dis-
tance (weighted and un-weighted UniFrac) was used to measure
beta-diversity between all pairs of bacterial communities. Based
on this, deviants of triplicate amplicons were excluded from further
downstream analysis, as such variances might introduce unrepre-
sentative phylogenetic diversity for the digestion sample (this fil-
tering was performed only if one out of three replicates was
clearly divergent from two replicates with high similarity, repre-
senting the same sample). Taxa and OTU tables were generated in
QIIME and used in the downstream statistical analysis. Calypso ver-
sion 3.4 (www.bioinfo.qimr.edu.au/calypso/) was then used for
mining, comparing and visualization of community composition
in correlation to environmental variables. Multivariate analysis
was used to assess associations between reactor performance and
community composition based on the 16S rRNA gene amplicon
sequencing. For this, a redundancy discriminate analysis (RDA)
was applied, with constrained ordination, to examine how much
of the variance in one set of variables (community composition)
could explain the variation in another set of variables (VFA concen-
tration). Permutation tests were applied to assess the significance
of constraints. In addition, co-occurrence and the metabolic func-
tionality were inferred by correlation between genera and environ-
mental variables (concentration of acetate and propionate)
visualized by correlation network maps. Sequences occurring at
<2% of the total reads in at least one sample were excluded in order
to reduce the network complexity. A valid co-occurrence observa-
tion was considered as a robust correlation if the Pearson’s correla-
tion coefficient (r) was minimum 0.6 and statistically significant
(for n samples = 14 per reactor, P-value <0.05, two tailed). In the
datasets used for correlation analysis, the counts per OTU/phylo-
type were summed up for each day of anaerobic digestion.


http://www.sequencing.uio.no
http://www.ncbi.nlm.nih.gov/GenBank/index.html
http://www.ncbi.nlm.nih.gov/GenBank/index.html
http://www.bioinfo.qimr.edu.au/calypso/
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3. Results and discussions
3.1. Performance of the CSTR biogas reactors

Two parallel CSTR reactors (R1 and R2) were run for 100 days
using a mixture of whey permeate and manure as substrate. While
these two reactors were technical replicates, R2 showed lower
biomethane production than R1 (Fig. 1). Likewise, while R1 had a
relatively stable methane content in the biogas throughout the
experimental period (53-56%), the methane content gradually
dropped in R2 reaching 30% at the end of the experiment (data
not shown). Fig. 2 shows the concentration (mM) of two volatile
fatty acids (VFAs; acetic and propionic acid) during the digestion
period for the two reactors. Propionic acid (PA) was the main
VFA found in both reactors, probably produced from easily degrad-
able lactose in the whey, but it reached a much higher concentra-
tion in R2. After 39 days of digestion, PA reached a maximum
concentration of 55.7 mM in R1. Subsequently, PA was rapidly
depleted to a level below 1 mM (Fig. 2), showing that the H, partial
pressure was low enough for anaerobic oxidation of PA to take
place. The maximum concentration of acetic acid (AA), probably
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Fig. 1. Specific methane production for R1 and R2. Each point represents weekly
average.
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formed from propionate, was 10.7 mM after 60 days of digestion.
At the end of the digestion period, the total concentration of VFAs
in this stable R1 reactor was below 10 mM. The initial pH was
approximately 7.6, which gradually decreased to pH 7.1 during
the first 20 days (in both reactors; Fig. S2). In R1, this pH was main-
tained throughout the digestion period.

In R2, PA reached a maximum concentration of 123.5 mM on
day 45. The concentration then gradually decreased, but it
remained high, with a new peak of 95.3 mM appearing at day 74.
The dip in PA concentration between day 45 and 74 correlates with
changes in the feeding regime of R2 (feeding of whey permeate
was stopped at day 43 and resumed at day 58) that were meant
to stabilize the reactor. After day 75, the concentration of PA again
showed a gradual decrease, but this time the decrease was accom-
panied by a rise in AA concentration. Thus, in this phase PA was
converted to AA, but AA was apparently not further processed by
the methanogens, perhaps as a consequence of a drop in pH, from
approximately 7.0 to 6.0 (Fig. S2). Indeed, methane production
went down quite dramatically in this period (Fig. 1). At the end
of the digestion period, VFA levels in R2 were 67.9 mM and
33.7 mM for AA and PA, respectively. Microbial production of PA
(fermentation) is driven by a variety of bacterial strains, for
instance Clostridium propionicum and Propionibacterium spp., (Liu
et al,, 2012). These bacteria can utilize different carbon sources,
such as glucose, glycerol, lactate and also lactose from whey
(Hassan and Nelson, 2012). PA producing bacteria metabolize the
carbon source into pyruvate, which is then converted to succinic
acid and further degraded to PA. AA may be formed as a by-product
(Morales et al., 2006). During anaerobic oxidation, PA is mainly oxi-
dized via the methylmalonyl-CoA pathway yielding AA, H, and CO,
(De Bok et al., 2004). In a stable biogas process AA is rapidly con-
sumed by acetoclastic methanogens, or by SAOBs in synergy with
a hydrogenotrophic methanogenic partner, to form methane. As
the acetoclastic methanogens have been shown to be more sensi-
tive to disturbance and toxic substances, syntrophic action of
SAOBs and hydrogenotrophic methanogens were probably impor-
tant in these reactors. Thus, when hydrogen/-formate regulating
methanogens are active, hydrogen and formate concentration are
low enough the make the degradation of fatty acids energetically
favorable for the acetogens. An accumulation of volatile fatty acids,
as seen in R2, is a typical consequence of unbalanced cooperation
between the fermentative/acetogenetic and methanogenic frac-
tions of the microbial population.

-=---AAinR1
-=--=-PAinR1

— AAinR2

PAin R2

Time [Days]

Fig. 2. Concentration of acetic and propionic acids in R1 (--) and R2 (—). From day 44 R1 was fed a lower whey/manure ratio, while R2 was fed only manure. R2 was again fed
a whey/manure mixture in the period day 58-79, and then only manure again from day 80.
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Accumulation of VFAs is a well-known consequence of feeding
too much of an easily digestible substrate, and a too high loading
rate of the easily degradable whey lactose was probably the reason
for the initial accumulation of PA in both reactors. Tolerable PA
concentrations in biogas reactors vary according to operational
parameters and substrate, ranging from lower than 20 mM to con-
centrations above 50 mM (Ahring et al., 1995; Barredo and Evison,
1991)). The maximum concentration of PA seen in R1 (55.74 mM)
has been reported as potentially inhibiting in other studies, but
was not inhibitory in this study. However, the fact that R2, run
under identical conditions, did never recover from the PA accumu-
lation must mean that the feeding regime was so intense that the
microbial community was operating close to the edge of stability.

3.2. Overall microbial diversity

Phylogenetic analysis of total bacterial and archaeal 16S rRNA
genes was performed in order to characterize the microbial com-
munity composition in the two anaerobic digesters. In total,
374,505 bacterial and 353,074 archaeal raw reads with average
length of approximately 560 bp and 520 bp, respectively, were
obtained from the amplicon library originating from the two reac-
tors and the inoculum sample. The inoculum was collected at
Tomb biogas plant which is treating manure and food waste. 16S
rRNA gene sequencing of the microbial consortia in the raw inocu-
lum showed that it was composed of 40% Firmicutes, 36% Bacteroi-
detes, 12% Chloroflexi, 6% Spirochaetes, 2% Synergistetes in addition
to 4% unclassified bacteria. The archaeal fraction comprised 46%
Methanobacteriales, 45% Methanosarcinales, 5% Methanomicrobiales,
3% Miscellaneous Crenarchaeota group (MCG) and 1% Thermoplas-
mata of the uncultured group E2 (Fig. S3).

After filtering and normalization, 84,285 bacterial and 54,432
archaeal 16S rRNA sequences originating from R1 were clustered
into 718 and 57 OTUs, respectively. The 113,088 and 58,512 reads
obtained after filtering and normalization of the data for R2 were
assigned to 663 and 38 bacterial and archaeal OTUs, respectively.
The OTUs were then assigned to phylogenetic taxa, and for both
reactors, Firmicutes and Bacteroidetes were the dominant bacteria
phyla followed by Spirochaetes, Chloroflexi and Synergistetes
(Fig. S4a and b). Firmicutes and Bacteroidetes are normally found in
a wide range of different habitats, and have a high level of metabolic
diversity. They are frequently observed, and often predominant, in
biogas reactors running on a variety of substrates (Kampmann
etal., 2012; Pope et al., 2013). Synergistetes, Spirochaetes and Chloro-
flexi have also been observed in a number of anaerobic processes,
and Riviére et al. (2009) have defined Chloroflexi and Synergistetes,
in addition to Bacteroidetes, as core microorganisms in anaerobic
digestion.

For both reactors, archaeal representatives were less diverse
than bacteria (Fig. S4c and d). The majority of the archaeal reads
were assigned to the phylum Euryarchaeota. Euryarchaeota is a
deep branch of archaea comprising methanogenic organisms,
including hydrogenotrophic methanogens that dominated in both
reactors. Only a minority of the total archaeal sequences belonged
to Methanosarcinales. As Methanosarcinales are the only archaea
observed in this study capable of performing acetate degradation
to form methane, their low presence indicates that acetoclastic
methanogenesis did hardly occur in the reactors. Since in R1 PA
is converted to AA without accumulation of AA, it seems likely that
SAOBs have played an important role for AA utilization. Recent
studies have shown that SAOBs indeed are abundant in a range
of different biogas plants (Sun et al., 2014), and bacteria potentially
involved in degradation of fatty acids was also observed in both
reactors in this study, as discussed in more detail below. A small
fraction of archaea in R1 and R2 also belonged mainly to the Ther-
moplasmata (clone WCHD3-02), a class of Euryarchaeota frequently

found in anaerobic digestion processes and recently shown to have
a methanogenic lifestyle (Paul et al., 2012).

3.3. Microbial community development and dynamics - bacteria

The OTUs originated from samples taken at different times dur-
ing the digestion period, making it possible to monitor the develop-
ment and dynamics of the microbial community structure. The
relative proportion of the most abundant bacterial OTUs in R1 and
R2 over time, assigned to class based on taxonomic classification
with RDP, is provided in Fig. 3. Comparison of the bacterial commu-
nity dynamics in reactors R1 and R2 revealed that the community
structure varied considerably between the two reactors, despite
the fact that they were run in parallel and originated from the same
inoculum. In brief, more fluctuation of both dominating and less
abundant bacteria and archaea at was seen for R2. As shown in
Fig. 3, Bacteroidetes and Firmicutes were predominant throughout
the digestion period in both reactors. Overall, until day 52, the rela-
tive abundance of Bacteroidetes increased while Firmicutes, espe-
cially Bacilli decreased in both reactors. Moreover, a decrease of
Bacteroidetes and an increase of Bacilli were observed in R2 after
day 52, possibly as a response to the interruption in feeding whey
permeate from day 52 to day 60. However, this trend in R2 went
on also after feeding of whey permeate was continued at day 60
(Fig. 3). Most of the sequences belonging to the phylum Bacteroide-
tes in this study indicated high similarity to Bacteroidia (formerly
referred to as class Bacteroidetes). Species of the Bacteroidetes phy-
lum can serve several roles in anaerobic degradation processes.
They are mostly known as sugar fermenters and plant cellulose
degraders. In addition, protein degradation and subsequent amino
acid fermentation to acetate, propionate and succinate among
strains have been documented (Kampmann et al., 2012).

A majority of the sequences belonging to Firmicutes was classi-
fied as Clostridia and Bacilli. A significant proportion of Firmicutes
was also assigned to unclassified members of the class Clostridia,
with increasing abundance after day 52 in R2. The presence of
the class Clostridia (here mainly comprising unclassified Clostridia
and Clostridiales) in the reactors is in accordance with their abun-
dance observed in several previous studies on anaerobic digestion
process (e.g. Ziganshin et al., 2013). Clostridia are a highly versatile
class of anaerobic bacteria, and represent a major group of hydro-
lyzing and fermentative bacteria, including acetogens and syn-
trophic acetate oxidizing bacteria (Schniirer et al., 1996). On
genus level, a significant number of the sequences classified as
Clostridia had high homology with Clostridium, with generally
decreasing abundance throughout the digestion period (data not
shown). A rapid rise of Clostridia was seen at day 74 in R2, which
could reflect a response on the resumed loading of whey perme-
ated from day 58.

A large fraction of the Bacilli sequences was associated with the
genus Streptococcus, a group of lactic acid bacteria shown to fer-
ment saccharides to produce a wide range of products (Hoskins
et al., 2001). Most Streptococcus bacteria prefer growth on glucose,
but strains (e.g., Streptococcus suis and Streptococcus thermophillis)
with the ability to degrade lactose have also been isolated and
could therefore potentially be participating in the degradation of
the whey (Kilpper-Bdlz and Schleifer, 1987). In this study, the rel-
ative abundance of Bacilli declined drastically in both reactors dur-
ing the first weeks. Moreover, the growth of Bacilli seemed to be
affected by the discontinuous feeding of whey in R2, as the relative
abundance of Bacilli increased when reactor was fed only with cow
manure. A major proportion (~99%) of the Candidate division
WWET1 (phyla Spirochaeta) was assigned to Cloacamonales with
high similarity to the phylotypes Candidatus Cloacamonas and Can-
didate division Cloacamonaceae clone BHB21. In R1, a gradual
decrease in the proportion of Candidatus Cloacamonas was
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observed during the first weeks until a minimum was reached after
52 days. In contrast, considerable fluctuation of Candidatus Cloaca-
monas was observed in R2, with a significant increase of abun-
dance after 88 days. Relative abundance of sequences with high
similarity to Candidate division Cloacamonaceae clone BHB21
increased considerable after 67 days of operation. Candidate phy-
lum TM7 was also dynamically changing during the digestion time,
with different development in the two reactors (data not shown).

Both these uncultured bacteria divisions have been frequently
found in anaerobic processes. Knowledge regarding their metabolic
functions is still poor, but members of Spirochaeta and Candidate
phylum TM7 have been found to utilize glucose (Ariesyady et al.,
2007). Furthermore, organisms related to Candidatus Cloacamonas
have been identified in several anaerobic digesters and are pro-
posed to be syntrophic (i.e., amino acid fermentation and oxidative
propionate degradation) bacteria (Ganesan et al., 2008).
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3.4. Microbial community development and dynamics — archaea

The results for the archaea community analysis are summarized
in Fig. 4, providing dynamics of the most abundant archaeal groups
(order and genus). As for bacteria, more fluctuations were observed
in R2 than in the stable R1. A majority of the archaeal OTUs were
affiliated to Methanobacteriales and Methanomicrobiales. In the ini-
tial phase, the archaeal population shows a clear shifts from domi-
nance of Methanobacteriales to dominance of Methanomicrobiales in
both reactors. Apparently, Methanobacteriales that are dominant in
the inoculum (Fig. S3b) are outcompeted in this phase. Also note
that Methanosarcinales which was abundant in the inoculum
quickly disappears in both reactors. Methanomicrobiales was mainly
identified as the genus Methanocorpusculum. A significant fraction
of the Methanomicrobiales sequences associated to the final sample
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in R1 was affiliated to the recently established family lineage
Methanoregulaceae, members of which have been isolated from pro-
pionic degrading enrichment cultures (Imachi et al., 2008; Sakai
et al., 2012). Methanobacteriales was mainly assigned to the genus
Methanobrevibacter, in addition to a minority of Methanobacterium.
Almost all members of Methanomicrobiales and Methanobacteriales
are hydrogenotrophic methanogens, converting carbon dioxide,
carbon monoxide or formate to methane by using H,. However,
Methanomicrobiales are more metabolically versatile than Methano-
bacteriales and specific strains are, in addition to CO,/H, utilization,
able to grow on a variety of other carbon sources (Liu and Whitman,
2008). The majority of Methanosarcinales sequences had high
homology to Methanosarcina on genus level, and a significant pro-
portion of Methanosarcina was related to the last sample in both
reactors. The gradual increase of the aceticlastic Methanosarcina
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complexity. Networks with min. proportion at 0.5% is provided in S.5.

during the last month of reactor operation in R2 was likely a result
of increased concentration of acetic acid (Fig. 2). However, a drop in
pH was observed in this period (Fig. S2), and this could also be the
reason for increased relative abundance, as members of Methanos-
arcinales may tolerate pH down to 4-4.5. Methanosarcinales was

also present in the initial sample of R2, likely due to high abundance
in the inoculum. Even though it is rather surprising that Methano-
sarcina is absent in the initial sample point (Day 12) for R1, as R1
and R2 initially was parallels, it should be noted that the CSTRs
ran in 12 days before the first microbial sampling point, and that
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the two reactors probably divergent before that, also seen from the
specific methane production (Fig. 1).

The overall low abundance of acetoclastic methanogens (i.e.,
Methanosarcina, Methanosaeta) reinforces the impression provided
by the VFA analysis (discussed in Section 3.1) that SAOBs partici-
pate in acetate conversion during co-digestion of whey and man-
ure. Several Clostridium strains have been isolated and classified
as SAOBs (Schniirer et al., 1996), and although no organisms was
characterized on strain-level in this study, the presence of Clostrid-
ium in both reactors might indicate acetate consumption via syn-
trophic acetate oxidation.

3.5. Correlation between abundance of bacterial groups and
concentrations of propionic and acetic acids

Multivariate analysis was used to evaluate potential correlations
between the bacterial community structure and the concentration
of volatile fatty acids. Redundancy Analysis (RDA) plots were calcu-
lated from the bacterial profiles on order level (Fig. 5). A permuta-
tion test (1999 permutations) was implemented to assess
significance of constraints, showing that the concentration of PA
and AA had influence on the bacterial distribution in R1 (P < 0.01).
Significance influence was also predicted in R2, both for PA and
AA (P < 0.05). The distribution of the samples (representing micro-
bial community compositions at different time points) demon-
strated that the community undergoes continuous dynamic
succession in R1 (Fig. 5a). In contrast, the samples from R2 were
scattered, indicative of an unstable microbial community with high
variability. Correlation hypothesis established from the RDA analy-
sis was further tested by exploring potential co-occurrence patterns
trough network analysis. Networks based on strong (Pearson’s
r<0.6) and significant (P<0.05) correlations are provided in
Fig. 6, showing positive (yellow) and negative (blue) correlations
between the different phylotypes at genus level, PA and AA.

The results from the constrained redundancy analysis showed
that the variation in relative abundance of uncultured strains of
Firmicutes could be explained by the variation in concentration of
propionic acid in the stable reactor, R1. This was confirmed by a
Pearson’s correlation network with low abundant groups (min.
prop. 0.5%, Fig. S5). The network map (Fig. 6a) also demonstrated
a strong positive correlation between PA and Streptococcus, Clos-
tridium, Candidatus Cloacamonas and an unclassified genus of Bac-
teroidaceae. In addition, a strong positive correlation between a
syntrophic group (Synergistales; Dethiosulfovibrionaceae, Dethiosulf-
ovibrionaceae clone HA73), unclassified Porphyromonadaceae of
Bacteroidetes and Candidate division Cloacamonaceae clone
BHB21 also suggest that their growth is enhanced by the presence
of each other. Interestingly, this cluster had a negative correlation
to PA, thus indicating that they are either sensitive to high propi-
onic concentration, or responsible for keeping the level of propio-
nate low in R1. Synergic relationship including sulfate reducers
growing on propionate have been described previously (e.g.,
Boone and Bryant, 1980) and it is tempting to suggest that the thio-
sulfate- and sulfate-reducing bacterial family of Dethiosulfovibrion-
aceae may serve a central role in syntrophic propionate oxidation
in R1. Additionally, both analyses suggested a significant correla-
tion between AA and Erysipelotrichales in R1. In R2, co-occurrence
of AA and Anaerolineales (phylum Chloroflexi) was observed
(Figs. 5b and 6b). Anaerolinaceae (T78 clade) showed significant
negative Pearson’s correlation to PA, which in turn had a negative
correlation to the concentration of AA. Even though members of
Anaerolinaceae previously have been isolated from propionate-
degrading consortia, growth on volatile fatty acids was not sup-
ported for the selected strains (Yamada et al., 2007). Acetate was
shown to be a major product from growth on carbohydrates and
it was also shown that growth of Anaerolinaceae is enhanced in

co-culture with hydrogenotrophic methanogens. The observed
negative correlation of Anaerolinaceae to PA could therefore be an
effect of inhibited methanogens rather than a cause of PA deple-
tion, while the significant rise of acetic acid during the terminal
period in R2 could be generated by members of Chloroflexi,
together with Candidate division TM7-3. A significant correlation
between Candidate division TM7-3 and AA concentration was
observed for both reactors, indicating that this phylotype is playing
a key role in acetic acid metabolism (Figs. 5a and b and 6b).

A microbial community in a habitat that undergoes major fluc-
tuations in environmental variables would be expected to change,
either causing or responding to the environmental changes. How-
ever, comparison of Pearson’s correlation and redundancy analysis
did not provide a consistent explanation of the PA concentration in
R2. Rather, the variation of PA concentration seemed to be linked
to several groups of organisms. Most strikingly, a strong positive
correlation between PA and uncharacterized Bacteroidetes through
Pearson’s correlation was found, while PA seemed to be the driving
force of variation of Synergistales in the redundancy analysis. Even
though correlation plots can be particularly important in order to
infer metabolic functionality and potential in a community deter-
mined by 16S rRNA, it should be in kept in mind that interactions
within anaerobic digesters are very complex, and underlying pro-
cesses may not always be explained by statistical correlation anal-
ysis. While this study reveals relationships between volatile fatty
acids and phylogenetic groups within the microbial community,
the reason for such connections still remains largely unclear. For
example, the positive correlation between propionic acid and
unclassified strains of Firmicutes could be interpreted as either a
microbial response to availability of propionic acid as substrate,
or the cause of accumulation through metabolic activity.

