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ABSTRACT 
 

Anaerobic digestion (AD) of feedstocks, such as grass and food waste, presents a 

sustainable and cost efficient technology for the generation of bioenergy and 

value added products.  However, to fully optimize the process, the microbial 

communities involved and their functional roles must be understood.  Mixed 

microbial AD sample analysis requires a robust methodological framework for 

investigation of community structure and function.  The objective of this thesis 

was, firstly, to develop a successful co-extraction methodology to recover 

nucleic acids and proteins from AD bioreactors treating grass and food waste for 

16S rRNA analysis and metaproteomics analyses.  Methods for sample 

preparation, cell lysis, protein extraction and separation were investigated.  Once 

a metaproteomic workflow was established, a co-extraction methodology was 

developed for both grass AD and food waste AD samples.  The established co-

extraction workflow using the Norgen Biotek kit was employed to analyse DNA, 

RNA and protein from grass biofilm and leachate fractions of triplicate leach-bed 

grass anaerobic bioreactors.  The combined 16S rRNA analysis and 

metaproteomics revealed the microbial structure of the triplicate bioreactors and 

their microbial functions.  Clostridiales, Bacteroidales and Prevotella were 

involved in grass degradation, the production of methane was mainly attributed 

to Methanosarcinales, while Prevotella, Megasphaera, Clostridiales, 

Bacteroides, Azotobacter and Dysogonomas were responsible for VFA 

production.  A metaproteomic approach was also employed in the context of 

food AD, where digestate fractions of triplicate bioreactors were sampled as a 

function of time.  Previous 16S rRNA analysis had revealed community shifts 

during the reactor trial, and a functional-based approach was employed to 

investigate the metabolic activities taking place throughout the reactor run (3 

time-points).  The majority of proteins identified were assigned to 

Lactobacillales, while Enterobacteriales were mainly responsible for food waste 

hydrolysis.  There was no evidence of methane production, however proteins 

were identified for the production of acetate, butyrate and propionate, which was 

in agreement with process observations.  Overall, the workflow established and 

integrated analysis employed in this research uncovered the community structure 

and function of grass AD and food waste AD.  The metabolic activities of the 
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microbial communities supported the observations at the process level.  

Microorganisms responsible for the degradation of substrates were uncovered, 

while those involved in the production of end-products were also identified.  This 

work provides a platform for process optimization, whereby enrichment 

strategies could be employed to favour the growth of key players in the process, 

encompassing bioaugmentation approaches and tailoring of environmental 

conditions.  



!

 
 
 
 
 
 
 
 
 
 
 

Chapter 1 
 

Introduction 
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1.1. Renewable Energy and Waste Management 

The depletion of fossil fuel sources worldwide has created a need for clean 

renewable energy sources.  In Ireland alone, natural resources and non-renewable 

fuels are being consumed at an unsustainable rate.  Under the European 

Renewable Energy Directive (2009/28/EC), Ireland must be generating 16% of 

its’ own energy from renewable sources by 2020.  In 2013, Ireland had reached 

almost half (7.8%) of that target of renewable energy contribution (SEAI, 2013).  

These renewable energies were mostly attributed to wind (47%) and bioenergy 

(42%), followed by hydropower, geothermal and solar, and led to the production 

of renewable electricity (58%), renewable heat (30%) and renewable transport 

fuels (12%) (SEAI, 2013).   

 

Ireland is also generating a substantial amount of waste on a daily basis, with one 

of the primary sources being food waste, made up from domestic, commercial 

and industrial food wastes.  Traditionally, common methods of disposal for these 

wastes included landfill and incineration (Komilis et al., 1999; Kim & Kim, 

2010).  However, this led to many environmental and public health implications 

due to toxic gaseous emissions, polluted leachates and a need for large land 

surface areas (Ariunbaatar et al., 2015; Ratanatamskul & Saleart, 2015).  In 

2010, Food Waste Regulations (SI 508 of 2009) were enforced, which required 

food wastes to be put into dedicated bins that are not mixed with other waste.  

This brown bin collection service then brought the food waste for composting or 

another approved recycling process.  However, the majority of the >610,000 

tonnes of organic municipal soild waste (OMSW) going to landfill for disposal 

consists of food waste.  Based on the Landfill Directive (Council Directive 

1999/31/EC), all EU member states must reduce the amount of waste going to 

landfill, and by 2016 landfilling of biodegradable municipal wastes needs to be 

reduced to 35%, from what it was in 1995 (<427,000 tonnes), and failure to do so 

will lead to financial penalties. 

 

Anaerobic digestion is utilized worldwide for the treatment of wastewaster.  

There has been ever growing interest in the technology due to its ability to 

produce bioenergy from many organic feedstocks, including food waste and 

grass (Sheets et al., 2015).  The generation of renewable energy from 
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lignocellulosic biomass such as crops, woody biomass and grass has become 

more popular due to their abundance, availability and renewability.  Food waste 

is a valuable resource for recycling, provided it is utilized effectively.  Utilizing 

food waste for anaerobic digestion is an attractive option due to efficient waste 

management while production of energy and recovery of value added products 

can be achieved simultaneously (Zhang & Jahng, 2012). 

 

Bioenergy from biomass and wastes supports the need for renewable energy 

goals (European Renewable Energy Directive (2009/28/EC)) and a reduction 

wastes going to landfill (Landfill Directive (Council Directive 1999/31/EC)).  

Ireland has good bioenergy potential due to the agricultural land, forestry and 

recycled waste from municipal, agriculture and industrial sources (teagasc.ie).  

By utilizing the available bioenergy resources for anaerobic digestion, Ireland 

can reduce imports of non-renewable fossil fuel energy, whilst becoming energy 

dependent as a country. 

 

1.2. The Biology of Anaerobic Digestion 

Anaerobic digestion (AD) is a biological process involving the breakdown of 

complex organic substrates by various microbial trophic groups to produce 

biogas in the absence of oxygen.  It is a naturally occurring process in the 

environment, and in recent years AD has been implemented for an array of high 

rate treatment processes.  It has become a favourable option for the treatment 

organic wastes owing to its energy production in the form of methane (Lee et al., 

2010).  AD consists of a chain of biological reactions - hydrolysis, acidogenesis, 

acetogenesis and methanogenesis, which are carried out by various microbial 

communities to produce biogas (methane) (Figure 1.1).  Each phase of the 

process allows for the degradation of different compound types.  The first three 

steps are driven by bacterial populations, while the final step is driven by 

archaeal methanogens.  Methanogenic population are most often investigated, as 

methane production is of high interest for energy sources, while the microbial 

consortia involved in the first three steps are often overlooked (Amani et al., 

2010). 

 



! [Chapter!1]! !
!

 3!

 
Figure 1.1. Overview of the anaerobic digestion process  
 

1.2.1. Hydrolysis 

Hydrolysis is the initial step of AD.  It is often thought to be the rate-limiting 

step in for AD systems utilizing solid biomass (Wang et al., 2010), as feedstocks 

containing a percentage of cellulose are typically unable to be completely 

decomposed by the microbial consortia.  During this phase organic polymeric 

substrates are solubilized or degraded into monomeric or dimeric substrates (Kim 

et al. 2003) - carbohydrates, proteins and fats are broken down into sugars, 

amino acids and fatty acids, respectively.  There are two suggested methods of 

hydrolysis activity a) hydrolytic enzymes (cellulases, proteases and lipases) are 

secreted by the microbial population into the leachate fraction to break down 

soluble substrates or fragments (Jain et al., 1992), or b) the microbial species 

attach to the surface of the substrate fragments and then secrete the enzymes to 

hydrolyse the substrate (Vavilin et al., 1996).  The rate of hydrolysis can depend 

on many variables including pH, temperature, and the type of substrate used 

(Shah et al., 2014).  Members of Bacteroidetes and Clostridium have been found 

to carry out this step in mesophilic and thermophilic AD systems treating lipid 

rich waste and maize silage (Cirne et al., 2007; Sträuber et al., 2012).  The 
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organic monomers and dimers produced then become substrates for the 

following step. 

 

1.2.2. Acidogenesis 

The sugar, amino acids and fatty acids resulting from hydrolysis undergo 

acidogenesis, in which acidifying bacteria convert these products to short-chain 

organic acids, or volatile fatty acids (VFAs) (butyrate, propionate etc.) and 

alcohols (methanol, ethanol), or inorganic intermediates, such as H2 and CO2.  

The acidogenic bacteria are known to have higher growth rates than those found 

in the following two steps (acetogenesis and methanogenesis; Ahring et al., 

2001; Solera et al., 2002).  The genera Bacillus, Bifidobacterium, Clostridium, 

Gracilibacter, Pseudomonas, Thermotoga and Thermomonas have been 

identified in this phase for mesophilic and thermophilic reactors treating 

wastewater (Dong et al., 2000; Balk et al., 2002; Kim et al., 2010).  The products 

produced by acidogenic microorganisms during acidogenesis are then utilized for 

the next phase of the process. 

 

1.2.3. Acetogenesis 

Acetogenic bacteria convert the organic and inorganic intermediates generated 

by acidogenesis into acetic acid or hydrogen (H2) and CO2.  Acetogenesis is 

driven by bacterial acetogens.  Genera such as Syntrophomonas and 

Syntrophobacter convert products from acidogenesis into acetate or H2, which 

can then be utilized by methanogenic bacteria (Schink, 1997).  The H2 released 

during acetogenesis can have an inhibitory effect on the microbial consortia 

active in the process (Shah et al., 2014).  And so, a syntrophic interaction 

between the acetogenic bacteria and methanogens is required to regulate the 

combined actions of this phase.  The resulting acetic acid, H2 and CO2 can then 

be utilized for methane production. 

 

1.2.4. Methanogenesis 

The final stage of the AD process is methanogenesis.  The substrates produced in 

acetogenesis are utilized by methanogens for the production of methane 

(McCarty & Smith, 1986).  Only a few members of the microbial community 

present in the AD system are capable of methane production.  There are seven 
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known orders of methanogens: Methanobacteriales, Methanococcales, 

Methanomicrobiales, Methanopyrales, Methanosarcinales, Methanocellales and 

a newly discovered order Methanomassiliicoccales (Borrel et al., 2014).  From 

these, the orders Methanosarcinales, Methanobacteriales, Methanomicrobiales 

and Methanococcales have been identified as those responsible for this phase 

(Bapteste et al., 2005; Anderson et al., 2009).  The majority of CH4 production 

arises from acetic acid conversions by acetoclastic methanogens such as 

Methanosaetaceae and Methanosarcinaceae, mostly found in mesophilic and 

thermophilic conditions.  While only a small proportion of the CH4 produced 

arises from CO2 reduction driven by hydrogenotrophic methanogens including 

Methanobacteriales, Methanomicrobiales and Methanococcales.  There are some 

members of the Methanosarcinaceae that are capable of utilizing both acetate 

and H2/CO2 for the production of energy (Boone et al., 1993).  Overall each step 

in the AD process plays its own unique role in contributing to the production of 

biogas and other valuable by-products (e.g. VFAs and alcohols). 

 

1.3. Applications of Anaerobic Digestion Technology 

AD has been well established for wastewater treatment (Letião et al., 2006), with 

more recent studies utilizing various types of feedstock including animal 

manures, food waste and energy crops (Ziganshina et al., 2014; Li et al., 2015a; 

Moset et al., 2015; Weinrich & Nelles, 2015) for bioenergy production.  The 

biogas produced can be used for the production of clean energy, while the 

digestate output of the process can be placed on land (O’Callaghan, 2016), as it 

contains plant nutrients (N, P, K, and Mg) that are optimal for fertilizing 

agricultural soils (Levén et al., 2012).  A biogas rich in methane has the ability to 

be converted into electricity and heat, or can be utilized as a means of fuel for 

transportation (Demirbaş, 2001).  Methane as a biofuel is a clean source of fuel 

in comparison to commonly used fossil fuel sources, and thus, the use of AD for 

energy production provides an opportunity to reduce pollution of our 

environment (Khalid et al., 2011).  However, by-products produced during the 

process, such as VFAs, also have valuable potential for commercial, food 

industry and biofuel uses (Chang et al., 2010; Zhang & Angelidaki, 2015).  The 

accumulation of VFAs during the AD process is often taken as an indication of 

process failure (Haiping & Zhu, 2016).  However, removing VFAs and utilizing 
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them for other applications could prove more cost effective and thus beneficial 

for the process.   

 

1.3.1. Liquid waste 

Industrial wastes, municipal wastes, agricultural wastes and chemical by-

products can all pose a serious hazard to the environment and human health 

when mishandled or incorrectly disposed of.  AD is the most beneficial option 

for treating high strength organic effluents, as the biodegradable materials 

present in the effluent can further contribute to energy production from the AD 

process, making it an optimal choice over alternative treatment processes 

(Rajeshwari et al., 2000).  In the past few decades, AD has been established for 

the treatment of sewage sludge wastewaters (de Zeeuw & Lettinga, 1980; Disse 

et al., 1995; Elmitwalli et al. 2001; Bolzonella et al., 2002; Jenicek et al., 2013; 

Ruffino et al., 2014; Gao et al., 2015).  The process has more recently been 

applied to a variety of other liquid wastes including palm oil mill effluents, sugar 

beet pulp residues, dairy wastewater, cheese whey, pulp and paper mill effluent 

(Hasanudin et al., 2015; Borowski & Kucner, 2015; Bialek, K et al., 2014; Lee et 

al., 2010; Rico et al., 2015; Thompson et al., 2001).  While most studies focus 

on AD for the treatment of wastewaters, there has been increasing interest in 

utilizing solid feedstocks for the technology, which also have potential for high 

energy yields.  

 

1.3.2. Solid waste 

There are a variety of organic solid wastes that can be employed for the AD.  But 

as the composition and characteristics of various solid wastes differ greatly, the 

performance of solid-state anaerobic digestion (SS-AD) can be affected (e.g. 

retention times, biogas yields, pH, conversion ratio of total and volatile solids) 

(Li et al., 2011a).  An organic solid waste can be defined as organic 

biodegradable waste when the moisture content is below 85-90% (Mata-Alvarez 

et al., 2000).  The main waste streams which meet this criterion are Organic 

Municipal Solid Wastes (OMSW), followed by many agricultural, domestic and 

industrial wastes.  In Ireland, 19.8 million tonnes of solid waste is produced 

annually from households, industry and agriculture (epa.ie), and so, the use of 

the AD technology could also aid in waste management.  The process of SS-AD 
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presents many advantages over liquid AD (L-AD) including reduced wastewater 

generation, higher volumetric methane productivity, less energy requirements for 

heating and low-moisture digestate which is easier to handle (Li et al., 2011b; Xu 

et al., 2014), however, it does require a higher organic loading rate than liquid 

AD (L-AD) (Motte et al., 2013).  Research has grown in the area of SS-AD in 

recent years with studies proving successful for treatment of a variety of solid 

wastes for energy production including organic solid waste, food waste and 

vegetable waste (Angeriz-Campoy et al., 2015; Dhar et al., 2015; Kiran et al., 

2015; Ge et al., 2016; Tampio et al., 2016). 

 

Both grass and food waste make ideal feedstocks for anaerobic digestion in 

Ireland.  The Irish climate is one of the most befitting factors for the growth of 

perennial grass.  Despite having a high cellulose and lignin content, which can 

make the anaerobic grass degradation a slow process, it has valuable biomethane 

and VFA potential (Catal et al., 2010; Cerrone et al., 2014).  Over one million 

tonnes of food waste is disposed of annually in Ireland.  It accounts for a large 

proportion of OMSW, and can cost Irish households up to €1,000 per year 

(epa.ie).  The majority of food waste still goes to landfill, which has negative 

effects on the environment and public health, due to toxic gas emissions and 

polluted leachates that can arise from the natural decomposition process 

(Karmee, 2016).  Food waste contains a high content organic solubles, which can 

easily be converted to VFAs and biomethane through AD (Li et al., 2011a).  

Both substrates are readily available in Ireland, and some studies have already 

demonstrated their ability for both biogas and VFA production (Wang et al., 

2014; Kiran et al., 2015; Tsapekos et al., 2015).  Based on recent data from the 

Sustainable Energy Authority of Ireland (SEAI) grass and food waste substrates 

for AD have the potential to produce 238.6 kWh/t and 224.6 kWh/t (seai.ie).  

Utilizing solid feedstocks can further aid in reducing Ireland’s dependence on 

fuel imports and fossil fuel sources.  However, to fully optimize the technology 

for the different substrates, the microbiology of the process must be understood. 
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1.4. The AD Microbiome 

While most research focuses on the performance and process outputs of AD, 

these are greatly dependent on the combined activities of the microbial 

populations involved.  A much greater knowledge and understanding of these 

microbial communities may assist in improved reactor performance, while 

supporting the advancement of the AD technology.  At present, however, there is 

still limited information on the microbial consortia involved.  The majority of 

research carried out on the community analysis of AD has focused on wastewater 

systems (Sundberg et al., 2013; Yu et al., 2014), with few studies on grass and 

food waste AD (Li et al., 2015a; Zhang et al., 2016).  Prior studies have mostly 

concentrated on the behavior of methanogens (Gunnigle et al., 2013; Lee et al., 

2014).  The relationship between the changes in microbial communities during 

AD are still not fully understood, and so, investigation of the microbial 

community structure and their functional activities involved in each step of AD 

will allow for optimization of the technology (Madden et al., 2010). 

 

1.4.1. History of molecular techniques for community analysis 

In 1986, Begon et al. defined microbial communities as “the set of organisms (or 

microorganisms) coexisting in the same space and time”.  However, initial 

reports of microbe observations dated back to the seventeenth century, when 

Antonij van Leeuwenhoek informed the scientific community of “little animals” 

living in water.  He then went on to build the first microscopes capable of 

viewing single-celled organisms in the late seventeenth century, and proved that 

these organisms were inhabiting many environments (Dobell, 1932).  By the 19th 

century further developments led to the use of more powerful microscopes and 

staining methods, which are still widely utilized for bacterial classification.  

Isolation and cultivation for microbial characterization soon became a common 

approach, after pioneering work was carried out by Robert Koch, which led to 

the discovery of the link between disease and causative microbial agents (Ben-

David & Davidson, 2014).  Classification of biological characteristics and 

identity of microbial species still greatly rely on culture-dependent techniques.  

However, as there are only a limited amount of microorganisms (>1%) that are 

culturable, the conventional culture-dependent methods are unable to 

characterize the majority of microorganisms in natural habitats (Aman et al. 
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1995; Fry, 2000).  Therefore, research on the true dynamic diversity of 

environmental microbial communities is unobtainable employing culture-based 

methodologies.  In the late 1970s classification and studies on microorganisms 

were revolutionized by the proposed use of ribosomal RNA genes as molecular 

markers for life classification (Woese & Fox, 1977) and Sanger sequencing 

(Sanger et al., 1977).  From then on further improvements of molecular 

techniques were applied to microbial diversity studies, and allowed for an insight 

into an uncultured world of microbial populations.  These techniques include 

polymerase chain reaction (PCR), rRNA genes cloning and sequencing, 

fluorescent in situ hybridization (FISH), denaturing gradient gel electrophoresis 

and temperature gradient gel electrophoresis (DGGE and TGGE), and terminal 

restriction-fragment length polymorphism (T-RFLP).  In 1990, Giovannoni et al. 

discovered a novel microbial group, the SAR 11 cluster, which appeared to be a 

significant component of the oligotrophic bacterioplankton in the Sargasso Sea, 

using clone libraries of eubacterial 16S rRNA genes.  After this innovative work, 

the use of molecular techniques specifically targeting the 16S rRNA gene 

allowed researchers to investigate environmental consortia (Hori et al., 2006), 

and to date nucleic acid based molecular techniques have been mostly used for 

the analysis of archaeal and bacterial communities existing in anaerobic 

bioreactors (Muyzer et al., 1993; Mladenovska, et al., 2003; Collins et al., 2006; 

Léven et al., 2007; Bouity-Voubou et al., 2008; Kobayashi et al., 2008; 

Cardinali-Rezende et al., 2009; Siggins et al., 2011). 

 

1.4.2. 16S rRNA profiling 

16S rRNA sequencing uses informative taxonomical primer targets to amplify 

specific regions of DNA and cDNA (reverse transcribed RNA) from microbial 

consortia.  16S rRNA profiling from DNA samples can inform on community 

composition while when performed on RNA samples, it can give an insight into 

the active members of the community.  Clone library and DGGE analysis using 

16S rRNA genes have been extensively employed for microbial community 

analysis (Muyzer et al., 1993; Jackson et al., 2001; Ogino et al., 2001; Röling et 

al., 2001; Norris et al., 2002; Freitag & Prosser, 2003; Leigh et al., 2010).  Both 

methods involve DNA extraction and PCR amplification of the phylogenetic 

marker gene.  For the generation of clone libraries the following steps are then 
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carried out: clean-up and preparation of the insert, ligation of the insert into a 

plasmid vector, transformation of competent Escherichia coli cells and screening 

followed by sequencing.  Screening of the 16S rRNA gene library can be carried 

out by methods such as sequence-tagged site (STA)-PCR (Green & Olsen, 1990), 

amplified rRNA restriction analysis (ARDRA) (Vaneechaoutte et al., 1993), 

island rescue PCR (IRP) (Valdes et al., 1994), interspersed repetitive sequences 

(IRS)-PCR (Liu et al., 1995), and amplified fragment length polymorphism 

(AFLP) (Vos et al., 1995).  DGGE involves electrophoresis of 16S rRNA-

derived PCR products in polyacrylamide gels that contain linearly increasing 

gradients of denaturation (Muyzer & Smalla, 1998).  In theory each DNA band 

visualized on the gel represents a separate microbial population in your sample, 

thus, allowing for the genetic diversity of complex samples to be investigated.  

As both clone library and DGGE analysis generate an array of DNA sequences, 

computational tools such as BLASTn (Altschul et al., 1997) can be used to 

search against databases of 16S rRNA sequences, such as SILVA (Quast et al., 

2013), Greengenes (DeSantis et al., 2006) and RDP (Cole et al., 2014).  Software 

such as ClustalX (Thompson et al., 1997) or Bioedit (Hall, 1999) then can be 

used to construct multiple sequence alignments for organization, visualization 

and analysis of the sequence data.  These methods of community analysis have 

been employed successfully for granular sludge AD systems, in which 

Proteobacteria were found to be the dominant phyla in mesophilic and 

thermophilic bioreactors exposed to trichloroethylene (Siggins et al., 2012).  

Gunnigle et al., 2015a demonstrated the bacterial population differed between 

mesophilic and psychrophilic bioreactors.  Proteobacteria dominated the 

community at 37°C, while Firmicutes were mostly detected at 15°C, and 

Bacteroidetes made up the majority of the population at 7°C.  While 

Methanobacteriales and Methanosaeta were the dominant archaea found at all 

temperatures.  The majority of these analyses are DNA-based, however, one of 

the first DNA- and RNA-based approaches using clone libraries and DGGE on 

AD systems was reported by Gunnigle et al., 2015b.  Granular sludge bioreactors 

were operated at mesophilic and psychrophilic temperatures to investigate the 

active microbiome in response to temperature change.  The DNA data was 

consistent with previous studies, while the cDNA (reverse transcribed RNA) 

uncovered metabolically active groups, such as the detection of Methanosarcinae 
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after a drop in reactor temperature.  In addition, the archaeal diversity was found 

to have a much higher relative abundance in the cDNA DGGE profiles in 

comparison to the DNA DGGE profiles.  An RNA-based approach for 

community analysis can provide a representation of the active population during 

AD. 

 

In recent years, the advancement of high-throughput sequencing has provided 

further breakthroughs in investigating mixed microbial populations.  After 

extraction and purification of DNA and RNA (which is reverse transcribed into 

cDNA) from environmental samples, targeted genes can be amplified with 

universal primers targeting conserved regions.  Generally each primer set is 

barcoded with short oligonucleotide tags and sequencing adapters, so that 

multiple samples can be pooled together and sequenced at the same time.  The 

DNA and cDNA can then be purified, quantified and sequenced, followed by 

quality filtering and bioinformatic analysis, using taxonomic tools such as 

mothur and QIIME (Schloss et al., 2009; Caparaso et al., 2010).  Analysis of the 

data includes sequence assembly, phylogeny, annotation, and operational 

taxonomic unit (OTU) assignment.  The 16S rRNA gene can identify 

microorganisms by sequence similarity, while also clustering them into 

taxonomic groups in a phylogenetic context.  This can also provide an estimate 

of the percentage of the population that is yet to be cultured (Rappé & 

Giovannoni, 2003). 

 

Amplicon sequencing has been widely applied using the Next Generation 

Sequencing (NGS) technologies.  While Sanger sequencing initially led the way 

for profiling studies, low-cost platforms known as NGS have grown in popularity 

due to their ability to carry out parallel sequencing on millions of DNA 

molecules with different yields and sequence lengths (Escobar-Zepeda et al, 

2015).  The 454 sequencing platform (pyrosequencing), was the first of these 

technologies to reform microbial diversity studies, followed by the Ion Torrent 

platform and Illumina technology (Logares et al., 2012; Sanchez-Flores & 

Abreu-Goodger, 2014).  This approach has been applied to a range of various 

environments, including AD systems.  The majority of this research involves 16S 

rRNA profiling from DNA samples.  One study, which analysed three 
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mesophilic dairy cattle manure bioreactors, found Firmicutes to be the most 

abundant and diverse group in all three reactors.  The majority of OTUs detected 

for this phylum were assigned to the genus Clostridium.  There were 16 other 

phyla identified from the three different reactors, with Bacteroidetes and 

Chloroflexi being the next abundant phyla detected.  Despite the identification of 

diverse OTUs from these reactors, ~25% of the population remained unclassified 

(St. Pierre & Wright, 2014).  Another study investigating the microbial 

populations of bioreactors containing corn stover uncovered differences in the 

microbiome of thermophilic versus mesophilic communities (Li et al., 2015b).  

Firmicutes were found to be most abundant in both sets of reactors, however, 

their relative abundance was found to be higher in termophilic conditions (80%) 

in comparison to mesophilic conditions (60%).  Bacteroidetes were found to be 

detected at higher levels in mesophilic reactors, while the relative abundance of 

Spirochaetes, Lentisphaerae and Verrucomicrobia also increased in these 

bioreactors over the 38 sampling days.  On the contrary, the relative abundance 

of Thermotogae increased from being undetected on Day 9 to 6% of the total 

population by the final sampling day.  There has been limited research using 16S 

rRNA sequencing on cDNA samples from AD systems to investigate the active 

microbial population.  One study in 2016 by Keating et al. identified the active 

members of a synthetic sewage wastewater system removing phosphate.  The 

dominant bacterial populations included Proteobacteria (Delta-, Gamma-, and 

Beta-proteobacteria), Firmicutes (Bacilli and Clostridia) and Bacteroidetes, 

while for the archaeal community, Methanosarcinales and Methanomicrobiales 

were mostly detected.  The cDNA also revealed a small proportion of poly-P 

accumulating organisms such as Rhodocyclus and Acinetobacter, highlighting 

the importance of cDNA analysis for informing on the active community at the 

time of sampling. 

 

The use of a universal 16S rRNA gene for a variety of environmental samples 

can allow for comparative analyses to be carried out between different datasets, 

such as the work carried out by the Earth Microbiome Project 

(http://www.earthmicrobiome.org/).  Universal primer sets have been established 

with a broad coverage of many taxonomic groups (Caparaso et al., 2012).  

However, the use of the 16S rRNA gene does create a bias in amplicon 
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sequencing as it restricts the information obtained to the sequence between 

primers, and there can be limited resolution of the gene among closely related 

species (Zhou et al., 2015).  These analyses are only somewhat quantitative, as 

only a relative abundance can be provided.  The 16S rRNA profiling approach 

has hugely benefited environmental studies, however, it is limited for the 

analysis of whole genetic and functional diversity (Weinstock, 2012). 

 

1.5. “Omics” Technologies 

As molecular methodologies continue to rapidly advance, they allow for the 

investigation of the fundamental impact of microbial communities in AD 

processes.  Meta-omic approaches provide both qualitative and quantitative 

information on the genetic potential, functional potential and metabolic activities 

of microbial populations (Fritz et al., 2013).  These meta-omic methods include 

metagenomics, metatranscriptomics, metaproteomics and metabolomics.  While 

each technique targets different components of cellular macromolecules, they 

can reveal insights into functioning communities, as each level of analysis can 

deliver different and unique information to aid in understanding complex 

ecosystems.  Integration of these analyses can lead to a system-based approach to 

investigate microbial interactions and establish key information on mixed 

microbial communities (Abram et al., 2015). 

 

1.5.1. Metagenomics 

Community genomics or metagenomics has been defined at the collection of all 

genomes from members in a microbial community in a specific environment 

(Handelsman et al., 1998).  While metagenomics provides access to genome 

sequences of uncultured organisms, it can also allow for some insights into 

microbial interactions within a given community (Garza & Dutilh, 2015), as it 

provides information on the potential biological functions within the community 

as well as the community structure.  The genome sequences of cultured microbial 

isolates provide databases with information that can act as a basis for 

identification of microorganisms from mixed populations.  Initial community 

analysis focused on amplified phylogenetic marker gene sequences, but now, 

metagenome sequencing can establish metabolic potential and identify novel 

genes.  In short, total DNA is randomly sheared, and these sheared fragments are 
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end repaired prior to ligation to platform-specific adaptors for template 

amplification (Zhou et al., 2015).  A transposon-based approach of tagmentation 

can be used for simultaneous fragmentation of DNA and incorporation of 

sequence tags (Loman et al., 2012), and sequencing is then carried out producing 

a vast amount of short reads, which can be assembled and annotated for 

functional characterization (Figure 1.2).  Both 454 pyrosequencing and Illumina 

sequencing are the two NGS technologies widely applied to metagenomic 

analysis (Thomas et al., 2012).  The resulting datasets require a series of 

bioinformatics tools including quality control, assembly, gene detection, gene 

annotation, taxonomic analysis and comparative analysis.  There are a number of 

gene databases and bioinformatics softwares currently available for the analysis 

of metagenomic data (Abbasian et al., 2015; Abram et al., 2015), but without a 

background in bioinformatic skills or having bioinformatic support, researchers 

often struggle with the complex analysis.  As sequencing datasets continue to 

grow, significant computation resources for data analysis and storage are 

required (Howe et al., 2014). 

 

 
Figure 1.2.  Overview of microbial metagenomic workflow.  
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Metagenomics can provide insights into the distribution of microorganisms 

across environments and allow for the prediction of ecological interactions.  In 

2004, Venter et al. conducted one of the first comprehensive metagenomic 

studies on water samples from different sites of the Sargasso Sea.  A total of 

1.045 billion base pairs of non-redundant sequences were generated, annotated 

and analysed.  Sequences of uncultured microorganisms that had no cultured 

representatives were discovered, such as the SAR86 clade and an uncultured 

marine archaeon.  At least 1,800 genomic species were derived from the data, 

148 of which were previously unknown bacterial phylotypes, and over 1.2 

million previously unknown genes were represented in the samples (Venter et 

al., 2004).  Members of Prochlorococcus and Synechococcus were found to have 

transport mechanisms for phosphonate, highlighting the microorganisms’ ability 

to utilize available phosphorus in a phosphorus-limited environment.  It was also 

discovered that the high nitrate concentrations detected may result from archaeal 

ammonium oxidation, as an ammonium monooxygenase gene was identified on 

archaeal representatives.  This was a novel finding as members of the bacterial 

domain only were thought to be capable of oceanic nitrification (Venter et al., 

2004).  

