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Lay Abstract 

 Anaerobic digesters are used throughout North America to treat residential 

sewage. Despite their prevalence, the composition and function of the microbial 

communities driving sewage degradation in residential digesters has not been 

studied. We used DNA sequencing to compare the microbial communities and 

functional genes in different anaerobic digester designs across Southern Ontario. 

Our findings suggest there are successive microbial groups along the length of 

septic tanks and that different septic tank designs harbor characteristic 

sulfidogenic and methanogenic microbes. Characterization of these microbes 

could inform septic tank bioaugmentation, design and operational optimization 

strategies to improve sewage treatment performance. 

 

  

 

 

 

 

 

 

 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

v 

 

Abstract 

Anaerobic digester design and operation influences the biomass degradation 

efficiency performed by complex and diverse microbial communities. Optimum 

anaerobic digester design and operational parameters in residential on-site 

wastewater treatment sites (OWTS) establishes physiochemical environments 

suitable for the growth and stability of the microbial communities responsible for 

organic waste degradation. A comparative study of the microbial communities and 

their functional profiles between different OWTS designs and operational 

parameters have not been done despite their functional importance in residential 

organic waste removal. Using whole-metagenome shotgun sequencing, microbial 

community compositions and functions were compared between two digester 

designs: conventional box septic tanks and septic tanks equipped with a novel 

closed-conduit tube called the InnerTubeTM. Wastewater was sampled along the 

length of each digester to explore the microbial community stratification during the 

anaerobic digestion treatment process. Additionally, the effect of effluent, aerobic 

recirculating-lines on the digester microbiome was also explored. Physiochemical 

characteristics in the form of oxygen demand, nitrogen and solids content was used 

as endpoints and correlated with microbial community and functional gene 

abundances to explore the microbes driving anaerobic digestion. Conventional 

digesters were characterized by syntrophic proprionate-oxidizing microbes and 

acetoclastic methanogens, while InnerTube™ digesters were characterized by 

syntrophic sulfate-reducing microbes and hydrogenotrophic methanogens. 
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Recirculating digesters were enriched with denitrifying microbial consortia in 

syntrophy with hydrogenotrophic methanogens. Microbial communities were 

organized according to hydrolytic, acidogenic, acetogenic, and methanogenic 

groups along the digester treatment process. Insight into the core microbiome of 

OWTS can inform bioaugmentation and digester design and operation optimization 

strategies to improve the treatment of decentralized residential sewage sources. 
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1 Chapter 1: The Use of DNA Sequencing in the Microbiological Analysis 

of Wastewater Treatment Systems 

1.1 Wastewater Sources and their Environmental Impact 

Anthropogenic activities continue to decrease the quality of ecosystems in 

watersheds across the globe (Beiras, 2018; Verhougstraete et al., 2015; Wang et al., 

2007). Agricultural fertilizer use along with human and animal sewage waste is 

globally the largest anthropogenic source of water pollution (Dumont et al., 2005; 

Harrison et al., 2010). Point source and non-point source pollution from centralized 

municipal (WWTP) and decentralized onsite-wastewater treatment plants (OWTS) 

respectively, release organic and inorganic compounds commonly containing 

nitrogen (N), phosphorus (P) and heavy trace metals (Goyette et al., 2018; Kaushal 

et al., 2011). Nitrogenous and phosphorous inorganic compounds such as ammonia 

(NH3), nitrate (NO3
-), and phosphate (PO4

2-) and carbonaceous compounds in the 

form of pharmaceuticals, hormones, detergents and human food, fecal, and urinary 

waste directly contribute to increased nutrient loading in watershed bodies (Frei et 

al., 2020; Kaushal et al., 2011; Schaider et al., 2017). Nutrient loading in 

waterbodies results in algal blooms where prokaryotic blue-green algae called 

cyanobacteria as well as eukaryotic algae utilize the excess phosphorous and 

nitrogen while simultaneously depleting the oxygen content in water bodies for 

growth (Lunau et al., 2013; Steven et al., 2012; Wang et al., 2007). Consequently, 

the ecological effects of algal blooms includes a decrease in aquatic plant 

populations through the increase of water turbidity leading to a reduction of light 
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penetration, and a decrease in aquatic vertebrate and invertebrate populations 

caused by a reduction of dissolved oxygen and an increase in pH due to increased 

photosynthetic activity of cyanobacteria  (Ferrao-Filho Ada & Kozlowsky-Suzuki, 

2011; Wiegand & Pflugmacher, 2005). Cyanobacteria also release toxins called 

microcystins which accumulates in fish tissue causing growth inhibitions and 

mortality (Drobac et al., 2016; Ferrao-Filho Ada & Kozlowsky-Suzuki, 2011). 

Microcystins also adversely affects humans by impairing liver, kidney, and 

muscular function thus preventing recreational water use and seafood consumption 

(Buratti et al., 2017). Heavy metals as well as pharmaceuticals and other organic 

compounds such as polyaromatic hydrocarbons (PAH) from septic tanks are also 

toxic to aquatic fauna (Patel et al., 2019).  