4. Conclusions

The bioreactors in this study were operating on the boundary of
tolerance due to intensive feeding of easily degradable material,
resulting in critical levels of propionic acid in R2, while propionic
acid was degraded leading to recovery of the process in R1. The
depletion of PA in R1 was related to several bacterial groups, indi-
cate that a synergistic propionic acid degrading consortium was
established in the stable reactor. In general, the extent and com-
plexity of synergic interactions in the microbial world is largely
unexplored and further research remains an essential step towards
optimizing the microbial production of biogas.
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Figure S1: Schematic diagram of the experimental setup. Two laboratory-scale (10 L)
continuously stirred tank reactors (CSTR) with a working volume of 6 L were running for 100
days at 37 °C, 180 rpm and a constant hydrolytic retention time of 25 days. Effluent from a
biogas plant running on food waste and cow manure was used as inoculum, and both reactors
were fed with a mixture of whey and cow manure, gradually increased to reach a final organic
loading rate of 2.7 g VS/L/day. Sampling of material for microbial analysis was carried out
every 6-7" day, starting at day 12. Changes in the feeding regime was introduces as a
consequence of observed VFA accumulation in R2.
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Figure S2. pH measurements for the CSTR reactors R1 and R2. The pH in the stable
reactor (R1, black) and the unstable (R2, grey) reactor was continuously measured throughout
the digestion period.
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Figure S3: Taxonomic distribution of bacteria (a) and archaea (b) in the inoculum. The
figures were prepared using the Krona interactive visualization program.
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Figure S4 Taxonomic distribution of bacteria in R1 (a) and R2 (b) and archaea in R1 (¢)
and R2 (d). Absolute counts of reads (rarefied 16S rRNA gene dataset) affiliated to bacteria
and archaea taxa (assigned from phylum to class and genus level, respectively) was
collectively summed up for each reactor. The figures were prepared using Krona interactive
visualization program.
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Figure S5. Network map with high abundant genus (>0.5%) Network map of bacteria
(genus. Min. prop.: 0.5% reads in at least one sample) and the two specific VFAs propionic
acid and acetic acid, showing interactions between all samples of the stable reactor, R1 (a)
and the unstable reactor, R2 (b). Positive correlations are marked with yellow line showing
co-occurring “events”, while negative correlations are shown as blue lines. Each phylotype is
represented by dots, and the size of the dot reflects the relative number of sequences found for
this phylotype. Each connection between two nodes stands for a strong (Pearson’s r > 0.6) and
significant (P-value < 0.05) correlation.
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Abstract A new biogas process is initiated by adding a mi-
crobial community, typically in the form of a sample collected
from a functional biogas plant. This inoculum has consider-
able impact on the initial performance of a biogas reactor,
affecting parameters such as stability, biogas production yields
and the overall efficiency of the anaerobic digestion process.
In this study, we have analyzed changes in the microbial com-
position and performance of an inoculum during storage using
barcoded pyrosequencing of bacterial and archaeal
16S ribosomal RNA (rRNA) genes, and determination of the
biomethane potential, respectively. The inoculum was stored
at room temperature, 4 and —20 °C for up to 11 months and
cellulose was used as a standard substrate to test the
biomethane potential. Storage up to 1 month resulted in sim-
ilar final methane yields, but the rate of methane production
was reduced by storage at —20 °C. Longer storage times
resulted in reduced methane yields and slower production
kinetics for all storage conditions, with room temperature
and frozen samples consistently giving the best and worst
performance, respectively. Both storage time and tempera-
ture affected the microbial community composition and me-
thanogenic activity. In particular, fluctuations in the relative
abundance of Bacteroidetes were observed. Interestingly, a
shift from hydrogenotrophic methanogens to methanogens
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(doi:10.1007/s00253-015-6623-0) contains supplementary material,
which is available to authorized users.
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with the capacity to perform acetoclastic methanogensis was
observed upon prolonged storage. In conclusion, this study
suggests that biogas inocula may be stored up to 1 month with
low loss of methanogenic activity, and identifies bacterial and
archaeal species that are affected by the storage.

Keywords Inoculum - Anaerobic digestion - Methane -
Biogas - Bioenergy - Microbial community

Introduction

Because of limited fossil fuel reserves and accumulation of
greenhouse gases in the atmosphere, a transition away from
fossil fuels is needed (Horn 2013). Thus, alternative energy
technologies are under constant consideration, and the pro-
duction of biogas through anaerobic degradation has become
an important component in the global development of renew-
able fuels (Lorenz et al. 2013; Weiland 2010). Biogas has
traditionally been produced by anaerobic digestion (AD) of
manure, organic wastes and wastewater, but may also be
produced from lignocellulosic biomass (Ahring et al. 2014;
Kafle et al. 2013; Vivekanand et al. 2013). A complete
anaerobic degradation of organic substrates to biogas is
accomplished by a complex microbial community. Large
polymers such as polysaccharides, proteins or lipids are
hydrolyzed to smaller monomeric subunits (hydrolysis).
These monomers are then fermented into organic acids
(acidogenesis), and further degraded to simpler compounds
such as acetate, formate, CO, and H, (acetogenesis). Hydro-
lysis, acidogenesis and acetogenesis are carried out by a large
consortium of bacteria, while the final step, methanogenesis,
is carried out by a group of specialized archaea called
methanogens. Acetoclastic methanogens can utilize acetate
directly to produce methane. Hydrogenotrophic methanogens
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on the other hand, are exclusively using CO, and H,, and can
either utilize these compounds directly from the upstream
metabolic network, or in a two-step pathway where the first
step, acetate oxidation to CO, and H,, is carried out by
syntrophic acetate oxidizing bacteria (SAOB).

Efficient production of biogas depends on many factors
including the type of biomass, the use of pretreatments, the
digestion temperature, and the availability of nutrients and
trace metals (Aubart and Bully 1984; Jimenez et al. 1989;
Shehu et al. 2012). Moreover, the inoculum has a major im-
pact on the kinetics, stability and yield of the AD process
(Elbeshbishy et al. 2012; Lopes et al. 2004; Raposo et al.
2012). These inocula are usually slurries containing a rich
anaerobic microbial community which are used for the start-
up of the AD process in a reactor. The functionality of an
inoculum may be tested by carrying out batch tests to deter-
mine of the biomethane potential (BMP) (Angelidaki et al.
2009) of one or several substrates.

Despite the fact that the inoculum quality is very important
for the start-up of AD processes, studies related to storage and
preservation of inocula are scarce in literature (Castro et al.
2002). Most of such studies have been carried out on anaero-
bic granular sludges (Bae et al. 1995; Shin et al. 1993; Wu
et al. 1995). Usage of fresh inoculum is often recommended,
although it is normally assumed that an inoculum may be
stored for limited time periods (Angelidaki et al. 2009; Shel-
ton and Tiedje 1984). To our knowledge, no systematic study
has been published evaluating the effect of storage on inocu-
lum performance. Moreover, while the general process of AD
leading to methane formation is well known, knowledge re-
garding composition, interactions and dynamics of the micro-
bial communities involved is still limited. In-depth studies of
the phylogenetic diversity of the community may help under-
standing the process and its limiting factors, with the eventual
aim of enhancing biogas production and avoid process failures
(Hagen et al. 2014; Westerholm et al. 2012; Ziganshin et al.
2013). We present a systematic study of the effect of inoculum
storage at room temperature (RT), 4 and —20 °C for different
time periods (1 week; 1, 2, 6 and 11 months) on biogas
production rates and yields. Additionally, we have charac-
terized storage-induced changes in the inocula’s bacterial
and archaeal communities.

Materials and methods

Biogas inoculum

The inoculum used for the storage experiments was collected
from a local biogas plant (Tomb Biogas plant, Norway) run-
ning large scale continuous anaerobic co-digestion of food

waste and cow manure at mesophilic temperature. The inoc-
ulum was pre-incubated at 37 °C for 10 days in order to reduce
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the residual bio-degradable organic fraction and, thus, endog-
enous biogas production. To make the inoculum slurry more
homogeneous, it was passed through a sieve (5 mm) to re-
move large particles. The inoculum was then diluted three
times with sterile water and 400 mL aliquots were added to
555 mL batch bottles. The diluted inoculum had a total solid
(TS) concentration of 1.2 %; the pH was 7.6 and the ammo-
nium concentration 948 ppm. The batch bottles with diluted
inoculum (96 bottles) were sealed and immediately transferred
to RT (36 bottles), 4 °C (30 bottles) or —20 °C (30 bottles) for
storage (Fig. 1). During the inoculum handling described
above efforts were made to minimize exposure to air in all
steps. To ensure safety, pressure generated in the bottles dur-
ing long time storage was regularly released by penetrating the
septum with a needle. Six of the RT bottles were used imme-
diately for analysis and AD, and are referred to as the fresh
sample in this study.

Biogas production

To evaluate the impact of storage on the inoculum, BMP tests
of fresh as well as stored samples were carried out. Cellulose
(Avicel PH101, Sigma, USA) was used as standard substrate.
All BMP tests were conducted in triplicates, meaning that
cellulose was added to three bottles, whereas three other bot-
tles used as a control contained the inoculum only. As sub-
strate, 0.60 g of volatile solid (VS; cellulose) was added. The
bottles were purged with nitrogen for 2 min to ensure anaero-
bic conditions, closed with rubber seals and aluminum screw
caps and transferred to the shaker (Multitron Standard, Infors
HT, Switzerland) for incubation (37 °C, 90 rpm, 40 days)
(Vivekanand et al. 2013). The same procedure was followed
for all the time points and storage conditions described above.
The results are presented with standard deviations derived
from the triplicate experiments.

Analysis

TS and ash contents were determined by drying and inciner-
ating the samples at 105 and 550 °C overnight, respectively.
The VS content was calculated by subtracting the ash from the
TS content.

Gas composition and calculation

Gas composition analysis and calculations were performed
as described by Vivekanand et al. (2013). In brief, biogas
production was monitored by measuring the generated
pressure in the bottle digesters using a digital pressure
transducer (GMH 3161, Greisinger Electronic, Germany).
Gas composition was analyzed in an Agilent micro gas chro-
matograph (Agilent Technologies 3000A, USA), equipped
with a thermal conductivity (TCD) detector and a Poraplot
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Fig. 1 Schematic illustration of the experimental design. Samples for
microbial community analysis were collected immediately after storing
and after a subsequent 40 days of AD in batch fermenters with cellulose
as substrate. Each time point and storage condition required six bottles,

Q column (8 mx0.32 mm; styrene—divinylbenzene polymer)
kept at 45 °C.

A standard mixture of carbon dioxide (35 %) and methane
(65 %) was utilized for single point calibration. Once the pres-
sure and the gas composition had been analyzed, the overpres-
sure in bottle digesters was released by penetrating the septum
with a needle. Using the headspace volume of the bottles and
measurements of methane concentrations as input, the ideal
gas law was applied for calculating methane production dur-
ing the experiments. The reported methane yields are the
values obtained after subtracting endogenous methane pro-
duction from the inoculum alone.

Sampling and 454 pyrosequencing

Slurry (1 ml) from the batch digesters was collected for mi-
crobial community analysis, both before addition of cellulose
and after 40 days of AD. The three samples from the replicates
were pooled and mixed thoroughly prior to DNA extractions.
DNA was extracted according to Rosewarne et al. (2010), with
minor modifications. Amplification of the variable region V1-
V3 of bacteria and archaea was carried out with the broadly
conserved primer sets 8F-515R (5'- AGAGTTTGATCCTGG
-3’/ 5'-TTACCGCGGCTGCT -3') for bacteria and 340F-
1000R (5'- CCCTAYGGGGYGCASCAG -3/ 5'- GGCCAT
GCACYWCYTCTC-3’) for archaea (Gantner et al. 2011;
Hamady et al. 2008). These primers contained the 454 Life
Science primer A sequence and a unique 8 - nt multiplex
identifier (Hamady et al. 2008). PCR amplifications were
performed using iProof High-Fidelity DNA Polymerase

2 months 6 months 11 months
(6) (6) (6)
| | |
2 months 6 months 11 months
(6) (6) (6)
| | |
2 months 6 months 11 months
(6) (6) (6)

three with cellulose and three without added cellulose (to correct for
endogenous methane production; these bottles were not sampled for
community analysis). In total, the experiment required 96 batch bottles

(Bio-Rad, Hercules, CA, USA) with the following cycle
conditions: initial denaturation step at 98 °C for 30 s.,
followed by 30/35 (bacteria/archaea) cycles consisting of
98 °C for 10 s, 58 °C for 30 s and 72 °C for 45 s, completed
by a final extension at 72 °C for 7 s. Triplicate amplification
of each sample was carried out under identical conditions,
but with unique multiplex identifier. DNA quality was
checked for DNA degradation and protein impurities by
agarose gel electrophoresis. The concentrations of bacterial
amplicons were quantified using a Qubit™ fluorometer and
the Quant-iT™ dsDNA BR Assay Kit (Invitrogen), while
the concentration of archaeal amplicons was quantified by
agarose gel electrophoresis and the software Quantity One
band intensity calculation (Bio-Rad Laboratories). Equimo-
lar concentrations of bacterial and archaeal amplicons were
pooled prior to purification with NucleoSpin® Extract 11
columns (Machery-Nagel, Diiren, Germany). Four hundred
fifty four pyrosequencing was performed in a GS FLX sys-
tem (Roche) at the Norwegian High-Throughput Sequencing
Centre (NSC, Oslo, Norway).

All reads were processed using the QIIME v.1.6.0 software
package (Caporaso et al. 2010), and reads were removed if
they contained homopolymer run exceeding 6 nt, were shorter
than 350 nt in length and/or had a mean quality score below
25. Chimera reads were removed from the dataset using
UCHIME incorporated in USEARH (Edgar et al. 2011). A
threshold of 3 % dissimilarity (‘species level’) between 16S
ribosomal RNA (rRNA) gene sequences was used to cluster
reads into operational taxonomic units (OTUs) (Edgar 2010).
Ribosomal Database Project (RDP) Classifier with a
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confidence threshold of 0.8 was used to assign the OTUs to
known taxons (Wang et al. 2007). Singletons were excluded
by filtering out OTUs observed fewer than two times across
all samples. The samples were further normalized to the
smallest library to remove sample heterogeneity, thus gener-
ating the final datasets used for diversity analysis. A principal
coordinate analysis (PCoA) of unweighted UniFrac distances
was used to determine how the diversity among samples
changed in response to storage time and temperature. To de-
termine if the differences observed in the PCoA plot were
significant, a statistical significant test was applied on the un-
weighted UniFrac distance matrices. The parametric p-values
were calculated performing two-sample Student’s t-tests, while
nonparametric p-values were calculated using Monte Carlo per-
mutation (n=1000). Community profiles were visualized as
OTU heatmaps with hierarchical clustering that were generated
using Calypso v.3.4 (http://bioinfo.qimr.edu.au/calypso/).

Data accessibility

Sequence data are available at NCBI Short Read Archive
under accession number SRP049062.

Results

Biogas production from inocula stored under different
conditions

The performance of fresh as well as stored inoculum samples
was analyzed by determining the BMP of cellulose. Cumula-
tive methane production curves for all samples are shown in
Fig. 2. The final methane yield from the fresh inoculum was
372 mL/gVS (Fig. 2a) and reached a plateau after about
20 days of incubation, most likely due to complete degrada-
tion of cellulose. Figure 2 shows that storage time up to
1 month did not affect methane yields, regardless of the
storage temperature. However, although the final biogas
yields for the frozen inoculum were similar to those for
inocula stored at RT or 4 °C, the initial rate of the biogas
production was lower, indicating slow recovery of the micro-
bial community after preservation by freezing (Fig. 2b and c).
Longer term storage (between 2 and 11 months) resulted in
both reduced rates and yields of biogas production for all
storage conditions (Fig. 2d-f), with storage at RT giving
the best results and storage at —20 °C the worst. Moreover,
inocula stored for 6 and 11 months performed equally.

Characterization of microbial communities
Microbial community compositions were characterized using

16S rRNA gene sequencing. In total, 336, 107 and 236,824
raw reads were obtained from the amplicon library originating
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from this inoculum storage study. Of these, 296,287 bacterial
and 226,558 archaeal 16S rRNA sequences had sufficient
quality (longer than 350 nt, mean quality score above 25) for
downstream analysis. Of the sequences, 19.9 and 9.8 % (bac-
teria and archaea, respectively) were further discharged as
chimeras or singletons. Finally, an average of 2508 and 2684
(bacteria and archaea, respectively) reads per amplicon sample
were obtained, and normalized to the smallest library size
(1210 bacteria reads/amplicon sample and 1000 archaea
reads/amplicon sample) for downstream analysis. Sample
coverage (Good’s coverage) for each amplicon sample is giv-
en in Supplemental Table S1. Figure 3 shows community-
level comparisons of the samples based on unweighted
UniFrac (qualitative 3-diversity) phylogenetic distances. Each
point represents the community in a specific sample (three
points per sample due to triplicated amplification), and points
within dashed circles originate from samples collected prior to
AD of cellulose. Statistical analyses performed on unweighted
UniFrac distance matrices for significance testing can be
found in the Supplementary material, Figure S1 and Table S2.

Comparison of the two principle coordinate (PCoA) plots
in Fig. 3 (a and b), color coded for either temperature or time,
shows that bacterial communities cluster more distinctly due
to time of storage (Fig. 3b) than temperature of storage
(Fig. 3a). The bacterial communities present after storage
and before AD (inside dashed circles) appear in two clusters;
one comprising the samples originating from fresh inoculum
and those stored for less than 1 month, whereas the other
contains the majority of samples originating from inoculum
stored for 1 month or longer (with the exception of samples
stored at —20 °C for 1 month; Fig. 3b). Notably, the present
analysis does not discriminate between dead and viable cells
and both factors need to be taken into account when
interpreting Fig. 3. In particular, the clustering of inocula fro-
zen for 1 month with fresh inocula, rather than with inocula
stored for 1 month under other conditions, could be due to
better preservation of the DNA of dead bacteria.

Comparison of the data for samples taken after 40 days of
AD shows clustering of the fresh inocula and inocula stored
for 1 week at RT or 4 °C. Similar to the samples taken prior to
AD, time of storage (Fig. 3b) had greater influence on the
community composition than temperature (Fig. 3a). The data
clearly show that freezing (Fig. 3a, Fig. Sla) and long-time
storage (11 months; Fig. 3b, Fig. S1b) have a significant effect
on the community, as suggested by the effect of both factors
on biogas production (Fig. 2). Somewhat surprisingly, inocula
stored for 1 month at RT or 4 °C cluster in the proximity of
less-well-performing inocula stored for longer periods, while
they perform as well as fresh inocula in terms of methane yield
(Fig. 2c). With exception of this observation, the bacterial
community data displayed in Fig. 3 show clear effects of stor-
age that correlate with observed changes in the performance of
the inoculum in AD. In terms of the archaeal communities
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temperature (RT); (e), 4 °C; (*), —20 °C. Endogenous methane

before AD, the samples cluster more or less together (Fig. 3¢
and d), yet are less defined than the bacterial component of the
communities. Samples collected after AD show clustering of
the archaeal communities based on temperature (Fig. 3¢) rath-
er than time (Fig. 3d). The samples stored at —20 °C segregate
from the other samples, which form a dispersed cluster. The
structural shift in the archaeal composition of inoculum stored
at freezing compared to fresh and/or to those stored at room
temperature and 4 °C was statistically significant (Supplemen-
tal Figure Slc-e).
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production from the inoculum alone, measured in parallel control
digestions without added substrate, was subtracted. The error bars
indicate the standard deviation for the triplicates

Figure 4a shows that overall, Bacteroidetes, Firmicutes and
Spirochaetes dominated the bacterial phyla, whereas the less
abundant but still consistently observed phyla included
Synergistetes, Chloroflexi and Proteobacteria. 1t also illus-
trates considerable variation in the microbial communities in
relation to both time and storage temperature. Quite consis-
tently, conditions that reduced biogas yields, i.e. storage for
longer time and/or lower temperature (Fig. 2) were associated
with a decrease in the abundance of Bacteroidetes accompa-
nied by an increase in the relative abundance of the
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Firmicutes. Although the relative abundance of several bacteria
phylotypes fluctuated in relation to storage conditions, overall
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originate from samples taken prior to the addition of cellulose, while the other
dots represent samples taken after 40 days of digestion. The total number of
samples in each plot is 96: 45 samples before adding cellulose (three storage
conditions, five storage times, three replicates) + 45 samples after digestion
of cellulose + 3 fresh samples before and after digestion of cellulose)

community compositions look quite similar as also indicated
by the clustering, albeit disperse, shown in Fig. 3a and b. The
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Fig. 4 Abundance of phylotypes in inoculum stored under different
conditions. The graphs show the relative abundance (% of total 16S
rRNA sequences) of bacteria, at the phylum level (a), and archaea, at
the order level (b) identified in batch digesters after anaerobe digestion
of cellulose for 40 days at 37 °C, using an inoculum stored at room

three conditions that seem to segregate from the dispersed clus-
ter of Fig. 3a and b (fresh + storage for 1 week at RT or 4 °C)
show quite similar bacterial communities (Fig. 4a). Samples
stored for 11 months form a subcluster in Fig. 3b. Figure 4a
shows that one of the most prominent peculiarities of these
samples is a relatively large fraction of Proteobacteria.

Figure 4b shows large variation in the archaeal communities.
Freezing had a considerable effect, regardless of storage time,
initially manifested as an increasing dominance of
“Miscellaneous Crenarchaeota Group” (MCG) and reduction
in the relevant abundance of the hydrogenotrophic
Methanomicrobiales. Generally, Methanomicrobiales (genus;
Methanoculleus) and MCG (clone GrfC26) were the prominent

80% 90 % 100 % Unclassified

temperature, 4 or —20 °C for different periods of time. In this graph,
sequences representing triplicated amplicon for the same sample were
compiled. The names of the most abundant phylotypes are printed in
bold face

archaea after AD with inoculum stored up to 2 months. After
1 month of storage, major shifts occurred. First, after 2 months
of storage, increased relative abundance of hydrogenotrophic
Methanomicrobiales was observed, also in the frozen samples,
but longer storage led to a marked shift from hydrogenotrophic
methanogens to methanogens also capable of acetolastic
methanogenesis, reflected in a strong dominance of
Methanosarcinales (genus; Methanosarcina) in all samples
stored for 6 or 11 months (Fig. 4b). The marked changes in
archaeal community composition were also evident in the
UniFrac analysis (Fig. 3¢ and d), indicating that storing the
inoculum for more than 2 months at RT, 4 and —20 °C not
only affected the relative abundance of specific organisms
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but also the overall community composition and the ability
of specific subpopulations to recover from storage.

Identification of microorganisms sensitive to storage

Because the storage strategy clearly affected the composition
of the microbial community and the relative abundance of
several bacterial and archaeal lineages, we attempted to iden-
tify the effect of storage on specific species. The abundance of
operational taxonomic units (OTUs) was assessed for all sam-
ples collected after AD. In total, 1308 bacterial OTUs and 177
archaeal OTUs were obtained and a listing of the most abun-
dant OTUs is shown in Table 1.

Overall, the most abundant bacterial OTUs in the total
dataset for samples collected after 40 days of AD revealed a
predominance of BAC OTU2 (Bacteroidales), BAC OTUI1
(Candidatus Cloacimonas) and BAC _OTU 253 (Candidatus
Cloacimonas). The most abundant Archaeal OTU by far was
ARC OTU1 (MCQG), followed by OTUs like ARC OTU 4
(Methanoculleus), ARC_OTUS and ARC OTU9 (both
Methanosarcina). To assess the sensitivity of individual spe-
cies, the OTUs were clustered into bacterial (Fig. 5a) and
archael (Fig. 5b) heatmaps. In the bacterial community,
BAC OTUI1 and BAC OTU253 (Fig. 5a), both classified as
Candidatus Cloacimonas, diminished upon storage for longer
than 1 month. The relative abundance of two major OTUs
related to Bacteroidetes/Bacteroidales (BAC_OTU2 and
BAC OTUI14)also decreased with more extreme storage con-
ditions, as well as a decline of the Ruminococcaceae-related
OTU, BAC OTUS3. On the other hand, an increase of several
OTUs was seen in inoculum stored over longer time, e.g.
BAC _OTU38 and BAC_OTU46 (both (3-Proteobacteria be-
longing to the family Alcaligenaceae).