 

Metagenomic sequencing provides information on complex environments 

including soil (Mackelprang et al., 2011; Navarrete et al., 2015), groundwater 

(Hemme et al., 2010; Zhou et al., 2014), ocean (Venter et al., 2004; Bengtsson-

Palme et al., 2014), cow rumen (Hess et al., 2011; Wallace et al., 2015) and 

human microbiome (Lozupone et al., 2013; Belizário & Napolitano, 2015).  One 

of the first studies on AD using metagenomics was carried out on communities 

degrading a mixture of maize silage, green rye and chicken manure in a 

production-scale biogas plant (Jaenicke et al., 2011).  Firmicutes and 

Bacteroidetes were the most abundant phyla identified for the degradation of the 

mixed substrates, while Clostridia were thought to engage in syntrophic 

association with hydrogenothrophic methanogens.  Another study of microbial 

biofilms in a thermophilic two-phase biogas system treating rye silage and winter 

barley straw found members of Clostridium to be the most prevalent bacteria in a 

hydrolysis bioreactor, indicating that it may have a predominant role in plant 

material digestion (Rademacher et al., 2012).  Methanosarcina and 
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Methanothermobacter were identified as the dominant archaea during 

methanogenesis in both hydrogenotrophic and acetoclastic pathways.  A recent 

metagenomic study on samples from a municipal wastewater treatment 

bioreactor found Beta-, Delta- and Gamma-proteobacteria to be the most 

abundant bacterial groups, while Methanomicrobia was the most detected 

archaeal group (Tomazetto et al., 2015).  New [FeFe]-hydrogenase genes were 

also uncovered and were mostly affiliated with the class Clostridia, suggesting 

that Clostridia were the main hydrogen producers in these reactors (Tomazetto et 

al., 2015).  Most studies focus on methanogenic composition for optimization of 

biogas production (St-Peirre & Wright, 2013; Chojnacka et al., 2015).  The 

recovery of genomes from metagenomic datasets provides comprehensive 

information on community structure and potential activities during each phase of 

the AD process.  While metagenomics can provide knowledge on microbial 

diversity, gene content and potential functions, it remains unknown if the 

predicted genes are actually being expressed or whether the DNA is even from 

viable cells.  To gain the full potential of metagenomics, it is necessary to 

combine these analyses with other omics technologies. 

 

1.5.2. Metatranscriptomics 

Snapshots of gene content and genetic diversity of microbial populations can be 

obtained through metagenomics, however this methodology is unable to 

distinguish between expressed and non-expressed genes in an environment (Zhou 

et al., 2015).  Metatranscriptomics involves the retrieval of environmental RNA, 

which undergoes mRNA enrichment and cDNA generation, followed by 

sequencing technologies, which can determine microbial activities by measuring 

in situ gene expression within a given community (Zarraonaindia et al., 2013).  

Total RNA from metabolically active prokaryotes contains a high amount of 

rRNA, with mRNA only accounting for a small percentage of this total RNA 

(Urich et al., 2008).  The mRNA content has a very short half-life, which can 

make the task of mRNA enrichment quite challenging, and careful handling and 

storage of samples is crucial for any metatranscriptomic work.  However, due to 

this short half-life, mRNA is an optimal indicator for near-real-time in situ 

expression.  The changes in transcript abundances that occur amongst microbes 

can provide valuable information on the signals that prompt changes in 
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ecosystem function (Moran et al., 2013).  Once successful mRNA enrichment is 

carried out, and the transcripts are reverse transcribed into cDNA, a similar 

workflow to metagenomics is carried out (Figure 1.2).  As with metagenomics, 

metatranscriptomics employs the same sequencing technologies, 454 and 

Illumina, and similar methods of analysis to that of metagenomics are often 

applied.  There have been some pipelines developed for the assembly of 

metatranscriptomic reads (Xiong et al., 2012; Leimena et al., 2013; Leung et al., 

2013).  However, to effectively calculate the differential gene expression levels, 

the metatranscriptomic reads must be mapped against a reference genome or 

metagenome. 

 

Metatranscriptomics has been applied to diverse habitats including soils (Urich et 

al., 2008; Baldrian et al., 2012), marine (Gilbert et al., 2008; Frias-Lopez et al., 

2008) and gut microbiomes (Turnbaugh et al., 2010; Gosalbes et al., 2011).  The 

first metatranscriptomic study on an AD system was a continuation of previous 

studies by Jaenicke et al., 2011, in which the active community of a biogas plant 

digesting maize silage, green rye and chicken manure was analysed (Zakrzewski 

et al., 2012).  Firmicutes were found to dominate the population followed by 

Euryarchaeota, but the majority of the reads could not be assigned to known 

sequences, highlighting the need for a reference metagenome.  Enzymes were 

identified for the degradation of cellulose, xylan and pectin, including cellulose 

M, beta-glucosidases, beta-xylosidase and pectin methylesterase (Zakrzewski et 

al., 2012).  Transcripts uncovering enzymes for methanogenesis were the most 

represented mRNA tags.  All enzymes (with the exception of one) were 

identified for the methanogenesis pathway, and taxonomic classification of the 

methanogenesis enivironmental gene tags revealed Methanomicrobiales as the 

dominant population (Zakrzewski et al., 2012).  Metatranscriptomics can 

establish the potential function of microbial populations, including the 

contribution of low abundance microorganisms to the overall process.  It has the 

potential to determine the roles of specific microbial groups involved in each 

step of AD, and can be used to assess immediate regulatory responses in 

bioreactors to changes in environmental conditions (Carvalhais et al., 2012).  

Despite its’ ability to inform on the genes that are being transcribed by the active 

community, metatranscriptomics cannot report on post-transcriptional regulation, 
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as not all mRNAs are translated into proteins.  Therefore metaproteomics, which 

can identify proteins expressed in a given community, can provide an 

understanding of microbial functions. 

 

1.5.3. Metaproteomics 

Metaproteomics plays a pivotal role for the determination of microbial 

functionality.  It allows for the characterization of the protein complement of 

microbial communities under a given set of conditions at a specific point in time.  

Despite the ability of metatranscriptomics to give an insight into gene 

expression, metaproteomics can identify microbial proteins that are post-

transcriptionally regulated and translated under specific environmental 

conditions, therefore providing different information to that of 

metatranscriptomics (Vanwonterghem et al., 2014).  The metaproteomic 

workflow involves the following steps: sample collection, recovery of targeted 

fraction, protein extraction and quantification, protein separation and 

fractionation, mass spectrometry analysis, and database searches for protein 

identification (Figure 1.3).  Amino acid sequences are required for accurate 

protein identification, and so, it is necessary that a comprehensive dataset of 

proteins or metagenomic data is available for metaproteomics.  It is a beneficial 

technology for complementing other omics analyses (Tyers & Mann, 2003), 

which together can allow for extensive characterization of mixed microbial 

communities, as each level of biological information can reveal valuable 

knowledge of the structural and functional composition in a given environment 

(Abram, 2015). 
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Figure 1.3.  Overview of workflow for metaproteomic analysis. 
 

To ensure good quality results, proper sample preparation and an effective 

extraction method is key.  Protein extraction is the most challenging step of the 

workflow, as the proteins need to be separated from a complex sample mixture.  

Abram et al., 2009 reported one of the first successful protein extraction methods 

on AD samples.  Due to the complexity of environmental samples, gel-based 

methods of protein separation are normally carried out.  Two dimensional gel 

electrophoresis (2-DE) has been the traditional method for protein separation.  

The technique was established in 1975 by O’Farrell, and despite the rapid 

advancement of mass spectrometry (MS)-based approaches, it is still a 

commonly used method for separation of proteins (Rogowska-Wrzesinkska et 

al., 2013; Oliveira et al., 2014).  It couples isoelectric focusing (IEF), which 

separates proteins based on their isoelectric point (pI), with sodium dodecyl 

polyacrylamide gel electrophoresis (SDS-PAGE), which separates the proteins 

based on their molecular weight, to create the first and second dimension 

respectively (Görg et al., 1988; Magdeldin et al., 2014).  It is typically used for 

comparative purposes, and after separation of proteins, an in-gel digestion of 

protein spots is carried out, followed by protein identification by MS (Benndorf 
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et al., 2007).  2-DE provides an additional clean-up of samples prior to further 

downstream analysis.  However, there are some limitations to the method 

including its low sample throughput; it can be labour intensive; large and 

hydrophobic proteins do not separate well; and low abundance proteins are often 

missed (Wilmes, 2011).  In the context of metaproteomics, SDS-PAGE has 

emerged as an alternative method of protein separation prior to MS analysis in 

recent years (Benndorf et al., 2007; Kolmeader et al., 2012; Leary et al., 2012; 

Schneider et al., 2012; Williams et al., 2012; Bastida et al., 2014).  While the 

option of relative visual quantification is lost by use of SDS-PAGE over 2-DE, it 

is a less labourious method of protein separation, and can be more efficient in 

term of protein identification, as gel chunks containing numerous bands can be 

analysed together for MS.  There have been some developments for quantitative 

metaproteomics in recent years (von Bergen et al., 2013), whereby mixed 

microbial communities have been studied with label free quantitation (Neilson et 

al., 2011).  Normalized spectral abundance factor (NSAF) is one method of label 

free quantification that has successfully been applied to metaproteomic studies in 

recent years.  In 2010, Mueller et al. used this method along with geochemical 

and biological information to explore possible relationships between 

environmental factors and species distribution of microbial biofilm communities 

from an acid mine drainage environment.  Leptospirillum Group II were found to 

have the strongest correlation to protein expression patterns in the seven sites 

investigated, and over represented proteins revealed two metabolic states for 

Leptospirillum Group II - low developmental stage biofilms and high 

developmental stage biofilms (Mueller et al., 2010).  Communities assigned to 

lower abundance proteins were found to have irregular distributions, but 

appeared to correlate to specific sets of abiotic environmental factors.  For 

example, temperature changes showed a strong correlation to protein abundance 

patterns of most archaea (Mueller et al., 2010).  Another label free method of 

quantification is sequential windowed acquisition of all theoretical fragment ion 

mass spectra (SWATH), which has been successfully applied to pure culture 

protein datasets (Zhu et al., 2013; Arnhard et al., 2015), however, it is 

anticipated to become the next label free method of quantification employed for 

metaproteomic datasets (Wilmes et al., 2015). 
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MS is most often combined with liquid chromatography (LC), and is the 

standard method for the identification of proteins.  Ionization and separation of 

peptides is carried out based on their mass-to-charge ratio.  As some peptides 

have identical amino acid compositions, that can present themselves in different 

orders, the peptide ions must be further fragmented (Heyer et al., 2015).  These 

fragmented spectra can then be searched against a protein database for protein 

identification.  Other MS-based protein analyses include MALDI-TOF mass 

spectrometry, which can allow for accurate protein identification of masses as 

low as 5ppm (Wöhlbrand et al., 2013).  However, samples with high complexity 

(SDS-PAGE separated proteins or shotgun metaproteomics) are not suitable for 

MALDI-TOF, as this is used for the identification of 2-DE separated protein 

spots that have low complexity (consisting of only one or few proteins).  

Therefore, an alternative method of mass determination is required.  Other 

methods of MS analysis also include ESI-ion trap MS/MS and quadrupole mass 

filters (Wöhlbrand et al., 2013) but LC-MS (/MS) has become a preferred option 

for analysis of highly complex samples, due to its high separation power and 

optimal loading capacity (Heyer et al., 2015).   

 

Mascot (Perkins et al., 1999) and X!Tandem (Craig & Beavis, 2004) algorithms 

are typically used to carry out searches on fragmented spectra against peptide 

mass or fragment ion mass values from a database for protein identification.  The 

standard databases for protein identification include NCBInr (NCBI Resource 

Coordinators, 2014), UniProtKB/Swiss-Prot or UniProtKB/TrEMBL (UniProt 

Consortium, 2012).  As raw data can include low-quality spectra, pre-processing 

or sample clean-up is necessary prior to protein identification.  ProteinPilot 

(Sciex, Forster City, CA), OpenMS (Sturm et al., 2008), Galaxy (Jagtap et al., 

2015), and MetaProteomeAnalyzer (MPA) (Muth et al., 2015) are some of the 

software available for pre-processing and sample handling.  The false discovery 

rate (FDR) is a measure of correctness for peptide identifications, and has 

become a standard for proteomic analysis (Elias et al., 2005).  It involves the 

combination of a target database and a decoy database.  The decoy database 

consists of randomized protein or peptide sequences from the target database 

(Wöhlbrand et al., 2013).  The positive peptide-spectrum matches (PSMs) from 

the decoy database are believed to be false, and the expected number of decoy 
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PSMs corresponds to the expected number of false positives from the target 

database (Jeong et al., 2012).  So, by calculating the decoy PSMs, the FDR can 

be estimated - the proportion of false peptide-spectrum matches (PSMs) among 

the positive PSMs (Jeong et al., 2012).  The FDR can differ depending on 

database sizes, for example, the larger the database the increased probability of 

false positives, and so this creates a higher FDR standard.  Proteins are also 

required to have at least 2 unique peptides, identified with ≥95% confidence, 

although some single peptide identifications can be accepted with the use of 

high-resolution MS (Higdon & Kolker, 2006; Gupta & Pevzner, 2009).  Software 

tools such as MEGAN (Huson et al., 2013), HUMAnN (Abubucker et al., 2012), 

MPA (Muth et al., 2015), KEGG (Kanehisa & Goto, 2000), MetaCyc (Caspi et 

al., 2014) and COG (Tatusov et al., 1997) can then allow for the analysis of a 

protein dataset for its taxonomic composition, functions and metabolic pathways.  

For example MEGAN was used for the first reported metaproteomic study on 

human saliva (Rudney et al., 2011).  Five bacterial phyla were assigned to 

proteins, along with a small percentage of archaea and viruses.  Streptococcus 

was found to dominate the bacterial population and was involved in all 

functional COG categories detected.  The proteins identified were involved in 

translation, glycolysis, amino acid metabolism and energy production (Rudney et 

al., 2011).  HUMANnN analysis of human gut samples revealed 16 core 

functional modules including transcription, translation, transport, central carbon 

metabolism and energy production (Abubucker et al., 2012).  In addition, 

Bacteroides species were involved in glyososaminoglycan degradation, which 

was found to be uniquely abundant in the gut samples (Abubucker et al., 2012).  

MPA is a recently established software that has been successfully applied for 

metaproteomic analysis of samples from a biogas plant (Kohrs et al., 2014).  

Proteins involved in glycolysis and citrate cycle were mostly assigned to 

Proteobacteria, while nearly all proteins for nitrogen removal were assigned to 

Nitrosomonadales and Nitrospirales (Kohrs et al., 2014). 

 

Metaproteomics has been applied to various environmental systems, such as soil 

(Bastida et al., 2009; Nicora et al., 2013), sediments (Benndorf et al., 2009; 

Bruneel et al., 2011), marine (Kan et al., 2005; Georges et al., 2014) freshwater 

(Lauro et al., 2011; Hanson et al., 2014), human intestinal tract (Verberkmoes et 
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al., 2009; Kolmeder & de Vos, 2013), animal guts (Toyoda et al., 2009; Burnum 

et al., 2011), activated sludge (Lacerda et al., 2007; Wilmes et al., 2008) and 

acid mine drainage biofilms (Lo et al, 2007; Mueller et al., 2010).  It has also 

been successfully applied to AD systems (Abram et al., 2011; Kohrs et al., 2014; 

Gunnigle et al., 2015a; Gunnigle et al., 2015b; Püttker et al., 2015).  The 

metabolic pathways involved in AD of synthetic glucose-based wastewater were 

uncovered (Abram et al., 2011).  Out of the 70 excised protein spots from 2-DE, 

33 putative proteins were identified from the replicate bioreactors.  The proteins 

involved in methanogenesis were assigned to Methanothermobacter, 

Methanosaeta, Methanosarcina.  The majority of the proteins identified were 

found in glycolysis and were assigned to genera including Sanguibacter, 

Nocardioides, Cellulmonas and Streptomyces (Abram et al., 2011).  While one 

protein was found for the pentose phosphate pathway and was assigned to 

Pelobacter.  Another study revealed Bacteroidetes and Methanosaetaceae as the 

key players in low-temperature AD, with a differential expression of 

methanogenic enzymes at three different temperatures (37°C, 15°C & 7°C) 

(Gunnigle et al., 2015a).  One protein detected for methanogenesis from CO2, 

tetrahydromethanopterin S-methyltransferase subunit H, was assigned to 

Methanosaeta concilii, and found to be expressed at 37°C.  Methanosaeta had 

been considered to produce methane from acetate only, but this study 

demonstrated that Methanosaeta could also carry out methanogenesis from CO2 

at mesophilic temperatures (Gunnigle et al., 2015a).  However, no studies have 

yet been carried out on grass or food waste AD. 

 

Despite the progress of metaproteomics in recent years, there are still some 

limitations to this approach.  As the generated mass spectra must be searched 

against existing databases, the availability of relevant genome isolates and 

metagenome sequences is essential in terms of protein identification (Muth et al., 

2013).  The application of de novo sequencing for protein identification can be 

employed when no relevant sequences are available (Siggins et al., 2012).  This 

relies entirely on the information present in the mass spectra, which eliminates 

the need for a relevant metagenome.  While this is a very useful and promising 

tool for metaproteomic studies, it requires very high quality data and is known to 

have high error rates, and without correct bioinformatic tools and support, it is a 
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very tedious and low throughput method (Muth et al., 2013).  Metaproteomics 

has advanced the knowledge of many diverse microbial communities in a given 

environment and further progress in this field will continue to provide novel 

information on key players and their functional contributions.  However, relating 

protein abundances to microbial activities still remains a challenge, and so, 

incorporating analysis of metabolites could further clarify this information 

(Abram et al., 2015). 

 

1.5.4. Metabolomics  

In 1998, Oliver et al. defined the ‘metabolome’ as the quantitative complement 

of all the low molecular weight molecules present in cells in a particular 

physiological or developmental state.  Metabolites can establish the intermediate 

and end-products of cellular metabolism, and should indicate the most accurate 

occurrences of fundamental metabolic processes while characterizing the 

community phenotypes responsible (Roume et al., 2015).  Metabolomics can 

allow for the qualitative and quantitative analysis of the metabolites produced 

and involved in metabolic reactions.  Changes in metabolomes can result from 

changes in metatranscriptomes and metaproteomes (Vanwonterghem et al., 

2014).  However, metabolic fluxes are not regulated by gene expression or post-

translational modification alone, and so metabolites reveal further details on key 

metabolic processes (Hettich et al., 2013).  Extraction of metabolites is an 

extremely challenging task, and there are two experimental workflows that can 

be used a) a targeted method, quantifying known metabolites (such as nuclear 

magnetic resonance (NMR)) and b) non-targeted, which aims to characterize the 

entire metabolome (such mass spectrometry) (Oresic, 2009).  Metabolomics is 

somewhat limited in the context of mixed communities, as current approaches 

are restricted for measurement and identification of metabolites (Roume et al., 

2015).  Yet there has been increasing research on the gut metabolome, (Wikoff et 

al., 2009; Le Gall et al., 2011; Tulipani et al., 2011; Heinken et al., 2014).  One 

study investigated healthy twins versus twins with Crohn’s disease (CD), and 

discovered several metabolites that differentiated between healthy metabolomes 

and CD metabolomes (Jansson et al., 2009).  For example, metabolites within the 

tyrosine pathway were identified for individuals with CD only, despite no clear 

link between tyrosine metabolism and CD.  Metabolites corresponding to 
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prostaglandins (immune signaling molecules) were surprisingly more prevalent 

in healthy individuals than those with CD (Jansson et al., 2009).  A combination 

of metabololomics and metaproteomics was successfully employed for the 

investigation of Euglena mutabilis in an acid mine drainage (AMD) system, 

which found the protist was performing photosynthetic metabolism and was 

selectively secreting organic matter in the environment (Halter et al., 2012).  

Monitoring VFAs and intermediate products from AD can be considered as low-

throughput metabolomics, as these regulatory compounds can inform on 

metabolic activities at the process level.  However, whole community 

metabolomics of AD could prove very difficult due to the abundance of 

metabolites within the system.  To date there have been no metabolomic studies 

reported on AD systems.  Further research and optimization is required for stand-

alone metabolomics analysis of mixed microbial populations.  Merging 

metabolomics with metaproteomics can be beneficial for exploring microbial 

interactions.  As the microbial populations involved in AD have high 

phylogenetic and functional diversity, a combination of meta-omic datasets is the 

next step in identification of key players and their functionalities in such 

complex systems. 

 

1.6. Integrated “Omics” 

Combining meta-omic datasets can be a powerful approach to uncover 

unprecedented information on population interactions in a given environment.  

Integrated omic analyses require the establishment of an efficient and robust 

methodological framework to ensure high-resolution datasets.  The physical 

separation and isolation of cells is very important, as many samples from mixed 

microbial communities can contain enzymatic inhibitors (e.g. humic acids), that 

may interfere with subsequent processing (Thomas et al., 2012).  Therefore, 

correct sample preparation and clean-up is often required prior to the extraction 

of nucleic acids and proteins.  In 2013, Roume et al. developed a methodological 

framework for the reproducible isolation of high-quality genomic DNA, large 

and small RNA, proteins and metabolites.  The workflow was successfully 

applied to human fecal samples, freshwater samples and lipid accumulation 

organisms (LAO) samples.  There have been no other rigorous successful co-

extraction methods from any mixed microbial samples since.  To ensure the 
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success of integrate omic analysis, reproducible and efficient co-extraction 

methods are a crucial factor in the omics workflow. 

 

Recent research on microbial community structure and function have combined 

metagenomics and metaproteomics for the investigation of microbial dynamics 

in a range of different environments including a lake ecosystem (Lauro et al., 

2011), an estuary (Colatriano et al., 2015), intestinal microbiota (Kolmeder et al., 

2012), and acid mine drainage biofilms (Denef et al., 2010).  One study, 

investigating the fermentation process of Pu-erh tea (Zhao et al., 2015), utilized 

both technologies and revealed that Proteobacteria dominated the microbial 

consortia, with Firmicutes, Actintobacteria, Cyanobacteria and Bacteroidetes 

also detected using 16S rRNA gene sequencing.  More than 335 proteins were 

identified uncovering microbial extracellular enzymes that were responsible for 

degradation of the tea plant cell wall, and proteins assigned to Proteobacteria 

were found to dominate the metaproteomic dataset (Zhao et al., 2015).  There 

has been one reported study of metagenomic and metaproteomic analysis on AD 

batch fermentations (Hanreich et al., 2013).  A mixed substrate of maize, straw 

and hay was used to uncover the microorganisms involved in plant carbohydrate 

degradation.  The number of sequences assigned to Clostridiales and 

Bacteroidales were found to decrease and increase respectively during the 

fermentation process.  Overall, this study reported that proteins were 

predominantly assigned to these two taxa (Hanreich et al., 2013).  Many 

methanogenesis enzymes were expressed despite methanogenic organisms being 

a minor group in the community.  Clostridiales were found to be the main taxa 

responsible for the degradation of cellulose despite few glycoside hydrolysers 

detected, as their activity declined with the substrate availability (Hanreich et al., 

2013).  Comparative metagenomic and metatranscriptomics analyses have been 

carried out on communities of an acid mine drainage (Chen et al., 2015), and 

uncovered the abundance of Acidithiobacillus, Leptospirillum and Acidiphilium 

species, which also exhibited high transcriptional activities in nutrient 

assimilation and energy generation for survival under different conditions (Chen 

et al., 2015).  Nitrogen-fixation transcripts were detected (including nifD, nifK 

and nifH) which had not been previously identified in the low pH conditions of 

acid mine drainage communities.  These genes were associated with 
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Leptospirillum and Acidithiobacillus species, indicating the importance of these 

taxa in nitrogen fixation within the community (Chen et al., 2015).  The 

integration of metagenomics, metatranscriptomics and metaproteomics has been 

applied to complex communities revealing key players in metabolic pathways in 

marine sediments (Urich et al., 2014).  The dominant genera Sulfurimonas and 

Sulfurovum fix CO2 in the upper regions of the sediments, while 

Deltaproteobacteria were found to be sulphate-reducing mixotrophs, and 

Gammaproteobacteria were responsible for methanotrophy (Urich et al., 2014).  

A more recent study, also incorporating the three omics, was carried out on three 

different soil states (intact permafrost, seasonally thawed active layer and 

thermokarst bog) (Hultman et al., 2015).  The methanogen metagenome reflected 

high rates of methanogenesis in the bog layer.  Expressed genes for this pathway 

were also detected, as well as several proteins matched to methanogens including 

Methanosarcina mazei, Methanosaeta concilii and Methylobacterium nodulans.  

Proteins were matched to the iron reducing microbe Rhodoferax ferrireducens, 

despite a complete pathway for Fe(III) reduction not being detected (Hultman et 

al., 2015).  However, key genes encoding putative cytochromes were detected in 

the metatranscriptome and metaproteome indicating that these are potentially 

playing a role in Fe(III) reduction (Hultman et al., 2015).  This approach, of 

combining all three omics – metagenomics, metatranscriptomics and 

metaproteoimcs, offers a comprehensive insight into taxonomic identification 

and phylogeny, as well as the functional roles and metabolic activities. 

 

The combination of meta-omic approaches can link the microbial population to 

specific metabolic pathways taking place in a given environment.  Many natural 

and engineered environments consist of phylogenetically and functionally 

diverse communities.  The integration of meta-omic datasets can allow for the 

combined identification and functional determination of the mixed microbial 

consortia to gain an understanding of the community interactions in a given 

ecosystem.  The knowledge obtained can be used to optimize AD systems for 

waste management and the production of high-value products.
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1.7. Scope of Thesis 

 

The objective of this study was to link microbial community structure and 

function of microorganisms involved in solid waste AD.  Firstly, a method of 

DNA, RNA and protein co-extraction and a suitable metaproteomic workflow 

were established for both grass and food waste AD samples (Chapter 2), which 

had not yet been established for these feedstocks.  As highlighted previously, a 

robust method of co-extraction is key for comparable analysis of multi-datasets, 

and so, an all in one extraction kit and a phase separation method was explored.  

The move to SDS-PAGE protein separation instead of traditional 2-DE protein 

separation methods was demonstrated to work best for both complex substrates, 

and associated workflows were developed for analysis of metaproteomics data.   

 

Microbial populations of triplicate grass leach-bed bioreactor were investigated 

using the established co-extraction workflow (Chapter 2), to confirm that the 

properties observed by reactor performance (e.g. VFA production, methane 

production) were a direct result of the functional activities taking place by the 

microorganisms (Chapter 3).  Differences between DNA, cDNA and protein 

datasets provided an insight into the active and non-active communities, as well 

as their functional roles in the degradation of the grass and production of end-

products. 

 

The functional activities of microbial communities in triplicate food waste 

bioreactors were investigated as a function of time (Chapter 4).  Previous 16S 

rRNA profiling analysis revealed shifts in community structure during the 

reactor trial, and so, the established metaproteomic workflow (Chapter 2) was 

used to analyse the digestate fraction of the bioreactors, to investigate the 

functional roles of the microorganisms in food waste AD.  While some metabolic 

pathways were only detected either on the initial or final sampling day, there was 

a level of functional redundancy observed between all three sampling points, 

despite a change in the distribution of the microbial taxa between sampling days.  

It was apparent that many of the metabolic pathways that were taking place were 

carried out by different microbial taxa for each sampling day. 
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The overall aim of this research was to discover key players in the anaerobic 

digestion of grass and food waste.  Taken together, the novel findings from this 

study can be used for further advancement and optimization of anaerobic 

bioreactors digesting grass and food waste.  Suggested future recommendations 

are outlined in Chapter 5. 
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Abstract 
 

With ever-growing interest in microbial community dynamics and their 

functional roles, the development of high throughput technologies has emerged.  

While the end results can be very informative and give new insights into 

complex communities, without correct sample preparation and extraction 

methods, the quality of results, as well as the coverage of information may be 

lacking and somewhat disappointing.  In recent years mixed microbial 

communities from environmental samples, including samples from anaerobic 

digesters, have begun to be explored to identify microbial groups playing key 

roles in the process.  To fully optimize anaerobic digestion (AD) technology for 

the production of biofuel and other value added products a meta-omic approach 

is required.  Integrated analysis of DNA, RNA and proteins can allow for such 

in-depth studies to be carried out.  This work developed and demonstrated a 

workflow for co-extracting biomolecules from samples of grass and food waste 

anaerobic digesters, with initial focus on optimization of an effective 

metaproteomic approach to extract from difficult AD samples. 
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2.1. Introduction 

 

There has been a growing interest in understanding structural and functional 

compositions of microbial communities in their natural habitats.  Our capacity to 

carry out such studies has greatly improved in recent years due to many 

developments in high-throughput technologies (Alexandersson et al., 2015; 

Grube et al., 2015; Hultman et al., 2015: Roume et al., 2015).  Recent studies 

have demonstrated integrated analysis of DNA, RNA and protein fractions of 

environmental samples, which has allowed for an insight into both microbial 

diversity and function (Roume et al., 2013, Franzosa et al., 2015).  

Metagenomics, metatranscriptomics, metaproteomics and metabolomics can be 

implemented to establish key information from a mixed microbial community.  

Together these analyses can inform on the microbial potential, functionality and 

activity (Figure 2.1), allowing for a system-based approach.  In short, metabolic 

pathways and cellular processes of an ecosystem can be explored. 

 

 
Figure 2.1.  Overview of system-based approach.  DNA, RNA and protein can 
inform on microbial potential; RNA and protein can inform on microbial 
functionality while the metabolites can inform on microbial activity. 
 

The work carried out in this chapter firstly focuses on metaproteomics (also 

referred to as community proteomics or environmental proteomics).  While there 

are a wide variety of different kits available on the market to extract proteins 

from environmental samples, protein extraction from mixed microbial 
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communities present in anaerobic digesters containing grass and food waste has 

proved to be a difficult task.  In 2009, Abram et al. and in 2011, Kuhn et al., 

optimized successful methods of protein extraction for samples from anaerobic 

digesters treating wastewater, however no extraction methods is available for 

metaproteomics of grass AD and food waste AD.  As environmental samples are 

extremely complex, gel-based methods of protein separation have most often 

been carried out, as it allows for further purification of the samples prior to 

further downstream analysis.  Two-dimensional gel electrophoresis (2-DE) has 

been the most universally employed approach for the quantitative and qualitative 

separation of proteins (Jellouli et al., 2010).  In recent years, studies have been 

carried out employing SDS-PAGE for protein separation prior to MS analysis 

(Kolmeder et al., 2012; Williams et al., 2012; Bastida et al., 2014), which is a 

less laborious method of protein separation with the added benefit of it’s cost 

effectiveness.  The one drawback of this method of protein separation is that the 

option of quantification is lost, which is an advantage of 2-DE.  For this work, 

sample preparation, cell lysis techniques, protein extraction and separation 

followed by LC-MS/MS were investigated to provide optimum protein 

identification from complex AD samples. Once the metaproteomic workflow 

was established, a method of co-extraction was developed for both grass and 

food waste anaerobic digester samples.  The use of an all in one 

DNA/RNA/protein co-extraction kit was primarily investigated on grass 

bioreactor samples, while a phenol/chloroform co-extraction method proved best 

when applied to food waste samples.  This study provides a methodological 

framework for investigating community structure and function from complex AD 

samples. 
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2.2. Materials and Methods!
 

2.2.1 Grass anaerobic digesters 

Grass biofilm and leachate samples were obtained from triplicate laboratory-

scale leach-bed bioreactors (4 L volume) operated at 37°C with a solid retention 

time of 7 days.  Samples were taken on day 7 of the reactor run.  

 

2.2.1.1 Sample preparation 

A method to effectively remove microbial biofilms from the grass without cell 

lysis was developed.  Four different techniques were assessed.  Grass was 

immersed in sonication buffer (10 mM Tris Base, 0.1 mM EDTA, 5 mM MgCl2) 

in sterile 50 ml starstedt tubes for each of the following treatments (2 tubes were 

used for each method): sonication bath for 5 minutes, and 20 minutes, vortexing 

for 5 minutes, and 10 minutes. After each treatment, grass was sieved out of 

samples and discarded.  Samples were then filtered through two layers of muslin 

cloths twice before centrifugation at 8,000 x g for 15 minutes at 4°C.  

Supernatants were discarded and cell pellets were pooled together in 1ml 

sonication buffer, then flash frozen in liquid nitrogen and stored at -80°C until 

further use.  To check the efficiency of each treatment, 6 strands of grass taken 

before and after treatment were imaged using a Scanning Electron Microscope 

(Hitachi S-2600N).  Two volumes of leachate samples were trialed 250 ml and 

400 ml for biomolecule extraction.  Samples were collected in 50 ml sterile 

starstedt tubes and were centrifuged immediately at 8,000 x g for 15 minutes at 

4°C.  Supernatants were placed in sterile 50 ml starstedt tubes and freeze dried 

with a lyophilizer to check for extracellular proteins.  Pellets were pooled 

together in 1 ml sonication buffer, then flash frozen in liquid nitrogen and stored 

at -80°C until further use. 