Due to the localized nature of point-source WWTP pollution, effluent 

water quality from municipal and industrial WWTP’s have already been 

extensively studied and tracked by screening for chemical and biological indicators 

such as carbonaceous biological oxygen demand (CBOD), chemical oxygen 

demand (COD) (Drobac et al., 2016), total suspended solids (TSS), inorganic 

compounds such as ammonia (NH3), nitrate (NO3
-), and phosphate (PO4

2-) and 

bacterial counts (Garcia et al., 2013; Tran et al., 2018). As a result, improvements 

in digester design and operating strategies have been made to increase organic 

waste degradation rates and more stringent effluent quality regulations have been 

implemented throughout the world to reduce nutrient loading in regional 

watersheds (Hendriks & Langeveld, 2017; Holeton et al., 2011; Hvala et al., 2018; 
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van Lier, 2008). However, despite the fact that decentralized OWTS’s serve around 

25% of the U.S population (Conn et al., 2006) and around 20% on average across 

the world (Cookey et al., 2016), non-point source WWTP discharge from OWTS’s 

have not been studied to the same extent as centralized WWTP’s in terms of system 

chemical and microbiological characteristics (Schaider et al., 2017; Wigginton et 

al., 2020). Consequently, the environmental effects of OWTS’s sewage effluent 

streams on surface waters are currently not fully understood and due to their 

ubiquity, microbiological degradation mechanics must be studied to remedy 

nutrient loading from decentralized, non-point source sewage pollution (Diaz-

Elsayed et al., 2017; Schaider et al., 2017).  

1.2 Microbial Ecology of Anaerobic Digestion  

Residential on-site wastewater treatment systems degrade organic waste 

in the form of black water and grey water consisting of fecal, urine, food waste, and 

household detergents which are comprised of complex carbohydrates, proteins, fats 

and other non-biological organic compounds such as aromatics, 

organophosphorous and organonitrogen (Figure 1.1)  (Braguglia et al.; Carballa et 

al., 2015; Schaider et al., 2017). In OWTS’s, the digestion of these complex 

molecules occurs in an anaerobic digestion (AD) stage where complex 

macromolecules are degraded into gases such as methane (CH4), hydrogen sulfide 

(H2S), hydrogen gas (H2), carbon dioxide (CO2) and ammonia by obligate and 

facultative anaerobic microbes (Fontana, Campanaro, et al., 2018). Afterwards in 

an aerobic digestion stage, ammonia produced from anaerobic digestion is 
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converted into nitrate through a process called nitrification driven by a series of 

ammonia and nitrite-oxidizing (NO2
-) aerobic microbes (Alzate Marin et al., 2016; 

Campanaro et al., 2018; Raszka et al., 2011). Residual simple-fatty acids, 

monosaccharides, and amino acids produced in the anaerobic digestions stage are 

also further broken down into simple polyatomic N and P compounds by aerobic 

microbes in the aerobic stage of digestion (Alzate Marin et al., 2016; Cydzik-

Kwiatkowska & Zielinska, 2016; Isazadeh et al., 2016).  

High-throughput DNA and RNA sequencing have enabled the analysis of 

not only taxonomic compositions of the AD microbiome, but also the compositions 

of functional genes coding for enzymes and proteins driving microbial metabolic 

pathways (Campanaro et al., 2018). Culture-independent DNA and RNA 

techniques have revealed that anaerobic digestion occurring within OWTS septic 

tanks employ several groups of microorganisms to breakdown polymeric 

carbohydrate, lipid and protein substrates in influent sewage and sludge through a 

series of syntrophic, microbially-driven reactions. The reactions include hydrolysis, 

fermentation, classified into acidogenesis and acetogenesis, and methanogenesis in 

the absence of oxygen (Figure 1.2) (Campanaro et al., 2016).  

The degradation of organic waste begins with the hydrolysis of complex 

carbohydrates, lipids and proteins by hydrolytic microorganisms through the use 

extracellular hydrolytic enzymes (Fontana, Campanaro, et al., 2018; 

Vanwonterghem, Evans, et al., 2016). Enzymes that breakdown polysaccharides 

into monosaccharides are called Carbohydrate active enzymes (CAZymes) and 
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include glycoside hydrolases, carbohydrate esterases, and polysaccharide lyases 

and other auxiliary enzymes (Bertucci et al., 2019). Additional hydrolytic enzyme 

families include proteases and peptidases which digest complex proteins into 

constituent amino acids, and lipases, which breakdown complex lipids into long-

chain fatty acids (LCFA) and glycerol (Fontana, Campanaro, et al., 2018; Verma 

& Sharma, 2020). The most abundant phyla responsible for hydrolysis include 

facultative anaerobes and anaerobes within Firmicutes, Bacteriodetes, Fibrobacter, 

Spirochaetes, Clostridium and Thermotogae phyla. (De Vrieze et al., 2017; Rui et 

al., 2015).  

In acidogenesis, hydrolytic products are catabolized into short-chain 

volatile fatty acids such as pyruvic, propanoic and butyric acids (VFA), alcohols 

including methanol, ethanol and butanol, carbon dioxide (CO2), and hydrogen gas 

(H2) (Bengtsson et al., 2008; Campanaro et al., 2016; Vanwonterghem, Jensen, et 

al., 2016). Monosaccharides and fatty acids are metabolized primarily by 

Firmicutes, Proteobacteria, and Bacteriodetes through glycolysis producing 

pyruvate, formate, and acetyl-CoA (Cai et al., 2016). The glycolysis products are 

then fermented into short-chain fatty acids, alcohols, ketones (acetone) and 

hydrogen gas (Guo et al., 2015; Yang et al., 2014) by a wide range of enzymes 

including NADH:ferredoxin oxidoreductase (NFOR) and formate-hydrogen lyase 

(FHR) (Cai et al., 2016; Sikora et al., 2017). Amino acid deanimation and 

fermentation into acetic, propionic acids, CO2 and H2 is performed by Synergistetes 
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and Firmicutes (Clostridia) (De Francisci et al., 2015; De Vrieze et al., 2016; Sieber 

et al., 2012).  