The heatmap for the archaea (Fig. 5b) indicates that
predominant ARC_OTU?2, affiliated to hydrogenotrophic
Methanospirillium, is sensitive to storing, as the scaled
and normalized abundance decreased drastically when kept
at cold temperature (both 4 and —20 °C) as well as at
room temperature for more than 1 month. The same pat-
tern was observed for ARC OTU4 and ARC OTUI145,
both affiliated to the overall dominant lineage of
hydrogenotrophic Methanoculleus. Another dominant
hydrogenotrophic methanogen, Methanobravibacter
(ARC _OTU3) seemed to thrive at 4 °C, but tolerated storage
over longer time poorly. The heatmap further shows that the
relative abundance of several Methanosarcinales-related
OTUs, including ARC OTUO, ARC OTUS, ARC OTU9,
OTU20, ARC_OTU24 and ARC_OTU44, increases after stor-
age for 6 or 11 months (Fig. 4b). Additionally, ARC_OTU21,
ARC_OTU75 and ARC_OTU179 all belonging to
Methanosarcinales also show a similar pattern in the heatmap,
but are overall less abundant (not shown in Table 1).
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Discussion

The present study provides a comparison of a starter culture
(inoculum) stored at different temperatures and times to inves-
tigate how such storage influences the microbial community
and its ability to produce methane. The result reveals that
storage of inoculum affects both methane production and mi-
crobial community composition.

The methane production data (Fig. 2) show that room tem-
perature is the best storage temperature for the inoculum ap-
plied in this study. Storing the inoculum at —20 °C for 6 and
11 months had the most negative impact, reducing the meth-
ane yield by more than 60 % compared to the yield obtained
with fresh inoculum. As for acceptable storage times, the re-
sults presented in Fig. 2 clearly show that storage of inocula
used for anaerobic degradation should not exceed 1 month.
The observed methane yields from this experiment are in good
agreement with methane yields from cellulose reported by
other researchers (Diaz et al. 2011; Risberg et al. 2013). Thus,
the fresh inoculum was a well-functioning microbial commu-
nity for biogas production from cellulose. The microbial
groups dominating in this inoculum, Bacteroidales,
Candidatus Cloacimonas, MCG, Methanoculleus and
Methanosarcina are in agreement with the microbial commu-
nity compositions found in CSTR biogas reactors inoculated
from the same biogas plant (Hagen et al. 2014).

Previous studies attempting to assess the impact of storage
on microbial communities have yielded conflicting results. In
a recent study, Rubin et al. concluded that both storage time
(up to 14 days) and temperature (RT, 4 and —20 °C) affect the
microbial community composition in soil samples, yet only to
a minor extent compared to the diversity of communities
across individual sample sites (Rubin et al. 2013). Lauber
etal. (2010) observed that storage for up to 14 days at different
storage temperatures (20, 4, —20 or —80 °C) did not have
significant effects on microbial communities in samples from
a variety of habitats. In contrast, both Ott et al. (2004) and
Tzeneva et al. (2009) observed considerable changes in
the microbial diversity after storing of fecal and soil sam-
ples, respectively. All these previous studies focused on
the bacterial composition immediately after storage, which
yield limited information due to the inability to separate
dead and live cells.

The unique contribution of this study is the evaluation of
longer storage times and the investigation of the functional
potential of the community, which relates to viability, after
storage. To the best of our knowledge, this is also the first
study to investigate storage effects on both archaea and bac-
teria. Our findings indicate that storage up to 1 month has only
moderate effects on community performance in AD.

A large fraction of the microbial community in the fresh
inoculum belonged to the Bacteroidetes and the Spirochaetes
phyla. In general, Bacteroidetes seemed to handle extreme
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Table 1

37 °C) of cellulose in reactors that were inoculated with stored inoculum

Lists of archaeal (ARC) and bacterial (BAC) operational taxonomic units (OTU) that were most abundant after anaerobe digestion (40 days,

ID archaea Count” % oftotal Consensus lineage ID bacteria Count”® % oftotal Consensus lincage
count” count®
ARC OTUI 6281 13.09 MCG (pGrfC26) BAC OTU2 5579  9.61 Bacteroidetes; o_Bacteroidales
ARC OTUS 3803 7.92 Methanosarcinales; BAC OTU1 5380 9.26 Spirochaetes; g_Candidatus
g_Methanosarcina Cloacimonas
ARC OTU4 3348 6.98 Methanomicrobiales; BAC OTU253 5084 8.75 Spirochaetes; g_Candidatus
g Methanoculleus Cloacimonas
ARC OTU9 3304 6.88 Methanosarcinales; BAC OTUI1221 3394 5.84 Spirochaetes; g_Candidatus
g_Methanosarcina Cloacimonas
ARC_OTU3 2881 6.00 Methanobacteriales; BAC_OTU6 3275 5.64 Spirochaetes; g_Treponema
g_Methanobrevibacter
ARC OTU163 2509 5.23 MCG (pGrfC26) BAC OTU3 1799 3.10 Firmicutes; f Ruminococcaceae
ARC_OTU36 2204 4.59 MCG (pGrfC26) BAC_OTU7 1502 2.59 Firmicutes; g_Clostridium
ARC_OTU2 2111 4.40 Methanomicrobiales; BAC_OTUO 1469  2.53 Bacteroidetes; o_Bacteroidales
g_Methanospirillum
ARC OTU25 2084 4.34 MCG (pGrfC26) BAC OTU4 1457 2.51 Bacteroidetes; £ Porphyromonadaceae
ARC_OTUI2 1889 3.94 Methanomicrobiales; BAC_OTUI12 1077 1.85 Firmicutes; c_Clostridia (OPB54)
Methanoculleus
ARC_OTU7 1326 2.76 MCG (pGrfC26) BAC_OTUS 940 1.62 Chloroflexi; f Anaerolinaceae (T78)
ARC OTU32 1324 2.76 Methanomicrobiales; BAC OTU24 865 1.49 Firmicutes; g Clostridium
g Methanoculleus
ARC OTU24 1128 2.35 Methanosarcinales; BAC OTUI1 747 1.29 Bacteroidetes; f Porphyromonadaceae
g_Methanosarcina
ARC_OTUO 1087 2.26 Methanosarcinales; BAC OTU14 522 0.90 Bacteroidetes; o_Bacteroidales
g_Methanosarcina
ARC OTU63 1003 2.09 Methanomicrobiales; BAC OTU13 513 0.88 Firmicutes; g_Clostridium
g Methanoculleus
ARC_OTUS 918 191 Methanomicrobiales; BAC_OTUS593 484 0.83 Bacteroidetes; £ Porphyromonadaceae
g Methanoculleus
ARC _OTU26 701 1.46 Methanomicrobiales; BAC OTU28 449 0.77 Firmicutes; g_Clostridium
g Methanoculleus
ARC_OTU44 575 1.20 Methanosarcinales; BAC_OTU21 445 0.77 Synergistetes; f Thermovirgaceae
g Methanosarcina
ARC_OTU13 530 1.10 Methanomicrobiales; BAC_OTU10 435 0.75 Firmicutes; g_Clostridium
s_Methanoculleus
bourgensis
ARC OTU20 487 1.01 Methanosarcinales; BAC OTU30 419 0.72 Bacteroidetes; f Marinilabiaceae
g Methanosarcina
ARC OTUI10 472 0.98 Thermoplasmata group BAC OTU398 399 0.69 Bacteroidetes; o_Bacteroidales
E2 (WCHD3-02)
ARC OTU145 417 0.87 Methanomicrobiales; BAC OTU25 385 0.66 Bacteroidetes; f Porphyromonadaceae
g_Methanoculleus
ARC_OTU43 399 0.83 MCG (pGrfC26) BAC OTUI1225 377  0.66 Spirochaetes; g_Candidatus
Cloacimonas
ARC OTUI1S5 388 0.81 Methanomicrobiales, BAC OTU23 370 0.65 Firmicutes; ¢ RF3 (ML615J-28)
g Methanoculleus
ARC_OTU38 310 0.65 MCG (pGrfC26) BAC_OTU33 328 0.65 Firmicutes; g_Sedimentibacter
ARC_OTU179 308 0.64 Methanosarcinales; BAC_OTU130 319 0.64 Spirochaetes; g_Candidatus
g Methanosarcina Cloacimonas
ARC OTUI11 298 0.62 Thermoplasmata group BAC OTU38 284 0.56 Proteobacteria; f Alcaligenaceae
E2 (WCHD3-02)
ARC OTU21 289 0.60 c_Methanomicrobia BAC OTU46 280 0.55 Proteobacteria; f Alcaligenaceae
ARC OTU64 279 0.58 MCG (pGrfC26) BAC OTU9 264 0.51 Firmicutes; f Clostridiaceae
ARC OTU75 274 0.57 Methanosarcinales; BAC _OTU499 243 0.49 Spirochaetes; g_Treponema
g Methanosarcina
ARC OTU31 236 0.49 MCG (pGrfC26) BAC OTUS7 236 0.49 Synergistetes; g_Aminobacterium
ARC_OTU6 219 0.46 Methanobacteriales; BAC_OTU60 236 0.48 Chloroflexi; f_Anaerolinaceae (T78)

g Methanobrevibacter
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Table 1 (continued)

% of total
count®

ID archaea Count® Consensus lineage

ID bacteria

% of total
count®

Count® Consensus lineage

ARC OTUI19 175 0.36 Thermoplasmata group

E2 (WCHD3-02)

ARC OTU22 171 0.36 MCG (pGrfC26)
ARC _OTU76 110 0.23 Methanomicrobiales; g
Methanoculleus

BAC_OTUS1 189 0.47

BAC_ OTU40 187  0.46

Proteobacteria; f Alcaligenaceae

Unclassefied bacteria

The relative abundances relate to the complete dataset comprising all 40-day samples, and the table only displays OTUs representing>2 % of total reads
in at least one sample. The development in the relative abundance of these OTUs in response to temperature and storage time is addressed in the main text
and in Fig. 5, showing heatmaps. The OTUs were assigned to consensus lineages using RDP classifier. Taxa are mostly indicated at order level (archaea)
or phylum level (bacteria); in addition, the deepest possible lineages are displayed (c; class, f; family, g; genus, s; species)

Indicates the total number of reads associated to the respective OTU, only captured for samples collected after 40 days of anaerobic digestion with

cellulose as reference substrate

® Proportion of reads associated to the respective OTU, shown as percentage of all reads for archaea after 40 days of AD, including low abundant not

given in the current table

storage conditions (i.e. longer time and/or colder temperature)
more poorly than members of the phylum Firmicutes. Several
members of Bacteroidetes have the ability to hydrolyze
cellulose (Hatamoto et al. 2014; Naas et al. 2014). Thus,
the waning presence of in particular two major OTUs
related to Bacteroidetes/Bacteroidales (BAC OTU2 and
BAC OTU14), coinciding with an overall decrease in the rel-
ative abundance of the phylum Bacteroidetes (Fig. 4a), could
lead to reduced biomass depolymerization activity and, thus, a
decrease in BMP. Moreover, Ruminococcaceae (phylum
Firmicutes) consist of several well-known cellulolytic bacteria
species abundant in the digestive tracts of ruminants, and the
decline of Ruminococcaceae-related OTUs during storage may
also, to some extent, explain the decreased BMP. Another bac-
terium decreasing with inoculum storage was the uncultured
bacterium Candidatus Cloacimonas. Candidatus Cloacimonas
is thought to play a central role in syntrophic degradation of
acetic acids in cooperation with hydrogen consumers (Chouari
et al. 2005; Solli et al. 2014). As several hydrogenotrophic
methanogens did also tolerate storage over time poorly, this
indicates a reduced methane production by the syntrophic
pathway after long term storage. Methane was still produced,
albeit at decreased rates, indicating an increased role of the
acetoclastic pathway to convert acetate to methane. Interesting-
ly, several bacterial OTUs were enriched after AD with inocu-
lum stored over longer periods. Two of these OTUs,
BAC OTU38 and BAC_OTU46 belong to the family
Alcaligenaceae, which are known to thrive in cold environ-
ments (Zilouei et al. 2006).

The methanogens in the archaeal community were also
influenced by storage condition of the inoculum. The in-
creased relative abundance at long time storage of OTUs
affiliated to Methanosarcinales strongly indicates that spe-
cies belonging to this mixotrophic (capable of both
acetoclastic and hydrogenotrophic methanogenesis) lineage

@ Springer

generally tolerate storage over longer periods and/or lower
temperature better than other methanogens found in the
current inoculum. In general, Methanosarcina sp. is as-
sumed to be more resistant than most other methanogens
towards several forms of stress, including temperature (De
Vrieze et al. 2012). Moreover, Methanosarcina has previ-
ously been shown to be active in natural habitats with
moderate to cold temperatures (Schmidt et al. 2014). The
fact that this methanogen grows in aggregates might make
them less vulnerable to external stresses, and they also
have a relatively high growth rate (Ferry 1993). Our mi-
crobial community data indicates that cold and/or long
term storage of methanogenic microbial cultures might
lead to a shift from hydrogenotrophic to acetoclastic methane
production. This hypothesis is reinforced by the decrease of
SAOB. Interestingly, such shifts from hydrogenotrophic to
acetoclastic methanogenesis have recently been shown to oc-
cur after thawing permafrost (McCalley et al. 2014). However,
it should be emphasized that relative abundance in general
does not necessarily reflect microbial activity. The lag phase
prolonged and methane production declined when the inocu-
lum used for AD was stored for long time and at cold temper-
atures, indicating that the observed community composition
(i.e. increased abundance of Methanosarcina) reflects the
presence of this methanogens rather than its methanogenic
activity. Analysis of short-chain fatty acid concentrations in
the batch bottles at day 40 revealed that there were no accu-
mulations of acetic acid, propionic acid or butyric acid. pH
was also stable and similar in all the batch bottles (results not
included). This indicates that lower production of methane
was a result of less degradation of the cellulose substrate, i.c.
that the hydrolysis step was rate-limiting. Previous studies
have found that the methanogenesis rather than hydrolysis/
acidogenesis is the rate-limiting step at psychrophilic temper-
atures (Bowen et al. 2014; Kotsyurbenko et al. 2001). In
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Fig. 5 Heatmaps of the complete sample set collected after AD of
cellulose with inoculum stored under different conditions for bacteria
(a) and archaea (b). In this graph, sequences representing triplicated
amplicon for the same sample were compiled. Storage conditions are
ordered vertically and scaled OTUs are ordered horizontally. Low
abundant OTUs were removed by only including OTUs representing>

addition to the detection of methanogenic archaea, several of
the archaeal OTUs were affiliated to an uncultured archaeal
lineage assumed to be non-methanogenic, yet often found in
biogas reactors. This group, MCG, is a highly versatile
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high abundance; the coloring scale is shown in the insets. Hierarchical
clustering-based Euclidean distance between the rows is shown in the
dendogram on the left

archaeal group with large genetic variation whose physiolog-

ical functions remain unknown (Meng et al. 2013).
Although microbial analysis immediately after storage

(Fig. 3, Supplemental Figure S2) did reveal some changes in
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the relative abundance of bacterial and archaeal phylotypes,
the distribution of dominant bacteria phyla and, to a lesser
extent, archaeal phyla, was preserved during storage. Environ-
mental samples are often stored directly at =20 or —80 °C
without addition of glycerol prior to microbial community
studies or metagenomic analysis. This sample handling is
probably sufficient for revealing the microbial composition,
but not for functionality analysis. Our findings suggest that
cold storage (4 and —20 °C) over a longer period, as well as
long time storage at room temperature does reduce the me-
thanogenic activity of the microbial community. In particular,
inocula stored at 11 months at RT or 4 °C showed no large
difference in composition before and after AD incubation,
reflecting the minor methanogenic activity after long-time
storage suggested by a very low BMP.

In Europe, there is a growing interest to use biogas to com-
plement other renewable energy sources, i.e. to produce elec-
tricity from biogas when it is dark or the wind is not blowing.
This would imply flexible biogas production where the output
of a biogas plant is regulated by the feeding regime. In prac-
tice, this means that the biogas plant will be “dormant” in
periods, before starting up again when the demand of electric-
ity rises. In this way, long term storage of biogas can be re-
duced and the energy provision can shift between the weather-
independent biogas generation and an uncontrolled energy
source to maintain a constant energy production. The idea of
demand-driven flexible biogas supply is relatively novel, and
only a few evaluations of discontinuous gas production have
been published recently (Hahn et al. 2014; Mauky et al. 2015).
One realistic scenario is to design flexible biogas reactors that
operate in combination with solar energy, as the sun provides a
highly variable energy source on daily basis as well as sea-
sonal changes. This can be implemented by feeding only dur-
ing defined periods of the day, both to compensate for limited
access to sun light (day vs. night, weather) and to match fluc-
tuation in electricity consumption. Another scenario applica-
ble in the North-European countries, e.g. Norway, is to design
flexible biogas reactors operating only during autumn/winter
season when the lack of solar energy is high. This would also
synchronize well with autumn harvest of possible bioenergy
crops. The biogas plant will then be dormant during spring/
summer season when other energy sources (i.e. solar) are ac-
tive, saving biomass and minimizing gas storage needs and
operational costs. In order to re-start the biogas process after a
dormant period, the microbial starter culture should be of high
quality, with functional and adaptive, “ready-to-action” mi-
croorganisms. Taking the results from the present study in
consideration, we suggest that such “dormant bioreactors”
should be fed with fresh substrate at least once every month
to maintain the microbial activity in the plant.

In conclusion, to maintain high biogas activity in a microbial
starter culture, freezing should be avoided and storage should
be limited to a period of maximally 1 month at RT or 4 °C.

@ Springer

Long-time storage in cold environments was shown to be par-
ticularly harmful for biogas activity. The most notable change
in the microbial community was a shift from dominance of
hydrogenotrophic to dominance of acetoclastic methanogens.
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Supplemental table

Table S1: Good’s coverage values calculated from bacterial and archaeal 16S rRNA amplicon library
generated from 454 Roche/pyrosequencing.

Storage condition Good's Storage condition Good's Storage condition Good's
coverage coverage coverage
Start Fresh 1 0,978 End Imonth RT 1 0,954 Start 6months -20C 1 0,951
Start Fresh 2 0,984 End Imonth RT 2 0,950 Start 6months -20C 2 0,933
Start Fresh 3 0,986 End Imonth RT 3 0,961 Start 6months -20C 3 0,948
End Fresh 1 0,987 End Imonth 4C 1 0,955 End 6months RT 1 0,915
End Fresh 2 0,984 End Imonth 4C 2 0,953 End 6months RT 2 0,905
End Fresh 3 0,971 End Imonth 4C 3 0,954 End 6months RT 3 0,926
Start 1week RT 1 0,983 End Imonth -20C 1 0,957 End 6months 4C 1 0,899
Start 1week RT 2 0,988 End Imonth -20C 2 0,962 End 6months 4C 2 0,923
Start 1week RT 3 0,983 End Imonth -20C 3 0,961 End 6months 4C 3 0,925
Start 1week 4C 1 0,974 Start 2months RT 1 0,937 End 6months -20C 1 0,929
Start 1week 4C 2 0,983 Start 2months RT 2 0,946 End 6months -20C 2 0,927
Start 1week 4C 3 0,982 Start 2months RT 3 0,938 End 6months -20C 3 0,922
Start 1week -20C 1 0,983 Start 2months 4C 1 0,938 Start 11months RT 1 0,933
Start 1week -20C 2 0,990 Start 2months 4C 2 0,932 Start 11months RT 2 0,941
<¢ | Start lweek -20C 3 0,981 Start 2months 4C 3 0,926 Start 11months RT 3 0,939
~ End Iweek RT 1 0,981 Start 2months -20C 1 0,951 Start 11months 4C 1 0,940
E End Iweek RT 2 0,970 Start 2months -20C 2 0,939 Start 11months 4C 2 0,928
i‘é End Iweek RT 3 0,980 Start 2months -20C 3 0,929 Start 11months 4C 3 0,936
M | End Iweek 4C 1 0,975 End 2months RT 1 0,936 Start 11months -20C 1 | 0,944
End Iweek 4C 2 0,983 End 2months RT 2 0,947 Start 11months -20C 2 | 0,953
End Iweek 4C 3 0,981 End 2months RT 3 0,950 Start 11months -20C 3 | 0,943
End Iweek -20C 1 0,966 End 2months 4C 1 0,922 End 11months RT 1 0,958
End Iweek -20C 2 0,961 End 2months 4C 2 0,916 End 11months RT 2 0,958
End Iweek -20C 3 0,947 End 2months 4C 3 0,919 End 11months RT 3 0,945
Start 1month RT 1 0,961 End 2months -20C 1 0,941 End 11months 4C 1 0,946
Start 1month RT 2 0,957 End 2months -20C 2 0,942 End 11months 4C 2 0,954
Start 1month RT 3 0,965 End 2months -20C 3 0,939 End 11months 4C 3 0,951
Start 1month 4C 1 0,961 Start 6months RT 1 0,950 End 11months -20C 1 0,935
Start 1month 4C 2 0,966 Start 6months RT 2 0,949 End 11months -20C 2 0,932
Start 1month 4C 3 0,961 Start 6months RT 3 0,968 End 11months -20C 3 0,930
Start 1month -20C 1 0,986 Start 6months 4C 1 0,944
Start 1month -20C 2 0,984 Start 6months 4C 2 0,957
Start 1month -20C 3 0,981 Start 6months 4C 3 0,957
Start Fresh 1 0,999 End Imonth RT 1 0,997 Start 6months -20C 1 NA
Start Fresh 2 NA End Imonth RT 2 0,994 Start 6months -20C_2 NA
Start Fresh 3 0,999 End Imonth RT 3 0,998 Start 6months -20C 3 0,800
End Fresh 1 0,997 End Imonth 4C 1 0,999 End 6months RT 1 0,992
< | End Fresh 2 0,997 End 1month 4C 2 0,998 End 6months RT 2 0,986
Eé End Fresh 3 0,993 End 1month 4C 3 0,997 End 6months RT 3 0,983
.= | Start lweek RT 1 1,000 End 1month -20C 1 0,998 End 6months 4C 1 0,989
é‘é Start 1week 4C 2 0,996 End 1month -20C 2 0,999 End 6months 4C 2 0,976
<< Start Iweek RT 3 0,999 End 1month -20C 3 0,998 End 6months 4C 3 0,984
Start 1week 4C 1 0,997 Start 2months RT 1 0,988 End 6months -20C 1 0,991
Start 1week RT 2 0,996 Start 2months RT 2 0,987 End 6months -20C 2 0,988
Start 1week 4C 3 0,998 Start 2months RT 3 0,989 End 6months -20C 3 0,985

Start 1week -20C 1 0,998 Start 2months 4C 1 0,987 Start 11months RT 1 0,985



Start 1week -20C 2
Start 1week -20C 3
End Iweek RT 1
End Iweek RT 2
End Iweek RT 3
End Iweek 4C 1
End Iweek 4C 2
End Iweek 4C 3
End Iweek -20C 1
End Iweek -20C 2
End Iweek -20C 3
Start 1month RT 1
Start 1month RT 2
Start 1month RT 3
Start 1month 4C 1
Start 1month 4C 2
Start 1month 4C 3
Start 1month -20C 1
Start 1month -20C 2
Start 1month -20C 3

0,995
0,995
0,996
0,995
0,993
0,994
0,995
0,995
0,998
0,997
0,997
0,995
0,995
0,995
0,997
0,997
0,996
NA

1,000
1,000

Start 2months 4C 2
Start 2months 4C 3
Start 2months -20C 1
Start 2months -20C 2
Start 2months -20C 3
End 2months RT 1
End 2months RT 2
End 2months RT 3
End 2months 4C 1
End 2months 4C 2
End 2months 4C 3
End 2months -20C 1
End 2months -20C 2
End 2months -20C 3
Start 6months RT 1
Start 6months RT 2
Start 6months RT 3
Start 6months 4C 1
Start 6months 4C 2
Start 6months 4C 3

0,989
0,986
NA

NA

NA

0,988
0,991
0,990
0,981
0,982
0,988
0,989
0,991
0,993
0,990
0,992
0,996
NA

0,999
0,800

Start 11months RT 2
Start 11months RT 3
Start 11months 4C 1
Start 11months 4C 2
Start 11months 4C 3
Start 11months -20C 1
Start 11months -20C 2
Start 11months -20C 3
End 11months RT 1
End 11months RT 2
End 11months RT 3
End 11months 4C 1
End 11months 4C 2
End 11months 4C 3
End 11months -20C 1
End 11months -20C 2
End 11months -20C 3

0,990
0,989
0,991
0,991
0,990
0,993
0,991
0,993
0,987
0,990
0,991
0,987
0,987
0,986
0,989
0,993
0,989



Table S2: The statistical significance of differences in unweighted UniFrac distances between storage
conditions of samples after 40 days of anaerobic degradation. The statistical significance is calculated
using two-sided student’s t-test with 1000 Monte Carlo simulations, and the significance degree is
represented as no significance (p>0.05) with NS; p<0.05 with one asterisk (*); p<0.01 with two
asterisk (**). The groups complies with the labels in figure S1. The control sample (not stored) is
referred to as “Fresh” temperature and “0” time.