 

2.2.1.2. Metaproteomic analysis 

Prior to protein extraction, four methods of cell lysis were tried to determine 

which would provide the best protein yield.  Duplicate samples for each lysis 

method (2 x 4) were thawed on ice prior to being lysed as follows: bead beating 

for 30 seconds; vortexing for 30 seconds; vortexing for 10 minutes; freezer mill 

for 2 minutes.  Samples were resuspended with 0.5 ml zirconia beads (0.5 ml: 
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0.25 ml of 0.1 mm diameter beads and 0.25 ml of 0.5 mm diameter beads) for the 

first three methods, while for the freezer mill, samples were grounded into a fine 

powder using magnet poles under liquid nitrogen, and then resuspended in 1ml 

of sonication buffer.  Centrifugation was carried out twice at 17,000 x g for 30 

minutes on all samples.  Supernatants were transferred into fresh tubes and the 

pellets were discarded.  Centrifugation steps were repeated until no pellets were 

visible.  Three starting volumes of grass were trialed: 12.5 g in 250 ml sonication 

buffer, 50 g in 250 ml sonication buffer, and 100 g in 500 ml sonication buffer.  

Microbial cells were recovered from two starting volumes of leachate, 250 ml 

and 400 ml, as mentioned previously.  Pellets from both grass biofilm and 

leachate fractions were sonicated for 30 seconds on, 30 seconds off, 15 times.  

After sonication, samples were centrifuges at 12,000 x g for 10 minutes.  

Supernatants were placed in sterile tubes and pellets were discarded.   

Supernatants of leachate samples were placed in the lyophilizer to access 

extracellular proteins.  Once lyophilized, the dry material was resuspended in 

1ml of sonication buffer.  Samples were then centrifuged at 12,000 x g for 10 

minutes and supernatants were discarded.  Protein concentrations from grass 

biofilms, leachates and lyophilized samples were determined using the Non-

Interferring Protein Assay (Calbiochem), following manufacturers’ instructions.  

The samples were first analysed by 2-DE.  A TCA acetone precipitation and 

Amershams’ 2D Clean up kit were carried out prior to 2-DE.  Amersham 

rehydration buffer (1 ml) was prepared with 10 µl Biolyte buffer and 2.5 mg 

DTT.  Protein pellets were resuspended in 95 µl prepared rehydration buffer and 

loaded onto rehydration tray.  IEF electrode strips pH 4-7 were applied, gel side 

down, to each sample (800 µg protein) using a sterilized forceps.  Samples and 

strips were then covered with mineral oil and left at room temperature overnight.  

Next, isoelectrofocusing (IEF) was carried out as follows: 250 V for 20 mins 

(ramp linear), 4000 V for 2 hours (ramp linear) and 4000 V at 1000 Vh-1 (ramp 

rapid).  Strips were removed from the tray and placed onto filter paper to allow 

for excess oil to drain off.  Strips were dipped into fresh mQH2O and place into a 

sterile tube, then placed at -20°C overnight. Equilibration buffer was prepared as 

follows: 6 M urea, 30% glycerol, 2% SDS, 45 mM TrisBase and 0.05% 

bromophenol blue.  For each sample, 0.2 g of DTT was added to 10 ml of 

equilibration buffer and vortexed.  Separately, for each sample, 0.25 g 
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iodacetamide was added to 10 ml of equilibration buffer.  Each strip was placed 

into a sterile petri-dish, covered with equilibration buffer supplemented with 

DTT, and incubated at room temperature with shaking for 20 minutes.  The same 

step was repeated with equilibration buffer supplemented with iodoacetamide.  

Strips were removed from solution and placed on filter paper to remove excess 

liquid, then dipped in fresh mQH2O before sodium dodecyl polyacrylamide gel 

electrophoresis (SDS-PAGE). 12% acrylamide SDS gels were prepared as 

follows: 8.7 ml dH2O, 6 ml acrylamide/bisacrylamide, 5 ml 1.5M Tris HCl (pH 

8.8), 200 µl 10% SDS, 100 µl 10% ammonium persulphate and 20 µl TEMED.  

A layer of butanol saturated with water was added to the top of the gels.  Once 

gels were set, 0.8% agarose was melted and butanol was removed from gel using 

filter paper.  An electrode strip was cut to 1 cm length, and 10 µl molecular 

weight marker was placed onto it, prior to being put at the acidic end of the 

sample strips.  Equilibrated strips were then placed on top of gels and cover with 

molten agarose.  Once the agarose was solidified, gels were placed in tank, filled 

with a 1 in 5 dilution of 5X running buffer (15 g.l-1 tris base, 72 g.l-1 glycine and 

5 g.l-1 SDS).  Gels were run at 150 V until dye reached the bottom of the gel.  

Once removed from tanks, gels were placed in mQH2O for 20 minutes and 

stained in coomassie blue overnight.  Gels were de-stained in mQH2O prior to 

imaging using a HP Scanner.  Gels were also analysed with PDQuest-Advanced 

software version 8.0 (Biorad).  Data were normalized using the Local Regression 

Model as recommended by the manufacturer. 

 

2.2.1.3. Biomolecule co-extraction: Norgen Biotek RNA/DNA/Protein 

Purification kit  

Cell pellets from grass and leachate samples were thawed on ice prior to two 

washes in 1 ml 0.9% NaCl (pellet resuspended, centrifuged at 17,000 x g for 10 

minutes).  Supernatants were discarded and pellets were washed with 1 ml 

50mM Tris-HCl twice followed by a final wash with 1 ml sonication buffer.  

Pellets from digestate and leachate samples were resuspended in 500 µl lysis 

solution (from extraction kit, Norgen Biotek RNA/DNA/Protein Purification 

Kit), 500 µl 1X Tris-EDTA and 10 µl/ml β-mercaptoethanol.  Zirconia beads (0.5 

ml comprised of half 0.5 mm diameter and half 0.1 mm diameter) were added to 

each sample prior to vortexing for 30 seconds followed by immediate storage on 
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ice.  Centrifugation was carried out at 17,000 x g for 30 minutes, supernatant 

were transferred into fresh tubes and pellets were discarded.  The supernatants 

were then centrifuged once more for 17,000 x g for 30 minutes, and the resulting 

supernatants were placed in fresh tubes.  Centrifugation was continued until there 

were no pellets present in samples.  The resulting supernatants, containing DNA, 

RNA and proteins were then mixed with 100 µl pure ethanol and loaded onto the 

all-in-one chromatographic spin column (Norgen Biotek RNA/DNA/Protein 

Purification Kit).  Purification and separation of the DNA, RNA and protein was 

carried out following kit protocol (Figure 2.2).  The quality of DNA and RNA 

extracts were checked for their purity using the nanodrop (a reading of ~1.8 and 

~2.0 indicate a “pure” DNA or RNA sample, respectively), and were then 

quantified using the Qubit HS dsDNA Assay and the Qubit HS RNA Assay, 

respectively, following manufacturers’ instructions.  Both DNA and RNA were 

then run on a 1% agarose gel. Protein samples were quantified as above, prior to 

normalization and SDS-PAGE analysis.  Protein identification was carried out by 

liquid chromatography followed by tandem mass spectrometry (LC-MS/MS) at 

the BSRC Mass Spectrometry and Proteomics Facility in the University of St. 

Andrews.  Firstly, in-gel digestion was carried out, whereby gel chunks were 

destained by washing with acetonitrile and subjected to reduction and alkylation 

before digestion with trypsin at 37°C.  The peptides were then extracted with 

10% formic acid as described by Shevchenko et al. (1996).  Next the peptides 

were concentrated using a SpeedVac (ThermoSavant) and then separated on an 

Acclaim PepMap 100 C18 trap and an Acclaim PepMap RSLC C18 column 

(ThermoFisher Scientific), using a nanoLC Ultra 2D plus loading pump and 

nanoLC as-2 autosampler (Eskigent).  The peptides were then eluted with a 

gradient of increasing acetonitrile, containing 0.1% formic acid (5-40% 

acetonitrile in 5 minutes, 40-95% in a further 1 minute, followed by 95% 

acetonitrile to clean the column, before re-equilibration to a 5% acetonitrile).  

The eluent was sprayed into a TripleTOF 5600 electrospray tandem mass 

spectrometer (Sciex) and analysis was carried out in Information Dependent 

Acquisition (IDA) mode, performing 250 milliseconds of MS followed by 100 

milliseconds MSMS analysis on the most intense peaks seen by MS.  The 

MS/MS data files were analysed using Mascot algorithm (Matrix Science) 

against the NCBInr database with no species restriction, trypsin as the cleavage 
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enzyme, carbamidomethyl as a fixed modification of cysteines and methionine 

oxidation and deamination of glutamines and asparagines as variable 

modifications. The proteins results were analysed using ProteinPilot software 

(Sciex, Forster City, CA) and only proteins with ≥2 peptides (and a competitor 

error margin (Prot Score) of ≥2.00) were considered.  When proteins were 

assigned to multiple species or different taxonomic ranks, the lowest common 

ancestor was employed. 

 

 
Figure 2.2.  Workflow for co-extraction using Norgen Biotek 
RNA/DNA/Protein purification kit. 
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2.2.2. Food waste anaerobic digesters 

Samples from a food waste bioreactor operated at a solid retention time of 7 days 

with 3 minutes recirculation of 45 minutes per day were prepared for co-

extraction using the Norgen Biotek co-extraction kit.  However, this kit did not 

prove successful for the co-extraction of DNA, RNA and protein from both 

digestate and leachate fractions of a food waste bioreactor (data not shown).  A 

phenol/chloroform method of extraction previously developed in-house was used 

(Figure 2.3).  

 

!
Figure 2.3.  Overview of biomolecule co-extraction method from food waste 
bioreactor samples.  
 

2.2.2.1. Sample preparation  

Sample preparation was carried out by Corine Nzeteu.  From the digestate 

fraction of the reactor, 7 g was sampled and resuspended in 200 ml of wash 

buffer (50 mM sodium phosphate buffer (pH 8), 0.1% Tween 80), while 40 ml of 

leachate was drained from the reactor.  Microbial cells were recovered from 

leachate and digestate fractions by centrifugation at 8,000 x g and pellets were 

resuspended in 30 ml wash buffer.  Digestate and leachate suspensions were 

shaken at room temperature for 20 minutes and 10 minutes respectively on a rock 

roller platform shaker at 70 oscillations/minute.  They were then left to decant 

for 15 minutes.  Supernatants were transferred to sterile 250 ml tubes 
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(NALGENE Oak Ridge centrifuge tubes) and kept on ice.  The solid particles 

left behind after decantation were, again, resuspended in wash buffter and the 

centrifugation process was repeated four more times.  The microbial cells in the 

pooled supernatants were collected by centrifugation at 30,000 x g for 15 

minutes at room temperature.  The resulting pellets (~0.3-0.5 g for digestate and 

~0.1 – 0.25 g for leachate), were immediately resuspended in 2 ml RNAlater® 

solution (Ambion) and incubated at room temperature for 3 hours.  Samples were 

then transferred into sterile 2ml tubes and centrifuged at 8,000 x g for 15 

minutes.  The resulting pellets were flash frozen in liquid nitrogen and stored at -

80°C until further analysis. 

 

2.2.2.2. Biomolecule co-extraction: Phenol/Chloroform  

Four pellets were thawed at 4°C (2 x digestate pellets and 2 x leachate pellets).  

Excess fats were removed prior to co-extraction.  Samples were resuspended in 

phosphate buffer and placed at 4°C for 2 hours.  A fat layer was visible after this 

incubation, and a sterile spatula was used to carefully remove and discard it.  The 

samples were then centrifuged at 17,000 x g for 10 minutes. Pellets were 

resuspended in 500 µl of 1% CTAB buffer (RNAse-free) and 500 µl/1ml 

phenol:chloroform:isoamyl alcohol (25:24:1).  Next 0.5 ml of zirconia silica 

beads (comprised of half 0.5 mm diameter and half 0.1 mm diameter) were 

added to the resuspended biomass.  Samples were vortexed for 10 minutes, then 

centrifuged at 17,000 x g for 10 minutes for phase separation.  The top layer 

(containing nucleic acids) and phenol layer (containing proteins) were then 

pipetted separately and each placed into sterile 2 ml eppendorfs.  The phenol 

phase was stored on ice until further clean-up (or flash frozen in liquid nitrogen 

and stored at -80°C until further use).  Next 400 µl of chloroform:isoamyl 

alcohol (24:1) was added to each tube containing nucleic acids, then vortexed 

and centrifuged for 10 minutes at 17,000 x g.  Supernatants were transferred into 

sterile 2 ml tubes before adding a 2.5 volume of 100% ethanol and 1/10 NaAc 

pH 5.2 to each tube.  Samples were mixed gently then incubated on ice for 30 

minutes followed by centrifugation for 10 minutes at 17,000 x g. The pellets 

were then washed with 200 µl of 70% ethanol followed by centrifugation for 10 

minutes at 17,000 x g.  Pellets were left to air dry before adding 100 µl nuclease-

free water to each sample.  A 1% agarose gel was prepared and 5 µl of sample 
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was run on the gel using hyperladder IV.  DNA and RNA quality was checked 

using the nanodrop (as above) and samples were quantified using the Qubit HS 

dsDNA Assay and Qubit HS RNA Assay, following manufacturers’ instructions. 

Protein washes were then carried out by firstly adding 1 M sucrose solution (v/v) 

to each sample, which was then vortexed and centrifuged at 16,000 x g for 10 

minutes.  For this work the phenol phase was found at the bottom of the tube due 

to the use of phenol:chloroform:isoamyl alcohol (25:24:1) and not pure phenol, 

while the chloroform:isoamyl alcohol was quite dense further contributing to the 

phenol phase being at the bottom.  The lower phase was gently removed and 

placed into sterile eppendorf, then mixed with 4X volume of 0.1M ice cold 

ammonium acetate.  Samples were incubated at -20°C for one hour, followed by 

centrifugation at 16,000 x g for 10 minutes.  Supernatants were discarded.  The 

0.1M ice cold ammonium acetate wash was repeated once more on the samples 

(at this step, samples could be left overnight at -20°C if required).  After 

centrifugation, supernatants were discarded and 3X volume of chilled 80% 

acetone was added to each sample and incubated at -20°C for 15 minutes.  

Samples were centrifuged at 12,000 x g for 10 minutes and supernatants were 

discarded.  Next 3X volumes of 70% ethanol was added to each sample and 

incubated at -20°C for 15 minutes before centrifugation at 12,000 x g for 10 

minutes.  Supernatants were discarded followed by repeat 80% acetone and 70% 

ethanol washes, respectively.  Supernatants were discarded and samples were 

incubated at room temperature (in the fume hood) until the ethanol had 

completely evaporated (around 30 minutes).  Pellets were resuspended in 250 µl 

of urea buffer (7 M urea, 2 M thiourea, 0.01 g/ml dithiothreitiol).  Protein 

concentrations were determined as above prior to SDS-PAGE analysis.  

Workflows for both grass and food waste bioreactor samples are summarized in 

Figure 2.4. 
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Figure 2.4. Overview of entire workflow for both grass and food waste 
bioreactor samples 
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2.3. Results!
 

2.3.1. Biofilm removal from grass 

To remove the biofilms attached to the grass, four different techniques were 

assessed.  A method of gently removing the biofilms from the grass without 

causing cell lysis or introducing grass proteins was necessary.  SEM images were 

taken of the grass before the biofilms were removed (Figure 2.5), which showed 

an abundance of biofilm attached to each single strand of grass.  

 

 
Figure 2.5. SEM image of biofilms attached to a strand of grass.  Image (A) was 
taken at magnification 4.5K, while image (B) was taken at 2.5K. (WD – working 
distance from lens to surface of sample; 20.0kV - voltage of electron beam; um – 
spot size) 
 

Grass was placed in sonication buffer for each removal method.  The first two 

methods were vortexing for 5 minutes and vortexing for 10 minutes (Figure 2.6; 

A and B).  Vortexing appears to remove biofilms efficiently, however the grass 

looked torn, thus possibly indicating the potential for introduction of grass 

proteins and humic acids in the samples.  The next two methods involved using a 

sonication bath for 5 and 20 minutes incubation times.  Both methods efficiently 

removed biofilms, but sonication for 20 minutes seemed to damage the grass 

(Figure 2.6; C and D). 
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Figure 2.6. SEM image of grass after biofilm removal by vortexing for (A) 5 
minutes at magnification of 60, (B) 10 minutes at magnification 80, (C) 5 
minutes at a magnification of 180, and (D) 20  minutes at a magnification of 150. 
(WD – working distance from lens to surface of sample; 20.0kV - voltage of 
electron beam; um – spot size) 
 

Cells were lysed by sonication 30s on/30s off, 15 times before quantification.  

Protein concentrations are shown in Table 2.1.  Overall,  5 minutes sonication 

was found to be the best method for gently removing microbial biofilms from the 

grass. 

 

Table 2.1. Protein concentrations for each duplicate sample after biofilm 
removal. 
Treatment Replicate 1 (µg/µl) Replicate 2 (µg/µl) 

Vortex – 5 minutes 1.77 0.38 

Vortex – 10 minutes 0.29 1.16 

Sonication Bath – 5 minutes 1.36 1.38 

Sonication Bath – 20 minutes 1.28 1.14 
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Once the best methods of removing the biofilms was established, the optimal 

volume of grass for increased protein yields was determined.  The protein 

concentrations obtained (Table 2.2) indicated that 50 g of grass in 250 ml 

sonication buffer was the best combination tested. 

 

Table 2.2. Concentration of protein for each starting volume of grass tested, after 
removing biofilms using sonication bath for 5 minutes 
Grass Weight Replicate 1 (µg/µl) Replicate 2 (µg/µl) 

12.5 g  3 2.7 

50 g  4.8 5.3 

100 g 2.9 2.9 

 

2.3.2. Cell lysis optimization 

Before finalizing the extraction method for the grass biofilms, there was a need 

to check if a better method of lysing the cells after biofilm removal could help 

improve protein yields.  A freezer-mill, which allows cell lysis to occur under 

liquid nitrogen, had proven beneficial for higher protein yields (Roume et al., 

2013).  Three other methods of cell lysis were trialed - vortexing for 30 seconds, 

vortexing for 10 minutes and bead beating for 30 seconds.  Protein 

concentrations were quantified (Table 2.3).  For ease of use, it was decided that 

using the vortex for 30 seconds would be the best option, as the freezer-mill did 

not prove to be much better than other methods. 

 

Table 2.3. Protein concentrations for different cell lysis methods 

Extaction method Replicate 1 (µg/µl) Replicate 2 (µg/µl) 

Bead beating 30 seconds 1.1 1.4 

Vortexing 30 seconds 2.7 2.3 

Vortexing 10 minutes 2.1 2.6 

Freezer Mill 2.4 2.2 

 

2.3.3. Protein Separation 

After the best method of biofilm removal and starting material was established, 

proteins extracted from the grass biofilm were separated using 2-DE.  Up to this 

point, there was no successful extraction of proteins from the leachate fraction, 
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and our attempt to recover extracellular proteins proved unsuccessful (data not 

shown).  It was decided to continue working with grass to see if protein spots 

would be observed on 2-DE.  Samples were normalized to 2.2 µg/µl, as this was 

the lowest protein concentration obtained.  A total of 62 and 54 protein spots 

were observed for the samples that had undergone TCA acetone precipitation 

(Figure 2.7 A), while only 19 and 22 protein spots were observed for the samples 

that were cleaned up with the Amersham 2-D Clean Up Kit (Figure 2.7 B). 

 

 
Figure 2.7.  Representative 2-DE of grass proteins after removal of biofilm using 
sonication bath, with extraction using sonication probe and sample clean up 
using (A) TCA acetone clean up, and (B) Amersham 2-D Clean Up Kit. 
 

Table 2.4.  Concentrations of proteins from grass biofilm extracts after two 
clean-up methods A) TCA Acetone and B) Amersham Clean Up Kit. 
Sample Replicate 1 (µg/µl) Replicate 2 (µg/µl) 

TCA Acetone 3.6 4.8 

Amersham Clean Up 2.2 4.8 

 

2.3.4. Biomolecule co-extraction from grass AD using Norgen Bioteck kit proves 

successful for obtaining DNA, RNA and protein 

Work carried out by Roume et al., 2013 reported on different co-extraction 

methods carried out on environmental samples.  Based on the authors’ 

recommendation, the Norgen Bioteck DNA/RNA/Protein purification kit was 

used in this study for biomolecule co-extraction from grass biofilms and leachate 

fractions.  The protein fraction did not have a very high yield in the final elution.  

It was discovered that the proteins were present in the first flow-through but did 

not pass through the spin column after washes and elution.  As the contents of 
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the kits’ buffer are unknown, the reason for the proteins not eluting correctly 

could not be resolved.  So the first protein flow-through was used for the protein 

sample.  The Norgen Biotek kit proved successful for extracting from both grass 

biofilm and leachate fractions of the grass AD samples.  Nucleic acids and 

protein fractions were run on 2% agarose gels and SDS-PAGE, respectively 

(Figure 2.8).  There was still some DNA also present in RNA samples but a 

DNase treatment removed any traces of DNA in the samples (data not shown). 

 

 
Figure 2.8.  DNA (A.) and RNA (B.) co-extracted from grass biofilm (G) and 
leachate (L) fractions of a grass anaerobic digester.  SDS-PAGE (C) shows 
protein co-extracted from both grass biofilm (G) and leachate (L) fractions from 
an anaerobic digester.  Highlighted in red are the corresponding bands, from both 
grass biofilm and leachate, as well as the chunk with faint bands which were 
excised for protein identification.  Concentration of DNA and RNA (D) and 
protein (E) samples after Norgen Biotek co-extraction (n=3). 
 

2.3.5. Protein Identification 

A single band from a grass sample and a corresponding band from the leachate 

sample of that same reactor were analysed by LC-MS/MS (Figure 2.8 C).  

Eleven proteins were identified from the grass and 8 proteins were identified 

from the leachate (Table 2.6), while a 20 µl liquid sample of extracted proteins 
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also analysed had only 8 proteins were detected, which was a poor representation 

of a whole liquid extract. 

 

Table 2.6.  Results for grass biofilm and leachate band analysis (~10kDa).  The 
lowest common ancestor was assigned to each protein. 
Protein Lowest Common 

Ancestor (LCA) 

Detected in 

30S ribosomal protein Prevotella Grass & Leachate 

30S ribosomal protein Commensalibacter Grass 

30S ribosomal protein  Commensalibacter Grass 

30S ribsomal protein Acetobacteraceae Grass & Leachate 

50S ribosomal protein Acetobacter Grass 

50S ribosomal protein Prevotellaceae Grass & Leachate 

50S ribosomal protein Prevotella Leachate 

Chaperonin Gluconacetobacter Grass & Leachate 

DNA-binding protein Acetobacteraceae Leachate 

Hypothetical protein Clostridium leptum Grass 

Hypthetical protein Firmicutes Grass & Leachate 

Outer membrane protein Acetobacter Grass 

Ribosomal protein Prevotella copri Grass 

Ribosomal protein  Prevotella copri Leachate 

 

In order to increase the efficiency (i.e. more protein hits and quicker sample 

turnaround) and decrease the cost of our analysis, gel chunks were excised from 

SDS-PAGE.  A gel chunk, which was excised between 30 - 70 kDa, led to the 

identification of 116 proteins (Figure 2.8 C, Appendix 1).  The majority of the 

proteins detected were assigned to Prevotella, followed by Clostridium, 

Acetobacter, Eubacterium, Gluconacetobacter and Bacteroides (Figure 2.9 A).  

The predicted functions (Appendix 1), included methanogenesis, carbohydrate 

degradation, pyruvate fermentation and TCA cycle.  The main COG categories 

detected were [O] Post-translational modification, protein turnover, and 

chaperones; [J] Translation, ribosomal structure & biogenesis; [G] Carbohydrate 

transport & metabolism; and [C] Energy production and conversion (Figure 2.9 

B). 
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(A)$

 
(B)$

 
Figure 2.9.  The assignment (genus level) (A) and COG categories (B) of 
proteins detected from the chunk excised from the leachate sample  
 



! [Chapter!2]! !
!

 72!

When sampling over time from the reactors, the banding patterns often differed.  

Often no distinct bands could be seen on SDS-PAGE, only a smear, and so, to 

ensure that this would not impair our protein identification protocols, a chunk 

was excised from a ‘smeared’ lane and sent for LC-MS/MS (Appendix 2), which 

led to the identification of 71 proteins (Appendix 3).  So, even if bands appear 

faint or smeared on an SDS-PAGE, protein identification can still be achieved.  

While between 19 and 62 protein spots were detected on 2-DE gels (Figure 2.7), 

up to 117 proteins could be identified from an excised chunk of an SDS-PAGE 

lane (Figure 2.8).  Even though the option of quantification is, at present, lost by 

not using 2-DE, excising chunks from an SDS-PAGE allows for further sample 

purification prior to downstream applications, while also giving a better 

representation of the proteins present at the time of sampling. 

 

2.3.6. Phenol/chloroform co-extraction proves successful for samples from a 

food waste anaerobic digester 

The phenol/chloroform method successfully co-extracted DNA, RNA and 

proteins from both food digestate and leachate fractions (Figure 2.10 A).  The 

extracted nucleic acids had good concentrations (45-99 µg/µl RNA and 47-53 

µg/µl DNA) (Table 2.7).  The quality of sample purity was also checked using a 

nanodrop, with all samples being within the recommended range (~1.8 and 2.0 

for DNA and RNA, respectively), while protein were also efficiently co-

extracted based on SDS-PAGE (Figure 2.10 B).  This method is much more cost 

effective than relying on co-extraction kits. 
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Figure 2.10.  DNA and RNA (A) and protein (B) co-extracted from both 
digestate and leachate samples of an anaerobic digester containing food waste, 
separated on 1% agarose gel and SDS-PAGE, respectively.  NOTE: The 
Hyperladder and first set of digestate samples for nucleic acids gel (A) appear 
quite faint, this is due to an issue with the gel imager, the yield was similar to 
other digestate samples, as indicated in Table 2.7. 

 

Table 2.7.  Concentration of DNA and RNA extracts from digestate and leachate 
samples of a food waste anaerobic digester (n=4). 
Sample DNA (µg/µl) RNA (µg/µl) 

Digestate 51.3±1.5 87±18 

Leachate 47.5±0.25 68.3±26.5 
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2.4. Discussion 

 

Metaproteomics is a relatively new emerging field in the “omics” science, which 

can inform on functional activities in a given environment and can reveal what 

microorganisms are responsible for these detected activities.  It has been applied 

to numerous environments (Benndorf et al., 2007; Siggins et al., 2012; Lu et al., 

2013; Bastida et al., 2014; Kolmeader & de Vos, 2014; Williams & Cavicchioli, 

2014; Colatriano et al., 2015) and can aid in linking community structure and 

function.  However, metaproteomics requires optimized protein extraction for 

successful analysis.  2-DE is a well-established method of protein separation 

prior to mass spectrometry analysis, and is still employed for many studies (Jean 

et al., 2012; Choudhary et al., 2015; Lin et al., 2015; Zhou et al., 2015).  As 

demonstrated in this work, omitting gel separation prior to MS led to the 

identification of only 8 proteins from an entire protein extract.  Between 19 and 

62 protein spots could be identified from 2-DE gels.  These numbers were very 

low in comparison to previous work on granular sludge AD samples by Abram et 

al., 2011, whereby, on average, 388 reproducible protein spots were detected 

from 2-D gels.  Up to 117 proteins could be identified, however, from an SDS-

PAGE gel chunk, which accounts for roughly one third of a given sample, 

indicating that gel separation is indeed necessary for identification of proteins 

from AD samples. 

 

SDS-PAGE is being more commonly used for metaproteomic studies (Dong et 

al., 2014; Lü et al., 2014; Hanson & Madsen, 2015; Kohrs et al., 2015; Püttker et 

al., 2015), especially for analysis of large datasets with diverse microbial 

communities.  Despite the option of quantification being lost while using SDS-

PAGE in place of 2-DE, there has been recent developments in quantitative 

metaproteomics (von Bergen et al., 2013) in which the use of label-free 

quantitation have been employed to study natural communities (Neilson et al., 

2011).  Label free methods of quantification for metaproteomics have become 

preferred over more common labeling strategies due to their low cost, simplicity 

and the ability to be applied on any sample (VerBerkmoes et al., 2009), which is 

beneficial for any environmental study.  Two examples of label free methods 

include normalized spectral abundance factor (NSAF) and sequential windowed 
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acquisition of all theoretical fragment ion mass spectra (SWATH), which have 

been employed to quantify pure culture protein datasets (Paoletti et al., 2006; 

Zhu et al., 2013; Otto et al., 2014; Arnhard et al., 2015).  NSAF has been 

successfully used in metaproteomic studies in recent years (Mueller et al., 2010; 

Justice et al., 2012; Hawley et al., 2014), while SWATH-MS analysis has been 

foreseen as the next label free quantification method used for metaproteomic 

datasets (Wilmes et al., 2015).  These analyses can allow for further 

understanding of proteins detected in mixed communities, and would be 

recommended for future work. 

 

Once the initial work of optimizing a metaproteomic framework was achieved, a 

co-extraction method for recovering nucleic acids and proteins simultaneously 

from anaerobic digesters, containing grass and food waste, were then explored.  

Firstly grass biofilm and leachate samples were analysed.  The workflow 

established is based on sample clean-up and preparation prior to co-extraction 

using the Norgen Biotek DNA/RNA/Protein purification kit.  DNA, RNA and 

protein were successfully co-extracted.  This methodology was used for a study 

on triplicate grass anaerobic digesters in which DNA and cDNA were sent for 

16S rRNA sequencing while the protein underwent LC MS/MS, which is 

discussed in detail in Chapter 3. 

 

Despite the success of the Norgen Biotek kit, it was proving quite costly when 

dealing with many environmental samples, and did not prove successful for co-

extraction from samples of a food waste anaerobic digester.  So a 

phenol/chloroform co-extraction method previously developed in-house was 

explored.  This methodology focused on phase separation of the nucleic acids 

and proteins.  DNA, RNA and protein were successfully co-extracted from both 

digestate and leachate samples.  Much higher yields were obtained using this 

method than those obtained using the Norgen Biotek kit on grass AD samples, as 

well as those obtained from mixed microbial community samples by Roume et 

al., 2013 (Table 2.8).   
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Table 2.8.  DNA and RNA concentrations of environmental samples (LAO-
enriched community, river water filtrate and human faeces) in work carried out 
by Roume et al., 2013 using the Norgen Biotek kit; grass AD samples using the 
Norgen Biotek kit; and food waste AD samples using the phenol/chloroform 
method. 
Co-extraction method DNA (µg/µl) RNA (µg/µl) 

Norgen Biotek Kit (Roume et al., 2013)  

(LAO-enriched community) 

28.79 ± 9.65 22.68 ± 7.06 

Norgen Biotek Kit (Roume et al., 2013)  

(River water filtrate) 

11.28±1.09 16.03±3.36 

Norgen Biotek Kit (Roume et al., 2013)  

(Human faeces) 

24.57±8.31 18.48±3.62 

Norgen Biotek Kit  

(Grass samples) 

4.88 ± 1.87 7.60 ± 3.33 

Phenol/chloroform  

(Food waste samples) 

49.48 ± 2.65 129.13 ± 63.60 

 

It is important to consider that for mRNA analysis from RNA samples, there is 

potential for possible degradation of mRNAs due to numerous centrifugation 

steps in the initial sample preparation.  Correct sample handling is essential (e.g. 

samples kept on ice at all times, 4°C centrifuge used, flash freeze in liquid 

nitrogen) as well as the use of reagents such as β-mercaptoethanol and 

RNAlater® to protect RNA during cell lysis and extraction.  mRNA was 

successfully enriched from food waste samples following the established 

workflow for downstream analysis (data not shown). 

 

Overall, the phenol/chloroform co-extraction has proved most successful for 

extraction from AD samples.  Its’ low cost, efficiency and simplicity also makes 

it favorable when dealing with many environmental samples and this method 

would be recommended for continued use on AD samples, as well as other 

complex environmental samples. 
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2.5. Conclusions 

 

The work carried out has set a basis for a standardized method in the laboratory.  

Co-extraction of nucleic acids and protein from both grass biofilm and leachate 

samples of an anaerobic digester was achieved.  Although there were difficulties 

extracting the protein fraction and getting a sufficient yield to work with, the 

Norgen Biotek kit proved successful.  The kit also provided good quality and 

quantity of DNA and RNA, which led to the investigation of the community 

structure and functional activities of triplicate leach-bed grass anaerobic digesters 

using 16S deep sequencing and metaproteomic analysis.  This work is presented 

in Chapter 3.  Digestate and leachate samples from a food waste anaerobic 

digester proved to be difficult to work with, and after initial sample preparations 

and clean up the Norgen Biotek kit was deemed not suitable for co-extraction.  

The optimized phenol/chloroform co-extraction worked well for these samples, 

provided good quality and yields of DNA, RNA and protein.  The co-extracted 

samples extracted will undergo further downstream analysis for metagenomic, 

metatranscriptomic and metaproteomic work in the near future. 