Acetogenesis is the conversion of VFA, alcohols and the gases CO2 and H2 

produced from acidogenesis into acetate (Guo et al., 2015; Rui et al., 2015). 

Acetogens are responsible for the fermentation, oxidation, and reduction of VFAs, 

alcohols and CO2 respectively (Guo et al., 2015; Rui et al., 2015). A prominent 

pathway utilized by homoacetogens primarily in the phylum Firmicutes is the 

Wood-Ljungdahl pathway which involves the anaerobic reduction of CO2 with H2 

as the electron donor into acetate (Cai et al., 2016; Campanaro et al., 2016; Rui et 

al., 2015). Syntrophic acetogens are another type of acetogens called syntrophic 

acetogens also included in the phylum Firmicutes which oxidize VFAs and alcohols 

into acetate (Vanwonterghem, Jensen, et al., 2016).   

Methanogenesis is the conversion of acetogenic products into methane gas. 

Methanogenic metabolism is syntrophically tied with acetogenic processes, with 

the end products of acetogenesis supplying substrates for methanogenesis (Cai et 

al., 2016; Chen et al., 2018; Rui et al., 2015). Methanogens are classified into three 

categories based on the substrate utilized in the production of methane. Acetoclastic 

methanogens break down acetate, hydrogenotrophic methanogens reduce CO2 with 

electrons from H2, and methylotrophic methanogens utilize methylated compounds 

such as methanol and methylated amines (De Francisci et al., 2015). The majority 

of methanogen populations in anaerobic digesters is made up of microbes from the 

Euryarchaeota phylum (Campanaro et al., 2016; Nordgard et al., 2017). 
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Acetoclastic and methylotrophic methanogens are comprised of archaea in the 

order Methanosarcinales, with the genera Methanosaeta being strictly acetoclastic 

and Methanosarcina capable of producing methane from CO2, H2 and other 

methylated compounds in addition to acetate (Cai et al., 2016; Nordgard et al., 

2017) .  

1.3 Employing Second-Generation High-Throughput Sequencing for OWTS 

Microbial Analysis 

1.3.1 Current State of OWTS Microbiological Analyses  

The majority of microbiological studies using traditional culture-assays or 

high-throughput DNA and RNA sequencing on sewage treatment have been done 

using lab-scale or centralized municipal and industrial-scale WWTP’s (Ai et al., 

2019; Campanaro et al., 2018; De Vrieze et al., 2018; Fontana, Campanaro, et al., 

2018 2018). In contrast, analyses of OWTS’s have been limited to effluent 

chemical analyses (Kaushal et al., 2011; Schaider et al., 2017), culture-dependent 

methods (Keegan et al., 2014; Pussayanavin et al., 2015) and low-throughput 

DNA analyses using quantitative polymerase-chain reaction (qPCR) assays 

(Keegan et al., 2014; Nie et al., 2011; Robertson et al., 2012; Tomaras et al., 

2009). The widespread use of OWTS’s in treating residential sewage prompts the 

need for more in-depth taxonomic and functional microbiome analyses to 

elucidate core microbes and their roles in sustaining efficient anaerobic digestion 

of household wastes (De Vrieze et al., 2016; Wigginton et al., 2020). 
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1.3.2 Whole-Metagenome Shotgun Sequencing: Advantages over 16S Amplicon 

Sequencing  

 Whole-Metagenome Sequencing (WMS) is a DNA sequencing method 

which analyzes nucleotide sequences by randomly shearing all genomes within a 

sample and subsequently referencing gene and non-redundant protein databases 

for taxonomic and functional gene annotations (Quince et al., 2017). This is in 

contrast to other SGS DNA sequencing methods such as 16S Amplicon and 18S 

amplicon sequencing which relies on the amplification of conserved marker genes 

targeted by primers for taxonomic annotations (Tessler et al., 2017). Since WMS 

does not rely on the primer amplification of gene sequences and instead uses all 

randomly fragmented sequences in a given sample, issues with primer bias 

towards certain groups of microbes are minimized (Klindworth et al., 2013; 

Walters et al., 2016). Therefore, without the effect of primer choice on observed 

microbial community profiles, WMS results in reads which more accurately 

reflect actual community compositions (Jovel et al., 2016).  

Amplicon sequencing can be used to analyze microbial communities 

based on the divergence of a singular region in bacterial genomes based on primer 

specificity (Jovel et al., 2016; Ranjan et al., 2016). Accurate classification of 

microbes down to the species level is dependent on differentiating between 

conserved sequences that are more than 97% similar (Jovel et al., 2016; Ranjan et 

al., 2016). As a result, the majority of highly similar 16S gene sequences that 

belong to different yet closely related species can only be accurately binned and 
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classified into Operational Taxonomic Units (OTUs) at the genera level rather 

than at the species level. (Bokulich et al., 2018; Jovel et al., 2016; Ranjan et al., 

2016). The use of conserved sequences to differentiate between closely related 

species leads to a loss of taxonomic information (Bokulich et al., 2018; Jovel et 

al., 2016; Ranjan et al., 2016). In contrast, since WMS enables the direct 

annotation of marker and functional gene sequences from complete genomes, 

WMS provides greater classification accuracy at the genus and species levels than 

16S amplicon sequencing (Hillmann et al., 2018; Jovel et al., 2016; Ranjan et al., 