Group 1 Group 2 t statistic Nonparametric p-value | Significance
(Bonferroni-corrected) | degree
All within Temp All between Temp -17.33 0.01 *E
- All within Temp Fresh vs. Fresh 0.77 1 NS
» | All within Temp -20 vs. -20 -0.09 1 NS
= [All within Temp Fresh vs. 20 1733 0.01 o
é- All between Temp | Fresh vs. Fresh 5.20 0.01 ok
3 | All between Temp | -20 vs. -20 17.20 0.01 *x
.g All between Temp Fresh vs. -20 0.00 1 NS
‘§ Fresh vs. Fresh -20 vs. -20 -0.79 1 NS
& Fresh vs. Fresh Fresh vs. -20 -5.20 0.01 ok
-20 vs. -20 Fresh vs. -20 -17.20 0.01 ok
All within Time All between Time -19.35 0.028 *
All within Time 1M vs. 11M 4.02 0.028 *
All within Time 0vs.0 2.01 0.868 NS
All within Time <1IMvs. <11M -0.89 1 NS
All within Time 1M vs. 0 -15.71 0.028 *
All within Time 1M vs. <11M -16.23 0.028 *
All within Time 0vs.<11M -11.63 0.028 *
All between Time 1M vs. 11M 9.20 0.028 *
< | All between Time 0vs.0 3.52 0.084 NS
% | Allbetween Time | <11M vs. <I1M 19.21 0.028 *
i All between Time 11Mvs. 0 -7.69 0.028 *
g All between Time 1M vs. <11M 1.73 1 NS
< [Allbetween Time | 0vs. <ITM 0.12 1 NS
E 1M vs. 11M 0vs.0 0.39 1 NS
g [1IMvs. 1IM <ITMvs. <11M 462 0.028 *
1M vs. 11IM 11M vs. 0 -9.84 0.028 *
1M vs. 1IM 1M vs. <11M -8.95 0.028 *
11M vs. 1IM 0vs.<11M -7.14 0.028 *
0vs. 0 <11M vs.<11M -2.31 0.588 NS
0vs. 0 11M vs. 0 -9.04 0.028 *
Ovs. 0 1IM vs. <11M -3.67 0.028 *
0vs. 0 0vs.<11M -3.28 0.056 NS
<lIMvs.<11M 1M vs. 0 -17.02 0.028 *




<lIMvs. <11M 1IM vs. <11M -16.32 0.028 *
<I1M vs. <11M 0vs.<11M -12.00 0.028 *
11M vs. 0 11M vs. <11M 9.14 0.028 *
11M vs. 0 0vs.<11M 7.08 0.028 *
11Mvs. <11IM 0vs.<11M -1.03 1 NS
All within Temp All between Temp -3.27 0.03 *
All within Temp Fresh vs. Fresh 3.15 0.01 *E
i All within Temp -20 vs. -20 -0.39 1 NS
[ All within Temp | Fresh vs. 20 327 0.05 *
é« All between Temp | Fresh vs. Fresh 4.20 0.02 *
3 | All between Temp | -20 vs. -20 3.04 0.02 *
g All between Temp Fresh vs. -20 0.00 1 NS
'S | Freshvs. Fresh -20 vs. -20 -3.36 0.01 o
< Fresh vs. Fresh Fresh vs. -20 -4.20 0.01 *x
-20 vs. -20 Fresh vs. -20 -3.04 0.04 *
All within Temp All between Temp -11.21 0.01 ok
- All within Temp RT vs. RT 1.04 1 NS
o | All within Temp -20 vs. -20 -1.02 1 NS
2 [All within Temp | RT vs. 20 1121 0.01 o
é All between Temp RT vs. RT 10.69 0.01 ok
S | All between Temp | -20 vs. -20 8.13 0.01 ok
'§ All between Temp | RT vs. -20 0.00 1 NS
§ RT vs. RT -20 vs. -20 -1.79 0.84 NS
< [RTvs.RT RT vs. -20 -10.69 0.01 o
-20 vs. -20 RT vs. -20 -8.13 0.01 ok
All within Temp All between Temp -5.08 0.01 o
. All within Temp -20 vs. -20 1.78 0.79 NS
o | All within Temp 4vs. 4 -1.79 0.73 NS
2 ["All within Temp 20vs. 4 25.08 0.01 o
é- All between Temp | -20 vs. 20 6.16 0.01 o
3 | All between Temp | 4 vs. 4 2.30 0.22 NS
}g All between Temp | -20 vs. 4 0.00 1 NS
S | -20vs. 20 4vs. 4 3.14 0.02 *
< [20vs 20 -20 vs. 4 -6.16 0.01 ok
4vs. 4 -20 vs. 4 -2.30 0.2 NS
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Figure S1: The statistical significance of differences in unweighted UniFrac distances between
selected storage conditions. The data represents only samples taken after 40 days of anaerobic
degradation. The statistical significance is calculated using student’s t-test with 1000 Monte
Carlo simulations, and the significance degree is represented as no significance (p>0.05) with
NS; p<0.05 with one asterisk (*); p<0.01 with two asterisk (**). The control sample (not stored)
is referred to as “Fresh” temperature and “0” time while 11 months is referred to as 11M. Storage
at -20°C (a) and 11 months (b) had a significant effect on the bacterial community structure.
Storage at -20°C also had an effect on the archaea community structure, showing significant
differences compared to fresh inoculum (c), inoculum stored at 4°C (d), as well as at room
temperature — RT (e). See Table S2 for a complete list of p-values for all the compared groups.
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Figure S2: Abundance of phylotypes in inoculum stored at room temperature (RT), 4°C or -
20°C for different lengths of time; 1 week, 1 month, 2 months, 6 months and 11 months, as
detected in samples taken immediately after ended storage period. Relative abundance is
expressed as the percentage of total 16S rRNA sequences of (a), bacterial phyla; (b) archaeal
order level, in addition to the deepest lineage assignment given with a 80% bootstrap confidence
estimate. No archaeal amplicons were retrieved from several of the samples stored at -20°C (1
month, 2 months, 6 months) and the sample stored at 4°C for 6 months. The names of the most
abundant phylotypes are printed in bold face.
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ABSTRACT

Recirculation of digestate was investigated as a strategy to dilute the food waste before feeding to
anaerobic digesters, and its effects on microbial community structure and performance were studied.
Two anaerobic digesters with digestate recirculation were operated at 37 °C (MD + R) and 55 °C(TD + R)
and compared to two additional digesters without digestate recirculation operated at the same tem-
peratures (MD and TD). The MD + R digester demonstrated quite stable and similar performance to the
MD digester in terms of the methane yield (around 480 mL CHy4 per gVSadded). In both MD and MD + R
Methanosaeta was the dominant archaea. However, the bacterial community structure was significantly
different in the two digesters. Firmicutes dominated in the MD + R, while Chloroflexi was the dominant
phylum in the MD. Regarding the thermophilic digesters, the TD + R showed the lowest methane yield
(401 mL CH4 per gVSadded) and accumulation of VFAs. In contrast to the mesophilic digesters, the mi-
crobial communities in the thermophilic digesters were rather similar, consisting mainly of the phyla
Firmicutes, Thermotoga, Synergistetes and the hydrogenotrophic methanogen Methanothermobacter. The
impact of ammonia inhibition was different depending on the digesters configurations and operating

temperatures.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

During the last decade, energy recovery from various sources of
organic materials has gained increased interest. Bio-methane is a
renewable fuel that can be produced from biomass via anaerobic
digestion. Internationally, there is a trend to recover the energy

Abbreviations: ADM, anaerobic digestion model; AM, acetoclastic methanogens;
bp, base pair; COD, chemical oxygen demand; CODCH4, COD equivalent of
methane; FAN, free ammonia nitrogen; FW, food waste; HM, hydrogenotrophic
methanogens; HPLC, high performance liquid chromatography; KI,NH3, inhibitory
ammonia coefficient; MD, mesophilic digester; MD + R, mesophilic digester with
recirculation; OUT, operational taxonomic unit; PCOD, particulate chemical oxygen
demand; PCR, polymerase chain reaction; rpm, round per minute; SAB, syntrophic
acetogenic bacteria; SAOB, syntrophic acetate oxidizing bacteria; SCOD, soluble
chemical oxygen demand; SCODe, soluble COD in effluent; SCODin, soluble COD in
influent; SNH3, free ammonia concentration; T, temperature; TAN, total ammonia
nitrogen; TCD, thermal conductivity detector; TCOD, total chemical oxygen de-
mand; TD, thermophilic digester; TD + R, thermophilic digester with recirculation;
TS, total solids; VFA, volatile fatty acids; VS, volatile solids.

* Corresponding author.
E-mail address: svein.horn@nmbu.no (S.J. Horn).

http://dx.doi.org/10.1016/j.watres.2016.03.058
0043-1354/© 2016 Elsevier Ltd. All rights reserved.

content of municipal food wastes through anaerobic digestion
instead of landfilling, which has the risk of watershed pollution and
greenhouse gas emissions. Food waste (FW), which has a high
biogas potential, can make operation of anaerobic digesters and co-
digesters more economical through enhanced methane production
(Hartmann and Ahring, 2005).

Typically, FW has high solids content and thus it needs to be
diluted before feeding to anaerobic digesters. Water can be used to
dilute FW before feeding to an anaerobic digester. However, access
to water may be limited and costly in some locations. It is also not a
sustainable option to use clean water for dilution of food waste.
Thus, processed water and/or digestate may be used to dilute the
FW, reducing the water consumption in biogas plants.

Even though FW has a high potential for production of renew-
able energy, it may inhibit certain microbial processes of anaerobic
digestion due to its high content of nitrogen-bearing materials or
too much acidification (Ganesh et al., 2014; Mata-Alvarez et al.,
1992). During the digestion process, nitrogen is released into the
bulk liquid and, depending on pH, organic loading and tempera-
ture, this may lead to high concentrations of free ammonia in the
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digester. Inhibition due to high nitrogen content of the substrate
has been reported previously (Sheng et al., 2013; Prochazka et al.,
2012). Therefore, concern of ammonia inhibition on the methano-
genesis process should be taken into account when using FW or
recirculating digestate bearing a high content of ammonia back to a
digester (Wilson et al., 2012; Gallert et al., 1998).

Anaerobic digestion is a complex bioprocess, in which micro-
organisms belonging to different functional groups degrade various
organic compounds in a concerted effort into methane and carbon
dioxide. However, our understanding of the function and metabolic
capabilities of microbial communities in anaerobic digestion is
limited (Vanwonterghem et al., 2014). Application of culture-
independent molecular techniques have provided some informa-
tion on the complex and diverse microbial communities in anaer-
obic digesters (Vanwonterghem et al., 2015; De Vrieze et al., 2015).
Various parameters may influence microbial community struc-
tures, including digester configuration, feedstock, temperature and
other operational parameters. Accordingly, several researchers
have investigated the microbial ecology in FW-fed anaerobic di-
gesters ran under various operational conditions using molecular
techniques (Cardinali-Rezende et al., 2009; Kim et al., 2014, 2015).
However, information about the effect of digestate recirculation on
microbial community structure of FW-fed anaerobic digesters and
its correlation with performance is lacking in the literature.

The primary objective of this study was to characterize and
compare the performance of four anaerobic digesters fed with food
waste at mesophilic (37 °C) and thermophilic (55 °C) conditions
with and without digestate recirculation. The microbial community
structures of the four digesters were analyzed to evaluate the in-
fluence of temperature and recirculation. In addition, possible
correlations between the function of microbial groups and the
performance of the mesophilic and thermophilic digesters were
investigated.

2. Materials and methods
2.1. Operation of lab-scale digesters

Four 10-L laboratory-scale continuously stirred tank reactors
(BelachBioteknik, Sweden) were used in this study and all were fed
with food waste (FW). Two digesters were operated as flow-
through reactors at mesophilic (MD) and thermophilic (TD) tem-
peratures, and two with digestate recirculation at mesophilic
(MD + R) and thermophilic (TD + R) conditions. The mesophilic and
thermophilic temperatures were set to 37 °C and 55 °C, respec-
tively. The operational conditions of the digesters are summarized
in Table 1. The digesters operated at 37 °C were initially seeded with
3 L of inocolum taken from a full-scale biogas plant digesting food
waste at mesophilic conditions (Romerike biogas plant, RBA; Esval,
Norway). The digesters were then fed with food waste, gradually
increasing the organic loading rate (OLR) from 1to 3 g VSL~1d™!
over a period of 3 weeks until a total volume of 6 L was reached. The
other two digesters at 55 °C were seeded with 3 L inoculum from a

Table 1

Operational condition of digesters.
Parameter Digester

MD TD MD + R TD + R

Average OLR, gVS/d 185 185 18.5 185
HRT, d 20 20 60 60
Total Solids, % 166 +08 140+12 295+ 1.1 262 +1.7
Temperature, °C 37 55 37 55
Inoculum source Romerike Frevar Romerike Frevar

Digestate recirculation NO NO YES YES

thermophilic biogas plant digesting food waste (FREVAR; Fredrik-
stad, Norway), and then fed food waste in the same way as the
mesophilic digesters. The working volume of the digesters was 6 L
and hydraulic retention time (HRT) was maintained at 20 days
through withdrawing 300 mL per day of digested waste and adding
the same amount of pretreated food waste after dilution with either
tap water or sieved digestate. However, due to the recirculation of
the digestate, the actual HRTs in the MD + R and TD + R digesters
were longer (approximately 60 days). Prior to the experiments, the
food waste was milled to pass a 10-mm sieve and pasteurized at
70 °C for 1 h (in accordance with Norwegian regulations on the use
of food waste in biogas plants). The characteristics of the FW used
are shown in Table 2. For the digesters with recirculation, the
digestate was manually screened using a 2-mm sieve (through
which the digestate almost entirely passed) and then used to dilute
the feed. The return ratio was approximately 2 (200 mL digestate to
100 mL feed), with some variation over time due to small differ-
ences in the volatile solids content of the food waste. The organic
loading rate was set at 3 gVS L~! d~. Stirrer speed (100 rpm), pH,
temperature, gas flow and gas volume was monitored in real time
using BIOPHANTOM software (Belach Bioteknik, Sweden). Pro-
duced biogas in each anaerobic digester was measured by a water
displacement gas-meter and recorded by the software. The di-
gesters were run for 152 days and samples for various analyses
were collected throughout the experimental period.

2.2. Analysis of chemical parameters

Samples were taken from the food waste and digesters on a
regular basis for analysis of total solids (TS), volatile solids (VS), and
total chemical oxygen demand (TCOD). A fraction of the samples
was centrifuged for analysis of pH, NH3 and alkalinity, and filtered
(0.45 um pore size) for analysis of soluble COD and volatile fatty
acids (VFAs). The COD, TS and VS analyses were carried out
following standard methods (APHA, 1998). Ammonium measure-
ment was done using a probe according to the company's manual
(Orion 93; Thermoscientific, USA). In addition to on-line moni-
toring of the pH, liquid samples were regularly taken to also mea-
sure pH by a separate pH instrument (Orion, Thermoscientific,
USA). Samples for VFAs were stored at —20 °C. Before VFA analysis,
the samples were thawed and the pH of the samples was adjusted
to less than 2.5. After centrifugation at 14,000 rpm, the samples
were filtered using 0.45-pum syringe filter. VFAs (formate, acetate,
propionate, butyrate and valerate) were quantified by a high per-
formance liquid chromatography (HPLC) using a Dionex Ultimate
3000 system (Dionex, Sunnyvale, CA, USA) equipped with a UV
detector. The column used was a Zorbax Eclipse Plus C18 (Agilent,
USA; 150 x 2.1 mm column; 3.5 um particles) equipped with a
guard column (12.5 x 2.1 mm; 5 pm particles). The column was

Table 2

Food waste characteristics (average + standard deviation).
Parameters Unit Food waste
Total solids % 178 + 1.2
Volatile Solids % Vs 161+ 1.2
VS/TS 0.90
TCOD g/L 271 +57.5
TCOD/VS 1.7+ 03
SCOD g/L 95 + 12
Ammonia mg/L 504 + 153
pH 39+0.1
Acetate mg/L 44,642 + 16,576
Propionate mg/L 1251 + 547
i-Butyrate mg/L 212 + 14
n-Butyrate mg/L 244 + 57
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operated at 40 °C at 0.3 mL/min and 1 ul sample was injected. A
gradient flow was applied using the eluents methanol and 2.5 mM
H,S04. The biogas composition was monitored on-line with an SRI
gas chromatograph (Model 8610C) equipped with a thermal con-
ductivity detector (TCD) and a 2 m Haysep-D column. The injector,
detector, and column were operated at 41, 153 and 81 °C, respec-

tively. Helium was used as a carrier gas at 20 mL min~".

2.3. Microbial analysis

At day152 of the experiments, samples were taken from all the
digesters for microbial analysis. The samples were frozen imme-
diately and stored at —20 °C. For DNA extraction, the samples were
thawed and centrifuged at 14,000 rpm for 7 min to remove the
liquid. The pellet was then resuspended in S.T.A.R buffer (Roche
Diagnostics Corporation, USA) to stabilize nucleic acid and prevent
bacterial growth. Cells were dissociated from large particles by
vortex followed by slow spin. Larger particles precipitated to the
lower phase, while the upper phase containing cells was trans-
ferred to a FastPrep24 tube with acidic washed glass beads. The
cells were then mechanically lysed. DNA was extracted using an
automated DNA magnetic bead-based method (LGC Genomics, UK)
with minor modifications. DNA concentration was measured with
Qubit™ fluorometer and the Quant-iT™ dsDNA BR Assay Kit
(Invitrogen, USA), and solutions were kept at —20 °C until 16S rRNA
sequencing.

For 16S rRNA gene sequencing amplification of V3—V4 hyper
variable regions of bacterial and archaeal 16S rRNA genes were
carried out using the Pro 341F/Pro805R primer set selected from
Takahashi et al. (2014): 5'-CCTACGGGNBGCASCAG -3'/5'- GAC-
TACNVGGGTATCTAATCC -3'. [llumina adaptor overhang was added
to the primer pair in addition to the region specific sequences. The
amplicon PCR reaction mixture (25 pl) consisted of 12.5 ng mi-
crobial gDNA, iProof HF DNA polymerase (BioRad, USA) and 0.2 uM
of each primer. The PCR reaction was performed with an initial
denaturation step at 98 °C for 30 s, followed by 25 cycles of
denaturation at 98 °Cin 30 s, annealing at 55 °Cin 30 s, extension at
72 °Cin 30 s, and completed by a final elongation at 72 °C in 5 min.
A PCR clean-up step of the 16S V3—V4 amplicon was conducted
with AgencourtAMPure XP beads (Beckman Coulter, USA). An index
PCR reaction was carried out to attach unique 6—bp indices (Nex-
tera XT Index Kit) to the Illumina sequencing adaptors to allow
multiplexing of samples. The PCR conditions were as followed:
98 °C in 3 min, 8 cycles of 95 °C in 30sec, 55 °C for 30 s, 72 °C for
30 °C, completed by a final elongation step at 72 °C for 5 min. The
indexing step was finalized with an additional AMPure XP PCR
clean-up. The 16S rRNA amplicons were quantified (Quant-IT™
dsDNA HSAssay Kit and Qubit™ fluorometer, Invitrogen, USA),
normalized and pooled in equimolar concentrations. The muliti-
plexed library pool was then spiked with 30% PhiX control to
improve base calling during sequencing of low complexity libraries.
A final concentration of 8 p.m. denatureated DNA was sequenced on
an Illumina MiSeq instrument using the MiSeq reagent kit V3.

Sequence analysis was conducted using the Quantitative Insight
Into Microbial Ecology (QIIME) version 1.8.0 (Caporaso et al., 2010).
Single-end reads were quality filtered (at Phred > Q20) and trim-
med to 200 bp before proceeding with downstream analysis.
USEARCHG61 was used for detection of chimeric sequences, followed
by clustering (at 97% sequence identity) of non-chimera sequences
and denovo picking of OTUs (Edgar, 2010; Edgar et al., 2011). OTUs
were then assigned to taxonomy with QIIME's uclust-based tax-
onomy assigner. The OTUs observed fewer times than two times
and OTUs with a total observation count less than 0.005% were
filtered out to remove singletons and reduce the complexity.

2.4. Data accessibility

Sequence data are available at NCBI Short Read Archive under
accession number SRP066159.

3. Results and discussion
3.1. Performance of digesters

Table 2 shows the characteristics of the food waste (FW) that
was used to feed the digesters. The organic fraction of FW was quite
high with a VS/TS ratio of 0.90 + 0.01. The pH was relatively low,
while SCOD, VFAs and NHs concentrations were higher than the
typical FW values reported previously (Zhang et al., 2011). This was
most likely due to the pretreatment and storage of the FW before
shipping to the biogas laboratory. Although the FW used had a
relatively low pH, the pH within the digesters were quite stable and
showed average values of 7.7 + 0.1, 8.0 + 0.1, 7.8 + 0.1 and 8.0 + 0.1
in the MD, MD + R, TD and TD + R, respectively. The presence of the
high alkalinity in the digesters (Table 3) was important in main-
taining stable pH.