 

Metagenomic, metatranscriptomic and metaproteomic technologies are 

advancing constantly.  While they can provide an insight and understanding of 

complex community structures and functionalities, they rely on optimized 

sample preparation and extraction.  The workflow established here, can be 

applied to most environmental systems to provide good quality samples for 

investigating mixed microbial populations using omics technologies. 
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Abstract 

 

In this study, microbial communities from triplicate leach-bed anaerobic 

bioreactors digesting grass were analysed.  Each reactor comprised two microbial 

fractions, one immobilized on grass (biofilm) and the other in a planktonic state 

present in the leachate.  Microbial communities from the two fractions were 

systematically investigated for community composition and function.  This was 

carried out using DNA, RNA and protein co-extraction.  The microbial structure 

of each fraction was examined using 16S rRNA deep sequencing, while the 

active members of the consortia were identified using the same approach on 

cDNA generated from co-extracted RNA samples.  Microbial function was 

investigated using a metaproteomic workflow combining SDS-PAGE and LC-

MS/MS analysis.  Amplicon sequencing analysis of the 16S rRNA gene from 

grass biofilms and bioreactor leachates revealed dissimilarities between the 

community structure at the DNA and cDNA level.  In total, four clusters could 

be identified each corresponding to DNA and cDNA of microbial communities 

from grass and leachate.  Evidence supporting the observed cellulose and 

hemicellulose degradation coupled with methane production (at the process 

level) was reflected in the metaproteomes.  Specifically, enzymes catalyzing the 

initial steps of hemicellulose degradation were detected in grass biofilms while 

metabolic pathways involved in the utilization of hemicellulose and cellulose 

byproducts were detected in the leachate.  Protein assignments indicated that the 

degradation of grass components was carried out by members of Clostridiales, 

Bacteroidales and Prevotella, whereas the production of methane was mainly 

attributed to Methanosarcinales.  In conclusion, the functional activities taking 

place at the micro-scale of grass AD correlate to what is observed at the macro-

scale. 
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3.1. Introduction!
 

Bioenergy has been pinpointed as a crucial component for reaching the goal of 

20% renewable energy in Europe by 2020 (Croxatto et al., 2014).  In this context 

harvesting energy from various waste streams becomes a necessary element for 

the growth of sustainable energy sources worldwide (Werner et al., 2011).  

Anaerobic digestion (AD) is a well-established technology that represents a 

sustainable alternative for the treatment of a diverse range of wastewaters 

(Zerrouki et al, 2015; Wang et al., 2015; Lackey et al., 2015; Adulkar & Rathod, 

2014; Mustafa et al., 2014; Yuan et al., 2014), as well as solid wastes (Nielfa et 

al., 2015; Michele et al., 2015; Ratanatamokul et al., 2014; Wang et al., 2014).  

Recently, there has been a considerable increase in energy crops usage within the 

biogas industry (Croxatto et al. 2014).  Typically food crops, especially corn, 

have been utilized for energy production, but they are competing with the need 

for corn as a food source (Ranum et al., 2014).  Also, the crops require close 

management, as they have to be replanted and require fertilizers and pesticides 

for successful growth.  Whereas, grasses grow naturally in many areas, with 

minimal labour necessary to sustain the crop.  Perennial ryegrass is a suitable 

feedstock for AD, particularly in the Irish context, due to its abundance, 

availability and renewability (Cysneiros et al., 2011).  While AD has been to 

date mainly associated with methane potential, other valuable bi-products such as 

volatile fatty acids (VFAs), extensively utilized in industry for petrochemicals, 

pharmaceuticals, cosmetics and food, can be recovered from the process 

(Kleerebezem & van Loosdrecht, 2007; Singhania et al., 2013; Zacharof et al., 

2013; Zang et al., 2015). 

 

There is, however, limited knowledge of the functional activities of the microbial 

consortia present in AD systems (Abram et al., 2011; Abdul et al., 2014), and 

this is particularly true for grass AD.  Anaerobic digesters’ performance greatly 

depends on the combined activities of these microbial communities (Lee et al., 

2010), and so advancement of the process relies on a greater insight and 

understanding of the behaviour of these microbial populations.  The 

technological developments in recent times, which include the advancement of 

high-throughput “omics” methods, have allowed for the possibility of system 
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approaches to be explored (Siggins et al., 2012a; Narayanasamy et al., 2014; 

Abram, 2015).  Data generated from metagenomics, metatranscriptomics and 

metaproteomics can be used to determine the key metabolic pathways and 

functional activities occurring in a given ecosystem.  The present study 

combined 16S rRNA amplicon profiling from DNA and RNA samples with 

metaproteomics in an effort to link the knowledge obtained from sequencing data 

(community structure) to the functional activities taking place at the time of 

sampling.  Proteins identified can inform on active functional pathways, and can 

also be assigned to taxa, allowing for characterization of microbial groups 

involved in specific functions.  Metaproteomics has been applied to many 

diverse environments including marine, freshwater, soil, human biology as well 

as natural and bioengineered systems (Siggins et al., 2012b; Wilmes et al., 

2015), and it has been previously employed to uncover key biochemical 

metabolic pathways occurring in specific anaerobic bioreactor processes (Abram 

et al., 2011; Siggins et al., 2012b; Hettich et al., 2013; Gunnigle et al., 2015; ).  

!
The hypothesis for this work is as follows: the properties observed at the macro-

scale (reactor performance e.g. VFA production, methane production) are a 

direct result of the activities carried out at the micro-scale (by members of the 

multi-species microbial communities).  In addition, the characterization of 

microbial communities involved might open up possible research avenues for 

system optimization.  To test the above hypothesis the co-extraction of DNA, 

RNA and proteins from both grass biofilm and leachate fractions of triplicate 

leach-bed reactors was carried out.  16S rRNA deep sequencing and 

metaproteomics were then performed, for an in depth investigation into microbial 

community structure and function of grass anaerobic digestion. 

!
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3.2. Materials and Methods 
 

3.2.1. Source of biomass  

Anaerobic bioreactors containing perennial rye grass were operated by Aoife 

Vaughan.  The grass used in this study was sourced from Teagasc, Ireland.  The 

grass was firstly ensiled after being harvested.  Once collected, the grass was 

pressed to remove excess moisture and stored at -20°C.  The substrate was 

thawed at room temperature overnight prior to feeding the reactors.  The total 

solids (TS) and volatile solids (VS) contents were 45.4% and 42.6%, 

respectively.  The pH was measured using a HANNA Instruments pH 210 

Microprocessor pH meter.  The volume of CH4 collected in the gas bags attached 

to the top of the reactors was measured using water displacement.  To do this the 

clamped gas bag was connected to a port in the top of a sealed 5L aspirator bottle 

filled with water.  The clamp in the gas bag was then removed and the outlet at 

the base of the bottle was opened.  The movement of the gas from the gas bag 

into the bottle causes the water to become displaced.  All water displaced was 

collected and measured.  The volume of water collected is therefore equal to the 

volume of gas produced.  A Varian CP-3800 Gas Chromatograph (GC) was used 

to determine the percentage of methane (CH4) in the biogas produced.  The GC 

was equipped with a glass column (1.8 m X 6 mm outer diameter X 4 mm inner 

diameter) packed with Poropak Q 100-120 mesh in a Philips PYE-Unicam Series 

304 chromatograph fitted with a gas sampling port and a flame ionization 

detector.  The column temperature was maintained at 35°C.  The injector port 

and detector temperatures were 105°C and 100°C, respectively.  N2 was the 

carrier gas at a flow rate of 25 ml min-1.  Firstly samples of known CH4 

concentrations (100% CH4 and 50% CH4) were injected into the GC run to 

create the standard curve.  Then 2ml of the gas samples were injected into the 

GC in duplicate to determine the percentage of CH4 in the sample.  Samples for 

volatile fatty acid (VFA) analysis were taken from all leachate fractions of each 

reactor.  1 ml of leachate was mixed with 50 µl orthophosphoric acid and stored 

at -20°C.  Before VFA analysis, leachates were thawed and centrifuged at 17,000 

x g for 10 minutes, then supernatants were removed and passed through a 0.2 µm 

pore syringe filter, to ensure no particles remained in the samples.  Dilutions of 

samples and standards were prepared and then run on a 450-Gas Chromatograph.  
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The results of the standards were then used to determine the concentration of 

VFAs in the samples.  All reactor performance measurements (taken by Aoife 

Vaughan) are outlined in Table 3.1. 

 

Grass biofilm and leachate samples were obtained from the triplicate laboratory-

scale leach-bed bioreactors (4 L volume) operated at 37 °C with a solid retention 

time of 7 days.  The pH for each reactor (R1, R2, R3) was 5.48, 5.33 and 5.73, 

respectively, and the solid destruction (% VS) was 80.2, 81.4, 72.7, respectively. 

 

Table 3.1. Bioreactor operational performance for each triplicate reactor (n=3), 
taken on Day 7 of the reactor run – methane (CH4) and VFA production 
 CH4 

% 

CH4 ml 

VS g-1 

removed 

Acetic 

acid 

mg/L 

Butyric 

acid 

mg/L 

Caproic 

acid 

mg/L 

Propionate 

acid  

mg/L 

Valeric 

acid 

mg/L 

R1 30.7 

±0.05 

15.46 

±3.24 

186.11 

±19.49 

158.86 

±9.66 

158.86 

±9.66 

307.23 

±19.48 

227.55 

±13.83 

R2 5.9 

±0.06 

2.64 

±3.45 

64.75 

±13.82 

19.15 

±3.39 

19.15  

±3.39 

167.78  

±11.83 

5.61 

±5.80 

R3 39.7 

±0.01 

29.40 

±1.13 

84.07 

±19.53 

14.81 

±2.83 

14.81  

±2.83 

746.07 

±70.07 

60.12 

±8.75 

 

3.2.2. Sample Preparation  

Samples were taken on day 7 (last day) of the reactor run.  From each reactor, 

duplicate samples of 250 ml leachate were drained.  Samples were collected in 

50 ml sterile sarstedt tubes and were centrifuged immediately at 8,000 x g for 15 

minutes at 4°C.  Supernatants were discarded and pellets were pooled together 

using 1 ml of sonication buffer (10mM Tris Base, 0.1mM EDTA, 5mM MgCl2).  

For the digestate fraction, 50 g of grass were sampled in duplicate.  Each 50 g 

were placed into a sterile container with 250 ml sonication buffer, which was 

then immersed in a sonication bath for 5 minutes to gently remove biofilms from 

the grass.  Grass was sieved out of samples and discarded.  Samples were then 

filtered through two layers of muslin cloth twice before centrifugation (8,000 x g 

for 15 minutes at 4°C).  Supernatants were discarded and pellets were pooled 

together using 1 ml sonication buffer.  All samples (from digestate and leachate) 
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were centrifuged at 17,000 x g for 10 minutes at room temperature.  Supernatants 

were discarded and pellets underwent a series of washes.  Firstly, pellets were 

washed twice in 1 ml 0.9% NaCl (pellet resuspended, centrifuged at 17,000 x g 

for 10 minutes).  Pellets were next washed with 1 ml 50mM Tris-HCl twice and 

finally 1 ml sonication buffer, then flash frozen in liquid nitrogen and stored at  

-80°C until further use. 

 

3.2.3. DNA, RNA and protein co-extraction 

After the series of washes described above, frozen pellets from digestate and 

leachate samples were thawed before resuspension in 500 µl lysis solution (from 

extraction kit, Norgen Biotek RNA/DNA/Protein Purification Kit), 500 µl 1X 

Tris-EDTA and 10 µl/ml β-mercaptoethanol.  Zirconia beads (0.5 ml: 0.25 ml of 

0.1 mm diameter beads and 0.25 ml of 0.5 mm diameter beads) were added to 

each sample prior to vortexing for 30 seconds followed by immediate storage on 

ice.  Centrifugation was carried out twice at 17,000 x g for 30 minutes.  

Supernatants were transferred into fresh tubes and the pellets were discarded.  

Centrifugation steps were repeated until no pellets were visible.  The resulting 

supernatants were then mixed with 100 µl pure ethanol and loaded onto the all-

in-one chromatographic spin column from the Norgen purification kit.  

Purification and separation of DNA, RNA and proteins was carried out following 

the manufacturers’ instructions. 

 

3.2.4. cDNA generation 

RNA samples underwent DNase treatment using the Turbo DNA-free kit 

(Ambion), following the manufacturers’ instructions.  Briefly, 0.1 volume of 

10X TURBO DNase buffer and 1 µl TURBO DNase were added to the RNA 

samples, mixed gently, and incubated at 37°C for 30 minutes, followed by the 

addition of 0.1 volume of resuspended DNase Inactivation Reagent and 

incubation at room temperature for 5 minutes.  The suspensions were then 

centrifuged at 10,000 x g for 1.5 minutes and the RNA samples were transferred 

to fresh tubes.  After DNase treatment, a 16S rRNA bacterial PCR was carried 

out on all RNA samples to ensure that no trace of DNA remained.  For the PCR, 

sample templates were prepared in neat, 1 in 5 and 1 in 10 dilutions, and a 30 

cycle PCR was run using primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3’; 
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Delong, 1992) and 1392R (5’-ACGGGCGGGGRC-3’; Lane et al., 1985).  Once 

all samples were confirmed to be free of DNA contamination, cDNA was 

generated using SuperScript III Reverse Transcriptase (Invitrogen), following 

manufacturers’ instructions.  cDNA cocktails were prepared using 10 µl DNase 

treated samples, 1 µl random hexamer primers, 1 µl 10mM dNTPs and 1 µl 

nuclease-free water.  The cocktails were vortexed and spun down quickly prior to 

incubation at 65°C for 5 minutes and subsequent addition of 4 µl 5X First Strand 

Buffer, 1 µl 1 mM DTT and 1 µl Superscript III and incubation at 25°C for 5 

minutes, 50°C for 50 minutes followed by 75°C for 15 minutes.  All samples 

were flash frozen in liquid nitrogen and stored at -80°C until further use. 

 

3.2.5. 16S rRNA profiling 

Both cDNA and DNA samples were prepared for paired-end 16S rRNA 

community sequencing using Illumina MiSeq platform with universal 

bacterial/archaeal primers 515F/806R (Caporaso et al., 2012).  Each sample was 

amplified in triplicate 25 µl reactions using Q5 High Fidelity DNA Polymerase 

(New England Biolabs).  Each solution consisted of 5µl 5X Q5 reaction buffer, 

0.5 µl 10mM dNTPs, 1.25 µl of each primer, 0.25 µl of Q5 Taq polymerase 

(New England Biolabs), 16.75 µl nuclease-free water and 2 µl of template (1 in 

10 dilution).  Amplification conditions consisted of a hotstart at 98°C for 30 

seconds, then 30 cycles of denaturation at 98°C for 10 seconds, annealing at 

52°C for 30 seconds and elongation at 72°C for 30 seconds, followed by a 

heating step of 72°C for 2 minutes and 4°C hold.  Golay barcodes (Appendix 4) 

were used for high fidelity PCRs, and diluted to 2 µM prior to use.  Replicate 

amplicons were then pooled into one single volume (75 µl) and samples were run 

on a 1% agarose gel to check for band size (300-350bp), while quantification 

was carried out using the Qubit dsDNA HS Assay Kit (Life Technologies), 

following manufacturers’ instructions.  Samples were normalized to 3 ng/µl and 

pooled together in a concentration of 90 ng/30µl for Illumina MiSeq sequencing.  

The quality of each sample was also checked using a nanodrop.  All 

measurements ranged between 1.8 and 2.0 under the 260/280 absorbance ratio, 

indicative of sample purity.  A total of 24 16S rRNA amplicon samples (12 

cDNA, 12 DNA) corresponding to duplicate samples from both grass biofilm 

and leachate fractions of triplicate reactors were pooled and sequenced.  Samples 
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were sent to the Centre for Genomic Research in Liverpool for Illumina MiSeq 

sequencing. 

 

3.2.6. Metaproteomics 

Protein concentrations were measured using the Non-Interfering Protein Assay 

(Calbiochem), following manufacturers’ instructions.  Protein samples were 

normalized to 1.3 µg/µl in a volume of 40 µl and run on a 12% SDS-PAGE gel 

(11 cm).  Three chunks were excised from each sample lane using a sterile 

scalpel, placed in a 15 ml sterile Sarstedt tube and covered with Millipore water.  

The excised chunks were then sent to the BSRC Mass Spectrometry and 

Proteomics Facility in the University of St. Andrews and analysed using liquid 

chromatography followed by tandem mass spectrometry (LC-MS/MS), as 

described in Chapter 2 (section 2.2.1.3). 

 

3.2.7. Data analysis 

Data from 16S rRNA amplicon sequencing were analysed following the Illumina 

amplicon processing workflow from Dr. Ijaz (http://userweb.eng.gla.ac.uk/ 

umer.ijaz/).  One sample, amongst the 24 samples analysed, returned an 

unusually low number of sequence reads for unknown reasons.  From the 

summary results (Appendix 5), it can be seen that sample R1G A (cDNA sample 

of sample A from bioreactor 1 grass biofilms) only returned 20 reads while all 

other samples displayed between 600,000 and 1,300,000 reads.  Based on costs 

and the high chance of a repeated incident the sample was not re-sequenced.  

Paired-end reads were trimmed, overlapped, assembled and combined into 

multiplexed fasta files.  These files were then linearized and dereplicated in 

usearch format.  OTU clustering and de novo chimera removal was done using 

the gold database of the reference database UCHIME.  Phylogenetic trees and 

OTU assignments were then carried out using MUSCLE.  Further statistical 

analysis was performed using RStudio and scripts from Dr. Ijaz 

(http://userweb.eng.gla.ac.uk/umer.ijaz/bioinformatics/ecological.html; DESeq2 

and Phyloseq packages).  SEQenv software 

(https://bitbucket.org/seqenv/seqenv/src) was employed to provide some 

information regarding the environmental sources of close relatives of sequences 

identified in the present study.  The proteins results were first analysed using 
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ProteinPilot software (Sciex, Forster City, CA) against the NCBInr database and 

only proteins with ≥2 peptides (and a competitor error margin (Prot Score) of 

≥2.00) were considered.  When proteins were assigned to multiple species, the 

lowest common ancestor was employed (Appendix 6).  Clusters of orthologous 

groups (COGs) were investigated using MEGAN software (http://ab.inf.uni-

tuebingen.de/software/megan5/), for which BLAST files were generated for each 

sample and uploaded into MEGAN.  Further analysis was carried out in RStudio 

to investigate the assignment and statistical differences between protein samples.  

Pathways were constructed from proteins identified using the pipeline developed 

in collaboration with Dr. Ijaz 

(http://userweb.eng.gla.ac.uk/umer.ijaz/bioinformatics/Metaproteomics.html).  In 

this pipeline, protein sequences are assigned enzyme commission (EC) numbers 

when possible and MinPath is used to construct parsimonious pathways, while 

iPath allows for pathway visualization.  The carbon metabolism pathway was 

also constructed using the KEGG database. 

!
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3.3. Results 
 

3.3.1. 16S rRNA profiling reveals differences in community composition between 

DNA and cDNA samples  

A total of 1,549 operational taxonomic units (OTUs) were identified amongst the 

24 samples analysed (DNA and cDNA extracted from duplicate samples of grass 

biofilm and leachate fractions for each triplicate reactor: 2 x 2 x 2 x 3).  

Rarefaction analysis was performed in RStudio to analyse taxon richness and 

adequacy of sampling (Figure 3.1).  R2 grass cDNA (replicate 1) and R3 grass 

cDNA (replicate 2) appeared to have a lower number of OTUs detected than all 

other samples, despite normalization prior to sequencing.  The rarefaction curve 

demonstrates that most taxa in each sample were identified, with sufficient 

sequencing depth for sample coverage.  

 
Figure 3.1.  Rarefaction curve illustrating the number of OTUs (with cut-off 
level at 3%) and the number of reads acquired for reactor (R) sample - grass (G) 
and leachate (L).  Analysis performed in RStudio using Vegan package.   
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Standard alpha diversity metrics (Shannon, Simpson and Observed Richness) 

were also evaluated (Figure 3.2).  Sample richness and evenness is high in all 

samples from each reactor, with the exception of R1 grass cDNA based on the 

Shannon index.  Simpson index (which gives more weight to dominant taxa) 

showed that diversity was again high in all samples with the exception of R1 

grass cDNA.  Sample richness was higher in the leachate fractions, with lowest 

richness observed in grass cDNA samples.  This correlates to what is observed in 

the rarefaction curve (Figure 3.2).   Overall the diversity can be summarised in 

Table 3.3, which displays that there was a high diversity of OTUs amongst all 

samples. 
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Figure 3.2.  Alpha diversity calculations (A) Shannon (B) Simpson and (C) 
Richness for DNA (green) and cDNA (red) samples for both grass and leachate 
fractions. 
 

Table 3.2.  Alpha diversity based on OTU distribution using Shannon and 
Simpson Indices, and Overall Richness.  
Diversity Index Mean Standard Deviation P-value 

Shannon 3.1 0.9 0.05 

Simpson 0.9 0.9 0.05 

Richness 663.6 186.7 0.05 

 

A non-metric distance scaling (NMDS) plot was generated to look at the 

distances between the 16S rRNA datasets, using the Bray Curtis distance (Figure 

3.3).  All the DNA samples cluster together, and within the DNA samples, two 

clusters can be seen, one corresponding to the grass samples and the other to the 

leachate samples.  To see if the clusters visualized on the NMDS plot 

significantly differed, ANOSIM was carried out in RStudio (Table 3.3).  A stress 

value of 0.095 indicated that the NMDS plots’ ordination was good (A stress 

greater than 0.2 indicates that the ordination of the plot is not good enough to 

trust, a stress 0.2 indicates the plot is useful, while a stress of 0.1 or less indicates 

the optimal ordination (Rees et al., 2004)).  ANOSIM, which determines if 

clusters observed are significantly different, had an overall R-value of 0.4619 at 

a P-value of 0.001.  An R-value can lie between 0 and 1, with 0 meaning no 

significant difference between samples and 1 meaning there is a significant 

difference between samples (Rees et al., 2004).  There was a significant 
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difference between all four clusters of the NMDS plot, with the exception of the 

grass DNA vs the leachate DNA (Table 3.3).   

 

Taken together, these results indicate that at the DNA level the microbial 

consortia in each bioreactor are more similar to one another than to the cDNA 

samples.  The leachate, at the cDNA level, also display similarities, while the 

grass samples of each reactor differ from the leachate as well as from the DNA 

samples.  Overall, the cDNA indicate that the active portion of the population is 

diverse, and differs from the DNA, at the time of sampling.  These observations 

could be partly attributed to the different workflows employed for DNA and 

cDNA sample preparation as well as the likely highly heterogeneous nature of 

the grass biofilms. 

 

 
Figure 3.3.  NMDS plot generated using Bray Curtis distance based on OTUs 
identified.  Green and purple spots represent grass and leachate samples of DNA, 
while red and blue spots represent grass and leachate samples of cDNA. The 
shapes denote which reactor the samples are from. 
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Table 3.3.  Statistical significance of NMDS plot using ANOSIM, comparing 
cDNA vs DNA; grass vs leachate; and difference between each cluster. 
Comparison R-Value P-Value 

cDNA vs DNA 0.372 0.001 

Grass vs Leachate 0.246 0.001 

Grass cDNA vs Leachate cDNA 0.4853 0.003 

Grass cDNA vs Grass DNA 0.6053 0.003 

Grass cDNA vs Leachate DNA 0.7013 0.003 

Leachate cDNA vs Grass DNA 0.7333 0.003 

Leachate cDNA vs Leachate DNA 0.4759 0.01 

Grass DNA vs Leachate DNA 0.237 0.102 

 

With the exception of Clostridia, the classes most abundant in DNA and cDNA 

profiles differed (Figure 3.4).  The most abundant OTUs amongst the grass DNA 

samples were affiliated to Bacteroidia.  Betaproteobacteria were found to be in a 

higher abundance (~20%) in R2 samples, while Gammaproteobacteria, who 

were found in all three reactors, were more prevalent in R1 and R3, also 

accounting for around 20% of the microbial population in the DNA profile 

(Figure 3.4 A).  Interestingly when compared with the grass cDNA, Bacteroidia 

were found to only make up a small fraction of the cDNA profiles (5-10%) 

(Figure 3.4 B).  Gammaproteobacteria were found to be predominant in all 

reactors, and some Methanomicrobia were also observed in low numbers in R2 

and R3.  In the leachate samples the DNA profile was, like the grass fraction, 

dominated by Bacteroidia (~30-40%).  Unclassified Bacteriodetes were also 

detected in all three reactors, with low numbers of Betaproteobacteria, 

Gammaproteobacteria, Negativicutes and unclassified Firmicutes.  Differences 

were observed in the cDNA profiles of leachate samples when compared to their 

corresponding DNA profiles.  It was also apparent that for the leachate, at the 

cDNA level, community profiles were not replicated between reactors.  The 

cDNA data indicates that in R1 Negativicutes had the highest relative abundance 

in the population, while in R2 there is a slight increase in unclassified 

Bacteriodetes and unclassified Firmicutes (~10% for each), the OTUs affiliated 

as unknown making up 50-60% of the profile.  R3 is comprised mainly of 

Clostridia (~65%), with low numbers of Anaerolineae detected.   
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Overall the grass and leachate sample populations differed at the cDNA level.  

Differences in community profiles were observed between reactors in the 

leachate samples.  From the 16S rRNA taxa assignment the DNA shows a 

different representation of the community structure to that observed at the cDNA 

level, suggesting that while 16S rRNA profiling from DNA samples gives an 

overview of the microbial consortia present within each reactor, it might not give 

a true representation of who is active at the time of sampling.  
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Figure 3.4.  Taxa assignment at Class level based on OTUs identified for (A) 
16S rRNA profile from DNA and cDNA for grass samples, and (B) 16S rRNA 
profile from DNA and cDNA for leachate samples.  A and B represent duplicate 
samples for grass and leachate samples from each reactor.  Note: one of the 
duplicate samples for R1 Grass (R1A) was lost during sequencing (discussed in 
materials and methods section).  
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To find OTUs that were significantly different between 16S rRNA profiles from 

DNA and cDNA, in both grass and leachate samples, a negative binomial (NB) 

test was carried out using Wald statistics on log abundances of OTUs.  DESeq 

function in RStudio was utilized with a significant value cut-off of 0.001. (Figure 

3.5 and Appendix 7).  A total of 106 OTUs were found to be significantly 

different between DNA and cDNA in the grass samples.  From these, 70 were 

found to have a higher relative abundance in the cDNA (e.g. Methanosarcina, 

Butyricoccus, Acinetobacter, Pseudomonas, Megasphaeara), while 36 were 

found have a higher relative abundance in the DNA (Acidaminococcus, 

Prevotella, unclassified Lachnospiraceae, unclassified Bacteroidetes).  From the 

leachate samples, a total of 61 OTUs significantly differed between DNA and 

cDNA profiles.  Of these, 33 had a higher relative abundance in the cDNA 

(Megasphaera, Pediococcus, unclassified Selenomonadales, unclassified 

Veillonellaceae), with 28 found to have a higher relative abundance in the DNA 

(e.g. Lactobacillus, Ruminococcus, Desulfovibrio, Caulobacter).  The higher 

variation of cDNA samples observed in Figure 3.5 relates to what was observed 

in the NMDS plot (Figure 3.3), as the cDNA samples clustered separately to the 

DNA samples.  The DNA samples, both grass and leachate, cluster very closely 

to one another (Figure 3.3) and revealed a similar community composition 

between reactors (Figure 3.4).  The grass biofilm cDNA samples all differed 

from one another in the NMDS (Figure 3.3) and taxonomic assignment (Figure 

3.4 A), while the leachate cDNA clustered based on reactor (Figure 3.3 and 

Figure 3.4 B).  Focusing on DNA alone would have most likely underestimated 

the role of the active microbial consortia, and in turn would have overestimated 

others.  Therefore, a representation of both DNA and cDNA profiles is of great 

importance for understanding functional populations. 
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OTU_9 unclassified_Enterobacteriaceae padj = 4.321e−19

OTU_22 unclassified_Methanomicrobiales padj = 4.7208e−17

OTU_118 Butyricicoccus padj = 7.1024e−13

OTU_131 unclassified_Bacteria padj = 2.3458e−12

OTU_104 unclassified_Enterobacteriaceae padj = 2.5548e−12

OTU_100 Butyricicoccus padj = 2.8663e−11

OTU_113 Victivallis padj = 6.6125e−11

OTU_170 Acinetobacter padj = 4.9789e−10

OTU_160 Pseudomonas padj = 5.0666e−10

OTU_140 unclassified_Bacteria padj = 7.7518e−10

OTU_35 unclassified_Clostridiales padj = 3.3731e−09

OTU_219 Lactobacillus padj = 3.8349e−08

OTU_207 Anaerofilum padj = 5.1002e−08

OTU_47 Acidaminococcus padj = 1.3949e−07

OTU_181 unclassified_Ruminococcaceae padj = 2.1133e−07

OTU_101 unclassified_Lachnospiraceae padj = 2.1133e−07

OTU_1324 Prevotella padj = 2.6509e−07

OTU_96 unclassified_Ruminococcaceae padj = 6.03e−07

OTU_222 Acetobacterium padj = 8.5891e−07

OTU_479 unclassified_Bacteroidetes padj = 9.1918e−07

OTU_630 Megasphaera padj = 1.0911e−06

OTU_134 Methanobacterium padj = 1.8085e−06

OTU_1444 unclassified_Bacteria padj = 2.5846e−06

OTU_199 Parabacteroides padj = 2.9553e−06

OTU_198 unclassified_Acidaminococcaceae padj = 3.7664e−06

OTU_444 Butyricicoccus padj = 3.7664e−06

OTU_240 Clostridium_XlVb padj = 3.9069e−06

OTU_214 Brucella padj = 8.1276e−06

OTU_239 Methanosaeta padj = 8.5913e−06

OTU_152 unclassified_Prevotellaceae padj = 9.3627e−06

OTU_339 Streptococcus padj = 1.059e−05

OTU_271 Staphylococcus padj = 1.7282e−05

OTU_560 unclassified_Prevotellaceae padj = 2.4159e−05

OTU_1083 unclassified_Methanomicrobiales padj = 2.5186e−05

OTU_1326 unclassified_Bacteroidales padj = 2.5669e−05

OTU_208 Enhydrobacter padj = 3.302e−05

OTU_206 Acinetobacter padj = 3.302e−05

OTU_321 unclassified_Veillonellaceae padj = 3.581e−05

OTU_327 Brevibacterium padj = 3.581e−05

OTU_99 unclassified_Actinomycetales padj = 3.581e−05

OTU_1095 unclassified_Burkholderiales padj = 3.581e−05

OTU_215 unclassified_Bacteria padj = 4.412e−05

OTU_431 Streptophyta padj = 4.67e−05

OTU_745 unclassified_Clostridiales padj = 4.67e−05

OTU_342 Bosea padj = 4.8945e−05

OTU_243 Brevundimonas padj = 4.8945e−05

OTU_254 Rhodococcus padj = 5.3709e−05

OTU_89 Clostridium_sensu_stricto padj = 5.3709e−05

OTU_54 unclassified_Bacteria padj = 5.3709e−05

OTU_828 unclassified_Bacteroidales padj = 6.2417e−05

OTU_382 unclassified_Firmicutes padj = 6.494e−05

OTU_1011 Megasphaera padj = 6.494e−05

OTU_708 unclassified_Clostridiales padj = 7.0912e−05

OTU_867 unclassified_Bacteroidetes padj = 7.7282e−05

OTU_1195 unclassified_Clostridiales padj = 7.761e−05

OTU_1335 unclassified_Bacteroidetes padj = 8.7459e−05

OTU_1301 unclassified_Prevotellaceae padj = 0.00010608

OTU_379 Stenotrophomonas padj = 0.00010611

OTU_296 Agrococcus padj = 0.00011473

OTU_448 unclassified_Lachnospiraceae padj = 0.00015496

OTU_358 Micrococcus padj = 0.00015496

OTU_381 unclassified_Prevotellaceae padj = 0.00015496

OTU_334 unclassified_Veillonellaceae padj = 0.00016171

OTU_1288 unclassified_Firmicutes padj = 0.00016975

OTU_2 unclassified_Bacteroidales padj = 0.00017882

OTU_149 Clostridium_sensu_stricto padj = 0.00019912

OTU_1445 unclassified_Betaproteobacteria padj = 0.00020241

OTU_1316 unclassified_Prevotellaceae padj = 0.00023211

OTU_1125 unclassified_Clostridiales padj = 0.00023211

OTU_384 unclassified_Firmicutes padj = 0.00024727

OTU_349 Rothia padj = 0.00026999

OTU_360 unclassified_Bacteroidales padj = 0.00026999

OTU_20 unclassified_Prevotellaceae padj = 0.00027006

OTU_188 Methanobacterium padj = 0.00027644

OTU_1343 unclassified_Bacteroidales padj = 0.00031727

OTU_82 unclassified_Bacteroidetes padj = 0.00032448

OTU_451 Butyricicoccus padj = 0.00034286

OTU_8 unclassified_Comamonadaceae padj = 0.0003435

OTU_383 unclassified_Bacteria padj = 0.0003435

OTU_458 Corynebacterium padj = 0.0003435

OTU_972 unclassified_Bacteroidales padj = 0.00036327

OTU_279 Oscillibacter padj = 0.00037398

OTU_88 Prevotella padj = 0.00038838

OTU_201 unclassified_Lachnospiraceae padj = 0.00039051

OTU_576 Clostridium_sensu_stricto padj = 0.00045132

OTU_590 Microbacterium padj = 0.00050416

OTU_638 unclassified_Bacteroidales padj = 0.00052792

OTU_337 unclassified_Alcaligenaceae padj = 0.00052792

OTU_362 Robinsoniella padj = 0.00053509

OTU_785 unclassified_Lachnospiraceae padj = 0.00059235

OTU_813 Pseudomonas padj = 0.00059235

OTU_210 unclassified_Bacteria padj = 0.0005937

OTU_559 Oribacterium padj = 0.00060911

OTU_146 unclassified_Bacteroidales padj = 0.00060911

OTU_153 unclassified_Clostridiales padj = 0.00060911

OTU_370 unclassified_Alphaproteobacteria padj = 0.00063019

OTU_417 Streptococcus padj = 0.00065045

OTU_1384 Prevotella padj = 0.00065045

OTU_964 unclassified_Lachnospiraceae padj = 0.00065045

OTU_48 Prevotella padj = 0.00067643

OTU_424 Kocuria padj = 0.00067643

OTU_1451 unclassified_Bacteria padj = 0.00072565

OTU_855 unclassified_Acidaminococcaceae padj = 0.00073475

OTU_1483 Prevotella padj = 0.00073896

OTU_72 Clostridium_sensu_stricto padj = 0.00079932

OTU_315 Streptococcus padj = 0.00079932
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OTU_2 unclassified_Bacteroidales padj = 9.7236e−22