2016; Zaheer et al., 2018). Additionally, WMS more accurately detects and 

quantifies a greater number of species at high (~34%) and low abundances (~ 

3.3%) at equivalent read lengths and read depths compared to 16S Amplicon 

sequencing (Ranjan et al., 2016). The taxonomic profiling advantages that WMS 

provides over amplicon sequencing is due to the use of sequence classification 

methods that are not affected by primer bias and the fact that WMS sequences 

broad regions of the genome compared to a singular region in amplicon 

sequencing (Jovel et al., 2016; Ranjan et al., 2016). Achieving accurate 

classifications and abundances of low abundance microbes is pertinent when 

analyzing the AD microbiome, since functionally important organisms, 

particularly methanogens, are often found at low abundances (Campanaro et al., 

2016).  Another advantage that WMS provides over amplicon sequencing is more 

accurate functional gene profiling since WMS sequences the entirety of genomes 

in fragments within a sample (Campanaro et al., 2016; Jovel et al., 2016; 
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Vanwonterghem, Jensen, et al., 2016). This is in contrast to amplicon-based 

functional profiling, where correlations are drawn to phylogenetic trees to obtain 

clusters of shared genes between taxa (Langille et al., 2013). With access to 

curated databases such as SEED (Overbeek et al., 2014) and KEGG (Kanehisa et 

al., 2014) containing functional genes coding for proteins organized into putative 

functional roles, WMS enables the direct annotation of DNA fragments to 

functional genome sequences (Jovel et al., 2016).  

1.3.3 Whole-Metagenome Shotgun Sequencing: Optimal Sample Preparation 

Techniques 

WMS and amplicon sequencing are traditionally performed using two 

sequencing techniques. The first, called pyrosequencing, is a discontinued 

sequencing technology by 454 Life Sciences characterized by long read lengths (~ 

800 bp) and lower read counts, and sequencing-by-synthesis (SBS) which is 

currently the most widely-used sequencing technique, pioneered by Illumina, Inc. 

characterized by short read lengths (<300 bp) and substantially higher read counts 

(Luo et al., 2012; Schirmer et al., 2016; Solonenko et al., 2013).  After DNA 

extraction and isolation, sequencing libraries are prepared by fragmentation, size-

selection, labelling and enrichment of the extracted DNA with commercial library 

preparation kits unique to Illumina MiSeq and HiSeq platforms or Roche 454 

pyrosequencers (Solonenko et al., 2013). The majority of recent metagenomic 

projects employ Illumina sequencing due to the higher read coverage it provides 

to ensure lower gene annotation error rates for genome assembly compared to 
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pyrosequencing platforms (Luo et al., 2012; Utturkar et al., 2017). Since this 

project employed Illumina HiSeq DNA sequencing, only sample preparation 

techniques specific to Illumina sequencing platforms are discussed.  

 The choice of library preparation techniques influences downstream 

bioinformatics analyses and results (Schirmer et al., 2016; Solonenko et al., 

2013). For metagenomic library preparation, Illumina’s TruSeq Nano and PCR-

free sample preparation kits are preferred over the the Nextera XT kits (Schirmer 

et al., 2016; Solonenko et al., 2013). The Nextera XT kit tags fragmented DNA 

strands using transposase enzymes in a process called tagmentation (Schirmer et 

al., 2016). Although this library preparation method allows the input DNA masses 

of as little as 50 ng, tagmentation causes biased read coverage (Jones et al., 2015; 

Schirmer et al., 2016). Transposase enzymes target specific sequence motifs 

resulting in biased read-coverage towards high sequences with higher G+C 

content compared to the TruSeq Nano and PCR-free preparation kits (Schirmer et 

al., 2016). Despite the bias, Nextera XT kits provide slightly lower read error 

rates after read trimming and error correction compared to TruSeq kits (Schirmer 

et al., 2016).  In contrast, TruSeq Nano PCR-free kits require higher amounts of 

DNA input mass (1 to 2 µg ) to achieve higher read-coverages on sequences 

(Solonenko et al., 2013). However, TruSeq PCR-free kits only require around 5 

ng of DNA input mass due to the use of PCR-amplification for cluster-generation 

of fragments(Sanders et al., 2019). Therefore, the choice of sequencing techniques 

and preparation kits depends on the amount of DNA available after extraction and 
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isolation (Solonenko et al., 2013). This subsequently influences downstream 

bioinformatics analyses and results with respect to the number of reads available 

for aligning and assignment and the proportion of sequence coverage-biases 

present (Schirmer et al., 2016; Solonenko et al., 2013).  

1.3.4 Whole-Metagenome Sequence Processing Methods  

WMS sequence reads are outputted in the FASTQ format and are quality 

trimmed for Illumina adapters and filtered for low quality base-calls based on the 

“Phred” nucleobase quality scoring system using tools such as BBDuk (Institute, 

2019) and Trimmomatic (Bolger et al., 2014). For reference-based sequence 

analyses, taxonomic classification of whole-metagenome libraries is accomplished 

by detecting dissimilar clade-specific regions of genomes to differentiate between 

closely-related species given that sufficient sequencing depth is achieved for each 

sequence (Jovel et al., 2016; Truong et al., 2015). Taxonomic classification and 

assignment tools are categorized into alignment-based tools such as BLAST and 

DIAMOND BLAST (Buchfink et al., 2015), marker-based tools such as 

MetaPhlAn (Segata et al., 2012), PhyloSift (Darling et al., 2014) and MEGAN6 

(Huson et al., 2016) and read-based tools such as as Kraken (Wood & Salzberg, 

2014) and CLARK (Ounit et al., 2015). In this project, DIAMOND-BLAST was 

used to align sequences to NCBI’s non-redundant (nr) protein sequence database in 

conjunction with MEGAN6 to detect and estimate bacterial and archaeal relative 

abundances from the aligned sequences. The marker-based tool MEGAN6 assigns 

sequenced reads to a set of clade-specific marker genes from > 7500 bacterial and 
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archaeal species or reference protein sequences based on previously-sequenced 

microbial genomes (McIntyre et al., 2017). Alternatively, read-based tools such as 