The average methane yields for the four digesters are shown in
Table 3. For the mesophilic digesters the methane yields were quite
similar (480 and 475 mL CH4/gVSadded), and higher than the yields
in the thermophilic reactors (7% and 18% higher than the TD and
TD + R digesters, respectively). A wide range of methane yields of
about 350—480 mL CH4 per gVSiqdeq has been reported in the
literature for FW digestion (Zhang et al., 2011; El-Mashad and
Zhang, 2010; Cho et al., 1995). Thus, the methane yields obtained in
this study were in the higher end of values reported earlier. This
could be attributed to high degradability of the pretreated FW used
in this study.

While recirculation did not affect the methane yield in the
mesophilic digesters, recirculation had a clear detrimental effect
under thermophilic conditions (Table 3). Therefore, using recircu-
lation for on-site clean water conservation is most applicable under
mesophilic condition.

3.2. Solubilization of organic matter

Solubilization of the food waste were compared among the di-
gesters using Equation (1) (Ge et al., 2011). This equation estimates
the fraction of particulate COD that is solubilized into soluble ma-
terial (SCOD). Since part of the SCOD is converted into methane, the
COD equivalent of methane needs to be included to estimate the
total extent of solubilization.

_ COD(y4 + SCOD, — SCOD;,
- PCOD;,

Extent of solubilization (%)

(1)

Where CODcyyg4 is the COD equivalent of the CH4 produced; SCOD is
soluble COD in effluent; SCOD;, is soluble COD in influent and
PCODjj, is the particulate COD in influent.

The extent of solubilization of the substrate in the four digesters
are presented in Fig. 1. It clearly shows that the highest solubili-
zation was achieved at the thermophilic conditions without recir-
culation (TD). The TD digester and its mesophilic counterpart (i.e.,
MD digester) showed 62.5% and 56.6% solubilization, respectively.
For the reactors with recirculation, the solubilization extent in the
MD + R and TD + R reactors were 57.2% and 52.2%, respectively.
Although the TD reactor showed a higher solubilization extent than
the mesophilic digesters, its methane production was lower
(Table 3). Partly, this might be explained by the ammonia inhibition
and a shift in methane production pathway at the higher temper-
atures (discussed below). Digestate recirculation had a clear
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Table 3
Average performance parameters during the stable operation of the digesters.
Parameters Unit MD MD + R TD TD +R
Biogas composition % CH4 63 62 62 58
% CO2 37 37 38 42
Methane yield mL CH4/g VSadded 480 + 33 475 + 29 448 + 44 401 + 45
mL CH4/g COD,qded 283 +34 280 + 47 257 + 61 242 + 27
Alkalinity mg/L as CaCO3 5329 + 145 11,267 + 425 4200 + 358 8319 + 335
pH 7.7 £ 0.1 8+0.1 78 +0.2 8+0.1
Ammonia mg N—NHy4/L 1109 + 139 2150 + 204 1258 + 167 2258 + 187
Free ammonia® mg N—NH3/L 49 200 198 597
SCOD mg/L 932 + 151 3167 + 540 9413 + 1915 20,932 + 1990
2 Calculated from Equation (3).
65
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Fig. 1. Average extent of solubilization in the four digesters.

negative effect on solubilization at thermophilic conditions.

A closer analysis of the solubilization data (Fig. 1) revealed an
imbalance between hydrolysis and methanogenesis processes in
the thermophilic digesters (TD and TD + R), which had higher
soluble COD fractions as compared to the mesophilic digesters.
Increase in the soluble COD fraction as compared to the methane
fraction has been reported previously for anaerobic digestion of
waste sludge at elevated temperatures (Ge et al., 2011). The soluble
COD fraction accounted for 10% and 8% of the solubilization for the
TD and TD + R, respectively, indicating that solubilized products
were not removed in these digesters as effectively as in the mes-
ophilic counterparts. This observation agreed with the higher levels
of VFAs in the thermophilic digesters as compared to the values
obtained for the mesophilic ones (Fig. 2). Acetate and propionate
levels were, on average, 175 + 55 and 10 + 6 mg/L in the MD and
278 + 93 and 12 + 7 mg/L in the MD + R, respectively. The VFA
profiles in the thermophilic digesters TD and TD + R were very
different. Acetate and propionate concentrations increased over
time in the TD and were, on average, 2028 + 864 and 833 + 280 mg/
L, and the longer VFAs ranged between 230 and 84 mg/L (Fig. 2C).
For the TD + R, the main VFA was propionate (2300 + 1250), fol-
lowed by iso-valerate, iso-butyrate, n-butyrate and n-valerate
(Fig. 2D). Interestingly, the acetate concentration was very low in
the TD + R and averaged 29 + 7 mg/L.

3.3. Ammonia inhibition

Anaerobic digestion model. No 1 (ADM 1) considers free
ammonia inhibition on methanogenesis process in anaerobic di-
gesters (Batstone et al., 2002). Based on the ammonium concen-
trations and pH values obtained for each digester, the free ammonia
fraction was calculated using Equation (2) (Anthonisen et al., 1976;
see Table 3).

Where FAN is free ammonia nitrogen in mg/L as N; TAN is total
ammonia nitrogen in mg/L as N; T is temperature in °C.

To estimate possible inhibition on the digesters’ performance, a
non-competitive inhibition (Equation (3)) model was used to
evaluate the inhibition effect of free ammonia on methanogenesis
(Batstone et al., 2002).

1
1+ SnH3

I(I \NH3

Inhibition factor (I;3) =

(3)

Where, Snys is the free ammonia concentration (see Table 3) and
K;, nu3 is the inhibitory ammonia coefficient where 50% reduction
happens in methane production. The K; nu3 values for thermophilic
and mesophilic temperatures were taken from Gallertand Winter
(1998) and were 251 and 92 mg/L NH3—N, respectively. The inhi-
bition factors (Ihn3) computed for the MD, TD, MD + R and TD + R
were 0.65, 0.56, 0.32 and 0.30, respectively. High inhibition factor
(Inp3) indicates low inhibitory effect on methanogenesis process.
Comparison of the digester sets, that is, MD vs. TD and MD + R vs.
TD + R, showed 17% and 7.5% greater ammonia inhibition effect on
methane production under the thermophilic conditions. In addi-
tion, the model estimated a severe inhibition of methanogenesis in
the digesters with digestate recirculation, regardless of the oper-
ating temperature. The lower performance of the thermophilic
digesters (i.e.,, TD and TD + R) in terms of methane production
might partially be explained by ammonia inhibition. However, the
methane yields (Table 3) indicated comparable results for the MD
and MD + R. It should be noted that the concentration of active
microbial biomass might be different at the two temperatures. The
microbial decay rates are higher at elevated temperatures, poten-
tially yielding lower active microbial biomass in the thermophilic
digesters. Consequently, the overall effect of ammonia inhibition on
the acetoclastic methanogenesis pathway was potentially more
profound for the thermophilic digesters.

3.4. Microbial analysis

To investigate the effect of digesters configurations (with and
without digestate recirculation) operated at mesophilic and ther-
mophilic temperatures on bacterial and archaeal communities,
total DNA was isolated from the MD, MD + R, TD and TD + R di-
gesters after 152 days of operation, and analyzed for 16S rRNA se-
quences. Due to the high microbial diversity that was observed in
the digesters, only the phyla with higher than 1% relative abund-
ancy were considered for discussion and comparison.
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Fig. 2. Concentration of volatile fatty acids in the digesters.

3.4.1. Microbial community structure in mesophilic digesters

The results of the microbial community analysis under stable
operation of the MD and MD + R are presented in Fig. 3. The
dominant bacterial phyla in both of the mesophilic digesters were
Firmicutes (25% in the MD and 75% in the MD + R), Chloroflexi (54%
in the MD and 6% in the MD +R), Bacteroidetes (16% in the MD and
7% in the MD + R) and Actinobacteria (2% in the MD and 3% in the
MD + R). A meta-analysis by Nelson et al. (2011) and an extensive
analysis of various full-scale digesters by Sundberg et al. (2013)
showed that Firmicutes, Chloroflexi, Bacteroidetes as well as Pro-
teobacteria have typically been found as predominant bacterial
groups in anaerobic digesters operated under various conditions.
Actinobacteria was found as the fourth dominant phylum in the MD
and MD + R, while the relative abundance of Proteobacteria was less
than 1% of the total reads in this study. However, this agreed with
the previous findings indicating the dominance of either Actino-
bacteria or Proteobacteria depending on the digesters operating
conditions (Cardinali-Rezende et al., 2012).

Although the bacteria comprising the four most prominent
phyla in both mesophilic digesters were the same during the
steady-state operation of the mesophilic digesters, the recirculation
of the digestate significantly influenced the relative abundance of
each of these four bacterial groups. While phyla Chloroflexi (mostly
represented by the candidate division T78 of the family

Anaerolinaceae) dominated in the MD, Firmicutes was by far the
most dominant phyla in the MD + R. In total 75% of the reads in the
MD + R was affiliated to Firmicutes, represented by a major fraction
of Clostridium (48% of total reads). In strong contrast, only 1% of the
total reads of the MD affiliated to this genus. Firmicutes in general
and the genus Clostridium represent members that are versatile in
metabolic capabilities and include proteolytic and saccharolytic
bacteria, as well as syntrophic species involved in VFA degradation
(Riviere et al., 2009; Vanwonterghem et al., 2014; Hippe et al,,
1992).

It was also found that 53% of all 16S rRNA gene reads in the MD
were affiliated to candidate division T78, while only 5% was
observed in the MD + R. Presence of Anaerolinaceae in anaerobic
digesters fed with various organic wastes has been widely reported
in the literature (St-Pierre and Wright, 2014; Kim et al., 2014). Many
of the genera that have been identified in this family are strictly
anaerobic bacteria and fermentatively use carbohydrates as sub-
strate for growth (Yamada et al., 2006; Sekiguchi et al., 2003). Thus,
it would appear that the members of Anaerolineaceae, Candidate
division T78, contributed to the degradation of carbohydrate frac-
tion of the food waste. Additionally, the remarkable difference
observed in the dominance of Chloroflexi in the MD and Firmicutes
in the MD + R might reflect the less tolerance of the Chloroflexi
members to the high levels of ammonia, which was 2.2 times
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Fig. 3. Microbial structure in MD (a) and MD + R (b) after 153 days of AD, illustrated by simplified Krona plots based on 16S rRNA gene sequencing. The abundance of each
taxonomic group corresponds to the percentage of the total number of reads. The shaded areas represent the presence of two or more low abundant taxa.

higher in the MD + R than MD. Yi et al. (2014) reported a reduction
of Anaerolineae (of Chloroflexi) by increasing TS concentration in the
anaerobic digesters used for FW treatment. The increase in TS
content was accompanied with a severe increase in total ammonia
level (from 400 to 1920 mg/L). The results agreed with our obser-
vation that the elevated ammonia concentrations led to a decrease
in Chloroflexi abundance.

Interestingly, analysis of Firmicutes revealed a significant dif-
ference in distribution of bacterial groups at the family level within
the mesophilic digesters. Tissierellaceaea accounted for 43% of all
Firmicutes’ reads in the MD, while Clostridiaceaea was the dominant
family in the MD + R accounted for 65% of the phylum reads. The
family Clostridiaceaea only constituted 7% of the Firmicutes in the
MD.

The phyla Bacteroidetes and Actinobacteria represented respec-
tively 16% and 2% of the readings in the MD, and 7% and 3% in the
MD + R. However, the majority (98% in the MD + R and 72% in the
MD) of the reads were not affiliated to a known genus of the Bac-
teroidetes. Regarding the Actinobacteria, the genus Actinomyces was
the main member of the phylum found in both mesophilic di-
gesters. The relative abundancies were, respectively, 3% and 1% (of
the total reads) in the MD + R and MD. The higher relative abun-
dance of the Actinomyces in the MD + R was likely due to the
effluent recirculation of recalcitrant fiber materials to the digester,
since it was previously reported the probable involvement of Ac-
tinomycetes in hydrolysis of cellulose (Ziganshin et al., 2011, 2013).

Overall, based on the performance results (Table 3), both MD
and MD + R showed stable and comparable performance with high
methane production. Thus, the differences in abundance of the
predominant phyla did not influence biogas production. This
observation support a possible functional redundancy of the
Chloroflexi and Firmicutes members (Allison and Martiny, 2008).

The phylogenetic analysis of archaea demonstrated that almost
all sequences were affiliated with the Euryarchaeota phylum
(Fig. 3), comprising 4% and 1% of the microbial community in the
mesophilic digesters MD + R and MD, respectively. A notable dif-
ference in the relative abundance of methanogens was observed for

the mesophilic digesters. At the genus level, Methanosaeta and
Methanobacterium were dominant genera and accounted for 65%
and 32% of all Euryarchaeota's reads in MD, respectively. On the
other hand, Methanosaeta accounted for 91% of all Euryarchaeota's
reads for the MD + R, while Methanobacterium constituted 8% of
the phylum. Thus, it appeared that the recirculation of the digestate
in the MD + R resulted in a high prevalence of Methanosaeta spe-
cies. The prevalence of acetoclastic methanogens (i.e., Meth-
anosaeta) over hydrogenotrophic methanogens
(Methanobacterium) in the MD and MD + R probably demonstrated
the acetate cleavage as the main pathway for methane production.
Low acetate concentrations in the mesophilic digesters (Fig. 2),
which were, on average, 175 mg/L in the MD and 278 mg/L in the
MD + R, supported the efficient conversion of acetate into methane
by the acetoclastic methanogensis pathway.

Additionally, as described earlier, the use of an inhibition model
demonstrated a potential severe free ammonia inhibition on the
acetoclastic methanogenesis in the MD + R due to high NHj3 levels
within the digester, which averaged 198 mg/L. However, the per-
formance and microbial data showed a stable and comparable
performance to the MD. Therefore, it interestingly appeared that
the recirculation of digestate attenuated the effect of free ammonia
on acetoclastic methanogens, since it is well documented that
Methanosaetaceae are sensitive to high ammonia concentrations
(Ho et al., 2013; Karakashev et al., 2005).

3.4.2. Microbial community structure in thermophilic digesters

The dominant bacterial phyla found in the thermophilic di-
gesters included Firmicutes, Thermotoga, and Synergistales (Fig. 4).
In contrast to the mesophilic digesters where a clear difference in
the distribution of prominent groups was observed, the overall
community structure was similar in the TD and TD + R. Thus, the
effect of recirculation on the microbial community structure was
more noticeable under mesophilic conditions. In both thermophilic
digesters, Firmicutes and Thermotoga made up the majority of the
reads. Firmicutes and Thermotoga accounted respectively for 35%
and 40% of all reads for the TD and 41% and 37% for the TD + R. As
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taxonomic group corresponds to the percentage of the total number of reads. The shaded areas represent the presence of two or more low abundant taxa.

with the mesophilic digesters, the diversity within Firmicutes was
high, comprising several genera mainly within the orders Clos-
tridiales, Thermoanaerobacterales, candidate division SHA-98 and
the candidate order MBAOS. Uncultured representatives from
candidate order MBAO8 have been observed to dominate in ther-
mophilic (and mesophilic) digesters with high ammonia content
(De Vrieze et al., 2015). Additionally, MBAO8 has previously been
reported to dominate in cellulolytic communities of anaerobic di-
gesters (Sun et al,, 2015), thus suggesting that this group was
probably responsible for the hydrolysis of cellulosic materials in the
food waste.

The genera Coprothermobacter and Thermacetogenium were
dominant members of the order Thermoanaerobacterales in both TD
and TD + R. Even though the relative abundance of Thermoanaer-
obacterales was quite similar in both digesters, the distribution of
Coprothermobacter and Thermacetogenium genera within the order
was notably influenced by the digestate recirculation. Cop-
rothermobacter was the main genus (49%) of the order Thermoa-
naerobacterales in the TD, which was followed by
Thermacetogenium (28%). For TD + R Thermacetogenium constituted
60% of the order, followed by Coprothermobacter (19%). The genus
Thermacetogenium grows acetogenically on various hydrolysis
products including amino acids, organic acids and H,/CO,. They are
also able to oxidize acetate in co-culture with hydrogenotrophic
methanoges (Hattori et al, 2000). This might explain the low
concentration of acetate in the TD + R digester (Fig. 2D). Presence of
relatively high abundance of Coprothermobacter (5% and 2% in TD
and TD + R, respectively) was likely due to their contribution to the
degradation of proteinaceous fraction of the food waste (Sasaki
et al., 2011). The Coprothermobacter members are proteolytic bac-
teria that degrade proteins into acetate, H, and CO». In the presence
of hydrogenotrophic methanogens, an increased amount of propi-
onate and butyrate production has been reported (Sasaki et al.,
2011). Interestingly, the observation of the relatively high

abundance of Thermoanaerobacterales was concomitant with high
concentrations of NHs, propionate, butyrate and isovalerate
(Table 3 and Fig. 2). This was likely due to their high ammonium
tolerance (up to 6 g/L), which was reported by Ollivier et al., 1985.

A significant difference was observed in the relative abundances
of the genera within the Clostridiales when the bacterial commu-
nity structure was compared in the TD and TD + R. Syntrophomonas
accounted for 40% of the genera found in the order Clostridiales in
the TD, while this value for the TD + R was only 12%. Caldicopro-
bacter and Tepidimicrobium (of the family Tissierellaceae) were the
predominant genera in the TD + R, accounting for 25% and 23% of
the order. Caldicoprobacter and Tepidimicrobium are both fermen-
tative microorganisms, where the former ferments sugars and the
latter grows on a number of proteinaceous substrates (Slobodkin
et al,, 2006; Yokoyama et al., 2010). As reported previously, the
majority of the members of the Syntrophomonas are extreme an-
aerobes, so called syntrophic acetogenic bacteria (SAB), that use f-
oxidation process to break down long chain organic acids (C4—C;s)
to acetate, propionate and H; in a syntrophic cooperation with
hydrogenotrophic methanogens (Zhao et al., 1993). Consequently, it
may be inferred that the relatively greater fraction of Syntropho-
monas in the TD helped the formation of an enhanced syntrophic
degradation of the organic acids and resulted in a better perfor-
mance. The recirculation of digestate in the TD + R seemed to
negatively influence this syntrophic reaction and resulted in the
accumulation of the propionate, butyrate and iso-valerate within
the digester (Fig. 2). Additionally, the relatively lower abundance of
Anaerobaculum (phylum Synergistetes) in the TD + R (7% of the
reads) as compared to the TD (11% of the reads) might account for
the accumulation of VFAs in the TD + R. Anaerobaculum members
are capable of converting organics acids, peptides and a limited
number of carbohydrates to acetate, CO, and H, (Menes and Muxi,
2002).

Thermotoga was solely represented by the candidate division S1
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within Thermotoga (40% and 37% of the total reads in the TD and
TD + R, respectively), a phylum that contains known syntrophic
acetate oxidizers (Balk et al., 2002). Additionally, an enhanced
growth of Thermotoga has been reported in co-culture with a
hydrogen consumer (Frock et al., 2012; Conners et al., 2006).
Because of its high relative abundance, it is tempting to suggest
candidate division S1 as a possible candidate of syntrophic acetate
oxidizer.

Analysis of the archaeal composition in the thermophilic di-
gesters revealed that both of the digesters were almost completely
dominated by the hydrogenotrophic methanogens (Fig. 4). The
genus Methanothermobacter (of the order Methanobacteriales)
accounted for 97% and 96% of the archaea in the TD and TD + R,
respectively. Only a small fraction (~1%) of archaeal readings in both
digesters was identified as the genus Methanosarcina, which is able
to use either hydrogenotrophic or acetoclastic methanogenesis
pathway. Due to the presence of the various syntrophic members
(as discussed above), it was expected to find high abundance of
hydrogenotrophic methanogens in the thermophilic digesters. The
dominance of H, utilizing methanogens has previously been re-
ported in digesters fed with food waste and operated at thermo-
philic conditions (Guo et al., 2014; Giuliano et al., 2014). The
hydrogenotrophic methanogens constituted 10% of the total reads
in both TD and TD + R. Based on these observations, it may be
inferred that the prevalent pathway for methane production in the
thermophilic digesters was hydrogentrophic methanogensis.

3.4.3. Dominant microbial pathways for methane production

Based on process data and microbial community data a sche-
matic diagram of probable dominant pathways in the four digesters
can be made (Fig. 5). The very low levels of longer VFAs (propionate
and butyrate) in both MD and MD + R (Fig. 2a,b) demonstrated an
efficient removal of these intermediates into acetate by syntrophic
acetogenic bacteria (SAB). These digesters also had relatively low
levels of acetate, demonstrating efficient conversion of acetate to
methane. Based on microbial data, the main pathway for methane
production seemed to be carried out by acetoclastic methanogens
(i.e., Methanosaeta) in both MD and MD + R (Fig. 5, grey arrows).

Microbial data showed that the dominating pathway for
methane production in the thermophilic digesters was hydro-
genotrophic methanogenesis, probably due to free ammonia

‘ Sugars, Amino acids; LCFA |

Acidogens

A
| Propionate; Butyrate; Valerate l

AM

Fig. 5. Dominant methane production pathways in the various digesters. Solid grey
arrows indicate a pathway through syntrophic acetogenesis and acetoclastic meth-
anogenesis which dominated in MD and MD + R. Dashed arows indicate a pathway
through syntrophic acetogenesis, acetate oxidation and hydrogenotrophic methano-
genesis which dominated in TD and TD + R. SAB: syntrophic acetogenic bacteria;
SAOB: syntrophic acetate oxidizing bacteria; AM: acetoclastic methanogens; HM:
hydrogenotrophic methanogens.

inhibition of acetoclastic methanogens (Fig. 5, dotted arrows). This
means that acetate was metabolized by syntrophic acetate
oxidizing bacteria (SAOBs) in the thermophilic digesters. This is
supported by the high abundance of Thermotoga and Thermaceto-
genium in these digesters, which has been suggested to be syn-
trophic acetate oxidizers (Hattori et al., 2000). Syntrophic acetate
oxidation has been reported to occur under elevated temperatures
and high ammonia concentrations (Karakashev et al., 2005). In TD,
acetate was accumulating in the digester, while propionate, buty-
rate and iso-valerate concentrations were relatively low (but higher
than in the mesophilic digesters; Fig. 2¢). This acetate accumulation
demonstrated that the SAOB pathway was more inhibited than the
SAB pathway in the TD digester. The accumulation of propionate
and longer VFAs in the TD + R digester indicated a much stronger
inhibition of the SAB pathway in this digester, probably due to the
high concentration of free ammonia (Siegrist et al., 2002). The
presence of higher relative abundances of Syntrophomonas and
Synergistales in the TD as compared to the TD + R supported a more
effective syntrophic acetogenesis in the TD digester.