OTU_67 unclassified_Eubacteriaceae padj = 4.6359e−14

OTU_102 unclassified_Firmicutes padj = 8.0907e−10

OTU_125 Lactobacillus padj = 4.4062e−09

OTU_136 Megasphaera padj = 5.6519e−09

OTU_138 unclassified_Bacteria padj = 1.0874e−08

OTU_94 Desulfovibrio padj = 1.6466e−08

OTU_74 unclassified_Veillonellaceae padj = 2.4315e−08

OTU_101 unclassified_Lachnospiraceae padj = 5.6416e−08

OTU_203 unclassified_Coriobacteriaceae padj = 7.1214e−08

OTU_270 Oxobacter padj = 1.4413e−07

OTU_448 unclassified_Lachnospiraceae padj = 1.849e−07

OTU_157 Xanthobacter padj = 2.0064e−07

OTU_638 unclassified_Bacteroidales padj = 3.1237e−07

OTU_1343 unclassified_Bacteroidales padj = 5.9348e−07

OTU_149 Clostridium_sensu_stricto padj = 5.9348e−07

OTU_554 unclassified_Bacteroidales padj = 5.9348e−07

OTU_447 unclassified_Clostridiales padj = 2.1665e−06

OTU_314 unclassified_Bacteria padj = 2.1665e−06

OTU_1479 Megasphaera padj = 2.2799e−06

OTU_93 unclassified_Clostridiales padj = 2.9152e−06

OTU_220 unclassified_Bacteria padj = 2.9635e−06

OTU_276 Olsenella padj = 3.2156e−06

OTU_479 unclassified_Bacteroidetes padj = 3.2615e−06

OTU_972 unclassified_Bacteroidales padj = 3.3518e−06

OTU_605 unclassified_Firmicutes padj = 5.5771e−06

OTU_109 unclassified_Bacteria padj = 5.8822e−06

OTU_45 unclassified_Burkholderiales padj = 7.003e−06

OTU_35 unclassified_Clostridiales padj = 1.1518e−05

OTU_47 Acidaminococcus padj = 1.4011e−05

OTU_1515 Bacteroides padj = 1.6712e−05

OTU_1328 unclassified_Bacteroidetes padj = 1.9543e−05

OTU_746 unclassified_Bacteroidetes padj = 1.9543e−05

OTU_317 unclassified_Bacteria padj = 1.9543e−05

OTU_56 unclassified_Lachnospiraceae padj = 2.0201e−05

OTU_124 unclassified_Acidaminococcaceae padj = 2.0346e−05

OTU_310 Desulfovibrio padj = 2.2298e−05

OTU_33 unclassified_Lachnospiraceae padj = 6.5612e−05

OTU_361 Methanosarcina padj = 7.794e−05

OTU_1346 unclassified_Bacteroidales padj = 0.00015088

OTU_490 unclassified_Coriobacteriaceae padj = 0.00016689

OTU_1105 unclassified_Firmicutes padj = 0.00017949

OTU_429 unclassified_Clostridiales padj = 0.00019523

OTU_1079 unclassified_Bacteroidales padj = 0.0001953

OTU_875 unclassified_Ruminococcaceae padj = 0.00028629

OTU_1208 unclassified_Lachnospiraceae padj = 0.00030508

OTU_36 Megasphaera padj = 0.00033919

OTU_947 Megasphaera padj = 0.00033919

OTU_229 unclassified_Ruminococcaceae padj = 0.00033919

OTU_153 unclassified_Clostridiales padj = 0.00034686

OTU_410 Pediococcus padj = 0.00037375

OTU_668 Megasphaera padj = 0.00043466

OTU_368 unclassified_Clostridiales padj = 0.00043466

OTU_1542 unclassified_Bacteria padj = 0.00046298

OTU_1476 Ruminococcus padj = 0.00046651

OTU_855 unclassified_Acidaminococcaceae padj = 0.00057897

OTU_1125 unclassified_Clostridiales padj = 0.00057897

OTU_434 unclassified_Firmicutes padj = 0.00057897

OTU_736 unclassified_Bacteroidales padj = 0.00058808

OTU_320 Butyricicoccus padj = 0.0006754

OTU_257 unclassified_Clostridiales padj = 0.00069712

OTU_1453 unclassified_Lachnospiraceae padj = 0.0007381

OTU_1506 Caulobacter padj = 0.00081913

OTU_179 unclassified_Selenomonadales padj = 0.00091017

OTU_1090 Megasphaera padj = 0.00093726

OTU_1001 unclassified_Clostridiales padj = 0.00094119

OTU_89 Clostridium_sensu_stricto padj = 0.00094478

OTU_785 unclassified_Lachnospiraceae padj = 0.00094478

OTU_180 unclassified_Clostridiales padj = 0.00094478

OTU_411 unclassified_Bacteria padj = 0.00099224
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Figure 3.5. The top 10 OTUs that significantly differed between DNA and 
cDNA 16S rRNA profiles, (based on adjusted P-values using the negative 
binomial and Wald statistics in DESeq package in RStudio, with a significance 
value cut-off of 0.001), extracted from (A) grass biofilms, and (B) from 
leachates.  DNA relative abundance is highlighted in green, while cDNA relative 
abundance is highlighted in red.  
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In order to gather some information on the environmental sources from which 

the microorganisms identified in this study have previously been associated with 

SeqENV analysis was carried out.  This gives a description of the environments 

associated with the samples based on their sequence similarity against databases 

(e.g. SILVA, GenBank) and also extracts environmental information from 

Pubmed (Figure 3.6).  From this analysis soil, sediment, wastewater, acid habitat, 

biofilm, feces, biofilm, sludge and bioreactor were the most prominent 

environmental sources that the samples were affiliated with (Figure 3.6).  These 

environmental sources are not surprising as all samples were from anaerobic 

digesters containing grass, which were initially seeded with sludge from a 

wastewater plant.  A breakdown of the sample sources for each individual 

sample can be found in Appendix 8. 

 
Figure 3.6.  Wordcloud of environmental sources using SeqENV.  This is an 
overview of all samples and their potential sources.  The larger the word, the 
more OTUs affiliated with that source.   
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3.3.2. Clostridia, Bacteroides and Prevotella are involved in grass degradation 

and VFA production, while Methanosarcina produce methane.  

A total of 1,830 proteins were identified from the 12 samples analysed (3 

reactors, leachate and grass biofilms, technical replicates: 3 x 2 x 2).  A 

breakdown of all proteins detected can be found in Appendix 6.  Each sample 

had 200-300 unique proteins identified, with the exception of the grass samples 

for R2 and R3, which had on average 85 and 56 proteins identified, respectively 

(Table 3.4).  However, despite the discrepancy between protein numbers of grass 

samples, there were between 22-73 unique functions (carried out by proteins) 

identified from grass samples, with marginally higher number of functions 

detected in the leachate fractions (65-86 unique functions). 

 

Table 3.4. Number of unique proteins and number of unique functions detected 
in each sample after initial analysis with Protein Pilot software. 
Sample Number of Unique 

Proteins 

Number of Unique 

Functions 

Reactor 1: Grass A 143 57 

Reactor 1: Grass B 198 73 

Reactor 1: Leachate A 288 86 

Reactor 1: Leachate B 273 81 

Reactor 2: Grass A 65 31 

Reactor 2: Grass B 68 30 

Reactor 2: Leachate A 165 64 

Reactor 2: Leachate B 184 71 

Reactor 3: Grass A 54 28 

Reactor 3: Grass B 33 22 

Reactor 3: Leachate A 199 80 

Reactor 3: Leachate B 160 65 

 

NMDS analysis of the detected proteins, carried out using Bray Curtis distance, 

showed a clear clustering of the leachate samples and grass biofilm samples 

(Figure 3.7).  Furthermore, the duplicate samples from each reactor were very 

similar to one another and clustering by reactors could also be observed (Figure 

3.7).  A stress value of 0.037 indicated that the dimensions of the NMDS plot 
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were very good.  ANOSIM gave an R-value of 0.8611 at a P-value of 0.001 

indicating that there was a significant difference between samples.  When grass 

and leachate fractions were compared, an R-value of 0.4296 at a P-value of 0.008 

(Table 3.5) confirmed that these clusters were indeed significantly different, 

indicating that different proteins were identified on grass and leachate fractions. 

 

 
Figure 3.7. NMDS plot generated using Bray Curtis dissimilarity matrix based 
on proteins identified using RStudio.  All leachate samples are in green, and 
grass samples in red.  Each reactor is denoted by a different symbol. 
 

Table 3.5.  Statistical significance of NMDS plot using ANOSIM, comparing 
grass and leachate fractions. 
Comparison R-value P-value 

Grass vs Leacahte 0.4296 0.008 
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To further investigate which proteins were responsible for the differences 

between grass and leachate fractions the NB test with Wald statistics was carried 

out using DESeq in RStudio with a significant cut-off of 0.001, as described 

previously (Figure 3.8).  Five functions were differentially represented using this 

test, all of which were detected more often in the leachate fraction, 3 of which 

were found in carbohydrate degradation.  However, it must be highlighted that 

these proteins which appear to be responsible for the differences between grass 

and leachate fractions, could more than likely be due to the difference in total 

number of proteins detected among the dataset, as explained previously in Table 

3.4.   
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Figure 3.8.  Functions which differed significantly at protein level between grass 
(red) and leachate (green) fractions, using NB test and Wald statistics using 
DESeq in R. 
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COG analysis was performed using MEGAN 5 software to investigate the 

functional categories for the detected proteins (Figure 3.9).  Firstly, very similar 

COG distributions were observed between the duplicate reactor samples, as well 

as between the grass and leachate fractions.  The most abundant functional COG 

categories across all samples were [C] Energy production & metabolism, [G] 

Carbohydrate transport & metabolism, [J] Translation and [O] Post-translational 

modification, protein turnover, chaperones.  However, COG categories did not 

have the same distribution in all samples.  For example, in sample R2L A the 

COG category [D] Cell cycle control, cell division, chromosome partitioning is 

identified, and is not observed in any other sample.  The category [H] Coenzyme 

transport & metabolism seems to be detected in only the grass samples, with the 

exception of R2 leachates.  This is interesting, as methyl coenzyme M reductase, 

the protein categorized in [H], is only found in grass samples, and is known to be 

involved in methane production (Scheller et al., 2013).  While the other detected 

protein from [H], pyridoxal biosynthesis lyase (PdxS), is only found in R2 

leachate, and can be indicative of glutamine amidotransferase activity (Matsurra 

et al., 2012), which has been found in purine biosynthesis (Smith, 1995).  There 

are very few proteins found in [I] Lipid transport & metabolism amongst R2 

samples, which may contribute to low methane production of this reactor (Table 

3.1), as Alves et al., (2009) explains that lipids may be responsible for higher 

methane yields than proteins or carbohydrates.  [M] Cell 

wall/membrane/envelope biogenesis is slightly higher in R3 grass samples, 

especially in R3G B, which also lacks any proteins for the functional category of 

[O] Posttranslational modification, protein turnover, chaperones, a category that 

is present in every other sample.  R2 and R3 grass samples show a higher 

number of proteins in [T] Signal transduction mechanisms, with very low 

numbers in all leachate samples. COG analysis allows for a snapshot of the 

functional activities taking place in the reactors.  Proteins identified in [G] (e.g. 

xylose isomerase) indicate that the grass was being broken down.  While proteins 

detected in [H] (e.g. methyl co-enzyme M reductase) and [I] (e.g. 3-

hydroxybutyryl-CoA dehydrogenase and acetyl-CoA acetyltransferase) imply 

that methanogenesis and VFA production were also taking place, supporting the 

process data (Table 3.1).   
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Figure 3.9.  Functional COG categories assignment carried out using MEGAN 
software.   
 

The proteins identified from both grass and leachate fractions provided some 

insight into the metabolic pathways likely to be active in the bioreactors at the 

time of sampling.  Proteins involved in most of the core metabolic pathways 

were active during grass AD, with one or more proteins being detected for each 

pathway (Figure 3.10 & Figure 3.11).  It was found that 26% of pathways were 

detected from the KEGG reference map of core metabolic pathways.  Of the 49 

pathways detected, 22 core pathways were found to be common to all 

bioreactors.  A summary of the main active pathways is presented in Figure 3.10 

(a breakdown of the pathways identified for each sample can be found in 

Appendix 9) and in Figure 3.11.  The KEGG pathway map for carbon 

metabolism (Figure 3.11) was used to give a general overview of the proteins 

identified from the triplicate bioreactors and identified core metabolic pathways 

of carbon metabolism including glycolysis, TCA cycle and methanogenesis.  The 

grass was degraded (cellulose/hemicellulose degradation) by various microbial 

genera including, Clostridium, Bacteroides, and Prevotella (Appendix 6).  There 

was evidence of methane production by Methanosarcina, as well as the 

production of VFAs.  Proteins identified for propionate production were assigned 

to Bacteroides, Prevotella and Dysgonomonas.  Azotobacter, Megasphaera and 



! [Chapter!3]! !
!

 107!

Clostridium were assigned to proteins involved in the production of acetate and 

butyrate, while Prevotella, Megasphaera and Clostridiales were responsible for 

caproate (hexanol production).  Some of the proteins identified were detected in 

more than one pathway.  For example, 3-hydroxybutyryl-CoA dehydratase can 

be found in the production of butyrate and caproate from pyruvate.  In such 

cases, all pathways were reported, as it cannot be confirmed whether the proteins 

were active in one pathway or another, or perhaps both.  Interestingly, proteins 

involved in methanogenesis, for R1 and R3, and the conversion of pyruvate to 

acetate (Figure 3.11 A and C; Appendix 6) were only detected in the grass 

biofilm samples.  Conversely, proteins involved in serine biosynthesis and 

propionate production were only detected in leachate samples.  All other proteins 

were detected in both grass biofilms and leachates. 
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Figure 3.10.  Overview of pathways identified using the pipeline developed in collaboration with Umer Ijaz 
(http://userweb.eng.gla.ac.uk/umer.ijaz/bioinformatics /Metaproteomics.html). All proteins detected are highlighted in red lines.  
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Figure 3.11. KEGG pathway map showing the central carbon metabolism 
(map01200) for (A) R1, (B) R2 and (C) R3 grass and leachate samples.  Red = 
all grass and leachate replicates; Green = grass replicate A; Blue = grass replicate 
B; Black = leachate replicate A; Yellow = leachate replicate B; Pink = grass 
replicate A & B; Purple = leachate replicate A & B; Orange = grass replicate A 
& leachate replicate A; Brown = grass replicate B & leachate replicate B 
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3.4. Discussion 

 

Many studies of AD processes, specifically in wastewater treatment systems, 

have been carried out in recent years (Lettinga, 1995; McKeown et al., 2012; 

Ikumi et al., 2014).  There has been increasing work investigating microbial 

populations (Collins et al., 2003; Wang et al., 2010; Bialek et al., 2011; Tian et 

al., 2015) and microbial community functions (Abram et al., 2011; Heyer et al., 

2015), most of which however focus on methanogens and their specific activities 

(Gunnigle et al., 2013; Gunnigle et al., 2015a; Gunnigle et al., 2015b; Huang et 

al., 2015a).  The biology of the AD of cellulosic substrates, including grass, has 

been relatively unexplored, and, while methane is produced by the process 

(Cysneiros et al., 2011; Wall et al., 2015), there is also evidence of the 

production of other valuable products such as VFAs (Jagadabhi et al., 2010; Yu 

et al., 2014; Cerrone et al., 2014).  This study investigated the microbial 

structure and function of triplicate leach-bed grass anaerobic digesters.  A 

biomolecule co-extraction method was employed to explore both fractions (grass 

biofilm and leachate) of each bioreactor, while 16S amplicon sequencing and 

metaproteomics were used to identify the microorganisms present, active and 

involved in specific functional activities within the system. 

 

Amplicon sequencing analysis of the 16S rRNA gene from grass biofilms and 

bioreactor leachates revealed dissimilarities between the community structure as 

represented at the DNA and cDNA level.  In the DNA extracts, Bacteroidia, 

which have the ability to anaerobically degrade cellobiose, glucose and mannose 

to acetate or succinate anaerobically (Willems & Collins, 1995) were found to be 

predominant.  While Clostridia, which include species known to be associated 

with anaerobic cellulose degradation (Lynd et al., 2002), were found to be most 

abundant in both DNA and cDNA profiles.  These findings correlate to the 

community analysis performed by Wang et al., 2010, whereby species from both 

Bacteroidia (Bacteroides and Prevotella) and Clostridia were found to prevail 

when investigating the hydrolysis step in grass AD.  Overall, when focusing on 

the DNA alone, the microbial consortia are comparable between reactors as 

initially indicated by the NMDS plot (Figure 3.3).  This is a common trend 

observed from DNA analysis in other AD studies of replicated reactors 
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(Vanwonterghem et al., 2015; Lu et al., 2015).  The cDNA allowed for further in 

depth knowledge focusing on the active population, and demonstrated 

differences to that which was observed in the DNA profile (Figure 3.3 and 

Figure 3.4).  Bacteroidia were found to have a greatly reduced relative 

abundance in cDNA profiles, highlighting a possible lack of correlation between 

microbial abundance and functional role.  

 

These discrepancies amongst biological replicates (reactors), however did not 

seem to correlate with any specific functional activities, since the bioreactors 

performed broadly similarly at the time of sampling, in terms solid destruction 

and VFA production (Table 3.1), and no obvious metaproteomic differences 

(only based on presence/absence) were observed between the triplicate 

bioreactors.  Gammaproteobacteria were found to dominate grass biofilm 

samples in all bioreactors, with higher relative abundances in the cDNA 16S 

rRNA profiles.  While Methanomicrobia were detected only in grass samples at 

low relative abundances in the cDNA, and at very low abundance in the DNA 

(see “Other Classes” in Figure 3.2.  This correlates with what has been observed 

in the metaproteome whereby the proteins responsible for methane production 

were only detected in the grass fraction.  

 

The assignment of identified proteins in the dominant COG categories ([C] 

Energy production & metabolism, [G] Carbohydrate transport & metabolism, [J] 

Translation and [O] Posttranslation modification, protein turnover, chaperones) 

(Appendix 6), correlate to those genera that were more abundant in the cDNA 

after the NB difference test  (Figure 3.3 and Appendix 7).  Whilst fewer proteins 

were identified in [H] Coenzyme transport and metabolism and [I] Lipid 

transport & metabolism, they were also found to be more abundant in the cDNA 

after the NB test.  Taking a deeper look into the functional activities taking place, 

it was observed that the genera involved in grass degradation 

(cellulose/hemicellulose degradation) included Clostridium, Bacteroides and 

Prevotella.   Bacteroides and Prevotella have been previously reported to be 

involved in cellobiose degradation of (Song et al., 2004), while some members 

of Clostridia have been shown to display cellulolytic capability in anaerobic 

systems (Lynd et al., 2002).  The replicate samples from each reactor were very 
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similar to one another.  Despite this it is important for untargeted MS analysis to 

always use replicate samples, as the most abundant peaks in the first replicate are 

selectected for fragmentation in the second replicate.  Different intensities of 

peaks can be found in the first replicate leading to the selection of other peaks 

from the second replicate, which then identifies other peptides/proteins.  

Therefore, running replicates leads to a higher identification of hits.  So, to 

ensure sufficient MS analysis of a sample, replicates are always necessary. 

 

Methane production was found to implicate Methanosarcina, even though the 

methane levels produced at the time of sampling were quite low (Table 3.1).  

Methanosaeta, which were not detected in the present study, are thought to be 

the dominant methanogenic archaea in AD systems (Macario et al., 1998; Merkel 

et al., 1999; van Haandel et al., 2013).  However, Methanosarcina have also 

been involved in methane production in AD systems, particularly where 

cellulolytic substrates were employed (Fournier & Gogarten, 2008).  Proteins 

involved in the production of acetate, butyrate, caproate and propionate were also 

detected in all bioreactors, which is in agreement with the process data (Table 

3.1).  Historically, methane production was the focus of AD systems but studies 

concentrating on VFA production are starting to emerge (Vanwonterghem et al., 

2015; Huang et al., 2015b; Jankowska et al., 2015).  Other activities such as 

those involved in glycolysis, TCA cycle and amino acid production were also 

found to take place in the bioreactors with a combination of proteins detected in 

both grass biofilm and leachate samples.  Serine biosynthesis and propionate 

production were found to involve proteins only detected from leachate samples, 

while methanogenesis was found to be taking place in grass biofilms only in R1 

and R3.  Methanosarcina could also be visualized on grass samples from the 

bioreactors (Appendix 10).  While Methanomicrobia were detected at very low 

levels in DNA, and slightly higher in the cDNA, proteins from these archaea 

could still be detected.  Overall, genera found to be more abundant in the cDNA 

did correlate with the genera detected by protein assignment, for example 

Gammaproteobacteria and Methanobacteria. 

 

Most of these environments illustrated by SEQenv analysis do correlate with 

what would have been expected in an AD system, however, organ is out of 
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context for these samples.  This could be due to some organisms being isolated 

from perhaps the human gut or feces as similar genera found in these 

environments are also involved in fermentation processes breaking down 

cellulose substrates of certain foods.  It is worth noting that SEQenv is 

influenced by the available sequences and information from databases, and so, it 

may be biased towards more prevalent sequences.  This is something to consider 

when using this tool for sample analysis. 

 

The process data revealed that the triplicate bioreactors had a similar pH and 

solid destruction (% VS), while low levels of methane and VFAs were detected.  

For R2, the methane detected was lower than that of R1 and R3 (Table 3.1), and 

it can be assumed that the gas produced for this reactor was converted to CO2.  

Despite some differences being observed between reactors by 16S rRNA 

sequencing, these differences were not as significant as those observed between 

grass and leachate fractions.  The metaproteomic data, although it is not 

quantititative, provided a snapshot of the metabolic activities taking place at the 

time of sampling.  It should also be noted that there is a considerable amount of 

unclassified microorganisms in DNA (10-35%), cDNA (10-55%) and protein 

(~10%) datasets.  This of course is not surprising as AD systems are highly 

diverse, and so there are still novel organisms yet to be discovered which surely 

contribute to the microbial community structure and the functional activities 

within the grass AD system.  Utilizing metagenomic and metatranscriptomic 

approaches in conjunction with metaproteomics for future work could lead to the 

discovery of novel organisms within these complex systems, as well as aid in 

further understanding of what roles they play in AD process.   
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3.5. Conclusions 
 
Understanding complex microbial communities represents an important 

challenge for science.  In the context of AD, most studies focus on process 

performance and commonly only examine DNA to obtain information on 

microbial community structure (Kin et al., 2015; Li et al., 2015; Resende et al., 

2015).  Few others focus on proteins in combination with low resolution 

fingerprinting (Hanreich et al., 2012; Yan et al., 2012; Neuhaus et al., 2015).  

The present study represents the first microbial community characterization for 

grass AD.  By combining DNA, RNA and protein analysis this study has 

provided some important insight into this process.  Discrepancies between DNA 

and cDNA 16S rRNA profiles were uncovered, while specific microbial 

functions were found to be carried out in one of the two fractions of the 

bioreactors, i.e. on the grass and in the leachate.  Of particular note, the increased 

and decreased relative abundance of Bacteroidia and Clostridia on one hand, and 

Gammaproteobacteria and Negativicutes on the other hand in DNA compared to 

cDNA samples.  Interestingly, proteins assigned to microorganisms with low 

relative abundances at the 16S rRNA gene level (e.g. Methanomicrobia) were 

detected in the triplicate bioreactors. 

 

The hypothesis outlined at the beginning of this study was that the properties 

observed at the macro-scale (reactor performance e.g. VFA production, methane 

production) are a direct consequence of the activities carried out at the micro-

scale (by members of the multi-species microbial communities).  Indeed, a 

correlation was found between the activities taking place at the micro-scale and 

process performance monitored at the macro-scale, with evidence of grass 

degradation and methane and VFA production.  Grass degradation was carried 

out by Clostridium, Bacteroides and Prevotella; Methanosarcina were 

responsible for methane production; while Prevotella, Megasphaera, 

Clostridiales, Bacteroides, Azotobacter and Dysogonomas were involved in VFA 

production.  Taken together these results suggest that process optimization for 

the production of VFAs could possibly be achieved via Clostridia, Prevotella or 

Bacteroides enrichment, since these microorganisms were found to be involved 

in grass degradation and VFA production.  This could be assessed using 

bioaugmentation approaches or tailoring of environmental conditions to favour 
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these organisms such as low pH (Rajagopalan et al., 2014; Regestein et al., 2015; 

Tamis et al., 2015). 

 

The knowledge obtained has given a valuable insight into the AD process of 

grass, identifying active microbial groups and linking community members to 

functional activities.  This research provide a platform for further study focusing 

on process optimization, as well as exploring novel microorganisms involved in 

grass AD. 

!
!
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Abstract 

 

The high volume of generated food waste on an annual basis has been a global 

concern in recent years.  Proper food waste management and disposal have been 

implemented in many countries but despite these improvements, there is still a 

large amount of food waste still going to landfill.  Using food waste as a 

substrate for anaerobic digestion (AD) could benefit efforts of efficient food 

waste disposal, whilst producing bioenergy and value-added products.  An 

insight into the functional consortia within AD systems could, however, help 

further optimize the process to perform most efficiently.  This work investigates 

the functional roles of the active community of triplicate food waste anaerobic 

bioreactors over three sampling time-points.  The digestate fractions of each 

bioreactor were analysed using metaproteomics to uncover the microbial 

activities taking place at the time of sampling, as well as the microorganisms 

involved in these metabolic processes.  The proteins were investigated 

combining SDS-PAGE and LC-MS/MS, and led to the identification of 7,624 

microbial proteins.  These analyses revealed the active population involved in the 

digestion of the food waste biomass and their respective metabolic pathways.  

Most of the pathways detected were found active on the three sampling days, 

however, the microbial populations involved in these pathways changed 

throughout the reactor run.  Lactobacillales dominated the microbial population 

in all three sampling days, with an increase in proteins assigned to Clostridiales 

and Enterobacteriales on the last sampling day.  Proteins assigned to 

Gammaproteobacteria and Enterobacteriales were mainly responsible for food 

waste hydrolysis, while Rhizobiales, Bacillales, Actinomycetales, 

Rhodospirillales and Sphingomonadales were involved in the degradation of the 

digestate.  Clostridiales were responsible for the production of butyrate, while 

Enterobacteiales, Clostridiales and Actinomycetales were amongst the taxa 

involved in acetate production.  Actinomycetales, Enterobacteriales, Rhizobiales 

and Pasteurellales were detected for the production of propionate.  In 

conclusion, metaproteomics uncovered the functional roles of the microbial 

community during food waste AD. 
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4.1. Introduction 
 

Using food waste as a substrate for anaerobic digestion could help decrease the 

amount of waste going to landfill, while providing clean bioenergy and valuable 

end-products from the process.  Many studies have been carried out in the past 

decade investigating and utilizing food waste as a substrate for anaerobic 

digestion (Kim et al., 2006; Zhang et al., 2007; Shin et al., 2010; Zhang et al., 

2013; Yi et al., 2014; Sheets et al., 2015).  Anaerobic digestion (AD) allows for 

the breakdown of carbon sources to produce biogas in four main steps: 

hydrolysis, acidogenesis, acetogenesis and methanogenesis.  Hydrolysis is often 

thought to be the rate-limiting step (Tomei et al., 2009; Ma et al., 2013), 

especially for high-solid feedstocks.  Most solid substrates contain a high 

percentage of cellulose, which can be very difficult to break down completely 

(Shah et al., 2014).  Extracellular enzymes excreted by various hydrolytic 

bacteria digest complex organic matter (carbohydrate, lipids and proteins) into 

sugars, long chain fatty acids and amino acids, respectively (Song et al., 2005).  

The microorganisms involved are typically more active at low pH (5.5-6) and 

large surface areas are often required to hydrolyze insoluble feedstock (Lv et al., 

2010).  Members of Clostridia are often found to be responsible for hydrolysis in 

AD.  Burrell et al., 2004 identified Clostridium populations in a landfill leachate 

bioreactor operated with crystalline cellulose, while Clostridia accounted for 

36% of the bacterial population in an AD system utilizing maize silage and pig 

manures (Wirth et al., 2012).  There has also been evidence indicating that 

Gammaproteobacteria (Enterobacteriaceae) could also be responsible for the 

initial step of the AD process treating animal wastes (Manyi-Loh et al., 2013). 

 

Most research focus on methane production as an end-product (Matsakas et al., 

2015; André et al., 2016; Herrmann et al., 2016), and the accumulation of 

volatile fatty acids (VFAs) is seen as a process failure (Li et al., 2014).  VFAs, 

however are also valuable end-products which can be utilized in industry for 

petrochemicals, pharmaceuticals, chemical synthesis, food and cosmetics (Zhang 

& Angelidaki, 2015).  Research has been carried out on VFA production from 

food waste AD, but most studies focus on their production at the process level 

(Jiang et al., 2013; Wang et al., 2014).  To fully optimize the process for 
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efficient VFA production, understanding AD at the micro-scale is essential.  And 

so, the microbial population and their functional roles must be investigated.  The 

microorganisms involved in the AD process are active in a variety of metabolic 

pathways, from substrate degradation to the production of end-products.  

Functional analysis is key to uncovering these active populations and their 

functional roles.  Metaproteomics can allow for the identification of the 

functional activities taking place in AD, as well as informing on what 

microorganisms are responsible for the identified functional roles.  

Metaproteomics can also complement metagenomic and metatranscriptomic 

approaches, by linking genetic potential and actual functionality of a given 

population (Herbst et al., 2016). 