Kraken (Wood & Salzberg, 2014) and CLARK (Ounit et al., 2015) assigns reads to 

complete genomes, often employing unique k-mer (sequences of user-defined 

length k) abundances for taxonomic classification. In terms of classification 

accuracy, read-based assignment tools generate slightly greater taxonomic false 

positives as read depths increase than marker-based or alignment-based tools in 

conjunction with marker-based tools (McIntyre et al., 2017). This suggests that 

reads that are initially falsely identified as one particular species are progressively 

miscalled as another species at greater read depths (McIntyre et al., 2017). 

However, for marker-based assignment and alignment tools, any additional 

miscalled reads are identified as the same falsely identified species as read-depth 

increases thus resulting in a lower overall false discovery rate (McIntyre et al., 

2017). Initial taxonomic false-positive rates produced by marker-based assignment 

tools for WMS can be mitigated by classifying aligned reads using the lowest-

common ancestor (LCA) algorithm as provided by MEGAN (Huson et al., 2016; 

McIntyre et al., 2017). Thus, the LCA algorithm classification and binning 

algorithm was used for this project.  

1.3.5 Comparison between Reference-Based and Assembly-Based Classification 

Methods 

Assembly-based classification methods aligns raw reads together into 

contiguous sequences to assemble draft genomes of microbes in metagenomic 
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samples using tools such as MetaSpades and Megahit (D. Li et al., 2015; Nurk et 

al., 2017; Quince et al., 2017). Genomic contigs are then de novo binned into 

complete genomes using unique k-mer frequencies (Alneberg et al., 2014). Contigs 

can then be directly aligned to a nucleotide sequence database and classified using 

either MetaPhlAn or MEGAN6 to quantify taxonomic and functional gene 

abundances (McIntyre et al., 2017). By detecting open reading frames 

corresponding to transcription initiation sites using tools such as Prodigal (Hyatt et 

al., 2010) and PROKKA (Seemann, 2014) genomes are functionally annotated 

based on protein-coding sequences. However, the de novo assembly of genomes, 

especially those assembled from metagenomic sequence data, requires greater read 

depths and read-lengths compared to just employing reference-based tools such as 

MetaPhlAn and Kraken. Higher read depths mitigate the effects of read errors 

between paired-end reads, increases chances of contig overlap and assembly and 

increases metagenome assigned genomes (MAG) completeness (Table 1.1) 

(Hillmann et al., 2018; Olson et al., 2017; Parks et al., 2015; Ranjan et al., 2016). 

Due to the diversity of genome sizes, types of genes and gene copy numbers in 

metagenomic samples, a universal a priori read-depth range that ensures sufficient 

genome and compositional completeness for any metagenome does not currently 

exist (Ni et al., 2013; Ranjan et al., 2016). The program COVER (Tamames et al., 

2012) provides a priori estimates of read depths based on 16S amplicon sequencing 

data required to achieve high coverage for dominant genomes in a metagenomic 

sample. Nonpareil 3 (Rodriguez et al., 2018) has been recently developed to 
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estimate read coverages of metagenomic shotgun sequencing datasets by 

comparing a subset of sequencing reads against the entire metagenome using a 

Turing-Good estimator. 

Assembly-based pipelines enables the discovery of novel genomes since 

reads are combined de novo without the use of reference databases by aligning reads 

based on read overlap and similarity metrics (Nurk et al., 2017). Given enough 

sequencing depth, complete genomes of both known or novel species can be 

obtained and subsequently mapped to functional databases (Campanaro et al., 2016; 

Olson et al., 2017). Metabolic pathways can then be constructed using the 

functional assignments (Quince et al., 2017). Genome bins of species possessing 

functional metabolic processes of interest can then be mapped onto the metabolic 

pathways, forming a comprehensive depiction of microbes directly responsible for 

metabolic processes of interest (Campanaro et al., 2016). In contrast, since 

reference-based pipelines forgo the assembly of genomes, determining which 

microbes possess genes for a functional process can only be inferred from putative 

roles revealed by previous genome sequencing or culture-based studies on a given 

microbe. However, by forgoing assembly, reference-based pipelines do not require 

high read-depths compared to assembly-based pipelines to obtain accurate 

taxonomic and functional gene abundance profiles for a given metagenome (Table 

1.1) (Hillmann et al., 2018). Consequently, the low read-depth requirements of 

reference-based pipelines allow higher numbers of samples to be studied since 

increasing the number of samples sequenced on a given Illumina flow-cell 
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decreases the achievable read depth for each sample (Table 1.1) (Fumagalli, 2013). 

Therefore, reference-based pipelines are typically used in metagenomic surveys 

across environments and longitudinal studies where high numbers of samples (> 

15) are studied in a single sequencing run (Table 1.1).  

1.4 The Use of DNA Sequencing for Bio-augmenting Digester Microbial 

Communities 

Bioaugmentation is the addition of a microbial consortium of defined 

composition to a microbiological system to enhance the performance of that system 

(Kouzuma & Watanabe, 2011). Bioaugmentation for anaerobic digesters has been 

employed to remedy or prevent AD process failure by enhancing the digestion of 

inhibitory compounds that are not readily degradable or by supplementing existing 

microbes in digesters overloaded above maximum organic loading rates (OLR) (Y. 