4. Conclusion

Regardless of the digestate recirculation, anaerobic digestion of
the pretreated FW under mesophilic conditions outperformed the
thermophilic digesters in terms of the methane production. Accu-
mulation of VFAs in the thermophilic digesters indicated an
imbalance between solubilization of the substrate and the methane
production process.

Recirculation of digestate, as a strategy to reduce water con-
sumption, worked very well under mesophilic conditions despite
resulting in relatively high levels of ammonia.

In both mesophilic digesters Methanosaeta was the dominant
archaea, but the bacterial community structure was significantly
different. Firmicutes dominated in the MD + R, while Chloroflexi was
the dominant phylum in the MD. In contrast to the mesophilic di-
gesters, the microbial communities in the thermophilic digesters
were rather similar, consisting mainly of the phyla Firmicutes,
Thermotoga, Synergistetes and the hydrogenotrophic methanogen
Methanothermobacter. Thus, a combination of digesters configura-
tions, operating temperatures and ammonia concentrations resul-
ted in different dominant pathways for methane production. A
conventional acetoclastic methanogenesis appeared to be the main
pathway in the mesophilic digesters, while syntrophic acetate
oxidation and hydrogenotrophic methanogenesis seemed to be the
dominant pathway in the thermophilic digesters. Practically, a
mesophilic temperature may be recommended in cases where
digestate is to be used for dilution of food waste.

Acknowledgements

This work was financially supported by the ENERGIX-program of
the Norwegian Research Council, grant no. 228747. We would like
to thank Jane Agger for her help in using liquid chromatography for
VFA analysis. A special thank is also extended to Maria Estevez who
helped in the preliminary stage of the digesters' set up.

References

Allison, S.D., Martiny, J.B., 2008. Resistance, resilience, and redundancy in microbial
communities. Proc. Natl. Acad. Sci. 105 (Suppl. 1), 11512—11519.

Anthonisen, A., Loehr, R., Prakasam, T., Srinath, E., 1976. Inhibition of nitrification by
ammonia and nitrous acid. J. Water Pollut. Control Fed. 835—852.

Balk, M., Weijma, ], Stams, AJ., 2002. Thermotogalettingae sp. nov., a novel ther-
mophilic, methanol-degrading bacterium isolated from a thermophilic anaer-
obic reactor. Int. ]J. Syst. Evol. Microbiol. 52 (4), 1361—1368.

Batstone, D.J., Keller, ]., Angelidaki, 1., Kalyuzhny, S., Pavlostathis, S., Rozzi, A.,
Sanders, W., Siegrist, H., Vavilin, V., 2002. Anaerobic Digestion Model No. 1


http://refhub.elsevier.com/S0043-1354(16)30183-X/sref1
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref1
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref1
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref3
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref3
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref3
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref5
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref5
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref5
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref5
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref6
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref6

254 M. Zamanzadeh et al. /| Water Research 96 (2016) 246—254

(ADM1). IWA publishing.

Caporaso, ].G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, ED., Costello, E.K.,
Fierer, N., Pena, A.G., Goodrich, J.K., Gordon, ].I, 2010. QIIME allows analysis of
high-throughput community sequencing data. Nat. methods 7 (5), 335—336.

Cardinali-Rezende, ], Colturato, LF, Colturato, T.D. Chartone-Souza, E.,
Nascimento, A.M., Sanz, J.L., 2012. Prokaryotic diversity and dynamics in a full-
scale municipal solid waste anaerobic reactor from start-up to steady-state
conditions. Bioresour. Technol. 119, 373—383.

Cardinali-Rezende, ]., Debarry, R.B., Colturato, L.F,, Carneiro, E.V., Chartone-Souza, E.,
Nascimento, A.M., 2009. Molecular identification and dynamics of microbial
communities in reactor treating organic household waste. Appl. Microbiol.
Biotechnol. 84 (4), 777—789.

Cho, ].K., Park, S.C., Chang, H.N., 1995. Biochemical methane potential and solid state
anaerobic digestion of Korean food wastes. Bioresour. Technol. 52 (3), 245—253.

Conners, S.B., Mongodin, E.F,, Johnson, M.R., Montero, C.I., Nelson, K.E., Kelly, R.M.,
2006. Microbial biochemistry, physiology, and biotechnology of hyperthermo-
philic Thermotoga species. FEMS Microbiol. Rev. 30 (6), 872—905.

De Vrieze, J., Saunders, A.M., He, Y., Fang, J., Nielsen, P.H., Verstraete, W., Boon, N.,
2015. Ammonia and temperature determine potential clustering in the anaer-
obic digestion microbiome. Water Res. 75, 312—323.

Edgar, R.C,, 2010. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26 (19), 2460—2461.

Edgar, R.C, Haas, BJ., Clemente, ].C., Quince, C., Knight, R., 2011. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27 (16), 2194—2200.

El-Mashad, H.M., Zhang, R., 2010. Biogas production from co-digestion of dairy
manure and food waste. Bioresour. Technol. 101 (11), 4021—4028.

Frock, A.D., Gray, SR, Kelly, RM.,, 2012. Hyperthermophilic Thermotoga species
differ with respect to specific carbohydrate transporters and glycoside hydro-
lases. Appl. Environ. Microbiol. 78 (6), 1978—1986.

Gallert, C., Bauer, S., Winter, J., 1998. Effect of ammonia on the anaerobic degra-
dation of protein by a mesophilic and thermophilic biowaste population. Appl.
Microbiol. Biotechnol. 50 (4), 495—501.

Ganesh, R,, Torrijos, M., Sousbie, P., Lugardon, A., Steyer, J.P., Delgenes, J.P., 2014.
Single-phase and two-phase anaerobic digestion of fruit and vegetable waste:
comparison of start-up, reactor stability and process performance. Waste
Manag. 34 (5), 875—885.

Ge, H, Jensen, P.D., Batstone, D.J., 2011. Temperature phased anaerobic digestion
increases apparent hydrolysis rate for waste activated sludge. Water Res. 45 (4),
1597—1606.

Giuliano, A., Zanetti, L., Micolucci, F, Cavinato, C., 2014. Thermophilic two-phase
anaerobic digestion of source-sorted organic fraction of municipal solid waste
for bio-hythane production: effect of recirculation sludge on process stability
and microbiology over a long-term pilot-scale experience. Water Sci. Technol.
69 (11), 2200—2209.

Guo, X., Wang, C., Sun, F,, Zhu, W,, Wu, W,, 2014. A comparison of microbial char-
acteristics between the thermophilic and mesophilic anaerobic digesters
exposed to elevated food waste loadings. Bioresour. Technol. 152, 420—428.

Hartmann, H., Ahring, B.K., 2005. Anaerobic digestion of the organic fraction of
municipal solid waste: influence of co-digestion with manure. Water Res. 39
(8), 1543—1552.

Hattori, S., Kamagata, Y., Hanada, S., Shoun, H., 2000. Thermacetogeniumphaeum
gen. nov.,, sp. nov, a strictly anaerobic, thermophilic, syntrophic acetate-
oxidizing bacterium. Int. J. Syst. Evol. Microbiol. 50 (4), 1601—1609.

Hippe, H., Andreesen, J., Gottschalk, G., 1992. The genus Clostridium—nonmedical.
prokaryotes 2, 1800—1866.

Ho, D.P, Jensen, P.D., Batstone, D.J., 2013. Methanosarcinaceae and acetate-oxidizing
pathways dominate in high-rate thermophilic anaerobic digestion of waste-
activated sludge. Appl. Environ. Microbiol. 79 (20), 6491—-6500.

Karakashev, D., Batstone, D.J., Angelidaki, I, 2005. Influence of environmental
conditions on methanogenic compositions in anaerobic biogas reactors. Appl.
Environ. Microbiol. 71 (1), 331-338.

Kim, S., Bae, ], Choi, O., Ju, D., Lee, J., Sung, H., Park, S., Sang, B.-I., Um, Y., 2014.
A pilot scale two-stage anaerobic digester treating food waste leachate (FWL):
performance and microbial structure analysis using pyrosequencing. Process
Biochem. 49 (2), 301-308.

Kim, Y.M,, Jang, H.M., Lee, K., Chantrasakdakul, P., Kim, D., Park, K.Y., 2015. Changes
in bacterial and archaeal communities in anaerobic digesters treating different
organic wastes. Chemosphere 141, 134—137.

Mata-Alvarez, J., Cecchi, F., Llabrés, P., Pavan, P., 1992. Anaerobic digestion of the
Barcelona central food market organic wastes. Plant design and feasibility
study. Bioresour. Technol. 42 (1), 33—42.

Menes, RJ., Muxi, L., 2002. Anaerobaculum mobile sp. nov., a novel anaerobic,
moderately thermophilic, peptide-fermenting bacterium that uses crotonate as
an electron acceptor, and emended description of the genus Anaerobaculum.
Int. J. Syst. Evol. Microbiol. 52 (1), 157—164.

Nelson, M.C., Morrison, M., Yu, Z., 2011. A meta-analysis of the microbial diversity
observed in anaerobic digesters. Bioresour. Technol. 102 (4), 3730—3739.

Ollivier, B.M., Mah, R.A., Ferguson, TJ., Boone, D.R., Garcia, J.-L., Robinson, R., 1985.
Emendation of the genus Thermobacteroides: thermobacteroidesproteolyticus
sp. nov,, a proteolytic acetogen from a methanogenic enrichment. Int. J. Syst.
Bacteriol. 35 (4), 425—428.

Prochazka, J., Dolejs, P., Mdca, J., Dohdnyos, M., 2012. Stability and inhibition of
anaerobic processes caused by insufficiency or excess of ammonia nitrogen.
Appl. Microbiol. Biotechnol. 93 (1), 439—447.

Riviere, D., Desvignes, V., Pelletier, E. Chaussonnerie, S. Guermazi, S.,
Weissenbach, ]J., Li, T., Camacho, P., Sghir, A., 2009. Towards the definition of a
core of microorganisms involved in anaerobic digestion of sludge. ISME J. 3 (6),
700—714.

Sasaki, K. Morita, M., Sasaki, D., Nagaoka, ], Matsumoto, N., Ohmura, N.,
Shinozaki, H., 2011. Syntrophic degradation of proteinaceous materials by the
thermophilic strains Coprothermobacterproteolyticus and Meth-
anothermobacterthermautotrophicus. J. Biosci. Bioeng. 112 (5), 469—472.

Sekiguchi, Y., Yamada, T., Hanada, S., Ohashi, A., Harada, H., Kamagata, Y., 2003.
Anaerolineathermophila gen. nov., sp. nov.andCaldilineaaerophila gen. nov., sp.
nov., novel filamentous thermophiles that represent a previously uncultured
lineage of the domain Bacteria at the subphylum level. Int. ]J. Syst. Evol.
Microbiol. 53 (6), 1843—1851.

Sheng, K., Chen, X., Pan, ], Kloss, R., Wei, Y., Ying, Y., 2013. Effect of ammonia and
nitrate on biogas production from food waste via anaerobic digestion. Biosyst.
Eng. 116 (2), 205—-212.

Siegrist, H., Vogt, D., Garcia-Heras, ].L., Gujer, W., 2002. Mathematical model for
meso-and thermophilic anaerobic sewage sludge digestion. Environ. Sci.
Technol. 36 (5), 1113—1123.

Slobodkin, A., Tourova, T., Kostrikina, N., Lysenko, A., German, K., Bonch-
Osmolovskaya, E., Birkeland, N.-K., 2006. Tepidimicrobiumferriphilum gen. nov.,
sp. nov., a novel moderately thermoplhilic, Fe (Ill)-reducing bacterium of the
order Clostridiales. Int. J. Syst. Evol. Microbiol. 56 (2), 369—372.

St-Pierre, B., Wright, A.-D.G., 2014. Comparative metagenomic analysis of bacterial
populations in three full-scale mesophilic anaerobic manure digesters. Appl.
Microbiol. Biotechnol. 98 (6), 2709—-2717.

Sun, L., Pope, P.B., Eijsink, V.G., Schniirer, A., 2015. Characterization of microbial
community structure during continuous anaerobic digestion of straw and cow
manure. Microb. Biotechnol. 8 (5), 815—827.

Sundberg, C., Al-Soud, W.A, Larsson, M., Alm, E., Yekta, S.S., Svensson, B.H.,
Serensen, S.J., Karlsson, A., 2013. 454 pyrosequencing analyses of bacterial and
archaeal richness in 21 full-scale biogas digesters. FEMS Microbiol. Ecol. 85 (3),
612—626.

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., Nishijima, M., 2014. Development of
a Prokaryotic Universal Primer for Simultaneous Analysis of Bacteria and
Archaea Using Next-generation Sequencing.

Vanwonterghem, L, Jensen, P.D., Ho, D.P,, Batstone, DJ., Tyson, G.W., 2014. Linking
microbial community structure, interactions and function in anaerobic di-
gesters using new molecular techniques. Curr. Opin. Biotechnol. 27, 55—64.

Vanwonterghem, I., Jensen, P.D., Rabaey, K., Tyson, G.W., 2015. Temperature and
Solids Retention Time Control Microbial Population Dynamics and Volatile Fatty
Acid Production in Replicated Anaerobic Digesters. Scientific reports 5.

Wilson, C.A., Novak, ], Takacs, L., Wett, B., Murthy, S., 2012. The kinetics of process
dependent ammonia inhibition of methanogenesis from acetic acid. Water Res.
46 (19), 6247—6256.

Yamada, T., Sekiguchi, Y., Hanada, S., Imachi, H., Ohashi, A., Harada, H., Kamagata, Y.,
2006. Anaerolineathermolimosa sp. nov., Levilineasaccharolytica gen. nov., sp.
nov.andLeptolineatardivitalis gen. nov., sp. nov., novel filamentous anaerobes,
and description of the new classes Anaerolineae classis nov.andCaldilineae
classis nov.in the bacterial phylum Chloroflexi. Int. J. Syst. Evol. Microbiol. 56
(6), 1331-1340.

Yi, J., Dong, B., Jin, ]., Dai, X., 2014. Effect of Increasing Total Solids Contents on
Anaerobic Digestion of Food Waste under Mesophilic Conditions: Performance
and Microbial Characteristics Analysis.

Yokoyama, H., Wagner, 1.D., Wiegel, ]., 2010. Caldicoprobacteroshimai gen. nov., sp.
nov., an anaerobic, xylanolytic, extremely thermophilic bacterium isolated from
sheep faeces, and proposal of Caldicoprobacteraceae fam. nov. Int. J. Syst. Evol.
Microbiol. 60 (1), 67—71.

Zhang, L., Lee, Y.-W., andJahng, D., 2011. Anaerobic co-digestion of food waste and
piggery wastewater: focusing on the role of trace elements. Bioresour. Technol.
102 (8), 5048—5059.

Zhao, H., Yang, D., Woese, C.R.,, Bryant, M.P., 1993. Assignment of fatty acid-p-
oxidizing syntrophic bacteria to Syntrophomonadaceae fam. nov.on the basis of
16S rRNA sequence analyses. Int. J. Syst. Bacteriol. 43 (2), 278—286.

Ziganshin, A.M.,, Liebetrau, J., Proter, ]., Kleinsteuber, S., 2013. Microbial community
structure and dynamics during anaerobic digestion of various agricultural
waste materials. Appl. Microbiol. Biotechnol. 97 (11), 5161-5174.

Ziganshin, A.M., Schmidt, T., Scholwin, F, II'inskaya, O.N., Harms, H., Kleinsteuber, S.,
2011. Bacteria and archaea involved in anaerobic digestion of distillers grains
with solubles. Appl. Microbiol. Biotechnol. 89 (6), 2039—2052.


http://refhub.elsevier.com/S0043-1354(16)30183-X/sref6
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref7
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref7
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref7
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref7
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref8
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref8
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref8
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref8
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref8
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref9
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref9
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref9
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref9
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref9
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref10
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref10
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref10
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref11
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref11
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref11
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref11
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref12
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref12
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref12
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref12
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref13
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref13
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref13
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref14
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref14
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref14
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref15
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref15
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref15
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref16
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref16
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref16
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref16
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref17
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref17
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref17
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref17
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref18
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref18
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref18
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref18
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref18
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref19
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref19
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref19
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref19
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref20
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref20
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref20
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref20
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref20
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref20
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref21
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref21
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref21
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref21
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref22
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref22
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref22
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref22
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref23
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref23
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref23
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref23
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref24
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref24
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref24
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref24
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref25
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref25
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref25
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref25
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref26
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref26
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref26
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref26
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref27
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref27
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref27
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref27
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref27
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref28
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref28
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref28
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref28
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref29
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref29
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref29
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref29
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref29
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref30
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref30
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref30
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref30
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref30
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref31
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref31
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref31
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref32
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref32
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref32
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref32
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref32
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref33
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref34
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref34
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref34
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref34
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref34
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref35
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref35
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref35
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref35
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref35
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref36
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref36
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref36
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref36
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref36
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref36
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref37
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref37
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref37
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref37
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref38
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref38
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref38
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref38
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref39
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref39
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref39
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref39
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref39
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref40
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref40
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref40
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref40
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref41
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref41
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref41
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref41
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref42
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref42
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref42
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref42
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref42
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref42
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref43
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref43
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref43
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref44
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref44
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref44
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref44
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref45
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref45
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref45
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref46
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref46
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref46
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref46
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref47
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref47
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref47
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref47
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref47
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref47
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref47
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref48
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref48
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref48
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref49
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref49
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref49
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref49
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref49
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref50
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref50
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref50
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref50
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref51
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref51
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref51
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref51
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref52
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref52
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref52
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref52
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref52
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref53
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref53
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref53
http://refhub.elsevier.com/S0043-1354(16)30183-X/sref53




Paper IV






Quantitative metaproteomics highlight the metabolic contributions of

uncultured phylotypes in a thermophilic anaerobic digester

Live H. Hagen, Jeremy A. Frank, Mirzaman Zamanzadeh, Vincent G.H. Eijsink, Phillip B. Pope,

Svein J. Horn*, Magnus @. Arntzen

Department of Chemistry, Biotechnology and Food Science, Norwegian University of Life

Sciences (NMBU), P. O. Box 5003, N-1432 As, Norway

*Corresponding author. Department of Chemistry, Biotechnology and Food Science, Norwegian
University of Life Sciences, P. O. Box 5003, N-1432 As, Norway. Tel.: + 47 67232488; Fax: + 47
64965901. E-mail address: svein.horn@nmbu.no



Abstract

In this study, we used multiple meta-omic approaches to characterize the microbial community
and the active metabolic pathways of a stable industrial biogas reactor operating at thermophilic
temperatures (60°C) and elevated levels of free ammonia (367 mg NH3-N/L). The microbial
community was strongly dominated (76% of all 16S rRNA amplicon reads) by a population
affiliated to the proteolytic bacterium, Coprothermobacter thermoautotrophicus. Multiple C.
thermoautotrophicus strains were detected, introducing an additional level of complexity seldom
explored in biogas studies. Genome reconstructions provided metabolic insight into the microbes
that performed biomass deconstruction and fermentation, including, besides C.
thermoautotrophicus, the deeply branching phyla Dictyoglomi, Planctomycetes and candidate
phylum Atribacteria. These biomass degraders were complemented by a synergistic network of
microorganisms that convert key fermentation intermediates (fatty acids) via syntrophic
interactions with hydrogenotrophic methanogens, to ultimately produce methane. Interpretation of
the proteomics data also suggested activity of a Methanosaeta phylotype acclimatized to high
ammonia level. In particular, we report a novel bacterium proposed as a syntrophic acetate oxidizer
that also exerts high expression of enzymes needed for both the Wood Ljungdahl pathway and f-
oxidation of fatty acids to acetyl-CoA. Such an arrangement differs from known syntrophic
oxidizing bacteria and presents an interesting hypothesis for futures studies. Collectively, this
study provides increased insight into active metabolic roles of uncultured phylotypes and presents
new synergistic relationships, both of which may contribute to the remarkable stability of the

digester under study .



Importance

Biogas production through anaerobic degradation of organic waste provides an attractive source
of renewable energy and a sustainable waste management strategy. A comprehensive
understanding of the microbial community that drives anaerobic digesters is essential to ensure
stable and efficient energy production. Here, we characterize the intricate microbial networks and
metabolic pathways in a thermophilic biogas reactor. We discuss the impact of frequently
encountered microbial species as well as the metabolism of newly discovered novel phylotypes
that seem to play distinct roles within key microbial stages of anaerobic digestion in this
remarkably stable high-temperature system. In particular, we draft a metabolic scenario whereby
an uncultured SAOB is capable of syntrophically oxidizing acetate as well as longer-chain fatty-
acids (via the B-oxidation and Wood-Ljundahl pathways) to hydrogen and carbon dioxide, which

methanogens subsequently convert to methane.

Keywords: Anaerobic digestion, methane, microbial community, metagenomics, metaproteomics



Introduction

Utilization of more sustainable approaches for waste disposal, rather than landfilling or
incineration, has gathered global interest in recent years. Microbial anaerobic digestion (AD) of
organic matter for the production of methane is a viable alternative and many research initiatives
address optimization of the efficiency of the AD process (e.g. 1, 2-4). AD processes operating
under thermophilic conditions have advantages over mesophilic processes with respect to digestion
efficiency and substrate sanitation (5-7). However, the microbial community inherent to
thermophilic AD conditions are typically less diverse and more vulnerable to environmental

changes (8-10).

Generally, AD proceeds via four major steps. A large consortium of bacteria performs the first
three stages, called hydrolysis, acidogenesis and acetogenesis, whereas a specialized group of
archaea (methanogens) is responsible for the final step, methanogenesis (11, 12). In short, organic
polymers such as polysaccharides, proteins and lipids are hydrolyzed to oligomers and monomers
in the initial step (Hydrolysis). These monomers are in turn fermented to organic acids, such a
volatile fatty acids (VFA) and amino acids (Acidogenesis), which may be further degraded to
acetate, hydrogen, carbon dioxide (CO2) and a few other one-carbon compounds (Acetogenesis).
Hydrogenotrophic methanogens subsequently convert CO> and H> into methane (CH4), whereas
acetate can be converted to methane via two different pathways, namely by direct conversion by
acetoclastic methanogenesis (13), or by syntrophic acetate oxidation (SAO) (14) yielding CO, and
H> to feed the hydrogenotrophic methanogens. Oxidation of acetate and longer chain fatty acids
(FA) is thermodynamically unfavorable (AG > 0) under high partial pressure of H> (15) and
requires a syntrophic interplay with hydrogen consuming microorganisms such as

hydrogenotrophic methanogens. Syntrophic networks become particularly significant in



thermophilic anaerobic digestion, where an increase of free ammonia and temperature inhibits

acetoclastic methanogens (8, 16, 17).