 

For this work, metaproteomics was employed to investigate the functional 

activities of microbial populations of triplicate food waste bioreactors, focusing 

on the digestate fraction.  Previous 16S rRNA analysis on the same samples 

revealed shifts in the community composition over three time-points (carried out 

by Corine Nzeteu).  Enterococcus dominated the microbial population in two of 

the triplicate reactors on Day 1, indicating that this genus may be responsible for 

hydrolysis in food waste AD.  Co-extracted protein samples from the same three 

time-points (Day 1, Day 3 and Day 7) were analysed to inform on the microbial 

consortia involved in the metabolic activities taking places at each sampling 

point.  This study investigated the following two hypotheses: a) Enterococcus is 

involved in food waste hydrolysis, and b) shifts in microbial community 

structure results in changes in functional activities.
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4.2. Materials and Methods 

 

4.2.1. Reactor operation 

The reactors were operated by Corine Nzeteu.  Half a tonne of restaurant food 

waste (RFW) was provided by the waste collection company Mr. Binman 

(Limerick).  The RFW was obtained from a fresh collection and consisted of 

meat, seafood, tissue papers, potatoes, rice, fruit and vegetable peeling.  After 

manual removal of bones, shell fish and other non-degradable materials, the 

mixture was homogenized, packed in 5 kg bags, and stored at -20°C.  For this 

work, one 5 kg bag of RFW was defrosted slowly in the fridge.  The pH, 

methane production and VFA were measured as described in Chapter 3 (section 

3.2.1).  Triplicate leach-bed reactors were operated in a semi-continuous batch 

mode with a 14-day solid retention time (SRT) with one recirculation of 45 

minutes per day.  Each 6 L reactor had a working volume of 3 L with a 3 L 

headspace, and was operated at 37°C.  Total solids (TS) and volatile solids (VS) 

for the triplicate reactors were 9.01±0.09% and 7.85±0.04%, respectively, with a 

VS removal of 66.80±4.3%.  All reactor measurements were taken by Corine 

Nzeteu (Table 4.1 and Figure 4.1). 

 

Table 4.1.  Process data of triplicate food waste reactors per day. Values 
presented are an average of the triplicate reactors (n=3), and their standard 
deviation. 
Day pH Acetic 

acid (g/L) 

Butyric 

acid (g/L) 

Caproic 

acid (g/L) 

Propionic 

acid (g/L) 

Valeric 

acid (g/L) 

1 6.6±0.1 6.0±0.2 6.9±3.0 2.3±0.5 1.5±2.6 3.0±1.1 

3 5.2±0.1 7.9±0.4 6.1±2.6 1.3±0.2 2.6±2.3 1.6±1.4 

7 5.6±0.5 11.6±4.0 8.1±3.2 2.4±0.4 5.3±5.0 2.9±1.0 
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Figure 4.1.  Overview of solid destruction (%VS), VFA and methane production 
over the initial 7 days of the reactor run. 
 

4.2.2. Metaproteomics 

Based on the process data, samples were taken on Day 1, Day 3 and Day 7 of a 

14 day reactor run.  Digestate fractions were sampled and pre-treated as outlined 

in Chapter 2 (section 2.2.2.1) prior to co-extraction using Nucleospin Triprep 

DNA/RNA/Protein Purification Kit (Macherey-Nagel).  16S rRNA deep 

sequencing was carried out on the DNA and RNA (Corine Nzeteu).  Protein 

samples were stored at -20°C. 

 

Extracted protein digestate samples were thawed at 4°C.  Protein concentrations 

were determined using the Non-Interfering Protein Assay (Calbiochem), and 

samples were normalized (24 µg protein) and run on a 12% SDS-PAGE gel (7 

cm), as outlined in Chapter 2 (section 2.2.1.2).  Two chunks were excised from 

each gel lane using a sterile scalpel.  Each chunk was placed in a 15 ml Sarstedt 

tube and covered with Millipore water.  Excised chunks were then sent for liquid 

chromatography tandem mass spectrometry (LC MS/MS) analysis to the BSRC 

Mass Spectrometry and Proteomics Facility in St. Andrews, as described in 

Chapter 2 (section 2.2.1.3). 
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Tandem mass spectra files (.mgf files) were uploaded onto the Metaproteome 

Analyzer Software (Muth et al., 2015) for data analysis (Figure 4.2).  Firstly the 

raw spectra were loaded onto the server, and X!Tandem and OMSSA database 

algorithms were used to search against FASTA databases (UniProt, NCBInr etc.) 

for peptide and protein identification.  The search results from the different 

databases were merged after their individual scores were converted to uniform 

significance measures (q-values), which estimated the minimum false discovery 

rate (FDR) for the identifications (IDs) (accession numbers).  The protein 

taxonomy and functions are also given for the identified proteins.  Proteins 

assigned to eukaryote and viruses were removed from the data and the processed 

results were exported from the MPA Client application at the protein results step 

in Figure 4.1.  Using Microsoft Excel, a manual clean-up was carried out by 

eliminating proteins with less than two unique peptides identified.  For proteins 

with many species assigned or assigned to different taxonomic ranks, the lowest 

common ancestor (LCA) was used.  Statistical analysis (NMDS and ANOSIM) 

was carried out in RStudio, to investigate statistical differences between samples.  

COG analysis was carried out using the NCBI database and the rate ratio of COG 

functional categories for each sampling day was carried out using the average of 

the triplicate reactors.  Rate ratios were calculated to compare metaproteomic 

datasets on different sampling days using the following formula ((Ac/A)/(Bc/B)), 

where Ac is the number of proteins assigned to a COG category for a specific 

sampling day (e.g. Day 1), A is the total number of proteins for the same 

sampling day (e.g. Day 1), Bc is the number of proteins assigned to the same 

COG category for another sampling day (e.g. Day 3), and B is the total number 

of proteins for the same sampling (e.g. Day 3).  Uniprot was used to investigate 

the functional keywords of each protein detected.  Manual pathways were 

constructed from proteins identified using MetaCyc and KEGG databases.  
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Figure 4.2.  Overview of the MetaProteomeAnalyzer (MPA) workflow 
employed for this study, image adapted from Muth et al., 2015.  Results from the 
last three stages of the workflow were used for metaproteomic analysis. 
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4.3. Results!
 

4.3.1. Differences in protein numbers detected does not translate into significant 

sample clustering 

A total of 23,886 proteins were detected from the digestate samples of triplicate 

biological bioreactors containing food waste for three different time-points (3 x 

3).  Approximately two thirds of the proteins detected were assigned to eukaryote 

(food and plant proteins, viruses and unknown; Figure 4.3).  The number of food 

proteins remained similar across all three days, likely reflecting the fact that 

substrate was still present at the end of the bioreactor run.  The number of 

bacterial and archaeal proteins increased on Day 3 from Day 1, and by Day 7 

there is a drop in microbial protein numbers.  The number of unknown proteins 

(some of which only had one unique peptide detected) were greater on Day 3 and 

Day 7 by comparison to Day 1.  Thirty eight proteins were assigned to viruses. 

 

 
Figure 4.3.  Taxonomy overview of all proteins detected from initial MPA 
analysis, before data-clean up was carried out. 
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The bacteria and archaea accounted for 7,624 proteins.  Despite normalization of 

samples prior to SDS-PAGE, there were stark differences in sample numbers 

(Table 4.2), with higher protein numbers detected for the three sampling days in 

R2.  This is true also for the number of unique functions (carried out by proteins) 

for R2, which are higher than R1 and R3 in all three sampling days.   

 
Table 4.2.  Number of unique proteins and number of corresponding unique 
functions detected in each sample after MPA analysis and data clean-up.  For 
example in Reactor 1: Day 1, the protein function 60kDa chaperonin was 
assigned to 20 different LCA (Appendix 14). 
Sample Number of Unique 

Proteins 

Number of Unique 

Functions 

Reactor 1: Day 1 684 73 

Reactor 2: Day 1 1138 1013 

Reactor 3: Day 1 556 66 

Reactor 1: Day 3 265 39 

Reactor 2: Day 3 2145 1052 

Reactor 3: Day 3 1286 114 

Reactor 1: Day 7 652 72 

Reactor 2: Day 7 1041 779 

Reactor 3: Day 7 119 35 

 

Using the protein functions (while keeping a record of their occurrence), a non-

metric distance scaling (NMDS) plot was generated, applying the Bray Curtis 

distance (Figure 4.4).  A stress of 0.048 indicated that the plots’ ordination was 

adequate and valid for interpretation (Rees et al., 2004).  The clusters displayed 

on the NMDS plot are not distinct from one another, indicating that the proteins 

detected do not differ between the sampling days.  Nonetheless, ANOSIM was 

carried out to assess the statistical significance of the clusters, and an overall R-

value of 0.03704 and a p-value of 0.349 implied that the clusters observed were 

not significantly different to each other.  R-values lie between 0 and 1, with 0 

indicating that there is no significant difference and 1 indicating that there is a 

strong significant difference between samples (Rees et al., 2004).  ANOSIM was 

also carried out on each individual cluster (Table 4.3), again this demonstrated 

that the samples per day did not differ significantly from one another. 
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Figure 4.4.  NMDS plot generated using Bray Curtis distance based on the 
bacterial and archaeal proteins detected from the digestate of triplicate 
bioreactors, over three time points.  Day 1 is in red, Day 3 is in green, and Day 7 
is in blue.  The reactors are denoted with a different shape. 
 

Table 4.3. Statistical significance of NMDS plot using ANOSIM, to check for 
significant differences between samples for each day (cluster). 
Comparison R-value P-value 

Day 1 vs Day 3 -0 0.8 

Day 1 vs Day 7 0.07407 0.4 

Day 3 vs Day 7 0.03704 0.4 

 

Analysis of 16S rRNA sequencing data (Appendix 11) from the same reactor 

samples indicated that the dataset clustered by day.  However, these analyses 

were carried out based on taxonomic assignment, while here the focus was on 

protein function.  Therefore despite no distinct clustering observed by NMDS, it 

was decided to continue focusing on the comparison of samples based on day of 

sampling.  Importantly, the non-clustering of samples on the metaproteomic 
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NMDS plot (Figure 4.4) suggests that differences in protein numbers (Table 4.2) 

did not reveal functional differences between samples. 

 

4.3.2. Lactobacillales dominate active microbial population on all sampling 

days, corroborating 16S rRNA profiling data 

Overall 39 different taxonomic classes were assigned to the proteins detected, 

indicating quite a diverse microbial population in food waste digestate.  Bacilli 

were the most dominant class across all reactors on each day, followed by 

Gammaproteobacteria and Actinobacteria (Figure 4.5).  Between 27-40% of 

proteins were assigned to a higher taxonomic rank due to ambiguous protein 

assignment (i.e. when a protein was assigned to multiple species).  Of these 

proteins, which were assigned to a higher taxonomic rank, 21-32% were assigned 

to the domain Bacteria, while the remaining 6-8% were assigned to the phyla 

Firmicutes and Proteobacteria.  A total of 77 different taxonomic orders were 

identified, and 6 orders were found to be most dominant across the three 

timepoints (Figure 4.5).  Lactobacillales were the most abundant order across all 

three days, with 34% proteins assigned to this order on Day 1 (Figure 4.5 A), 

while 28% and 29% of proteins were assigned to Lactobacillales on Day 3 

(Figure 4.5 B) and Day 7 (Figure 4.5 C), respectively.  The number of proteins 

assigned to Clostridiales and Enterobacteriales increased on Day 7 ( 6% and 

16%, respectively) (Figure 4.5 C).  Clostriales and Bacillales would typically be 

the most abundant in AD (Klocke et al., 2007; Garcia et al., 2011; Jaenicke et 

al., 2011), however the proteins assigned to these orders were at low levels 

throughout the reactor run.  The most frequently detected orders based on protein 

assignment differed from those detected based on 16S rRNA profiling (from 

DNA and cDNA samples).  Lactobacillales appear to dominate the microbial 

community in DNA, cDNA and protein data sets (Appendix 13).  However, 

Enterobacteriales and Actinomycetales are the next dominant orders assigned to 

the identified proteins, which are only detected in low relative abundances in the 

16S rRNA profiling data.  The DNA analysis indicates that the microbial 

community for Day 1 mostly consists of microorganisms from Lactobacillales 

(Enterococcus, Lactobacillus and Weissella) (Appendix 13 A).  Lactobacillales 

(mostly the genus Lactobacillus) remain in high relative abundance for Day 3 

and Day 7, while Bifidobacteriales has a higher relative abundance on Day 3 and 
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Day 7.  This is also observed for Clostridiales on Day 7 (Appendix 13 A).  The 

cDNA 16S rRNA data revealed a similar community composition to the DNA 

results, with Lactobacillales dominating all three days, and higher relative 

abundance of Bifidobacteriales and Clostridiales on Day 7 (Appendix 13 B).  

Out of the 77 taxonomic orders identified from the metaproteomic dataset, 35 

were not found in the 16S rRNA data, while 11 bacterial orders were found only 

in the 16S rRNA data and not in the protein data (Appendix 14 and further 

discussed in section 4.4). 

 

(A) 

 
 

 

 

 

 

 

 

 

 

 



! [Chapter!4]! !
!

 138!

(B) 

 
 

(C) 

 
Figure 4.5.  Krona plots of taxonomic class and order assignment of proteins 
detected for (A) Day 1, (B) Day 3 and (C) Day 7  
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4.3.3. Temporal variation of COG distribution is conserved between the 

triplicate reactors 

COG analysis was carried out to get an overview of the functional categories for 

each sample (Figure 4.6).  [J] Translation, ribosomal structure & biogenesis and 

[O] Post-translational modification, protein turnover and chaperones were the 

most abundant categories for all samples on all three days, as the majority of the 

proteins detected were ribosomal and chaperone proteins.  The majority of the 

proteins in [J] were assigned to the order Lactobacillales and the class Bacilli 

(Appendix 15).  A large number of the proteins for this functional group could 

only be assigned to Bacteria.  The proteins for [O] were mostly assigned to the 

class Bacilli on all three days, however, on Day 1 and Day 3 Lactobacillales 

were also detected, but on Day 7 there was an increase in the phylum Firmicutes 

and order Clostridiales (Appendix 15).  The distribution of COG categories were 

found to be largely conserved between the triplicate reactors for each time point 

(Figure 4.6).  On Day 1 and Day 3, [G] Carbohydrate transport & metabolism 

(Actinomycetales, Enterobacteriales, Lactobacillales and the class 

Gammaproteobacteria), [C] Energy production & conversion 

(Enterobacteriales, Epsilonproteobacteria and the class Gammaproteobacteria), 

and [E] Amino acid & transport (Alteromonadales, Burkholderiales and 

Lactobacillales) are mostly represented (Figure 4.6, Appendix 15).  However, on 

Day 7 there is an increase in [G] Carbohydrate transport & metabolism for R2 

and R3, with proteins assigned to Actinomycetales, Enterobacteriales and 

Lactobacillales still in high numbers, there are also many proteins identified only 

as Bacteria for this COG (Appendix 15).  In R1 and R2, [C] Energy production 

& conversion increases, with the majority of proteins assigned to Clostridiales, 

Lactobacillales, Actinomycetales and the phylum Proteobacteria.  While [F] 

Nucleotide transport & metabolism (Bacillales and Lactobacillales) and [I] Lipid 

transport & metabolism (Pseudomonadales and Bacillales) increase in all three 

reactors.  Overall, the same COG categories are found for all three sampling 

days, but their distribution changes between each time-point.  The proteins 

identified on Day 1 and Day 3 have similar taxonomic assignments for each 

COG category, while the assignments change for the same functional categories 

on Day 7.  This indicates that different microorganisms are capable of carrying 

out the same functional activities within the bioreactors.  The distribution of the 
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COG categories are largely conserved between the triplicate reactors, however, 

they differ as a function of time. 

 

 
Figure 4.6.  Distribution of COG categories assigned to detected proteins for 
each reactor per day carried out using the NCBI COG database.   
 

Rate ratios were calculated to compare the distribution of functional categories 

between each sampling day, determining the over- and under- representation 

each COG categories (Figure 4.7).  To check the significance of these 

representations, a Fishers’ exact test was carried out.  On Day 1 when compared 

to Day 3, there was an over representation of [F], [G], [K] (Transcription), [M] 

(Cell wall/membrane/envelope biogenesis) and [R] (General function, prediction 

only), and an under-representation was observed for [J] and [O].  Beta-

galactosidase, which was mostly assigned to Gammaproteobacteria 

(Enterobacteriales) (Appendix 15), was the most frequently detected protein in 

[G], and is known for its hydrolytic activity on plant biomass (Maruthamuthu et 

al., 2016), as well as the hydrolysis of lactose (Nguyen et al., 2006).  Proteins 

found in [G] that were detected in Day 1 and not in Day 3 were involved in the 

breakdown of glycogen (assigned to Actinomycetales), play a role in 
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carbohydrate metabolism in plant species (Goh & Klaenhammer, 2014; Henry et 

al., 2014), as well as fructokinase (assigned to Sphingomonadales) which is 

found in sugar metabolism of fruit (Zhu et al., 2013).  These would suggest that 

food biomass is being broken down. 

 

On Day 1 compared to Day 7, there is an over representation of [J] and [N] (Cell 

motility), and there is an under-representation of [C], [F], [G], [I], [Q] 

(Secondary metabolites biosynthesis, transport & catabolism), and [T] (Signal 

transduction mechanisms).  The protein glycerol kinase found in [C], is often 

involved in energy producing reactions such as glycolysis and glycerolipid 

metabolism (Mandel et al., 2011), and is only detected once on Day 1 while it is 

detected in high numbers on Day 7, and is assigned to Lactobacillales, 

Pasteurellales and the phylum Proteobacteria (Appendix 15).  Hydroxylamine 

reductase (assigned to Clostridiales), also found in [C] is only detected on Day 7, 

and is known to play a role in the nitrogen cycle (Cabello et al., 2004). 

 

On Day 3 when compared to Day 7, there is over-representation in one category 

only, [J].  Under-representation is observed for most categories, nearly all of 

which are the same as those under-represented in Day 1 compared to Day 7.  

These results would suggest that the functional activities taking place on Day 7 

differ mostly from Day 1 and Day 3.  The under-representation of [C], [F], [G] 

and [I] in Days 1 and 3 could indicate VFA production on Day 7 as there is 

increased activities for [C] and [I], which is in agreement with the VFA data in 

Table 4.1 (section 4.2.1).  Overall 6 COGs were over-represented in Day 1 

compared to Day 3, while 8 and 11 are over-represented in Day 7 compared to 

Day 1 and Day 3, respectively.  This further confirms a temporal variation of 

COG distribution between the triplicate reactors. 
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Figure 4.7.  Rate ratio of COG categories between each sampling day.  The 
asterisks (*) indicates categories that have significant over- or under-
representation of a COG category, after Fishers’ Exact test. 
 

4.3.4. Enterobacteriales is the main hydrolyser throughout the reactor trial 

The 16S rRNA profiling data (Appendix 12) indicated that Enterococcus could 

be involved in the hydrolysis of food waste, as they are found in high abundance 

in the initial days of the reactor run.  Searches were carried out to further 

investigate hydrolyzing proteins.  Proteins were categorized into groups based on 

their functional Uniprot keywords (Figure 4.8 A).  Translation was the most 

abundant group, as was found in the COG analysis.  Hydrolases were found to be 

the next most abundant group.  It was thought that perhaps hydrolases would be 

mostly identified for Day 1 and Day 3 during the hydrolysis step in AD of food 

waste, and that by Day 7, fewer hydrolases would be detected.  However, this 

trend was not observed between each day.  As there is still digestate in the 

bioreactors at the end of the reactor run, the microorganisms present are most 

likely still breaking down the food waste, and so, the numbers of hydrolase 

proteins do not decrease by Day 7.  Overall, it could be concluded that there was 

no major changes in hydrolase protein numbers between each sampling day.  For 

all three sampling days the majority of hydrolases were assigned to 

Enterobacteriales (Figure 4.8 B).  On Day 1 and Day 3 Lactobacillales and 
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Actinomycetales were the next taxonomic orders detected, while on Day 7 many 

of the hydrolases were assigned to Rhizobiales.  Many hydrolases were assigned 

to a higher taxonomic rank, (the class Gammaproteobacteria), while there were 

also quite a lot which could only be identified as Bacteria. 

 

 

 
Figure 4.8.  (A) Overview of function keywords for proteins identified in each 
reactor (R) per day (D), and (B) Taxonomic assignment for hydrolases. 
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4.3.5. Microbial community functions in food waste biomass 

The proteins identified from the digestate samples of the triplicate bioreactors 

allowed for an insight into the metabolic pathways that may be active at the time 

of sampling for each time-point.  For each pathway identified, one or more 

proteins were detected, indicating that these pathways were active at the time of 

sampling.  There were a large number of proteins that were not assigned to 

metabolic pathways (Figure 4.9 and Appendix 15), this is due to many proteins 

being identified as chaperones, elongation factors and ribosomal proteins, so they 

cannot be attributed in any single metabolic pathway.  Proteins assigned to the 

most abundant taxanomic orders (Actinomycetales, Bacillales, Bifidobacteriales, 

Clostridiales, Enterobacteriales and Lactobacillales) were detected in different 

pathways over the three sampling days (Figure 4.9).  There were many pathways 

that were active for all three days including galactose metabolism, glycolysis, 

arginine biosynthesis, pyruvate metabolism and acetate metabolism.  Some of the 

proteins were assigned to the same taxa for some of the pathways in all three 

days (e.g. most beta-galactosidases were assigned to Enterobacteriales on all 

three days).  However, the microorganisms active for most of these pathways 

changed from day to day.  For example, proteins assigned to Clostridiales were 

predominantly detected in valine, leucine and isoleucine biosynthesis on Day 1, 

while on Day 3 the majority of the proteins assigned to this order were involved 

in pentose phosphate metabolism and pyrimidine metabolism (Figure 4.9, 

Appendix 15).  On Day 7 Clostridiales proteins were found to be involved in 

acetate production, butyrate production, propionate production and nitrogen 

metabolism.  Proteins assigned to Enterobacteriales were detected in various 

pathways on Day 1 and Day 3, however, by Day 7 the majority of the proteins 

assigned to this order were found only in galactose metabolism (Figure 4.9, 

Appendix 15).  Lactobacillales, were found to dominate the reactors on all three 

days (in the three datasets; DNA, cDNA and protein), and expressed proteins 

involved in many pathways, with the majority of these proteins found in 

glycolysis, followed by arginine biosynthesis and lysine biosynthesis for all 

sampling days (Figure 4.9, Appendix 15).  Day 3 appears to have the most 

metabolic pathways identified for each of the six main taxa (Actinomycetales, 

Bacillales, Bifidobacteriales, Clostridiales, Enterobacteriales and 

Lactobacillales), with most of the proteins involved in the pathways glycolysis 
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and galactose metabolism (Figure 4.9).  This implies each taxonomic order, 

contributes to different functional activities throughout the bioreactor run. 
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Figure 4.9.  Distribution of the main metabolic pathways for the most abundant 
taxa on (A) Day 1, (B) Day 3 and (C) Day 7.  In bold are pathways that were 
detected on all three sampling days, while pathways italicized were only detected 
for that day.  Colour key: 0 – not detected 1 – strongly detected 
 

Figure 4.10 gives an overview of the 51 pathways identified from the KEGG 

reference map of core metabolic pathways.  Of these pathways, 24 were found to 

be active on all three sampling days, while the remaining 27 were active on just 

one day or two of the three sampling days.  There is evidence of food waste 

digestion as indicated by the metabolism of carbohydrate and sugar substrates 

(glycan metabolism, starch & sucrose metabolism (Actinomycetales and 

Rhodospirillales) and fructose and mannose metabolism (Sphingomonadales)).  

Proteins involved in starch and sucrose metabolism and fructose and mannose 

metabolism were only detected on Day 1.  These proteins were found to possess 

hydrolytic activity indicative of the initial degradation of the food waste biomass.  

Evidence of glycan metabolism was observed on all three days, but the 

microorganisms assigned to the corresponding proteins differed on each day.  

Specifically, three microbial groups were found to express proteins involved in 

this pathway; a) Rhizobiales on Day 1, b) Pasteurellales on Day 1 and Day 3, 

and c) Bacillales on Day 7.  Even though the food waste degradation is taking 
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place, there is still digestate remaining in the reactors at the end of the run, and 

so, it can be assumed that the microbial populations are continuously degrading 

the remaining food substrate, which could be reflected by glycan activities on all 

three sampling days.  There was no evidence of methane production, which is in 

agreement with process data.  Proteins involved in acetate, butyrate and 

propionate production were detected, confirming the production of VFAs from 

food waste AD.   

 

The active microorganisms for the production of propionate changed at each 

sampling day.  Proteins assigned to Pasteurellales and Enterobacteriales were 

identified for Day 1, Rhizobiales were detected on Day 3 and 7, while 

Actinomycetales were identified on Day 7.  It is worth noting that some proteins 

identified could potentially belong to more than one pathway. For example, two 

of the proteins identified for propionate production were also detected in 

pyruvate metabolism and acetate production (Appendix 15); namely acetate 

kinase and acetyl-coenzyme A carboxylase transferase.  In such instances, it is 

not possible to confirm from our data whether the proteins are active in one 

pathway or another, or both.  The production of butyrate was found to take place 

on Day 7, and corresponding proteins were assigned to Clostridiales.  The 

pathways identified on Day 7 were mostly part of amino acid metabolism (beta-

alanine metabolism), metabolism of co-factors & vitamins (one carbon pool by 

folate, riboflavin biosynthesis), and biosynthesis of secondary metabolites 

(nicotinate and nicotinamide metabolism).  Analysis of the digestate fraction of 

food waste anaerobic digesters has provided an overview of the microbial 

activities taking place in the reactors, which largely supports the findings at the 

process level.  There was evidence of the biomass being degraded based on VS 

removal of 66.80±4.3%, while proteins possessing hydrolytic activity were 

identified for the metabolism of carbohydrate and sugar substrates implying the 

digestion of the food waste during the reactor run.  Acetic, butyric, caproic, 

propionic and valeric acid were the VFAs detected at the proess level, and 

metaproteomics identified proteins involved in the production of some of these 

VFAs (acetic, butyric, propionic acid).  Over half of the pathways identified are 

active on all three sampling days, but the microbial community responsible for 
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these metabolic pathways varies over the reactor trial, indicating that the same 

functional roles can be carried out by different microorganisms.  

 

.
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Figure 4.10. Overview of the metabolic pathways for food waste AD. 
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4.4. Discussion 

 

Efforts are continuously being made to reduce the amount of waste going to 

landfill.  As food waste makes up a high percentage of this landfill load, utilizing 

it for AD could aid in reducing the amount of waste going to landfill whilst being 

a beneficial feedstock for the AD process (Mata-Alvarez et al., 2000).  While 

most studies focus on the biofuel production for bioenergy (Sen et al., 2016; 

Voelklein et al., 2016), there is, most often, high accumulation of VFAs in the 

system due to the rich substrate (Fisgativa et al., 2016).  VFAs have good 

potential in industry for many applications, as well as biofuel production 

(Kleerebezem & van Loosdrecht, 2007; Chang et al., 2010; Singhania et al., 

2013; Zacharof & Lovitt, 2013).  It is worth nothing that VFAs produced from 

food waste AD could contain pathogens which would be a major issue for 

pharmaceutical industries, and so, VFAs produced from this substrate would 

most likely be more suited for chemical and biofuel industries.  To fully 

understand the process of food waste AD, the microbial consortia present must 

be investigated.  There has been some work carried out on investigation of food 

waste AD community structure using 16S rRNA profiling (Blasco et al., 2014; 

Li et al., 2015; Wilkins et al., 2015) but these studies mainly focus on the 

population producing methane.  The functional roles of the microorganisms 

active in food waste AD have been somewhat unexplored.  This study analysed 

the digestate fraction of triplicate food waste bioreactors using metaproteomics 

to investigate the functional roles of the active microbial population in food 

waste AD.  Previous 16S rRNA gene sequencing demonstrated community shifts 

during food waste AD and the use of metaproteomics was employed to aid in 

linking community structure to the functional activities taking place at the time 

of sampling.  

 

Initial 16S rRNA profiling data demonstrated a clustering of reactor samples 

based on the sampling day (Appendix 11), however, the protein data did not 

replicate this clustering pattern (Figure 4.4).  There was no distinct clustering of 

samples based on sampling day, which was confirmed by ANOSIM analysis.  

The 16S rRNA NMDS plot was generated using the taxonomic assignment, 

while the protein NMDS used the predicted protein function, and so, the same 
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clustering was not observed for both datasets.  This is an interesting initial 

overview of the combined 16S rRNA profiling and metaproteomic datasets, as 

there appears to be a change in the community composition of the triplicate 

bioreactors over the three time-points but the protein NMDS plot suggests that 

the functional activities may not differ greatly between the sampling days. 

 

Bacilli were found to be the most dominant taxonomic class assigned to the 

proteins, followed by Gammaproteobacteria and Actinobacteria.  As many 

proteins could not be assigned to taxonomic class, the lowest common ancestor 

(LCA) was used.  These proteins were classed under “Higher taxonomic rank” 

and were assigned to bacteria, or the phyla Firmicutes, Proteobacteria and 

Cyanobacteria.  As there is no corresponding metagenome for food waste AD, 

there are some limitations to protein assignment.  Throughout the reactor trial, 

Lactobacillales were found to dominate all three time-points in all three datasets 

(DNA, cDNA and protein).  On Day 1, both the DNA and cDNA datasets 

indicate the genus Enterococcus have the highest relative abundance in R1 and 

R3, while Lactobacillus are most abundant in Day 3 and Day 7.  Both of these 

genera are from the Lactobacillales order.  Most proteins assigned to both 

Enterococcus and Lactobacillus were ribosomal proteins (Appendix 15).  As 

many proteins could only be assigned to Lactobacillales, there is a possibility 

that some of those proteins could belong to Enterococcus and Lactobacillus.  

There have been studies indicating that Lactobacillus species are involved in the 

fermentation of food waste (Wang et al., 2005; Ye et al., 2007; Shin et al., 2010; 

Lim et al., 2013), but there has been no reports of Enterococcus species being 

responsible for the degradation of any substrate during AD.  Further work with 

metagenomics and metatranscriptomics could help identify these proteins to 

family or genus level, to confirm whether or not Enterococcus play a role in the 

hydrolysis step of AD.  Clostridia have been reported be responsible for the 

hydrolysis of cellulose-rich substrates and solid waste during anaerobic digestion 

(Syutsubo et al., 2005; Kim et al., 2010; Solli et al., 2014).  However, focusing 

on the digestate alone, this work suggests that this was not the case for this food 

waste AD.  Proteins assigned to Clostridiales were in low numbers for Day 1 and 

Day 3.  Hydrolyzing proteins were mostly assigned to Enterobacteriales (or 

Gammaproteobacteria) on all three sampling days, while Lactobacillales and 
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Actinomycetales were also responsible for hydrolysis at the beginning of the 

reactor trial (Day 1 and Day 3), and Rhizobiales were detected for hydrolysis at 

the end of the reactor trial (Day 7) for Day 1 and Day 3.  There has been research 

carried out demonstrating that Gammaproteobacteria could potentially be 

involved in hydrolysis of animal wastes (Manyi-Loh et al., 2013) but there have 

been no reports of Actinomycetales or Rhizobiales being part of the intial step in 

AD.  For the pathways indicating food biomass is being broken down (starch and 

sucrose metabolism; fructose and mannose metabolism; glycan metabolism), the 

hydrolase proteins that were detected were assigned to Actinomycetales, 

Rhodospiralles and Sphinogomonadales.  The protein fructokinase, identified in 

fructose and mannose metabolism was assigned to the genus Zymomonas 

(Sphingomonadales).  This genus has been well established as an ethanol-

producing microorganism.  Extensive work has been carried out utilizing 

Zymomonas for biorefineries (He et al., 2014), and a recent study has 

demonstrated successful ethanol production from the fermentation of food waste 

(Ma et al., 2016).  The proteins identified in starch and sucrose metabolism were 

assigned to Mycobacterium (Actinomycetales) and Gluconoacetobacter 

(Rhodospiralles) but there have been no previous reports of these genera being 

detected for degradation of solid substrates.   

 

There was an increase in protein numbers assigned to Clostridiales and 

Enterobacteriales on Day 7.  Proteins assigned to Enterobacteriales for Day 7 

were identified for galactose metabolism, and so, they could be carrying out 

hydrolysis on the digestate still present in the reactors.  Clostridia are often 

found to be part of the VFA producing community in AD systems 

(Vanwonterghem et al., 2015; Sträuber et al., 2016), and were detected for 

acetate and butyrate production in this work.  The majority of the proteins on 

Day 7 that were assigned to Clostridiales were ribosomal and chaperone proteins 

in addition to proteins involved in galactose metabolism.  This is an interesting 

finding, as most research on the community analysis of AD systems inform on 

Clostridiales as a dominant order, however, these studies usually employ 16S 

rRNA profiling and cannot confirm the functional roles of the microorganisms.  