Li, L. Li, et al., 2018; Y. Li et al., 2017; Venkiteshwaran et al., 2016). Longitudinal 

16S Amplicon sequencing and replicated WMS projects have been used to 

elucidate the core microbiome in digesters during start-up and long-term operation 

to determine the microbes responsible for jumpstarting and sustaining the AD 

processes (Campanaro et al., 2018; De Vrieze et al., 2016; Goux et al., 2016). 

Furthermore, high-throughput DNA sequencing in conjunction with chemical 

monitoring of digesters has pinpointed chemical compounds which accumulate as 

microbial by-products during the AD process and inhibit the growth and 

survivability of downstream syntrophic bacteria (Joyce et al., 2018; L. Li et al., 

2015; N. Li et al., 2017). In particular, the accumulation of volatile fatty acids 
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(VFAs) produced by acetogens have been the cause of AD failures across several 

types of anaerobic digesters (Fontana, Campanaro, et al., 2018 2018; L. Li et al., 

2015; N. Li et al., 2017). Therefore, bioaugmentation studies on anaerobic digesters 

have focused on the effect of adding VFA-degrading bacterial consortia into 

digesters under chemical stress (L. Li et al., 2018; N. Li et al., 2017) and adding 

microbes capable of performing all four steps of AD (Poszytek et al., 2019). 

Bioaugmentation efforts in anaerobic digesters have so far proven successful, 

increasing the abundances of core taxa and pertinent functional pathways (Y. Li, L. 

Li, et al., 2018). Furthermore, bioaugmentation increases biodegradation 

performance by increasing methane production rates in operational digesters (Y. Li 

et al., 2017; Poszytek et al., 2019) and has recovered failing digesters overloaded 

with VFA (Y. Li, G. Yang, et al., 2018; Y. Li et al., 2017).  

1.5 Limitations of DNA Sequencing on Deducing the Functionality of the 

Active Microbiome 

DNA-based sequencing methods such as WMS and amplicon sequencing 

cannot differentiate whether DNA sequences are derived from dead and live cells 

(De Vrieze et al., 2018; Emerson et al., 2017). This prevents the direct analysis of 

the active microbiome in a given system and DNA sequencing analyses can 

therefore only provide taxonomic and functional potentials of a microbiome (De 

Vrieze et al., 2018; Emerson et al., 2017). Furthermore, functionally important 

microbes are not always restricted to high abundance taxa (Rivett & Bell, 2018), so 

a more direct method of revealing the microbial activity is desirable. Meta-
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transcriptomic sequencing also referred to as RNA-seq, sequences all RNA strands 

in a sample and thus profiles genes that are actively expressed, providing insight 

into the functionality of active microbes (Bashiardes et al., 2016; Singer et al., 

2017). A few meta-transcriptomic studies have been performed on anaerobic 

digesters, but these limited studies demonstrate the high sensitivity of RNA-seq in 

revealing the in-situ activity of low-abundant microbes, particularly methanogens, 

in response to chemical changes within the digester environment (De Vrieze et al., 

2018; Fontana, Campanaro, et al., 2018 2018; Hao et al., 2020; Zhu et al., 2020). 

By combining WMS to reveal microbial taxonomic and functional potentials with 

RNA-Seq to provide active gene expression profiles, these studies offer a more 

holistic picture than DNA-based analyses in detailing the microbes that are not only 

present but also the microbes that are currently alive and active in an anaerobic 

digester. Despite the limitations of high-throughput DNA sequencing technologies 

for directly deducing the functionality of an active microbiome, it has been shown 

that functional interactions within a community have been correlated with changes 

in the abundance of phylotypes (Rivett & Bell, 2018), demonstrating that DNA-

based sequencing remains a viable method in elucidating large-scale microbial 

community dynamics.   

1.6 Thesis Project Overview 

The widespread use of OWTS throughout North America and the 

detrimental environmental and health effects of untreated sewage runoff into 

watersheds prompts the need to determine the core microbiome and its functional 
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attributes responsible for the operation of efficient OWTS anaerobic digesters. In 

partnership with Waterloo Biofilter Systems Inc. (WBS), I sought to determine the 

microbial consortia responsible for AD in replicated conventional and modified 

anaerobic digesters equipped with plug-flow like tube design, called the 

InnerTube™. To do this, I employed whole-metagenome sequencing to 1.) identify 

characteristic microbial consortiums present in different digester designs, 2.) reveal 

if there is a progression of taxonomic and functional profiles across the digestion 

treatment process 3.) determine the response of taxonomic and functional gene 

counts towards the digester chemical environment and 4.) quantify the taxonomic 

abundance variability between replicate anaerobic digesters. Ultimately, this 

project aims to determine pertinent microbial consortiums and their functions that 

sustain efficient AD and digester designs that optimally support the functioning of 

microbial consortiums driving AD. 
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Table 1.1: WMS projects and study designs used in representative water and 

wastewater monitoring projects. 

 

 

Project Design and Community 

Profiling 

No. of 

Samples 

Type and no. of 

Replicates 
Read Length (bp) 

Depth (avg. reads 

per sample) 

Genome binning and assembly of 

replicate anaerobic digesters. 