Despite the importance of these cooperative interactions in biogas processes, few cultivable
syntrophic FA and acetate oxidizing bacteria have been recovered and described (e.g. 18, 19, 20).
Such bacteria typically grow poorly as a result of marginal energy acquisition shared between the
oxidizing bacteria and hydrogen-consumer, and their growth demands are difficult to simulate in
laboratory cultures (21). Utilization of combined culture-independent ‘omics’-based technologies
has recently enabled detailed characterizations of several putative syntrophic acetate oxidizing

bacteria (SAOB) (22).

In this study, we characterized the microbial community of a full-scale biogas plant that has been
operating efficiently and stably at an unusually high temperature of 60°C for a decade, with food
waste as the dominant feed stocks. We specifically sought to determine the metabolic roles of
uncultured phylotypes and explored synergistic relationships that possibly play a role in stability.
For this cause, we used a combination of high throughput 16S rRNA gene sequencing and total
metagenome analyses, which allowed generation of genomic bins of both classified and novel
phylotypes. These data were combined with extensive quantitative metaproteomics data, allowing
us to assign abundance values to specific proteins for each genomic bin. By combining these
analyses we identified favored metabolic pathways and crucial microbes that drive the different

steps of the AD in this thermophilic and stable reactor system.



Materials and methods

Source and basic analysis of the sample

The sample was collected in June 2014 from a 2200 m? thermophilic biogas plant (FrBGR) in
Fredrikstad, Norway. This plant has been operating stably for a decade at 60 °C mainly using
food waste as substrate. Total solids (TS), volatile solids (VS), total chemical oxygen demand
(TCOD) and soluble COD (SCOD) were analyzed according to Standard Methods (APHA,
1998). For measurement of SCOD and volatile fatty acids (VFAs), an aliquot of the sample was
first centrifuged at 14000 rpm for 1 min and then filtered using 0.45 pm filters. Ammonium was
determined in the centrifuged filtered samples using an ammonium sensitive electrode (Orion 93
Electrode, Thermoscientific, USA). VFAs were analyzed by reversed phase HPLC (Dionex,
Sunnivale CA, USA) using a Zorbax Eclipse Plus Cig column (Agilent, USA; 150 x 2.1 mm
column; 3.5 um particles) equipped with a guard column (12.5 x 2.1 mm; 5 um particles). The

pH was adjusted to 2.5 using 2.5 mM H2SO4 prior to VFA analysis of the sample.

DNA extraction

An aliquot of 1 mL slurry from the biogas reactor was frozen immediately after sampling, and kept
frozen (at -20°C) until extraction of protein and DNA. DNA was extracted and processed
according to (23), with minor modifications. DNA concentrations were quantified using a Qubit™

fluorometer and the Quant-iT™ dsDNA BR Assay Kit (Invitrogen, Carlsbad, CA, USA).

16S rRNA gene sequencing

16S rRNA gene amplicons for the Illumina MiSeq system (Illumina Inc.) were prepared as
described in M. Zamanzadeh, et al. (8), and sequencing was conducted using paired-end, 2 x 300
bp cycle runs with the MiSeq Reagent Kit v3 on an Illumina MiSeq sequencing system. All 16S

rRNA gene sequences were processed using the QIIME version 1.8.0 software package (24).



Paired-ends were joined (using join paired ends.py) and quality filtered as follows: only three
sequential low-quality (Phred quality score < 20) bases were allowed per sequence before
truncating, and reads with < 75% (of total length) consecutive high-quality base calls were
discarded. No N characters or barcodes were allowed in the sequence. Chimeric sequences were
removed from the dataset using UCHIME incorporated in USEARH (25) and a threshold of 3%
dissimilarity between 16S rRNA gene sequences was used to cluster sequences into de novo
operational taxonomic units (OTUs) (26). Taxonomy (up to rank ‘genus’) was assigned to each
OTU using the Usearch-based consensus taxonomy assigner implemented in QIIME with default
parameters. The Krona visualization tool (27) (available from: http://krona.sourceforge.net) was
used to visualize the microbial diversity in the biogas reactor sample. Nucleotide variation among
16S rRNA gene sequences assigned to selected taxonomic phylotypes (e.g. Coprothermobacter)
was detected with oligotyping in order to explore the occurrence of multiple stains not detected by

3% clustering method or taxonomic classification (28).

Total DNA metagenomics

Shotgun metagenomic sequencing of genomic DNA was performed using two different
sequencing technology platforms, Illumina MiSeq and the Pacific Biosciences (PacBio) RS II
Single Molecule, Real-Time (SMRT®) DNA Sequencing System (29). TruSeq DNA PCR-free
sample preparation and paired-ended (2 x 300) MiSeq sequencing were performed at the
Norwegian Sequencing Center (NSC, Oslo, Norway). PacBio circular consensus sequencing
(CCS) of in total 8 SMRT-cells (minimum accuracy 0.99) using P4-C2 chemistry were performed
at the same facility. The PowerClean DNA Clean-Up kit (MoBio Laboratories, Carlsbad, CA,
USA) was used to purify extracted microbial DNA prior PacBio sequencing in order to avoid

enzymatic inhibition during downstream sample library preparation. MiRA assembler (version 4)



was applied for hybrid assembly of reads from MiSeq and PacBio. Only contigs above 1 kb were
considered for the downstream analysis. Open reading frame (ORF)s identified with
MetaGeneMark v.1 (30) were screened for protein encoding marker genes, and these were
subsequently converted to into a multiple FASTA file (aa_from_gff.pl, included in MetaGeneMark
v.1). Comparison of the protein sequences against a set of 31 AMPHORA marker genes using

HMMSCAN (HMMER 3.0) was then performed.

GC content and sequencing coverage were calculated for each contig and contigs containing 16S
rRNA gene fragments were identified. This information was used to generate high quality training
data for phylogenetic annotation (‘binning’) using PhyloPythia S+ (31), resulting in 43 genomic
bins at phyla-, species-, and phylotype-levels. 107 Hidden Markov Models of conserved single-
copy genes were used to measure the completeness and level of contig duplication in the genomic
bins (contigs > Skb/contigs). All hybrid MiSeq/PacBio contigs (>1 Kb) and genomic bins were
uploaded to Integrated Microbial Genomes (IMG) Expert Review for functional annotation.
Nucleotide MUMmer (NUCmer) was used for alignment of FrBGR genomic bins and closely

related reference genomes.

Metaproteomics

Proteins were extracted from the FrBGR sample by two approaches, one tailored for extracting
proteins from within the bacterial cells, and one for proteins residing in the extracellular liquid;
both methods are described in detail in Supplementary Text S1. Proteins were denatured, reduced
and carbamidomethylated, and further processed into peptides using trypsin. The peptides were
analysed by nanoLC-MS/MS as described previously, using a Q-Exactive hybrid quadupole
orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany) (32), and acquired raw data

was analysed using MaxQuant (33) version 1.4.1.2. Proteins were quantified using the MaxLFQ



algorithm (34). The data was searched against a sample-specific database, generated from the
FrBGR metagenomic contigs that had been organized into phylogenomic bins using
PhyloPythiaS+ (see above) and supplemented with reference genomes (www.ncbi.nlm.nih.gov)
included from Supplementary Table S1. In addition, common contaminants such as human
keratins, trypsin and bovine serum albumin were concatenated to the database as reversed
sequences of all protein entries for estimation of false discovery rates. Protein N-terminal
acetylation, oxidation of methionine, conversion of glutamine to pyro glutamic acid, and
deamination of asparagine and glutamine were used as variable modifications, while
carbamidomethylation of cysteine residues was used as a fixed modification. Trypsin was used as
digestion enzyme and two missed cleavages was allowed. All identifications were filtered in order
to achieve a protein false discovery rate (FDR) of 1%. Results from both protein extraction
methods were combined. For protein quantifications, all measurements were performed in
biological replicates for both extraction methods and proteins with only a single quantification, i.e.

only detected in one of the replicates, were omitted from further analysis.

Results

Characteristics of the biogas reactor

Table 1 shows the characteristics of the FrBGR biogas reactor. The reactor was operating at 60 °C
and the average pH of the effluent was 8.0+0.1. The alkalinity was relatively high (5832 mg/L
CaCQ3) at the sampling time, indicating enough buffering capacity for neutralization of organic
acids and ensuring pH stability. The concentrations of VFAs were generally low and only acetate
(91.0+£7.0 mg/L) and propionate (32.0+1.5 mg/L) were detected in the effluent. Analysis of the
organic content of the digester demonstrated that the major fraction of the chemical oxygen

demand (COD) was in particulate form. The soluble COD fraction was only 7.5% of TCOD,



implying an effective conversion of solubilized organics into biogas. The ammonium
concentration in the reactor at the time of sampling was 1057 mg NHs-N/L. Based on the
temperature and pH of the digester, the free ammonia concentration was calculated as 367 mg
NH3-N/L (35), which is a level expected to have an inhibitory effect on acetoclastic methanogens
(e.g. 36). All in all, these analytical data are typical for a well performing biogas reactor, apart

from a relatively high ammonia level.

Data from combined ‘meta-omics’ technologies

More than 600 000 16S rRNA gene sequences were obtained using MiSeq sequencing of technical
triplicates of the DNA sample. Total DNA metagenomic sequencing provided 54 million paired-
end reads (MiSeq) and nearly 220 000 long reads (PacBio). (Supplementary Table S2). The hybrid
assembly (MiSeq+PacBio) resulted in 235 738 contigs (totaling 473 Mb), where 69 contigs were
longer than 100 kb and 4417 longer than 10 kb. The longest contig was 541 616 bp long, with
Dictyoglomus thermophilum as closest phylogenomic relative. 142 316 contigs were binned into
43 genomic bins. A total of 2416 proteins were identified by combining the two metaproteomics
approaches and requiring proteins to be identified and quantified in both replicates. This resulted
in highly reproducible, label-free, quantitative data (Pearson correlation R = 0.98, supplementary
Figure S1). Taxonomic assignment of each protein was determined by searching against protein
sets generated for each FrBGR genomic bin. Detailed descriptions of the proteins, including the
numbers of protein hits in the group, are provided in the supplementary material, Table S3. The

data assembled for the 24 most abundant genomic bins is summarized in Table 2.

A microbiome strongly dominated by one proteolytic phylotype
The 16S rRNA gene analysis revealed an uneven genus distribution within the FrBGR

microbiome, whereby affiliates of the bacterial genus Coprothermobacter were predominant,
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representing approximately 76% of the total 16S rRNA gene inventory (Figure 1). The second
most abundant phylotype (~7%), also affiliated with the bacterial order Thermoanaerobacterales,
but to the genus Thermacetogenium. An Anaerobaculum phylotype, affiliated to the bacterial
Synergistales order was ranked third, representing ~6% of the total inventory. Moreover, the
known cellulolytic bacterial genus Dictyoglomus represented ~2% of the 16S rRNA gene
sequences, whereas another 2% was assigned to Syntrophomonas. Phylogenomic binning of
assembled contigs from the metagenomic dataset demonstrated a similar population distribution,
whereby Coprothermobacter proteolyticus accounted for a majority (54 %) of the contigs,

followed by Anaerobaculum mobile (12 %) and Thermacetogenium phaeum ( ~5 %) (Table 2).

Whilst the representative genome of Coprothermobacter proteolyticus DSM5256 is 2.42 Mbp
(37), the size of the C. proteolyticus-affiliated FrBGR genomic bin was more than tenfold larger
(Table 2). The genome bin was examined for assembly and/or binning errors to explain this
discrepancy. Closer inspection revealed gene sequences from more than one strain, which
seemingly effected the assembly and binning of this phylogenetic group. In addition to C.
proteolyticus, poor assembly of some of the other dominating bacteria was observed. High-
resolution investigation of the 16S rRNA gene inventory detected potential polymorphisms in the
16S rRNA dataset demonstrating that the OTUs assigned as Coprothermobacter comprised at least
11 oligotypes (Supplementary Figure S2a). Furthermore, an alignment between the C.
proteolyticus-affiliated FrBGR genomic bin and the C. proteolyticus DSM5256 genome, revealed
multiple contigs that mapped against the same C. proteolyticus DSM5256 genome coordinates

with varying similarity (between 75-100%) (Supplementary Figure S2b).

A total of nine different proteases and peptidases, and two putative intracellular

proteases/amidases, were observed in the proteome of C. proteolyticus (supplementary table S3).
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An oligoendopeptidase was the most abundant of these proteases, with a logio(LQF) value of 8.4.
Import/export of proteins and peptides was indicated by the detection of putative ABC-type
transporter systems related to oligopeptides, dipeptides and branched amino acids (logio(LQF)
ranging from 6.6 to 9.2). As expected, the C. proteolyticus proteome contained most enzymes of
common amino acid metabolizing pathways, dealing with glycine, serine, threonine, valine,
leucine and isoleucine. The proteomes of other FrBGR-phylotypes also contained enzymes for
amino acid metabolism, such as 4. mobile-affiliated phylotypes that expressed proteins inferred in
glycine metabolism and arginine degradation via citrulline and ornithine (Supplementary table S3).
Several A. mobile-affiliated proteins inferred in oligopeptide uptake and degradation were also
detected in the proteome, indicating proteolytic activity (Supplementary table S3).

The FrBGR metagenome revealed a diverse group of microorganisms with cellulolytic potential,
among them two uncultured phylotypes assigned to deeply branching and scarcely described
bacterial clades with known cellulolytic potential, namely phylum Planctomycetes and candidate
phylum Atribacteria (lineage OP9) (Supplementary table S3). The proteome of the uncultured
Atribacteria phylotype included beta-glucoside-related glycosidase (Logio(LFQ)=7.3) in addition
to galactose mutarotase, L-fucose isomerase and xylose isomerase, indicating that this phylotype
is participating in the hydrolysis of polysaccharides (e.g. xyloglucan oligomers), potentially
derived from (hemi)cellulose degradation. Translocation of sugar compounds through the cell
membrane was presumably mediated by ABC-type sugar transport systems (non-redundant ABC-
type sugar transport system, Logio(LFQ)=6.9), and almost all key enzymes needed for glycolysis
(Embden-Meyerhof pathway, EMP) were found in the proteome (Supplementary table S3).
Moreover, peptide uptake (non-redundant ABC-dipeptide transport system; Logio(LFQ)=8.8) and

degradation (Trypsine-like serine protease; Logio (LFQ)=7.2) systems were detected in the
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proteome of the uncultured Atribacteria bacterium, suggest a broader hydrolytic role that also
includes protein and amino acids.

A deeply branched phylotype affiliated to the Planctomycetes (referred to as unclassified
Planctomycetes sp.) was also detected, albeit at relatively low abundance (thus not shown in Fig.1).
The predicted metabolic role of Planctomycetes sp. in FrBGR is linked to carbohydrate
degradation, including hemicellulose. Proteome support for this prediction included proteins with
carbohydrate binding domains (Logio(LFQ)=7.5), endoglucanases (Logio(LFQ)=6.7 and 6.5),
beta-galactosidases  (Logio(LFQ)=5.7), alpha-fucosidase  (Logio(LFQ)=6.5), alpha-L-
arabinofurosidase (Logio(LFQ)=6.5) as well as xylose- and L-arabinose isomerases (ranging from
Logio (LFQ) 6.3 to 8.3). Additionally, the proteome data showed that all genes needed for
glycolysis (EMP pathway) were expressed (Supplementary Table S3). Several Planctomycetes sp.-
affiliated proteins were also assigned as proteases and peptidases with relative high abundance
(Logl10 (LFQ) ranging from 6.53 to 8.40) (Supplementary table S3).

A phylotype affiliated to Dictyoglomus thermophilum was predicted to degrade xylose via the
isomerase pathway, whereby xylose is converted to xylulose by the action of xylose isomerase
followed by phosphorylation to xylulose-5-phosphare by xylulokinase. The D. thermophium-
affiliated proteome comprised both a xylosidase/arabinosidase (logio(LFQ)=7.3) and xylose
isomerase (logio(LFQ)=6.5), in addition to a a-amylase/a mannosidase (logio(LFQ)=8.6) and an
endoglucanase  (logio(LFQ)=6.6). A  D-xylulose 5-phosphate/D-fructose  6-phosphate
phosphoketolase (XFP) was also detected, potentially converting D-xylulose-5-phosphate to
acetyl-phosphate and glyceraldehyd-3-phosphate, which may enter the pentose phosphate pathway
(PPP) and/or glycolysis (EMP) with acetate as an end-product. Several other genomic bins that

affiliated with known cellulolytic bacteria, e.g. Clostridium stercorarium, and Clostridium
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thermocellum were extracted from the FrBGR metagenome. However, only a few proteins from

these organisms were detected, indicating a reduced role in the biogas reactor.

Methanogenic population and the methanogenesis pathways

Only 0.04 % of the 16S rRNA sequences was affiliated with the Euryarchaeota, which were
dominated by representatives of hydrogenotrophic methanogens (Methanothermobacter, 99% of
Euryarchaeota sequences) and to a much lesser extent acetoclastic methanogens (Methanosaeta,
1%) (Figure 1). Accordingly, the genomic bin of Methanosaeta thermophila was incomplete, and
therefore supplemented by the corresponding reference genome (Methanosaeta thermophila PT,
Supplementary Table S1) for proteome analysis. Despite the discrepancy in relative abundance of
hydrogenotrophic vs acetoclastic methanogens, proteins for both methanogenic pathways were
detected (Figure 2). Proteins related to hydrogenotrophic methanogenesis included the
formylmethanofuran dehydrogenase cluster (logio(LFQ)= 9.7-10.4), methyl CoM reductase
subunits: logio(LFQ)= 9.6-9.7) and several methyltransferase subunits (mtr cluster; logio(LFQ)=
7.8-9.3). Proteins associated with acetoclastic methanogenesis (reference genome Methanosaeta
thermophila PT) were generally detected at lower levels, ranging from logio(LFQ) values of 6.7
to 9.0 (acetyl-CoA decarbonylase/synthase and acetyl-coenzyme A synthetase, respectively)

(Figure 2, Supplementary Table S3).

Identification of proteins involved in syntrophic degradation of fermentation intermediates

Syntrophic degradation of fermentation intermediates, especially the fatty acids butyrate,
propionate and acetate, is essential for the stability of an anaerobic digester. Butyrate and longer
chain FA are oxidized through B-oxidation cycle(s), while oxidation of propionate proceeds
through the methyl-malonyl-CoA (MMC) pathway. Syntrophic oxidation of acetate, the major

precursor in the process, is usually associated with the reverse Wood Ljungdahl pathway.
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Phylotypes affiliated to syntrophic bacteria from the genus Syntrophomonas were amongst the
most prominent in the the FrBGR 16S rRNA dataset, and a near complete genomic bin was
reconstructed for phylotypes closely affiliated with Syntrophomonas wolfei. For S. wolfei-affiliated
phylotypes, all four enzyme classes required for f-oxidation of butyrate and perhaps longer FA
(acyl-CoA dehydrogenase, enoyl-CoA hydrotase and 3-hydroxyacyl-CoA dehydrogenase, 3-
ketoacyl-CoA thiolase), were expressed (logio(LQF) =~7), demonstrating the phylotype’s activity
within FrBGR. Several CoA transferases, but no acetyl CoA synthetase were observed in the
proteome, indicating that activation of the fatty acids occurred by transfer of the CoA group from
acetyl-CoA to the fatty acid. A near complete genomic bin was also recovered for a phylotype
closely affiliated to Syntrophothermus lipocalidus, although Syntrophothermus was not present
among the abundant genus in the FrBGR 16S rRNA dataset. A long-chain acyl-CoA synthase was
identified (logio(LQF) = 6.8) in the proteome of the Syntrophothermus lipocalidus-like phylotype,
indicating uptake and degradation of long-chain FA (LCFA), which could emerge from lipid
hydrolysis. Distinct from S. wolfei, the expression of an acetyl-CoA hydrolase in S. lipocalidus
indicated that acetate might be formed by hydrolysis rather than substrate level phosphorylation.

A phylotype affiliated with the thermophilic, syntrophic propionate-degrading bacterium
Pelotomaculum thermopropionicum, (38), was detected in FrBGR, but metabolic reconstruction
of this phylotype was not possible due to low genome coverage. The incorporation of the reference
genome of P. thermopropionicum (supplementary Table S1) improved proteome mapping and
suggested metabolism of propionate, as both the methyl-malonyl-CoA (MMC) cluster and
propionate CoA transferase (PCT) cluster were expressed in relative high abundance (up to

logio(LQF) = 8.1 and 7.5 respectively; Supplementary table S3).
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The most numerically abundant phylotype inferred in acetate oxidation was affiliated to T.
phaeum, and represented approximately 7 % of the 16S rRNA gene inventory. Genome
reconstruction and proteome analysis of phylotype 7. phaeum revealed a relatively high abundance
of proteins that constitute the Wood-Ljungdahl (WL) pathway, which is the mainstay in most
yntrophic  acetate  oxidizers (i.e.  formyltetrahydrofolate = synthase, 5,10 —
methylenetetrahydrofolate dehydrogenase, methylenetetrahydrofolate reductase,
trimethylamine:corrinoid methyltransferase, carbon monoxide dehydrogenase/acetyl-CoA,
phoshotransacetylase and acetate kinase). In addition, proteomic analyses of an uncultured
phylotype affiliated with the Firmicutes phylum (referred to as unFirm02_ FrBGR; abbreviated to
“unFi” in Figure 4 and Supplementary Figure S3), also gave strong indications towards its role as
a SAOB. This was based on the proteome detection of nearly all enzymes required for the WL
pathway (Figure 3, Supplementary Table S3, Supplementary Figure S3). Moreover, the four -
oxidation enzyme classes needed for the degradation of FA to acetyl-CoA were also detected (39),
where an Acyl-CoA synthetase protein had the highest expression level (logio(LQF) = 9.0).
Notably, the expression level of P-oxidation related enzymes was generally higher for
unFirm02_ FrBGR compared to both S. lipocalidus and S. wolfei (Supplementary Table S3).
However, the broad functioning of many enzymes in these classes made further predictions into
the specific FA being oxidized overly speculative, and therefore was not attempted. The proteome
also revealed that proteins only related to the lower part of the unidirectional EMP were observed
(Figure 3, Supplementary Table S3). A protein cluster encoding Fe-S oxidoreductase and electron
transfer flavoprotein (ETF) a- and B-subunits was identified in the unFirm02 FrBGR proteome,
suggesting a mechanism for reverse electron transfer (39). Thus, we hypothesize that

unFirm02 FrBGR imports and oxidizes fatty acids to acetyl-CoA, which is further oxidized to
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CO; and H; through a reverse WL pathway, as illustrated in Figure 3. Searching the 16S rRNA
dataset against the metagenome data demonstrated that this phylotype was among the 10 most
abundant microbes in FrBGR, comprising 0.5% of the total 16S rRNA gene sequences. Its
representative OTU could not be assigned further than to the order Natranerobiales ML1228J-1
in our 16S rRNA gene sequencing analysis (using RDP classifier). A phylogenetic comparison of
the unFrim02 FrBGR 16S rRNA sequence with known SAOBs and selected syntrophic acetogens
suggests a closer relationship to the thermotolerant SAOB Tepidanaerobacter acetoxydans than
T. phaeum (supplementary Figure S4). The closest relative to the representative sequence for
unFirm02_FrBGR was Candidatus Contubernalis alkalceticum clone Z-7904, with only 91% 16S

rRNA gene sequence similarity (using BLAST).