Here, Clostridiales were shown to be most active at the end of the reactor run, 
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and are involved in the production of acetate and butyrate, as well as galactose 

metabolism. 

 

The food waste bioreactor analysed in this study produced high yields of VFAs, 

with higher concentrations of VFAs being detected on Day 7 (Table 4.1 and 

Figure 4.1).  There was no evidence for production of lactic acid or valeric acid 

from the metaproteomic data, which are all found to be produced by the reactors 

at the process level.  However, for this study, there was particular interest in the 

microbial population involved in the degradation of the food waste, and so, the 

digestate fraction was chosen to analyse.  Analysis of VFA production is carried 

out on the leachate fraction, and as demonstrated in the previous chapter on grass 

AD, many proteins for VFA production are usually part of the leachate fraction.  

However, analysis of the digestate fraction did reveal the production of the VFAs 

acetate, butyrate and propionate, which are all detected at the process level 

(Table 4.1). 

 

There was a level of functional redundancy observed from the metabolic 

pathways, as many of the pathways identified were found active on all three 

sampling days (Table 4.4).  There are pathways identified for Day 1 alone, which 

indicate the initial breakdown of the food waste, and were part of the COG 

category [G], which was over-represented on Day 1 compared to Day 7.  While 

the pathways identified only on Day 7, include those from amino acid 

metabolism, metabolism of co-factors and vitamins, biosynthesis of secondary 

metabolites and carbohydrate metabolism.  Most of these pathways were part of 

COG categories [C], [F] and [I], which were over-represented in Day 7 

compared to Day 1 and Day 3.  After further investigation of all other pathways 

that were found to be active on all three sampling days, it is apparent that while 

the same functional activities are taking place, the microbial communities active 

for specific pathways differ between each sampling day.  For example, in 

galactose metabolism proteins assigned to Enterobacteriales are identified for all 

three sampling days, but proteins assigned to Actinomycetales and Rhizobiales 

are found active in this pathway only on Day 1, while for Day 7, the proteins 

detected were assigned to Lactobacillales and Clostridiales.  This shift in the 

active microbial consortia is observed for the metabolic pathways including 
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glycolysis, fatty acid metabolism, pyruvate metabolism, amino sugar and 

nucleotide sugar metabolism, benzoate degradation (Table 4.4).  But for all these 

pathways, there were proteins assigned to different orders identified on each 

sampling day indicating that the change in community structure between 

sampling days does not appear to have a direct impact on the functional activities 

taking place within the reactors.  

 
Table 4.4.  Metabolic pathways detected in digestate fraction of food waste 
bioreactors, with taxonomic assignment. Superscript 1, 3 and 7 refer to the day 
proteins were assigned to taxa. 
Pathway Day 1 Day 3 Day 7 
Glycan metabolism 
Rhizobiales1, Bacillales7 

   

Peptidoglycan biosynthesis 
Enterobacteriales1, Xanthomonadales1,3, 
Pasteurellales1,3, Clostridiales1,7, Synechoccales7 

   

Galactose metabolism 
Enterobacteriales1,3,7, Actinomycetales1, Rhizobiales1, 
Lactobacillales7, Clostridiales7 

   

Glycerolipid metabolism 
Desulfovibrionales1,7, Campylobacterales1, 
Lactobacillales7, Pasteurellales7, Enterobacteriales7, 
Acidithiobacillus7 

   

Glycerophospholipid metabolism 
Methanococcales3, Archeoglobales7, Bacillales7 

   

Phospholipid metabolism 
Pseudomonadales1, Burkholderiales7 

   

Fatty acid biosynthesis/metabolism 
Pseudomonadales1,3,7, Rhizobiales1, Myxococcales1,7, 
Actinomycetales3, Campylobacterales3, Chromatiales7 

   

Benzoate degradation 
Burkholderiales1, Pseudomonadales1,7, 

Sphingomonadales3 

   

Starch & sucrose metabolism 
Actinomycetales1, Rhodospirillales1 

   

Fructose & mannose metabolism 
Sphingomonadales1 

   

Amino sugar & nucleotide sugar metabolism 
Pasteurellales1,7, Enterobacteriales3, Rhizobiales7 

   

Inositol phosphate metabolism 
Actinomycetales1,3,7 
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Pathway Day 1 Day 3 Day 7 
Pentose & glucuronate interconversions 
Burkholderiales3, Enterbacteriales7 

   

Glycolysis/Gluconeogenesis 
Acidothiobacillus1, Vibrionales1, Lactobacillus1,3,7, 
Actinomycetales1,3,7, Chlorobiales1,3, 
Thermotogales1,3, Chroocales1,3, Bacillales3, 
Burkholderiales3, Chloroflexus3, Rhizobiales3, 
Clostridiales7 

   

Pentose phosphate metabolism 
Acholeplasmatales1,3,7, Corynebacteriaceae1, 
Enterbacteriales3, Clostridiales3 

   

Pyruvate metabolism 
Actinomycetales1,7, Alteromonadales1,3, 
Campylobacterales1, Enterobacteriales1,3, 
Halanaerobiales1, Mycoplasmatales1,3, Clostridiales7, 
Chromatales7 

   

TCA Cycle 
Nitrosomales1, Rikettsiales7 

   

Acetate metabolism 
Campylobacteriales1, Haloanaerobiales1, 
Enterobacteriales1, Mycoplasmatales1, 
Alteromonadales1,3, Clostridiales7, Actinomycetales7 

   

Propanoate metabolism 
Alteromonadales1, Enterobacteriales1, 
Campylobacteriales1, Mycoplasmatales1, 
Pasteurellales1, Rhizobiales3,7, Chromatales7, 
Clostridiales7, Actinomycetales7 

   

Butanoate metabolism 
Clostriales7 

   

Oxidative phosphorylation 
Bacillales1, Bacteroidales3, Rickettsiales3, 
Chlamydiales3, Mycoplasmatales3,7, 
Natranaerobiales3,7, Actinomycetales7, 
Pseudomonadales7, Rhizobiales7 

   

Methanol oxidation 
Actinomycetales1 

   

Glyoxylate & dicarboxylate metabolism 
Halobaceriales1 

   

Purine metabolism 
Enterobacteriales1,3,7, Bacillales1,3, Burkholderiales1, 
Pasteurellales1, Spirochaetales1,3, Aeromonadales3, 
Lactobacillales3, Halobacterales7, Clostridiales7, 
Campylobacterales7, Rikettsiales7 

   

 
 
 
 
 
 



! [Chapter!4]! !
!

 156!

Pathway Day 1 Day 3 Day 7 
Pyrimidine metabolism 
Planctomycetales1, Campylobacterales1, 
Burkholderiales1, Enterobacteriales1,3, 
Spirochaetales1,3, Clostridiales1,3,7, Bacillales1,3,7, 
Lactobacillales1,3,7, Rhizobiales7 

   

Histidine metabolism 
Burkholderiales1, Bifidobacteriales1, 
Desulfovibrionales1, Clostridiales3, 
Methanosarcinales3, Thermoproteales3, 
Xanthomonadales7 

   

Cysteine & methionine metabolism 
Burkholderiales1,3, Rhodobacterales1, Neisseriales1, 
Enterobacteriales3, Acidomycetales3,7, Rhizobiales7, 
Chloroflexales7 

   

Lysine biosynthesis 
Enterobacteriales1, Xantomonadales1, 
Rhodospirillales3,7, Clostridiales7 

   

Alanine, aspartate & glutamate metabolism 
Chroococcales1,3,7, Lactobacillales3 

   

Valine, leucine & isoleucine biosynthesis 
Chlorobiales1,3, Rhizobiales3, Acidothiobacillus3, 
Alteromonadales3, Enterobacteriales3, 
Pseudomonadales3, Methanosarcinales7, 
Burkholderiales7 

   

D-Alanine metabolism 
Pasteurellales1, Desulfobacterales3,7, Spirochaetales1,7 

   

Phenalanine, tyrosine & tryptophan biosynthesis 
Lactobacillales1, Thermococcales3, Nostocales3, 
Halobacterales3, Bacillales3, Acidomycetales7 

   

Arginine biosynthesis 
Lactobacillales1,7, Enterobacteriales1, Bacillales1,7, 
Actinomycetales1,3,7 

   

Glycine, serine & threonine biosynthesis 
Enterobacteriales3, Pseudomonadales3, Rhizobiales3, 
Burkholderiales7, Bacillales7 

   

D-Arginine & D-Ornithine metabolism 
Pseudomonadales3 

   

beta-Alanine metabolism 
Corynebacteriaceae7 

   

Tyrosine metabolism 
Sphingmonadales3 

   

Thiamine metabolism 
Actinomycetales1,3, Rhizobiales1 
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Pathway Day 1 Day 3 Day 7 
Folate biosynthesis 
Burkholderiales1,3, Methanocellales1, 
Thermococcales3 

   

Porphyrin & chlorophyll metabolism 
Chromatales1,3,7, Gleoebacterales1,3, 
Enterbacteriales1,7, Vibrionales1, Synechoccales7 

   

Vitamin B metabolism 
Thermotogales3 

   

One carbon pool by folate 
Clostridiales7, Lactobacillales7 

   

Riboflavin metabolism 
Thermococcales7, Aeromonadales7 

   

Nicotinate & Nicontinamide metabolism 
Chlorobiales7 

   

Sulfur metabolism 
Burkholderiales3 

   

Nitrogen metabolism 
Bacteroidales3, Clostridiales7, 
Thermoanaerobacterales7 

   

Ubiquinone biosynthesis 
Burkholderiales1, Neisseriales7 

   

Panthothenate CoA biosynthesis 
Rhizobiales1,3,7 

   

Zeatin biosynthesis 
Myxococcales1, Rhizobiales1,3,7, Alteromonadales3 

   

Terpenoid backbone biosynthesis 
Actinomycetales1, Enterobacteriales1,3, Bacillales3, 
Rhizobiales3,7, Vibrionales7, Bacteroidales7 

   

 
The changes in microorganisms assigned to the proteins identified over the three 

time points could also be attributed to other variables.  The pH dropped slightly 

on Day 3 and Day 7, which could assist in the production of VFAs, which could 

have encouraged the activity of VFA producing organisms, such as Clostridiales 

and Rhizobiales.  Also, as the biomass is depleting each sampling day, the 

microorganisms must compete with one another for this resource, which could 

further lead to the changes in the active microbial population based on their 

available food source for energy production.   

 

The metaproteomic data also uncovered proteins from orders that were not 

detected in the 16S rRNA data from both archaea and bacteria (Appendix 14).  

Separate primer sets can be used for archaeal and bacterial classification, 

however, the universal primers 515F and 806R were used for 16S rRNA 
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sequencing, as they have been demonstrated to provide the best coverage for 

archaeal and bacterial taxonomic classification (Walters et al., 2011), and had 

successfully identified archaeal and bacterial populations in Chapter 3.  While 

some of the orders missed were not covered by the universal primers (such as 

Acholeplasmatales and Entomoplasmatales), the majority of the orders identified 

by metaproteomics do have taxonomic coverage with these primers including 

Aquificales, Thermoanaerobacteriales, Deinococcales, Nitrospirales and 

Thermotogales.  Members of the Thermotogales, which have been found to be 

anaerobic cellulolytic bacteria (Liman et al., 2014), were found to be active in 

glycolysis and vitamin B biosynthesis in this study.  Out of the remaining orders 

only found in the metaproteome, the proteins that were detected were found in 

many of the metabolic pathways of the AD system including glycolysis, acetate 

and propionate production, purine metabolism and glycerophospholipid 

metabolism (Appendix 15).  Due to protein sequences being highly conserved 

and a lack of relevant metagenomes in the databases, there can possibly be a 

misclassification of any given protein.  There were a few orders detected by 16S 

rRNA profiling which were not detected in the metaproteomes.  This can be due 

to primer bias, or most likely to data processing.  This highlights the limitations 

of both technologies.  Combining both datasets can be beneficial for a 

comprehensive overview of microbial populations present.  However for 

accurate taxonomic assignment of identified proteins, the metagenomic 

sequences are required. 
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4.5. Conclusions 
 
Metaproteomics has uncovered key microbial players involved in the degradation 

of food waste biomass and the production of VFAs during AD.  Lactobacillales 

were found to dominate the microbial population in triplicate bioreactors over the 

three time-points analysed, which is in agreement with previous work carried out 

by 16S rRNA sequencing on the same samples.  Hydrolyzing proteins were 

mostly assigned to Enterobacteriales, while Rhizobiales, Bacillales, 

Actinomycetales, Rhodospirillales and Sphingomonadales were found in 

pathways indicative of food waste degradation.  Proteins for the production of 

acetate, butyrate and propionate were detected and assigned to Clostridiales, 

Enterobacteriales, Pasteurellales, Rhizobiales and Actinomycetales. 

 

One of the hypotheses outlined for this study was that Enterococcus was 

involved in hydrolysis during food waste AD.  The level of resolution could not 

address this hypothesis in a definite manner.  There were some ribosomal 

proteins assigned to Enterococcus on the initial sampling day, however the 

majority of the hydrolase proteins identified were assigned to Enterobacteriales.  

On Day 1 and Day 3, hydrolase proteins were also assigned to Lactobacillales.  

Enterococcus is part of the Lactobacillales order, and further omics analysis 

could aid in confirming whether Enterococcus plays a role in the hydrolysis of 

food waste.  The second hypothesis for this work was that shifts in community 

structure would result in changes to the functional activities taking place in the 

reactors.  While there are different metabolic activities taking place on Day 1 

(food waste being degraded) and Day 7 (production of VFAs), there are many of 

the same pathways identified on all three sampling days.  These pathways 

implicated different taxonomic orders at sampling days indicating that the 

community shifts were not directly resulting in functional changes during the AD 

process.  For example, hydrolase proteins were assigned to Enterobacteriales, 

Actinomycetales and Rhizobiales, and proteins assigned to the same orders were 

identified for the production of propionate.  Shifts in community structure did 

not result in changes in functional activities, but revealed that different 

microorganisms can be active in the same metabolic pathways at different stages 
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of the AD process.  This indicates that there is some level of functional 

redundancy between sampling days. 

 

Metaproteomics has provided an overview of the functional activities carried out 

by microorganisms present on the digestate fraction of food waste anaerobic 

digesters.  These results uncovered microorganisms that are active for hydrolysis 

in food waste AD, some of which have not been reported as hydrolysers before 

this.  The microbial populations in food waste AD have the ability to carry out 

various functional roles, as some of those assigned to hydrolyzing proteins were 

also assigned to proteins for propionate production, and changes in community 

structure did not imply changes in functional activities.  Enrichment strategies 

targeting Lactobacillales could be implemented, as proteins assigned to this 

order were mostly detected throughout the reactor run, indicating that the food 

waste biomass may be a favourable substrate for their activity.  Also as the 

majority of hydrolase proteins were assigned to Enterobacteriales, these too 

could be enriched to further enhance the hydrolysis step in the process.  This 

work provides a platform to further optimize food waste AD and uncover novel 

organisms active in the system. 
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5.1. Summary of Main Findings 

 

The overall aim of this study was to explore the microbial populations and their 

functional roles during solid waste AD, using a robust and efficient workflow.  

The results of this thesis revealed key microbial players involved in degradation 

of grass and food waste substrates, and also identified the microorganisms 

responsible for the production of VFAs and methane from the respective 

substrates. 

 

The establishment of a co-extraction workflow for analysis of AD samples 

(Chapter 2), has demonstrated that a combination of 16S rRNA profiling and 

metaproteomics can provide important information relating to the community 

dynamics in solid waste AD (Chapter 3 & 4).  Many community studies for AD 

focus primarily on 16S rRNA analysis of DNA (Sundberg et al., 2013; Heeg et 

al., 2014; St-Pierre et al., 2014; Yi et al., 2014).  16S rRNA profiling from 

extracted DNA represents community structure as a whole, whether the 

microorganisms are active or non-active/dead or alive, however, investigation of 

the 16S rRNA profiling cDNA (reverse transcribed RNA) samples can reveal the 

microorganisms in the population who are active at the time of sampling.  

Furthermore, by combining metaproteomics with 16S rRNA analysis, the key 

functional groups involved in specific metabolic pathways during AD could be 

uncovered.  The taxa identified in grass AD and food waste AD were found to be 

the same in both DNA and cDNA datasets (Chapter 3 & 4), in their respective 

studies.  However, cDNA extracted from grass biofilms indicated a higher 

relative abundance of certain taxa (e.g. Gammaproteobacteria and 

Methanomicrobia), which was supported by the metaproteomics, as these taxa 

were involved in metabolic pathways detected (Chapter 3).  This approach of co-

extraction highlighted the importance of investigating all three levels of 

information (DNA, RNA and protein) to gain an insight into the community 

structure in grass and food waste AD, and the functional roles of the active 

population at the time of sampling. 
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The taxonomic classes Gammaproteobacteria and Clostridia were found to be 

core microbiota of both grass AD and food waste AD (Chapters 3 & 4).  For 

Gammaproteobacteria, different taxonomic orders were involved in grass AD 

(Pseudomonadales) and food waste AD (Enterobacteriales).  

Gammaproteobacteria have been identified as part of the community 

composition in some solid AD studies (Manyi-Loh et al., 2013; Rincón et al., 

2013), however, they have not been found to dominate a population.  Clostridia 

were also found to be a common taxa in both grass AD and food AD, which is in 

agreement with previous observations (Syutsubo et al., 2005; Wirth et al., 2012; 

Solli et al., 2014). 

 

The taxonomic assignment from 16S rRNA analysis revealed differences 

between grass biofilm and leachate fractions in the bioreactors digesting grass 

(Chapter 3), while a similar community composition was observed for both 

digestate and leachate fractions in food waste AD (Chapter 4 – Appendix 1).  

Bacteroidia, Clostridia (leachate fraction), Gammaproteobacteria and 

Negativicutes (grass fraction) were found as the dominant classes in grass AD 

(Chapter 3), while Bacilli and Actinobacteria had the highest relative abundance 

in both digestate and leachate fractions of food waste AD (Chapter 4).  

Discrepancies were observed between DNA and cDNA datasets in grass AD, 

which was not the case in food waste AD.  For example, Gammaproteobacteria 

were detected at a much higher relative abundance for cDNA in the grass 

biofilms, while Bacteroidia showed a dramatic drop in their relative abundance 

in cDNA, despite having the highest relative abundance in the corresponding 

DNA (Chapter 3).  A similar trend was observed in the leachate fraction for 

Bacteroidia.  Also, the cDNA revealed a higher relative abundance of 

Methanomicrobia in the grass fraction, which was only detected at a very low 

relative abundance in the corresponding DNA.  Despite the low relative 

abundance of Methanomicrobia in both 16S rRNA datasets, proteins assigned to 

this taxa could be identified for the production of methane, highlighting that rare 

taxa can be functionally important.  Proteins assigned to taxa found with a higher 

relative abundance in the cDNA (Gammaproteobacteria, Clostridia, 

Negativicutes and Methanomicrobia), were involved in many of the metabolic 

pathways for grass AD (Chapter 3), demonstrating corroboration between cDNA 
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and metaproteomic datasets.  As cDNA from 16S rRNA profiling represents the 

active microorganisms, and proteins identify the functional roles of 

microorganisms, it would be expected that these two datasets were found to 

support each other. 

 

Metaproteomics was applied as a function of time to investigate the functional 

activities of the population in food waste AD (Chapter 4).  Previous 16S rRNA 

analysis (by Corine Nzeteu) indicated that Enterococcus may be responsible for 

the hydrolysis step in the system, and while some of hydrolase proteins were 

assigned to Lactobacillales (Enterococcus is part of this order), the majority 

were assigned to Enterobacteriales.  The pathways identified on the first 

sampling day were indicative of the initial food waste degradation (e.g starch and 

sucrose metabolism, fructose and mannose metabolism), however, as glycan 

metabolism and galactose metabolism were active at the beginning and end of 

the trial, it can be assumed that the microbial community is still degrading the 

remaining substrate.  The pathways found to be active throughout the trial had 

proteins assigned to different taxa for each sampling day.  There were some 

pathways identified for all three time-points, however, different microbial groups 

were responsible for the same metabolic activities (Chapter 4).  Metaproteomics 

also identified proteins for many pathways assigned to taxa that were not 

identified by 16S rRNA analysis (Chapter 4).  Conversely, there were a few taxa 

identified by 16S rRNA analysis that were not identified by metaproteomics.  It 

would not be unusual for taxa to be identified by 16S rRNA analysis and missed 

by metaproteomics, as protein databases rely on established sequences and 

genomes.  However, it is unexpected for taxa to be identified by metaproteomics 

and not 16S rRNA analysis, thus highlighting the limitations of both 

technologies, and the necessity of combining datasets for exploring mixed 

microbial communities. 

 

The grass was found to be digested by Bacteroidia and Clostridia (Chapter 3), 

which are commonly associated with AD systems, while the food waste was 

digested by Actinomycetales, Rhodospiralles and Sphingomonadales (Chapter 4), 

which have not been detected for digestion of substrates in AD before.  However, 

as different taxa were identified for proteins involved in glycan metabolism 
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throughout the reactor trial (Chapter 4), there is a possibility that other taxa are 

involved in substrate degradation in grass AD, since sampling took place only on 

the final day of the reactor run (Chapter 3).  Metaproteomics identified proteins 

involved in the production of acetate, butyrate, propionate and caproate (grass 

AD only), which supported the process data for both systems.  Clostridiales were 

found to be involved in the production of VFAs for Day 7 in food waste AD 

(Chapter 4), which was also true for grass AD (Chapter 3).  However, by 

analyzing the bioreactors as a function of time, it was uncovered that the taxa 

responsible for the production of VFAs in earlier sampling days differed.  

Enterobacteriales, Alteromonadales and Myoplasmatales were amongst the 

taxonomic orders identified for both acetate and propionate production on Day 1 

and Day 3 of the reactor trial.  Sampling as a function of time provided an insight 

into community dynamics and respective functional roles during food waste AD. 

 

The properties taking place at the macro-scale (VFA production, methane 

production) were reflected in the activities taking place at the micro-scale 

(metabolic pathways of microbial community).  Although metaproteomics has 

only been applied to very few mixed AD communities (Abram et al., 2011; 

Kohrs et al., 2014; Gunnigle et al., 2015), this study has demonstrated its success 

when combined with 16S rRNA analysis and applied to both grass and food 

waste bioreactors using an efficient workflow. 

 

5.2. Future recommendations 

 

The results presented in this thesis have provided an insight into community 

structure and functioning in solid waste AD systems by integrating 16S rRNA 

analysis and metaproteomics, which have not previously been reported for grass 

or food waste AD.  However, there are still some knowledge gaps in the field of 

solid waste AD, therefore the following recommendations are proposed: 

 

• The use of metagenomics and metatranscriptomics for grass AD and food 

waste AD.  The metagenome will identify the community potential, while 

the metatranscriptome can acess the gene regulation.  This will 

implement the construction of tailored search databases, which will help 
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identify proteins assigned to numerous taxa or unknown taxa in mixed 

microbial communities.  Also, by combining meta-omic technologies, the 

function of unknown proteins can be further explored. 

 

• The use of quantitative metaproteomics, such as NSAF or SWATH, to 

relate protein abundances to microbial activities.  Abundance patterns 

could be correlated to community changes as well as environmental 

changes to investigate the impact of these factors on metabolic states.  

This could further inform on what is driving the functional activities 

taking place amongst mixed microbial populations. 

 

• Proteome fractionation using liquid IEF prior to SDS-PAGE and LC 

MS/MS (Kohrs et al., 2014) could provide much deeper metaproteome 

coverage.  Whilst this approach requires increased effort for analysis, due 

to additional MS measurements, it can aid in reducing sample complexity 

prior to MS analysis (e.g. eliminate “smeared” background in SDS-

PAGE), as well as identifying a higher number of peptides from mixed 

microbial communities. 

 

• The development of de novo sequencing methods for mixed microbial 

consortia.  These methods involve manual evaluation, which can be quite 

laborious, and there can be issues with ambiguity of results.  However, 

this approach would eliminate false positive peptide identification, and 

would not require a reference database, as the peptide sequences would 

be directly obtained from the MS spectra.   
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Appendix 1.  Protein data identified from leachate chunk.  The COG categories 
are as follows: [C] Energy production and conversion; [D] Cell cycle control, 
cell division, chromosome partitioning; [E] Amino acid transport and 
metabolism; [F] Nucleotide transport and metabolism; [G] Carbohydrate 
transport and metabolism; [H] Coenzyme transport and metabolism; [I] Lipid 
transport and metabolism; [J] Translation, ribosomal structure and biogenesis; 
[K] Transcription; [L] Replication, recombination and repair; [M] Cell 
wall/membrane/envelope biogenesis; [N] Cell motility; [O] Post-translational 
modification, protein turnover and chaperones; [P] Inorganic ion transport [R] 
General function, prediction only; [T] Signal transduction mechanisms; [U] 
Intracellular, trafficking, secretion, and vesicular transport 
Name Assignment COG Predicted 

function 

2-isopropylmalate synthase Prevotella E Amino acid 

metabolism 

2-oxoglutarate 

dehydrogenase 

Acetobacter C TCA cycle 

3-isopropylmalate 

dehydrogenase 

Prevotella E Amino acid 

metabolism 

30S ribosomal protein Prevotella J Translation 

30S ribosomal protein Prevotella J Translation 

5,10-

methylenetetrahydromethan

- opterin 

Methanobacterium R Methanogenesis 

from CO2 

60 kDa chaperonin Thermobacillus O Chaperone 

60 kDa chaperonin Unknown O Chaperone 

60 kDa chaperonin Unknown O Chaperone 

60 kDa chaperonin Acetobacter O Chaperone 

60 kDa chaperonin Acetobacteraceae O Chaperone 

Acetate kinase Prevotella C Pyruvate 

fermentation 

Aspartate-semialdehyde 

dehydrogenase 

Prevotella E Amino acid 

metabolism 

ATP synthase Prevotella C Membrane protein 

ATP synthase Prevotella C Membrane protein 

ATP-dependent Prevotella C Membrane protein 
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metallopeptidase 

Cell division protein Prevotella D Cell division 

Cell division protein Prevotella D Cell division 

Cell shape-determining 

protein 

Prevotella D Cell 

morphogenesis 

Chaperone DnaK Prevotella O Chaperone 

Chaperone DnaK Prevotella O Chaperone 

Chaperone DnaK Prevotella O Chaperone 

Chaperone DnaK Prevotella O Chaperone 

Chaperonin Prevotella O Chaperone 

Chaperonin GroL Clostridium O Chaperone 

Chaperonin GroL Olsenella O Chaperone 

Chaperonin GroL Prevotella O Chaperone 

Chaperonin GroL Prevotella O Chaperone 

Chaperonin GroL Prevotella O Chaperone 

Cysteine synthase  Prevotella E Amino acid 

metabolism 

Dihydroxyacid dehydratase Prevotella E, G Amino acid 

metabolism 

DNA-directed RNA 

polymerase 

Prevotella K Transcription 

Electron transfer 

flavoprotein 

Prevotella C Electron transfer 

Elongation factor Coprothermobacter J Translation 

Elongation factor Deinococcus J Translation 

Elongation factor Acetobacteraceae J Translation 

Elongation factor Synechococcus J Translation 

Enolase Prevotella G Glycolysis 

F0F1 ATP synthase Desulfotomaculum N Cell motility 

Flagellin domain protein Gluconobacter C Membrane protein 

Fructose-1,6-biphosphate 

aldolase 

Prevotella G Glycolysis 

Fructose-1,6-biphosphate Prevotella G Glycolysis 
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aldolase 

Fructose-biphosphate, 

aldolase 

Bacteria G Glycolysis 

Fumarate hydratase Prevotella C TCA cycle 

GapC gene product Clostridium G Glycolysis 

Glucose-1-phosphate 

adenylyl transferase 

Prevotella G Carbohydrate 

degradation 

Glucose-6-phosphate 

isomerase 

Prevotella G Glycolysis 

Glyeraldehyde-3-phosphate 

dehydrogenase 

Sphagnum G Glycolysis 

Glyeraldehyde-3-phosphate 

dehydrogenase 

Prevotella G Glycolysis 

Glyeraldehyde-3-phosphate 

dehydrogenase 

Bacteria G Glycolysis 

Glycine 

hydroxymethyltransferase 

Prevotella E Amino acid 

metabolism 

Glycine 

hydroxymethyltransferase 

Prevotella E Amino acid 

metabolism 

GroEL gene product Prevotella O Chaperone 

GroEL gene product Clostridium O Chaperone 

Hag gene product Clostridium Not 

assigned 

Cell motility 

Heat shock protein Prevotella O Chaperone 

Heat shock protein Acetobacter O Chaperone 

Hypothetical protein! Anaerotruncus Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Bacteroides Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Bacteroides Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridium Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridium! Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridium! Not 
assigned!

Hypothetical 
protein!
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Hypothetical protein! Clostridium! Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridium! Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridium! Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridium! Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridium! Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridiales Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Clostridiales Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Eubacterium Not 
assigned!

Hypothetical 
protein!

Hypothetical protein! Prevotella Not 
assigned!

Hypothetical 
protein!

Inosine-5’-monophosphate 

dehydrogenase 

Prevotella F Purine 

biosynthesis 

Ketol-acid 

reductoisomerase 

Prevotella E, H Amino acid 

metabolism 

Methyl coenzyme M 

reductase 

Methanobacteriales H Methanogenesis 

Molecular chaperone DnaK Acetobacter O Chaperone 

Molecular chaperone DnaK Anaplasma O Chaperone 

NAD(P)-specific glutamate 

dehydrogenase 

Prevotella E Amino acid 

metabolism 

OmpA family protein Prevotella M Membrane protein 

OmpA family protein Prevotella  M Membrane protein 

Outer membrane protein Acetobacter M Membrane protein 

Peptidyl-prolyl cis-trans 

isomerase 

Prevotella O Protein folding 

Peptidyl-prolyl cis-trans 

isomerase 

Prevotella  O Protein folding 

Peptidylprolyl isomerase Prevotella O Protein folding 

Phosphate aetyltransferase Prevotella I Pyruvate 

fermentation 

Phosphoglyerate kinase Prevotella G Glycolysis 



! [Appendices]! !
!

 179!

Phosphoglyerate kinase Prevotella G Glycolysis 

Phosphopyruvate hydratase Methanosarcina G Glycolysis 

Phosphopyruvate hydratase Sphingobacterium G Glycolysis 

Phosphoribosylaminoimida

zole- sucinoccarboxamide 

synthase 

Prevotella F Amino acid 

metabolism 

Phosphoserine 

aminotransferase 

apoenzyme 

Prevotella H, E Amino acid 

metabolism 

Polyribonucleotide 

nucleotidyltransferase 

Prevotella J mRNA 

degradation 

Protein RecA Prevotella L DNA repair 

Purine biosynthesis protein Prevotella F Purine 

biosynthesis 

Pyridoxine biosynthesis 

protein 

Prevotella H Vitamin 

biosynthesis 

Response regulator receiver 

domain protein 

Prevotella T, K Signal 

transduction 

Ribosomal large subunit 

pseudouridine synthase 

Prevotella J Translation 

Ribosomal protein  Prevotella J Translation 

Ribosomal protein  Prevotella J Translation 

Rubrerythrin Pseudoramibacter C Oxidation 

reduction process 

S-adenosylmethionine 

synthetase 

Bacteria H Amino acid 

metabolism 

Serine protease Prevotella O Proteolysis 

Signal recognition particle 

protein 

Prevotella U Protein export 

Signal recognition particle 

protein 

Prevotella U Protein export 

SSU ribosomal protein Prevotella J Translation 

Succinate CoA transferase Veillonella C Pyruvate 
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fermentation 

Transcription termination Prevotella K Transcription 

Transcription termination Prevotella K Transcription 

Transcription termination Prevotella K Transcription 

Translation elongation 

factor 

Prevotella K Translation 

Translation elongation 

factor 

Prevotella K Translation 

Translation elongation 
factor!

Lactobacillus K Translation!

Translation elongation 
factor!

Prevotella K Translation!

Trigger factor Acetobacter O Chaperone 

Trigger factor Prevotella O Chaperone 

Xylose isomerase Prevotella G Carbohydrate 

degradation 

 

 

Appendix 2. SDS-PAGE of ‘smeared’ grass biofilm sample.  The highlighted 

chunk was excised and sent for MS analysis. 
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Appendix 3.  Protein data identified from ‘smeared’ grass biofilm chunk.  The 
COG categories are as follows: [C] Energy production and conversion; [D] Cell 
cycle control, cell division, chromosome partitioning; [E] Amino acid transport 
and metabolism; [F] Nucleotide transport and metabolism; [G] Carbohydrate 
transport and metabolism; [H] Coenzyme transport and metabolism; [I] Lipid 
transport and metabolism; [J] Translation, ribosomal structure and biogenesis; 
[K] Transcription; [L] Replication, recombination and repair; [M] Cell 
wall/membrane/envelope biogenesis; [N] Cell motility; [O] Post-translational 
modification, protein turnover and chaperones; [P] Inorganic ion transport [R] 
General function, prediction only; [T] Signal transduction mechanisms; [U] 
Intracellular, trafficking, secretion, and vesicular transport 

Name! LCA! COG!