(Campanaro et al., 2018) 

6 Biological, 6 2 x 150 2.5 x 108 

Longitudinal study of pathogens and 

cyanobacteria in drinking water 

supply. Samples were pooled for de 

novo assembly and reference-based 

tools were used for community 

profiling (Otten et al., 2016) 

15 0 2 x 101 4.3 x 107 

Metagenomic characterization of 

nitrogen-contaminated groundwater 

(Ludington et al., 2017) 

5 0 2 x 100 5 x 107 

Whole-metagenome sequencing of 

shore water and sand-water samples 

(Mohiuddin et al., 2017) 

32 Biological, 16 2 x 100 9.4 x 106 

Reference-based metagenomic survey 

of antibiotic-resistance genes in water 

reservoir environments, sewage, and 

beaches (Fresia et al., 2019) 

20 0 2 x 125 3.9 x 107 

Taxonomic and functional analysis of 

anaerobic digesters processing sludge 

and manure (Luo et al., 2016) 

14 Biological, 6 2 x 100 2.8 x 107 

Temporal study of cellulose-

degrading lab-scale anaerobic 

digesters over 1 year. Assembled 

complete genomes (Vanwonterghem, 

Jensen, et al., 2016) 

6 Biological, 3 2 x 150 1 x 108 
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Figure 1.1: Diagram of an Onsite-Wastewater Treatment System (OWTS) 

with a conventional septic tank anaerobic digester and a downstream aerobic 

biofilter. Blue arrows represent the flow of sewage and yellow arrows represent 

the sedimentation of sludge biomass. 
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Figure 1.2: Overview of the most abundant Phyla driving and chemical by-

products produced during the four stages of anaerobic digestion.  Adapted 

from Chan et al., 2019. 
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2 Chapter 2: The Impact of Septic Tank Design and Flow on the Microbial 

Community  

2.1 Introduction 

The ability of anaerobic digesters to achieve effective degradation of 

organic waste is dependent on balanced community proportions of hydrolytic, 

acidogenic, acetogenic, and methanogenic microbial communities (Campanaro et 

al., 2016; De Vrieze et al., 2016; Vanwonterghem et al., 2014). Biomass 

degradation is driven by the metabolic pathways expressed by anaerobic microbes 

(N. Li et al., 2017; Vanwonterghem et al., 2014; Yin et al., 2018). Any degradation 

or improvement in anaerobic digestion efficiency due to digester design can be 

quantitatively determined by the physiochemical environment within each digester 

including the amount of chemical oxygen demand reduced and biogas produced (N. 

Li et al., 2017; Nascimento et al., 2018). It follows then that differences in 

physiochemical parameters indicative of degradation performance between 

digester designs influence the abundance of taxonomic and functional (metabolic) 

features of the biogas microbiome (Fontana, Campanaro, et al., 2018; Gao et al., 

2019; Xu et al., 2018). Conversely, microbial communities participating in AD 

metabolize organic waste and produce constituent organic byproducts, further 

impacting the digester chemical environment (Heyer et al., 2019; Maus et al., 2017; 

Mosbaek et al., 2016). 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

24 

 

2.2 The Impact of Digester Design on Microbial Communities 

2.2.1 Digester Operational Parameters and the Impact on Microbial 

Community Stratification 

Anaerobic digester designs have evolved from “low-rate” reactor designs such as 

conventional septic settling digesters (Figure 1.1) classified by the requirement of 

extended hydraulic retention times (HRT) for efficient organic waste removal to 

“high-rate” reactor designs requiring short HRT such as the Upflow Anaerobic 

Sludge Blanket digesters (UASB), Anaerobic Baffled Reactors (ABR) and plug-

flow reactors (PFR) (Figure 2.1) (Abbasi et al., 2012; McAteer et al., 2020). HRT 

refers to the amount of residence time of the liquid portion of influent waste in the 

septic tank holding compartment. In anaerobic digesters, the settling and buildup 

of complex organic molecules establish a nutrient-rich environment in the form of 

semi-solid sludge for anaerobic microbes to grow on (Nascimento et al., 2018; 

Owusu-Agyeman et al., 2019; Sallis & Uyanik, 2003). Sludge deposited in 

anaerobic digesters such as UASB, PFR, ABR, and conventional tank digesters as 

those employed by WBS consists of flocculated particles with the core and 

surfaces of the granule made up of an active community of hydrolytic, 

fermentative, acetogenic, and methanogenic microbes in syntrophic relationships 

surrounded by a matrix of carbohydrates, proteins, and lipids (Figure 2.1,  2.2) 

(Nascimento et al., 2018; Owusu-Agyeman et al., 2019; Sallis & Uyanik, 2003; 

Satoh et al., 2007).  Microbial groups that share chemical byproducts and are in 

direct syntrophic relationships are spatially organized close to each other 
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(Gonzalez-Gil et al., 2001; Satoh et al., 2007).  Sludge particles contain dominant 

populations of hydrogenotrophic and acetoclastic methanogens such as 

Methanosaetaeceae, Methanomicrobiales respectively, in syntrophy and close-

proximity with acetate- and hydrogen-producing acetogens such as 

Anaerolinaeceae and Syntrophus respectively (Kuroda et al., 2016; Nascimento et 

al., 2018; Owusu-Agyeman et al., 2019). The retention of these granules within 

the digestion chamber is crucial for maintaining the activity of slow-growing 

microbes, particularly acetogens and methanogens, to degrade organic loads into 

acetate and methane and thus maintain digester efficiency (McAteer et al., 2020).  