Discussion

Biomass degradation in an ammonia-rich biogas reactor operating at 60°C

Genome reconstruction and functional interpretation of uncultured phylotypes identified
participants within key central metabolic pathways in FrBGR, including hydrolysis of
macromolecules, downstream fermentation, syntrophic degradation of intermediates and
methanogenesis via two pathways (syntrophic acetate oxidation — hydrogenotrophic
methanogenesis and acetoclastic methanogenesis) (Summarized in Figure 4). The high content of
protein-rich material in the substrate was reflected by a strong dominance of C. proteolyticus- and
A. mobile-like phylotypes, both proven to express high levels of enzymes essential for protein- and
amino acid degradation. C. proteolyticus is frequently reported at various abundances in

thermophilic digesters treating protein-rich biomass, and its proteolytic activity is clearly
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supported by the literature (40, 41). Our data introduces additional complexity for C. proteolyticus-
like populations by indicating the presence of multiple-strains, however the specific diversity and

functional interplay that exists remains to be elucidated.

Several novel phylotypes were identified to actively produce enzymes needed for degradation of
polysaccharide, another major compartment of food waste (42). A deeply branching bacteria, D.
thermophilum was observed at relative high abundance (1 % of all 16S rRNA gene sequences,
Figure 1) and with high expression levels of proteins related to xylan degradation, in accordance
with literature (43). In addition, functional insight was generated for two phylotypes affiliated to
deeply branching phyla, Planctomycetes and candidate phylum Atribacteria. Representatives from
Planctomycetes are only sporadically observed typical in anaerobic digesters (44, 45), while
candidate phylum Atribacteria (formerly “OP9”) are widespread within these systems (8, 9, 46,
47). Recent studies have demonstrated carbohydrate-degrading characteristics of uncultivated OP9
members (Atribacteria) (48, 49), and the metabolic insight gained in this study suggests proteolytic
activity. The results also imply that the unclassified Planctomycetes phylotype is metabolically

active in the hydrolysis of both proteins and carbohydrates.

A syntrophic network enable complete degradation of fatty acids

Propionate and longer chain fatty acids are important intermediates in anaerobic digestion, and a
rapid degradation of these compounds to acetate, formate or hydrogen is essential to enable a
complete degradation of organic matter to methane. Degradation of fatty acids in concert with
hydrogen production is highly endergonic under standard conditions (propionate AG®'=+76.1 kJ
mol!, butyrate; AG®'=+48.6 kJ mol! (50)), and only possible when hydrogen is kept at low partial
pressures by a secondary organism, e.g. a hydrogenotrophic methanogen. Propionate, originating

from e.g. amino acid degradation, polysaccharide fermentation, or as a byproduct from f-
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oxidation of LCFA, is often one of the major VFAs in anaerobic digestion processes and
insufficient removal can lead to instability (51). Most of the characterized syntrophic propionate
oxidizing bacteria degrade propionate through the unidirectional methylmalonyl coenzyme A
(MMC) pathway. Within FrBGR, Pelotomacum thermopropionicum (38) was seemingly the only
organism expressing most of the MMC-related enzymes. Involvement of the aforementioned
Atribacteria in syntrophic propionate degradation have also been suggested previously (52),

however, no evidence for this was found in our data.

Degradation of butyrate and longer chain fatty acids to acetyl-CoA and acetate proceeds through
B-oxidation cycles, of which S. wolfei -, S. lipocaldicus- and unFirm02 FrGBR- phylotypes
expressed enzymes from the required classifications (acyl-CoA dehydrogenase, enoyl-CoA
hydrotase and 3-hydroxyacyl-CoA dehydrogenase, 3-ketoacyl-CoA thiolase). Both S. wolfei and
S. lipocalidus are well-known FA-degraders, whereby the former can utilize fatty acids of four to
eight carbons (C4 to Cg) to (53, 54) and the latter can degrade Cs to Cio (55). Interestingly,
unFirm02 FrBGR exerted the highest acyl-CoA synthetase and acyl-CoA dehydrogenase
expression levels compared to both S. wolfei and S. lipocaldicus, suggesting this novel phylotype

is an important FA degrader in FrBGR.

Protein levels indicate activity of a low abundant acetoclastic methanogen insensitive to ammonia
Generally, acetate serves as one of the most important precursors in AD processes (12). Acetate
utilizing populations such as acetoclastic methanogens or SAOBEs, are therefore essential to ensure
stable carbon flow via acetate with methane as a final product. The operating temperature (60 °C)
of FrBGR has been previously proposed as a critical balance temperature for an efficient anaerobic
digestion (56). Moreover, the concentration of free ammonia (367 mg NH3-N/L) was in the upper
sensitivity level previously established for acetoclastic methogens (8, 10, 16, 57), presumably a
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direct consequence of elevated temperatures (lower pK, of NH4+"/NH3) and the proteinaceous
feedstock. Similar high ammonia levels and operating temperatures for methanogenic bioreactors
are associated with a decline of acetate-consuming methanogens (particularly Methanosaeta) and
a poorer biogas reactor performance (56, 58-60). Nevertheless, despite the high temperature and
free ammonia concentration in FrBGR, chemical analyses suggested a stable (low VFA
concentration, sufficient alkalinity) and efficient (low COD) conversion of biomass to biogas.
Inhibition of the acetoclastic methanogenesis was therefore expected as well as promoted

importance of SAOBs and hydrogenotrophic methanogens (61, 62).

The overall population structure of methanogens in FrBGR was predominated by the obligate
hydrogenotrophic methanogen; M. thermoautotrophicus. As expected, low population levels were
associated with the obligate acetoclastic methanogenic genus Methanosaeta in FtBGR, however
surprisingly several Methanosaeta thermofila enzymes associated with acetoclastic
methanogenesis were detected in the FrBGR metaproteome. This illustrated that despite its very
low 16S rRNA abundance, M. thermofila is metabolically active under the elevated temperature
and high ammonia levels. According to the wide range of NHj3 inhibition coefficients (Kinns)
reported in the literature (8, 16, 57), the degree of process inhibition is highly dependent on the
operational history of a digester, and whether the microbial community within the digester has
acclimatized to high ammonia exposure. Previous studies have shown that communities can adapt
to stress, and remain tolerant over several generation times (3). Since FrBGR has been running
steadily for several years, the populations of acetoclastic methanogens in FrBGR are seemingly
acclimatized to the high free ammonia levels calculated for the reactor. In addition to proteomic
detection suggesting acetoclastic methanogenesis, the genomic reconstruction of a well-known

SOAB T. phaeum (63), with a highly expressed WL pathway suggests that acetate-turnover
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predominately occurs via syntrophic acetate oxidation in co-existence with hydrogen consuming
Methanothermobacter thermoautotrophicus-like phylotypes. This scenario suites well with the
hypothesis, suggested by D. Ho, et al. (56), that some levels of acetoclastic methanogenesis may
be necessary for removal of residual acetate, while SAOBs removes the bulk, in order to enable

an efficient degradation.

Evidence for a novel thermophilic acetate oxidizing bacteria, taking longer chain fatty acids all
the way to CO;

Very few SAOBs have been successfully isolated and characterized to date. This limited collection
is only represented by two thermophiles (7. phaeum and Thermotoga lettinga (64)), one that is
thermotolerant (Tepidanaerobacter acetoxydans (20)) and three mesophiles (Pseudothermotoga
lettinga (64), Clostridium ultunense (18) and Syntrophaceticus schinkii (65)). Recent studies have
emphasized that the appearance of SAOBs in anaerobic systems is more widespread than those
characterized by culture dependent methods and several genomes representing uncultured putative
SAOB have been deduced (22, 52, 66). In this study, we identified genomic data affiliated to 7.
phaeum and T. acetoxydans, however only few proteins were mapped to the latter indicating low
metabolic activity. Phylotypes affiliated to the genus Thermoacetogenium were the second most
abundant in the 16S rRNA gene inventory. In addition, 7. phaeum-affiliated proteins related to the
WL-pathway were detected at high-levels, demonstrating the prominence of SAO in FrBGR.
Aside from relatively well-known SAOB, our analysis suggested a metabolic role for an
uncultured and novel thermophilic SAOB (unFirm02 FrBGR). Interestingly, this phylotype
encodes the necessary genes and pathways to syntrophically oxidize acetate as well as longer chain
fatty acids. This combination of pathways is documented for non-syntrophic sulphate-reducers

(67), but not for the characterized SAOBs. Genomic annotation indicates unFirm02 FrBGR is not
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a sulphate reducer, as no genes for sulphate reduction was found. Proteomics showed that nearly
all unFirm02_ FrBGR proteins essential for the WL-pathway were expressed with particularly high
levels of formyltetrahydrofolate synthetase (FTHFS) and CO dehydrogenase (acsB). The
expression of a protein cluster encoding Fe-S oxidoreductase and electron transfer flavoprotein
(ETF) a- and B-subunits, has been previously shown to serve as reverse electron transfer systems
in syntrophic fatty acid oxidizing bacteria (39). And finally, phylogenetic analysis confirmed that
unFirm02_FrBGR was closest related to Candidatus Contubernalis alkalceticum, an uncultivated
obligate syntrophic acetate oxidizer (68). Although cultivation based efforts are required to
completely validate the metabolic traits and ecological role of the unFirm02 FrBGR phylotype,
we believe that the FrBGR observations infer a syntrophic lifestyle. Overall, this study
demonstrates a thermophilic bacterium that seemingly utilizes f-oxidation to degrade longer chain
fatty acids to acetate, followed by a further oxidation of acetate to CO> through the reductive

Wood-Ljungdahl pathway.

Conclusion

Collectively we present an increased understanding of uncultured phylotypes that engage in key
microbial process within a stable biogas reactor that is operating under problematic conditions.
Multiple strains were detected within reconstructed genomes for several key phylotypes,
introducing an additional level of complexity seldom explored in biogas studies. Particular focus
on uncultivated and scarcely described microbial groups, such as the candidate phylum
Atribactera, Planctomycetes and a novel putative SAOB complement ongoing efforts to
characterize the microbial processes that control biogas production. Key findings include evidence
for anovel SAOB that is seemingly capable of both B-oxidation of longer chain fatty acids as well

as acetate oxidation via a reductive WL-pathway. The “connection” of these two pathways
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expands our knowledge into the intricate syntrophic networks that are required to convert
important fermentation intermediates into methane Culture-based confirmation is still required and

presents an ongoing challenge.
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Figure captures

Figure 1. Phylogenetic distribution of the most dominant 16S rRNA gene sequences in
FrBGR. Details for the Euryarchaeota (not visible in the major plot because of low abundance)
are provided in a separate plot to the lower left. Scattered areas contain two or more phylotypes
with low abundance. The phylotype assigned to the order Natranaerobiales in the 16S rRNA
dataset corresponds to the genomic bin named “unFirm02_ FrBGR” in the metagenomic dataset,
as indicated. The plot was generated using Krona, and then simplified (i.e. removal of low

abundant phylotypes) in order to reduce size.

Figure 2. Methanogenesis pathways in FrBGR operating at high temperature and high
ammonia concentration. The coloring of genes (shown as boxes) indicates the quantitative
MaxQuant LFQ values of the detected proteins. Acetoclastic methanogenesis is shown by light
blue lines, with proteins being mapped to the reference genome of Methanosaeta thermophila
PT. Pathways illustrated by dark blue lines represent hydrogenotrophic methanogenesis and
proteins were mapped to Methanothermobacter thermoautotrophicus supplemented by the
genomic bins of ‘Methanothermobacter’, ‘Methanobacteriales’ and ‘Archaea’. Abbreviations
used in this figure can be found in supplementary Table S3. Subunits of multimeric protein

complexes are indicated, if detected (A, B, C etc.).

Figure 3. Selected metabolic pathways of the putative novel SAOB unFirm02 FrBGR. The
pathways are proposed based on genome and proteome comparison, and protein abundances are
indicated by color. All enzymes needed for B-oxidation of fatty acids, in addition to most

enzymes associated with the Wood Ljungdahl pathway were detected. Only proteins affiliated to

the lower part of EMP was represented in the proteome. Acetate kinase (ack) was detected in the
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genome, but not it the proteome. More details on the proteins detected can be found in

supplementary Table S3, including abbreviations.

Figure 4. Hypothetical model of the carbon flux in FrBGR, with functional roles of dominant
phylotypes inferred from comparison of metagenome and metaproteome datasets. Metabolic
pathways showing the key stages (arrows) of acetogenesis (pink), and methanogenesis (blue), in
addition to syntrophic metabolic processes (green). Only the most prominent (with regards on
relative abundance and protein abundance) phylotypes in the FrBGR microbial community were
evaluated, and it should be noted that the ‘rare’ portion of the population might accounts for
underlying key metabolic pathways not shown here. Organism abbreviations used in this figure
Atri: uncultured Atribacteria bacterium; Dglo: Dictyoglomus thermophilum; Athe: Anaerolinea
thermophile; Cpro: Coprothermobacter proteolyticus; Amob: Anaerobaculum mobile; Swol:
Syntrophomonas wolfei; Slip: Syntrophothermus lipocalidus; Tpha: Thermacetogenium phaeums;
unFi: unFirm2 FrBGR; Ppro: Pelotomaculum thermopropionicum; Mbt: Methanothermobacter

thermautotrophicus; Mst: Methanosaeta thermophile; Plan: unclassified Planctomycetes sp.
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Table 1. Characteristics of the FrBGR reactor

Parameters Unit FrBGR effluent
TS % 4.4+0.1
VS % 2.3+0.1
TCOD mg/L 386154800
TCOD/VS - 1.67
SCOD mg/L 2868+345
pH - 8.0+0.1
NH4 mg N/L 1057+12
Propionate mg/L 32+£1.5
Acetate mg/L 91£7.0
Alkalinity mg/L as CaCOs3 5832+200




Table 2. Characteristics of genomic bins extracted from the FrBGR reactor

ID Genome bins Genomic bin  Contigs Estimated
size (%) completeness
(Mbp) (o)
Cpro  Coprothermobacter proteolyticus 58.48 54.0 88
Amob  Anaerobaculum mobile 23.65 12.0 93
Tpha  Thermacetogenium phaeum 10.66 54 96
Atri  Uncultured Atribacteria bacterium (OP9) 8.46 3.5 93
Slip  Syntrophothermus lipocalidus 7.05 2.8 95
unFi  unFirm2 FrBGR 6.54 2.5 94
Plan  Unclassified Planctomycetes sp. 6.25 34 67
Swol  Syntrophomonas wolfei 5.89 1.8 71
Cste  Clostridium stercorarium 541 1.7 95
Prot  Unclassified Proteobacteria sp. 4.15 0.7 78
Athe  Anaerolinea thermophila 4.06 1.1 92
Fpen  Fervidobacterium pennivorans 3.68 0.5 93
Dglo  Dictyoglomus thermophilum 3.20 0.9 96
Cthe  Clostridium thermocellum 2.93 1.2 64
Tyel  Thermodesulfovibrio yellowstonii 2.19 0.5 95
Leri  Lactobacillus crispatus 1.96 0.5 82
Bado  Bifidobacterium adolescentis 1.74 1.0 63
Lraf  Lactococcus raffinolactis 1.63 0.8 65
Ther  Unclassified Thermoanaerobacteraceae sp. 1.36 1.4 >20
Tace  Tepidanaerobacter acetatoxydans 1.01 0.5 40
Pthe  Pelotomaculum thermopropionicum 0.99 0.2 22
Fnod  Fervidobacterium nodosum 0.47 0.3 >20
Mbt  Methanothermobacter thermautotrophicus 0.26 0.2 >20

Mst  Methanosaeta thermophila 0.13 0.2 >20




6 more, incl.:
Natranaerobiales [unFirm02] 0.5%
SHA-98 0.4%

20 more, incl.:
Other 0.3% Thermotogaceae 0.4%
Euryarchaeota 0.04% [l Actinobacteria 0.4%

Chloroflexi 0.3%
Protecbacteria 0.2%
Thermodesulfovibrio 0.05%

Methanosaeta 1%

Figure 1
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Supplementary Text S1

Materials and methods

Metaproteomics — protein extraction

Sample was collected in June 2014 from a 2200 m3 thermophilic biogas plant (FrBGR) in
Fredrikstad, Norway, and proteins were extracted from the sample in two approaches. In the
first method, cells and substrate were pelleted at 16.600 x g for 2 minutes and liquid
removed. In order to separate cells from substrate, the pellet was dissolved in 1% (v/v)
MeOH, 1% (v/v) tert-Butanol, 0.1% (v/v) Tween-80, pH 2.0 and substrate pelleted by gentle
centrifugation at 100 x g for 20 seconds. The cell containing supernatant was transferred to
a new tube and the pellet washed again. This was repeated three times to increase the cell
count. Cells, now dissociated from the substrate, were finally pelleted and washed in 10 mM
Tris-HCI, 1M NacCl, pH 8.0 prior to cell lysis. Lysis was performed using a bead beating
approach where glass beads (size < 106 um) were added together with lysis buffer (50 mM
Tris-HCI, 0.1% (v/v) Triton X-100, 200 mM NaCl, 1 mM DTT) and cells were disrupted in
3 x 60 second cycles using a FastPrep24 (MP Biomedicals, Santa Ana, CA, USA). Debris
were removed by centrifugation at 16.600 x g for 20 minutes and proteins were precipitated
overnight in 16% ice cold TCA. The next day, proteins were dissolved in SDS sample
buffer, separated by SDS-PAGE using an Any-kD Mini-PROTEAN gel (Bio-Rad
Labaoratories, Hercules, CA, USA) and stained using Coomassie Brilliant Blue R250. The
gel was cut in 16 slices and reduced, alkylated and digested as described previously (Arntzen
et al. 2015). Prior to mass spectrometry, peptides were desalted using Cig ZipTips (Merck

Millipore, Darmstadt, Germany) according to manufacturer’s instructions.

A second method was also used, but optimized to extract proteins from the culture liquid.
An aliquot of the FrBGR sample (15 mL biomass) was centrifuged at 4500 x g for 10
minutes and the supernatant were transferred to a 10 kDa molecular weight cutoff filter and
concentrated to 500 pL. Proteins were then processed for mass spectrometric analysis while
residing in the cutoff filter according to the FASP procedure (Wisniewski et al. 2009). In
brief, denaturing, alkylation and digestion were accomplished by subsequently passing
through 8M urea, 50 mM iodoacetamide and 2 pg trypsin in Tris-HCI, pH 7.8. Trypsination

was performed overnight on filter, and peptides were collected the next day by



centrifugation as these would now pass through the cutoff filter. Peptides were desalted by

Cis ZipTips as described above.



Supplementary Figures

Figure S1: Quality of protein quantification. The figure shows the pairwise reproducibility
of label-free quantification (LFQ) between the two biological replicates (Pearson
correlation R=0.98). Proteins quantified in only one replicate were omitted from further
analysis and are not shown in this figure. Proteins identified with a single peptide are
indicated in red.



a) Distribution of Oligotypes Among Samples for Coprothermobacter_403
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Figure S2 Indication of several strains of Coprothermobacter proteolyticus showed by (a)
identification of several oligotypes within OTUs assigned to Coprothermobacter in the
triplicated (S1L, S2L and S3L) 16S rRNA gene sequence data, and (b) alignment (NUCmer)
of the draft genome against the representative sequenced genome, Coprothermobacter

proteolyticus DSM5256.
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Figure S3 Metabolic pathways for syntrophic oxidation of acetate via Wood-Ljungdahl
pathway (Tpha; Thermacetogenium phaeum and unFi; unFirm02 FrBGR), propionate via
methylmalonyl-CoA pathway (Ppro; Pelotomaculum thermopropionicum) and butyrate and
longer chain fatty acids via B-oxidation (Slip; Syntrophothermus lipocalidus) and (Swol;
Syntrophomonas wolfei, respectively). The pathways are proposed based on genome and
proteome comparison, and protein abundances are indicated by color. Protein abbreviations
used in this figure are given in supplementary Sable S3. See Figure 3 for an extended
illustration of metabolic pathways of proposed for unFirm02 FrBGR, including B-

oxidation.
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Clostridium ljungdahlii DSM13528 (CP_001666)

Clostridium ultunense DSM10521 (Z69293)

Escherichia coli ATCC 11775T (X80725)

Thermacetogenium phaeum strain PB (NR_024688)

- Syntrophaceticus schinkii strain Sp3 (EU386162)

Moorella thermoacetica JCM9319 (AB572912)

Syntrophomonas wolfer (NC_0083461)

Syntrophothermus lipocalidus DSM12680 (AB021

Tepidanaerobacter acetatoxydans Re1 (NR_116298)

Candidatus Contubernalis alkalaceticum cloneZ-7904 (DQ124682)

pSAOB unFirm02_FrBGR (thermophilic, current study)

Anaerobaculum mobile (AM910748)

Thermotoga lettinga (AF35!

pSAOB unFirm01_SLU (mesophilic, study submitted)
0.03

Figure S4 Phylogenetic tree based on 16S rRNA gene sequences highlighting the
relationship of the putative novel SAOB unFirm02 FrBGR relative to known SAOBEs,
selected acetogens and one other potential novel SAOB recently assembled from a similar
study of a mesophilic digester (study submitted). Anaerobaculum mobile and Escherichia
coli was included as outgroups. The 16S rRNA-based alignment was carried out using
MUSCLE, and the phylogenetic three was generated with FastTree.



Supplementary Tables

Table S1. List of reference genomes included in the protein mapping and the interpretation
of the results. The reference genomes is only used if specified in the text, otherwise FrBGR

genomic bins were used.

Genomes Accession number Identical RefSeq
and GeneBank

Methanosaeta thermophila PT CP000477.1 yes

Methanothermobacter thermautotrophicus NC_000916.1 yes

strain Delta H

Dictyoglomus thermophilum H-6-12 NC 011297 yes

Pelotomaculum thermopropionicum Sl NC 009454 yes

Tepidanaerobacter acetatoxydans Rel NC_019954 yes

Clostridium stercorarium subsp. stercorarium | NC 020134 yes

DSM 8532

Table S2. Sequencing statistics (yields after quality filtration as described in Materials and

Methods)
MiSeq 16S rRNA MiSeq 8 SMRT cells Pac
(n=3, high Metagenomics Bio RS (min.
quality) (Q>30) accuracy 99.0 %)
Reads (bp) 616 687 54 025 934 217 815
Average read length 300 PE 300 PE 1253
Sequence information 180 16 200 274
(Mb)
Contigs after assembly - 235 738
(n)
Average contig size (nt) - 2009
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