Accession 

Number 

3-hydroxybutyryl-CoA 

dehydrogenase ! Clostridium! I! P52041 

30S ribosomal protein! Gluconacetobacter! J! A9H3L2 

30S ribosomal protein ! Granulibacter! J! Q0BUQ4 

30S ribosomal protein ! Granulibacter! J! Q0BUS6 

30S ribosomal protein ! Gluconacetobacter! J! A9H3R8 

4-hydroxy-3-methylbut-2-en-

1-yl diphosphate synthase! Gluconacetobacter! I! A9HJ48 

50S ribosomal protein! Gluconacetobacter! J! A9H3S7 

50S ribosomal protein! Bacteria! J! A7HM49, Q5L3Z4 

50S ribosomal protein! Bacteroides! J! Q8A476 

50S ribosomal protein! Gluconobacter! J! Q5FTZ5 

50S ribosomal protein ! Gluconacetobacter! J! A9H3N4 

50S ribosomal protein ! Gluconacetobacter! J! A9H3T0 

50S ribosomal protein ! Bacteroides! J! Q64NL1 

50S ribosomal protein ! Gluconacetobacter! J! A9H3Q5 

60 kDa chaperonin! Acetobacter! O! Q8GBD2 

60 kDa chaperonin! Bacteroides! O! P81284 

60 kDa chaperonin! Bacteroides! O! Q8A6P8 

60 kDa chaperonin! Bacteroides! O! A6KXA0 

60 kDa chaperonin! Clostridium! O! P30717 

60 kDa chaperonin! Clostridium! O! B8I5W0 

60 kDa chaperonin! Clostridium! O! A0Q2T1 
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60 kDa chaperonin! Clostridium! O! Q891G4 

60 kDa chaperonin! Clostridium! O! P48212 

60 kDa chaperonin! Eubacterium! O! C4Z3R4 

60 kDa chaperonin! Eubacterium! O! C4ZD46 

60 kDa chaperonin! Halothermothrix! O! B8D0Z4 

60 kDa chaperonin! Lactobacillus! O! Q1G937 

60 kDa chaperonin! Lactococcus! O! Q031S8 

Acetyl-CoA acetyltransferase! Clostridium! I! P45359 

Acetyl-CoA 

decarbonylase/synthase 

complex subunit beta ! Methanosarcina! I! Q8TJC4 

ATP synthase subunit beta! Gluconobacter! C! Q5FRC5 

ATP synthase subunit beta! Clostridium! C! Q8XID4 

Chaperone protein ClpB! Clostridium! O! Q8XKG8 

Chaperone protein ClpB! Brucella! O! Q8YJ91 

Chaperone protein ClpB! Geobacter! O! Q74FF1 

Chaperone protein DnaK! Acidobacterium! O! C1F2D2 

Chaperone protein DnaK! Clostridium! O! B9E041 

Chaperone protein DnaK! Prevotella! O! Q93GF1 

Chaperone protein DnaK! Gluconobacter! O! Q5FSL5 

Chaperone protein DnaK! Rhizobium! O! Q2KDW6 

Dihydrolipoyl dehydrogenase! Azotobacter! C! P18925 

Elongation factor! Gluconobacter! J! Q5FUP6 

Elongation factor! Azobacteroides! J! B6YQ04 

Elongation factor! Bacillus! J! Q9Z9L6 

Elongation factor! Clostridium! J! Q97EH5 

Elongation factor! Eubacterium! J! C4Z2R9 

Elongation factor! Gluconacetobacter! J! A9H3R7 

Elongation factor! Granulibacter! J! Q0BUQ2 

Elongation factor! Lactobacillus! J! Q1GAQ0 

Elongation factor! Lactobacillus! J! B2GBC2 

Elongation factor! Lactobacillus! J! Q88VE0 
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Elongation factor! Lactobacillus! J! B2G6R2 

Elongation factor! Thermoanaerobacter! J! Q8R7T8 

Enolase! Methanosarcina! G! Q8PT81 

Enolase! Gluconacetobacter! G! A9HJ75 

Enolase! Lactobacillus! G! Q03SL5 

Enolase! Lactobacillus! G! Q1G9S9 

Fe(3+) ions import ATP-

binding protein ! Fusobacterium! R! Q8RGC8 

Flagellin (Fragment) ! Clostridium! N! P80583 

Glyceraldehyde-3-phosphate 

dehydrogenase! Clostridium! G! O52631 

Glyceraldehyde-3-phosphate 

dehydrogenase! Lactobacillus! G! O32755 

L-lactate dehydrogenase! Lactobacillus! C, I, R! B2GBW0 

Methyl-coenzyme M 

reductase subunit beta! Methanosarcina! H! P07955 

Methyl-coenzyme M 

reductase subunit gamma! Methanosarcina! H! P07964 

Outer membrane protein! Gluconacetobacter! M! P84838 

Phosphate butyryltransferase! Clostridium!

Not 

assigne

d! P58255 

Proteasome subunit alpha! Methanosarcina! O! Q469M6 

Pyruvate kinase! Lactobacillus! G! P34038 

Pyruvate, phosphate dikinase! Rhizobium! G! Q59754 

Trigger factor! Granulibacter! O! Q0BSJ5 

Trigger factor! Lactobacillus! O! Q1GAP9 

!
!
!
!
!
!
!
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Appendix 4.  Golay barcodes used for Illumina MiSeq sequencing, with primer 
name and corresponding sequence, taken from Earth Microbiome Project 16S 
rRNA Amplification Protocol, Old Illumina Primer Sequences list 
(ftp://ftp.metagenomics.anl.gov/data/misc/EMP/SupplementaryFile1_barcoded_p
rimers_515F_806R.txt) 
Primer Sequence 
515F AATGATACGGCGACCACCGAGATCTACAC TATGGTAATT 

GT GTGCCAGCMGCCGCGGTAA 
806rcbc0 CAAGCAGAAGACGGCATACGAGAT TCCCTTGTCTCC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc1 CAAGCAGAAGACGGCATACGAGAT ACGAGACTGATT 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc2 CAAGCAGAAGACGGCATACGAGAT GCTGTACGGATT 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc3 CAAGCAGAAGACGGCATACGAGAT ATCACCAGGTGT 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc4 CAAGCAGAAGACGGCATACGAGAT TGGTCAACGATA 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc5 CAAGCAGAAGACGGCATACGAGAT ATCGCACAGTAA 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc6 CAAGCAGAAGACGGCATACGAGAT GTCGTGTAGCCT 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc7 CAAGCAGAAGACGGCATACGAGAT AGCGGAGGTTAG 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc8 CAAGCAGAAGACGGCATACGAGAT ATCCTTTGGTTC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc9 CAAGCAGAAGACGGCATACGAGAT TACAGCGCATAC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc10 CAAGCAGAAGACGGCATACGAGAT ACCGGTATGTAC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc11 CAAGCAGAAGACGGCATACGAGAT AATTGTGTCGGA 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc12 CAAGCAGAAGACGGCATACGAGAT TGCATACACTGG 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc13 CAAGCAGAAGACGGCATACGAGAT AGTCGAACGAGG 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc14 CAAGCAGAAGACGGCATACGAGAT ACCAGTGACTCA 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc15 CAAGCAGAAGACGGCATACGAGAT GAATACCAAGTC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc16 CAAGCAGAAGACGGCATACGAGAT GTAGATCGTGTA 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc17 CAAGCAGAAGACGGCATACGAGAT TAACGTGTGTGC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc18 CAAGCAGAAGACGGCATACGAGAT CATTATGGCGTG 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc19 CAAGCAGAAGACGGCATACGAGAT CCAATACGCCTG 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc20 CAAGCAGAAGACGGCATACGAGAT GATCTGCGATCC 
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AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc21 CAAGCAGAAGACGGCATACGAGAT CAGCTCATCAGC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc22 CAAGCAGAAGACGGCATACGAGAT CAAACAACAGCT 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
806rcbc23 CAAGCAGAAGACGGCATACGAGAT GCAACACCATCC 

AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 
 
Appendix 5.  Summary statistics of read numbers for each sample from Illumina 
MiSeq 
 

 
 
Sample Name Sample Type 
Sample_1_806rcbc0 R1G A cDNA 
Sample_2_806rcbc1 R1G B cDNA 
Sample_3_806rcbc2 R1L A cDNA 
Sample_4_806rcbc3 R1L B cDNA 
Sample_5_806rcbc4 R2G A cDNA 
Sample_6_806rcbc5 R2G B cDNA 
Sample_7_806rcbc6 R2L A cDNA 
Sample_8_806rcbc7 R2L B cDNA 
Sample_9_806rcbc8 R3G A cDNA 
Sample_10_806rcbc9 R3G B cDNA 
Sample_11_806rcbc10 R3L A cDNA 
Sample_12_806rcbc11 R3L B cDNA 
Sample_13_806rcbc12 R1G A DNA 
Sample_14_806rcbc13 R1G B DNA 
Sample_15_806rcbc14 R1L A DNA 
Sample_16_806rcbc15 R1L B DNA 
Sample_17_806rcbc16 R2G A DNA 
Sample_18_806rcbc17 R2G B DNA 
Sample_19_806rcbc18 R2L A DNA 
Sample_20_806rcbc19 R2L B DNA 
Sample_21_806rcbc20 R3G A DNA 
Sample_22_806rcbc21 R3G B DNA 
Sample_23_806rcbc22 R3L A DNA 
Sample_24_806rcbc23 R3L B DNA 
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Appendix 6. Protein Table (Supplementary CD – Protein List Grass AD) 
 
Appendix 7. Non Binomial difference test, analysis of differences between 16S 
rRNA profiles from DNA and cDNA samples for grass biofilms (A) and 
leachates (B).  In green is the DNA abundance, while in red the cDNA 
abundance.  Analysis was carried out on logfold abundances of OTUs with a cut-
off at 0.0001. 
 
(A) Grass 
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(B) Leachate 
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Appendix 8.  Individual SEQenv results of each sample  
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Appendix 9.  Pathways constructed using pipeline developed by Dr. Umer Ijaz 
for each individual bioreactor sample.  Pathways highlighted in red have proteins 
detected.  
 

Purine metabolism

Secondary bile acid
biosynthesis

metabolism
Phenylalanine

Chloroalkane and
cloroalkene degradation

isoleucine degradation
Valine, leucine and

metabolism
Glycerolipid

Gluconeogenesis
Glycolysis /

tryptophan biosynthesis
Phenylalanine , tyrosine and

metabolism
Pyruvate

Taurine and
hypotaurine
metabolism

Arachidonic acid
metabolism

Butanoate
metabolism

Fatty acid elongation
in mitochondria

biosynthesis
Clavulanic acid

by cytochrom P450
Metabolism of xenobiotics

Selenocompound
metabolism

biosynthesis
Insect hormone

metabolism
Sphingolipid

metabolism
Methane

[B] Phytochemical
compounds

degradation
Naphthalene

polyketide products
Biosynthesis of type II

isoleucine biosynthesis
Valine, leucine and

biosynthesis
Isoflavonoi

Fructose and
mannose metabolism

resistance
beta−Lactam

[B] Proteoglycans

Brassinosteroid
biosynthesis

Fatty acid
metabolism

Glutathione
metabolism

Tyrosine metabolism

Glycosphingolipid
biosynthesis −
lact and neolacto series

metabolism
Caffein

Anthocyanin
biosynthesis

hydrocarbon degradation
Polycyclic aromatic

pyridine alkaloid biosynthesis
Tropane, piperidine and

biosynthesis
Carotenoid

C5−Branched
dibasic acid
metabolism

biosynthesis
Indole alkaloid

metabolism

Porphyrin and
chlorophyll

N−Glycan
biosynthesis

biosynthesis
cephalosporin
Penicillin and

globoseries

Glycosphingolipid
biosynthesis −

Inositol phosphate
metabolism

biosynthesis
Streptomycin

metabolism
beta−Alanine

unit biosynthesis
Polyketide sugar

Nitrogen
metabolism

DDT degradation

degradation
Benzoate

Glycine, serine and
threonine metabolism

degradation
Glycosaminoglycan

biosynthesis
Lysine

biosynthesis
Monoterpenoid

degradation
Toluene

proline metabolism
Arginine and

metabolism
dicarboxylate
Glyoxylate and

biosynthesis
Novobiocin

biosynthesis
Peptidoglycan

metabolism
Riboflavi

biosynthesis
Steroid hormone

Sulfur
metabolism

by folate
One carbon pool

proteins
[B] Lipids biosynthesis

Pentose and glucuronate
interconversions

Biotin
metabolism

other terpenoid−quinone
biosynthesis

Ubiquinone and

biosynthesis
Fatty acid

metabolism
Pentose phosphate

degradation
Xylene

Terpenoid backbone
biosynthesis

degradation
Bisphenol

D−glutamate
metabolism

D−Glutamine and

Steroid biosynthesis

Biosynthesis of type II
polyketide backbone

Aminobenzoate
degradation

metabolism
Vitamin B6

Dioxin degradation

Biosynthesis of
unsaturated fatty acids

biosynthesis
Puromycin

metabolism
D−Alanine

metabolism
Lipoic acid

Cutin, suberine and
wax biosynthesis

Nitrotoluene
degradation

[B] Glycosyltransferases

Butirosin and
neomycin biosynthesis

ganglioseries

Glycosphingolipid
biosynthesis −

Glycosaminoglycan
biosynthesis −
chondroitin sulfate

Pantothenate and CoA
biosynthesis

degradation of
Ketone bodies

Synthesis and

metabolism
Thiamine

Ether lipid
metabolism

Flavonoid
biosynthesis

carboxylate cycle
Reductive

(CO2 fixation

Glycosaminoglycan

heparan sulfate
biosynthesis −

metabolism
Cystein and methionine

glutamate metabolism
Alanine , aspartate and

Other types of
O−glycan biosynthesis

Nicotinate and
nicotinamide
metabolism

metabolism

Amino sugar and
nucleotide sugar

biosynthesis
Zeatin

Ascorbate and
aldarate metabolism

pinene degradation
Limonene and

metabolism
Propanoate

degradation
Caprolactam

N−glycan biosynthesis
Various types of

Phenylpropanoid
biosynthesis

phosphorylation
Oxidative

Histidine metabolism

metabolism
Tryptophan

Citrate cycle
(TCA cycle)

biosynthesis
Sesquiterpenoid

Other glycan
degradation

Mucin type
O−glycan biosynthesis

ansamycins
Biosynthesis of

metabolism
Retinol

metabolism
Glycerophospholipid

biosynthesis
Primary bile acid

Photosynthesis −
antenna proteins

D−ornithine
metabolism

D−Arginine and

biosynthesis
Glucosinolate

biosynthesis

Flavone and
flavono

[B] Cytochrome P450

biosynthesis
Folate

Photosynthesis

Pyrimidine metabolismmetabolism
alpha−Linolenic acid

biosynthesis −
keratan sulfate

Glycosaminoglycan

biosynthesis
Lipopolysaccharide

Galactose
metabolism

[B] Lipids

fixatio
Carbon

biosynthesis
Isoquinoline alkaloid

nonribosomal
peptides

siderophore group
Biosynthesis of

Chlorocyclohexane and
chlorobenzene degradation

Phosphonate and
phosphinate metabolism

Tetracycline
biosynthesis

degradation
Atrazine

degradation
Styrene

biosynthesis
Benzoxazinone

metabolism
Starch and sucrose

− other enzymes
Drug metabolism

(GPI)−anchor biosynthesis
Glycosylphosphatidylinositol

metabolism
Linoleic acid

16−membered macrolides
Biosynthesis of 12−, 14− and

Ethylbenzene
degradation

proteins
[B] Photosynthesis

Cyanoamino acid
metabolism

Biosynthesis of vancomycin
group antibiotics

− cytochrom P450
Drug metabolism

degradation
Fluorobenzoate

Lysine
degradation

biosynthesis
Diterpenoid

biosynthesis
Acridone alkaloid

Metabolism of
Terpenoids and Polyketides

Nucleotide
Metabolism

and Metabolism
Glycan Biosynthesis

Amino Acid
Metabolism

Metabolism of
Other Amino Acid

and Metabolism
Xenobiotics Biodegradation

Other Secondary Metabolites
Biosynthesis of

Metabolism
Energy

Carbohydrate
Metabolism

Cofactors and Vitamins
Metabolism of

Metabolism
Lipid

 
Pathways detected in R1G A. 

 

Purine metabolism

Secondary bile acid
biosynthesis

metabolism
Phenylalanine

Chloroalkane and
cloroalkene degradation

isoleucine degradation
Valine, leucine and

metabolism
Glycerolipid

Gluconeogenesis
Glycolysis /

tryptophan biosynthesis
Phenylalanine , tyrosine and

metabolism
Pyruvate

Taurine and
hypotaurine
metabolism

Arachidonic acid
metabolism

Butanoate
metabolism

Fatty acid elongation
in mitochondria

biosynthesis
Clavulanic acid

by cytochrom P450
Metabolism of xenobiotics

Selenocompound
metabolism

biosynthesis
Insect hormone

metabolism
Sphingolipid

metabolism
Methane

[B] Phytochemical
compounds

degradation
Naphthalene

polyketide products
Biosynthesis of type II

isoleucine biosynthesis
Valine, leucine and

biosynthesis
Isoflavonoi

Fructose and
mannose metabolism

resistance
beta−Lactam

[B] Proteoglycans

Brassinosteroid
biosynthesis

Fatty acid
metabolism

Glutathione
metabolism

Tyrosine metabolism

Glycosphingolipid
biosynthesis −
lact and neolacto series

metabolism
Caffein

Anthocyanin
biosynthesis

hydrocarbon degradation
Polycyclic aromatic

pyridine alkaloid biosynthesis
Tropane, piperidine and

biosynthesis
Carotenoid

C5−Branched
dibasic acid
metabolism

biosynthesis
Indole alkaloid

metabolism

Porphyrin and
chlorophyll

N−Glycan
biosynthesis

biosynthesis
cephalosporin
Penicillin and

globoseries

Glycosphingolipid
biosynthesis −

Inositol phosphate
metabolism

biosynthesis
Streptomycin

metabolism
beta−Alanine

unit biosynthesis
Polyketide sugar

Nitrogen
metabolism

DDT degradation

degradation
Benzoate

Glycine, serine and
threonine metabolism

degradation
Glycosaminoglycan

biosynthesis
Lysine

biosynthesis
Monoterpenoid

degradation
Toluene

proline metabolism
Arginine and

metabolism
dicarboxylate
Glyoxylate and

biosynthesis
Novobiocin

biosynthesis
Peptidoglycan

metabolism
Riboflavi

biosynthesis
Steroid hormone

Sulfur
metabolism

by folate
One carbon pool

proteins
[B] Lipids biosynthesis

Pentose and glucuronate
interconversions

Biotin
metabolism

other terpenoid−quinone
biosynthesis

Ubiquinone and

biosynthesis
Fatty acid

metabolism
Pentose phosphate

degradation
Xylene

Terpenoid backbone
biosynthesis

degradation
Bisphenol

D−glutamate
metabolism

D−Glutamine and

Steroid biosynthesis

Biosynthesis of type II
polyketide backbone

Aminobenzoate
degradation

metabolism
Vitamin B6

Dioxin degradation

Biosynthesis of
unsaturated fatty acids

biosynthesis
Puromycin

metabolism
D−Alanine

metabolism
Lipoic acid

Cutin, suberine and
wax biosynthesis

Nitrotoluene
degradation

[B] Glycosyltransferases

Butirosin and
neomycin biosynthesis

ganglioseries

Glycosphingolipid
biosynthesis −

Glycosaminoglycan
biosynthesis −
chondroitin sulfate

Pantothenate and CoA
biosynthesis

degradation of
Ketone bodies

Synthesis and

metabolism
Thiamine

Ether lipid
metabolism

Flavonoid
biosynthesis

carboxylate cycle
Reductive

(CO2 fixation

Glycosaminoglycan

heparan sulfate
biosynthesis −

metabolism
Cystein and methionine

glutamate metabolism
Alanine , aspartate and

Other types of
O−glycan biosynthesis

Nicotinate and
nicotinamide
metabolism

metabolism

Amino sugar and
nucleotide sugar

biosynthesis
Zeatin

Ascorbate and
aldarate metabolism

pinene degradation
Limonene and

metabolism
Propanoate

degradation
Caprolactam

N−glycan biosynthesis
Various types of

Phenylpropanoid
biosynthesis

phosphorylation
Oxidative

Histidine metabolism

metabolism
Tryptophan

Citrate cycle
(TCA cycle)

biosynthesis
Sesquiterpenoid

Other glycan
degradation

Mucin type
O−glycan biosynthesis

ansamycins
Biosynthesis of

metabolism
Retinol

metabolism
Glycerophospholipid

biosynthesis
Primary bile acid

Photosynthesis −
antenna proteins

D−ornithine
metabolism

D−Arginine and

biosynthesis
Glucosinolate

biosynthesis

Flavone and
flavono

[B] Cytochrome P450

biosynthesis
Folate

Photosynthesis

Pyrimidine metabolismmetabolism
alpha−Linolenic acid

biosynthesis −
keratan sulfate

Glycosaminoglycan

biosynthesis
Lipopolysaccharide

Galactose
metabolism

[B] Lipids

fixatio
Carbon

biosynthesis
Isoquinoline alkaloid

nonribosomal
peptides

siderophore group
Biosynthesis of

Chlorocyclohexane and
chlorobenzene degradation

Phosphonate and
phosphinate metabolism

Tetracycline
biosynthesis

degradation
Atrazine

degradation
Styrene

biosynthesis
Benzoxazinone

metabolism
Starch and sucrose

− other enzymes
Drug metabolism

(GPI)−anchor biosynthesis
Glycosylphosphatidylinositol

metabolism
Linoleic acid

16−membered macrolides
Biosynthesis of 12−, 14− and

Ethylbenzene
degradation

proteins
[B] Photosynthesis

Cyanoamino acid
metabolism

Biosynthesis of vancomycin
group antibiotics

− cytochrom P450
Drug metabolism

degradation
Fluorobenzoate

Lysine
degradation

biosynthesis
Diterpenoid

biosynthesis
Acridone alkaloid

Metabolism of
Terpenoids and Polyketides

Nucleotide
Metabolism

and Metabolism
Glycan Biosynthesis

Amino Acid
Metabolism

Metabolism of
Other Amino Acid

and Metabolism
Xenobiotics Biodegradation

Other Secondary Metabolites
Biosynthesis of

Metabolism
Energy

Carbohydrate
Metabolism

Cofactors and Vitamins
Metabolism of

Metabolism
Lipid

 
Pathways detected in R1G B 
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Purine metabolism

Secondary bile acid
biosynthesis

metabolism
Phenylalanine

Chloroalkane and
cloroalkene degradation
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Metabolism of

Metabolism
Lipid

 
Pathways detected in R3L A 

 

Purine metabolism

Secondary bile acid
biosynthesis

metabolism
Phenylalanine

Chloroalkane and
cloroalkene degradation

isoleucine degradation
Valine, leucine and

metabolism
Glycerolipid

Gluconeogenesis
Glycolysis /

tryptophan biosynthesis
Phenylalanine , tyrosine and

metabolism
Pyruvate

Taurine and
hypotaurine
metabolism

Arachidonic acid
metabolism

Butanoate
metabolism

Fatty acid elongation
in mitochondria

biosynthesis
Clavulanic acid

by cytochrom P450
Metabolism of xenobiotics

Selenocompound
metabolism

biosynthesis
Insect hormone

metabolism
Sphingolipid

metabolism
Methane

[B] Phytochemical
compounds

degradation
Naphthalene

polyketide products
Biosynthesis of type II

isoleucine biosynthesis
Valine, leucine and

biosynthesis
Isoflavonoi

Fructose and
mannose metabolism

resistance
beta−Lactam

[B] Proteoglycans

Brassinosteroid
biosynthesis

Fatty acid
metabolism

Glutathione
metabolism

Tyrosine metabolism

Glycosphingolipid
biosynthesis −
lact and neolacto series

metabolism
Caffein

Anthocyanin
biosynthesis

hydrocarbon degradation
Polycyclic aromatic

pyridine alkaloid biosynthesis
Tropane, piperidine and

biosynthesis
Carotenoid

C5−Branched
dibasic acid
metabolism

biosynthesis
Indole alkaloid

metabolism

Porphyrin and
chlorophyll

N−Glycan
biosynthesis

biosynthesis
cephalosporin
Penicillin and

globoseries

Glycosphingolipid
biosynthesis −

Inositol phosphate
metabolism

biosynthesis
Streptomycin

metabolism
beta−Alanine

unit biosynthesis
Polyketide sugar

Nitrogen
metabolism

DDT degradation

degradation
Benzoate

Glycine, serine and
threonine metabolism

degradation
Glycosaminoglycan

biosynthesis
Lysine

biosynthesis
Monoterpenoid

degradation
Toluene

proline metabolism
Arginine and

metabolism
dicarboxylate
Glyoxylate and

biosynthesis
Novobiocin

biosynthesis
Peptidoglycan

metabolism
Riboflavi

biosynthesis
Steroid hormone

Sulfur
metabolism

by folate
One carbon pool

proteins
[B] Lipids biosynthesis

Pentose and glucuronate
interconversions

Biotin
metabolism

other terpenoid−quinone
biosynthesis

Ubiquinone and

biosynthesis
Fatty acid

metabolism
Pentose phosphate

degradation
Xylene

Terpenoid backbone
biosynthesis

degradation
Bisphenol

D−glutamate
metabolism

D−Glutamine and

Steroid biosynthesis

Biosynthesis of type II
polyketide backbone

Aminobenzoate
degradation

metabolism
Vitamin B6

Dioxin degradation

Biosynthesis of
unsaturated fatty acids

biosynthesis
Puromycin

metabolism
D−Alanine

metabolism
Lipoic acid

Cutin, suberine and
wax biosynthesis

Nitrotoluene
degradation

[B] Glycosyltransferases

Butirosin and
neomycin biosynthesis

ganglioseries

Glycosphingolipid
biosynthesis −

Glycosaminoglycan
biosynthesis −
chondroitin sulfate

Pantothenate and CoA
biosynthesis

degradation of
Ketone bodies

Synthesis and

metabolism
Thiamine

Ether lipid
metabolism

Flavonoid
biosynthesis

carboxylate cycle
Reductive

(CO2 fixation

Glycosaminoglycan

heparan sulfate
biosynthesis −

metabolism
Cystein and methionine

glutamate metabolism
Alanine , aspartate and

Other types of
O−glycan biosynthesis

Nicotinate and
nicotinamide
metabolism

metabolism

Amino sugar and
nucleotide sugar

biosynthesis
Zeatin

Ascorbate and
aldarate metabolism

pinene degradation
Limonene and

metabolism
Propanoate

degradation
Caprolactam

N−glycan biosynthesis
Various types of

Phenylpropanoid
biosynthesis

phosphorylation
Oxidative

Histidine metabolism

metabolism
Tryptophan

Citrate cycle
(TCA cycle)

biosynthesis
Sesquiterpenoid

Other glycan
degradation

Mucin type
O−glycan biosynthesis

ansamycins
Biosynthesis of

metabolism
Retinol

metabolism
Glycerophospholipid

biosynthesis
Primary bile acid

Photosynthesis −
antenna proteins

D−ornithine
metabolism

D−Arginine and

biosynthesis
Glucosinolate

biosynthesis

Flavone and
flavono

[B] Cytochrome P450

biosynthesis
Folate

Photosynthesis

Pyrimidine metabolismmetabolism
alpha−Linolenic acid

biosynthesis −
keratan sulfate

Glycosaminoglycan

biosynthesis
Lipopolysaccharide

Galactose
metabolism

[B] Lipids

fixatio
Carbon

biosynthesis
Isoquinoline alkaloid

nonribosomal
peptides

siderophore group
Biosynthesis of

Chlorocyclohexane and
chlorobenzene degradation

Phosphonate and
phosphinate metabolism

Tetracycline
biosynthesis

degradation
Atrazine

degradation
Styrene

biosynthesis
Benzoxazinone

metabolism
Starch and sucrose

− other enzymes
Drug metabolism

(GPI)−anchor biosynthesis
Glycosylphosphatidylinositol

metabolism
Linoleic acid

16−membered macrolides
Biosynthesis of 12−, 14− and

Ethylbenzene
degradation

proteins
[B] Photosynthesis

Cyanoamino acid
metabolism

Biosynthesis of vancomycin
group antibiotics

− cytochrom P450
Drug metabolism

degradation
Fluorobenzoate

Lysine
degradation

biosynthesis
Diterpenoid

biosynthesis
Acridone alkaloid

Metabolism of
Terpenoids and Polyketides

Nucleotide
Metabolism

and Metabolism
Glycan Biosynthesis

Amino Acid
Metabolism

Metabolism of
Other Amino Acid

and Metabolism
Xenobiotics Biodegradation

Other Secondary Metabolites
Biosynthesis of

Metabolism
Energy

Carbohydrate
Metabolism

Cofactors and Vitamins
Metabolism of

Metabolism
Lipid

 
Pathways detected in R3L B 
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Appendix 10. (A) SEM image from the biofilms attached to the grass prior to 
removal, and highlighted in red are what we believe to be Methanosarcina. (B) 
Image of Methanosarcina from Dr. Huub Op den Camp of Radboud University 
Nijmegan, the Netherlands. A Hitachi S-2600N Scanning Electron Microscope 
was used. 

!
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Appendix 11. 16S rRNA NMDS plots for (A) DNA and (B) cDNA, showing 
clustering of samples per day (data from PhD candidate Corine Nzeteu) 
 

 
 
 
Appendix 12. 16S rRNA assignment data of (A) DNA and (B) cDNA (data from 
PhD candidate Corine Nzeteu) 
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Appendix 13. Community composition analysis based on taxonomic assignment 
of the 16S rRNA data (A) DNA and (B) cDNA. 
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Appendix 14.  Taxonomic orders found in protein data and not in 16S rRNA 
data, and in 16S rRNA data and not in protein data.  Orders denoted with an 
asterisks (*) were not covered by 16S rRNA universal primers 515F and 806R. 
Protein Orders (Not in 16S rRNA 
data) 

16S rRNA Orders (Not in protein 
data) 

*Acholeplasmatales (Bacteria) Acidobacteriales (Bacteria) 
Acidithiobacillales (Bacteria) Anaerolineales (Bacteria) 
Aquificales (Bacteria) Coriobacteriales (Bacteria) 
Archaeoglobales (Archaea) Cytophagales (Bacteria) 
Cardiobacteriaes (Bacteria) Erysipelotrichales (Bacteria) 
Chlorobiales (Bacteria) Methylophilales (Bacteria) 
Corynebacterineae (Bacteria) Opitutales (Bacteria) 
Deinococcales (Bacteria) Selenomonadales (Bacteria) 
Desulfurococcales (Archaea) Sphingobacteriales (Bacteria) 
Elusimicrobiales (Bacteria) Synergistales (Bacteria) 
Entomoplasmatales (Bacteria) Syntrophobacterales (Bacteria) 
Gloeobacterales (Bacteria)  
Halobacteriales (Archaea)  
Hydrogenophilales (Bacteria)  
Methanocellales (Archaea)  
Methanococcales (Archaea)  
Methanopyrales (Archaea)  
*Mycoplasmatales (Bacteria)  
Myxococcales (Bacteria)  
Natranaerobiales (Bacteria)  
Nautiliales (Bacteria)  
Nitrosomonadales (Bacteria)  
Nitrospirales (Bacteria)  
Oscillatoriales (Bacteria)  
Pasteurellales (Bacteria)  
Propionibacteriales (Bacteria)  
Rubrobacteriales (Bacteria)  
Sulfolobales (Archaea)  
Synechococcales (Bacteria)  
Thermoanaerobacteriales (Bacteria)  
Thermococcales (Archaea)  
*Thermoplasmatales (Archaea)  
Thermoproteales (Archaea)  
Thermotogales (Bacteria)  
Thiotrichales (Bacteria)  
 

 

Appendix 15.  Protein Table (Supplementary CD - Protein List Food Waste AD) 
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