2.2.2 The Influence of Anaerobic Digester Designs on Sewage and Microbial 

Biomass Contact 

The majority of OWTS septic tanks employed by WBS are low-rate 

reactors, where a high HRT and a resulting low-rate of sewage flow is required to 

allow the settling and development of slow-growing acetogenic and methanogenic 

communities through the sedimentation of sewage sludge (Figure 2.2) (Jowett et 

al., 2017; McAteer et al., 2020). The septic tank design relegates the active 

microbial biomass to the bottom and corners of the septic tank while untreated 

sewage influent flows above (Figure 1.1, 2.2). Excessive influent flow rate will 

cause untreated to sewage to “short-circuit” the settled microbial biomass which 

prevents efficient biodegradation due to minimal contact between sewage and 

microbial biomass (Jowett et al., 2017; Wang et al., 2011). Additionally, excessive 

flow-rates can also cause the wash-out of the active microbial biomass into the 
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effluent (Jowett et al., 2017; Masse et al., 2013). Thus, for conventional septic tanks 

in OWTS, a long HRT (low influent flow-rate) is required for maximal contact 

between influent sewage and the active microbial biomass (Jowett et al., 2017; 

McAteer et al., 2020). In contrast, UASB digesters can receive higher influent 

sewage flow rates while still maximizing contact between the sewage and microbial 

sludge. UASB reactors accomplish this by pumping influent sewage against gravity 

up through a tube or tank with a high flow rate such that the active microbial 

biomass aggregated into granules become suspended in the untreated sewage water 

(Figure 2.1) (Si et al., 2015). Gravity prevents microbial granules from escaping 

into the effluent, and the high flow-rate ensures active mixing (Si et al., 2015). PFR 

and ABR digesters have similar HRT to conventional septic tanks, but these 

digesters can more readily retain microbial biomass and achieve maximal sewage-

sludge mixing by forcing sewage through closed-conduits and multiple, baffled 

compartments (L. Dong et al., 2019; Jiang et al., 2018; Wang et al., 2011). Since 

there is no active mixing apparatus or mechanism in PFR and ABR, contact 

between the sewage and microbial biomass is improved due to greater 

compartmentalization of microbial biomass compared to conventional septic tanks 

(Figure 2.1) (L. L. Dong et al., 2019; Jiang et al., 2018; Masse et al., 2013). The 

high number of treatment compartments established by baffles in PFR and ABR 

digesters forces the sewage to contact the active microbes multiple times (Figure 

2.1) (L. L. Dong et al., 2019; Jiang et al., 2018). 
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2.2.3 Improvements to WBS Septic Tank Anaerobic Digester Design 

To increase the degradation efficiency of conventional OWTS septic tanks, 

WBS has outfitted conventional septic tanks with an InnerTube™. Waterloo 

Biofilter System’s InnerTube™ is a corrugated plastic pipe that is 15 feet long with 

a diameter of around 12 inches (Jowett et al., 2017). It is connected to the inlet of 

the septic digester tank and directs the flow of sewage into the septic tank by 

looping around towards the front of the septic tank (Figure 2.2) (Jowett et al., 2017). 

The InnerTube™ -equipped septic tank resembles a PFR digester, where the 

InnerTube™ acts as a closed-conduit compartment which the sewage passes 

through before entering the greater septic tank volume (Figure 2.2) (Jowett et al., 

2017). Internal testing by WBS demonstrated a reduction of COD and TSS in the 

effluent using InnerTube™ - equipped septic tanks compared to conventional 

digester systems of approximately 34% and 20%, respectively (Jowett et al., 2017). 

This agrees with other PFR efficiency measures, where PFR digesters achieved 

higher COD removal rates compared to non-compartmentalized digesters such as 

continuously-stirred tank reactors (CSTR) (Masse et al., 2013). Chemical oxygen 

demand is a measure of the total oxygen consumed by a system used to degrade 

colloidal and soluble organic compounds through oxidation, quantified as the mass 

of O2 per volume of sample (Vanwonterghem et al., 2014; Wang et al., 2011). The 

higher COD removal rates in PFR and PFR-like (InnerTube™) digesters 

demonstrate greater biodegradation efficiencies of organic compounds.   
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2.3 The Function of Recirculating Sewage Lines in Anaerobic Digesters 

Anaerobic digesters have often been coupled with aerobic digesters to 

further reduce residual COD, TSS and total nitrogen (TN) produced from the 

anaerobic digestion stage (Akizuki et al., 2016; Novak et al., 2011). Organic waste 

(COD and TSS) removal is biologically coupled with nitrogen removal. Nitrogen 

removal occurs during anaerobic digestion primarily through the biological 

denitrification pathway, where facultatively anaerobic heterotrophic bacteria 

consuming saccharides as a carbon source utilize NO3
- as an electron-acceptor to 

enzymatically produce ATP (Kuypers et al., 2018). The reduction of NO3
- produces 

NO2
- which is further reduced into NH3 (Kuypers et al., 2018; Wang & Chu, 2016).  

NH3 is then oxidized and nitrified back into NO3
- in the aerobic digester (Akizuki 

et al., 2016). A recirculating line from the aerobic digester takes a proportion of the 

nitrified aerobic digester effluent and directs it back into the septic tank to replenish 

the NO3
- supply in the anaerobic digester (Figure 2.3) (Akizuki et al., 2016). The 

breakdown of organic compounds and thus the enhanced removal COD and TSS 

are ensured by the continuous supply of NO3
- from the recirculating line, thereby 

establishing a nitrification-denitrification cycle (Akizuki et al., 2016; Wang & Chu, 

2016). The coupling of aerobic digesters to anaerobic digesters is useful not only 

for increasing nutrient removal rates, but also to reduce the accumulation rates of 

NH3, which is inhibitory towards methanogens.  Therefore, studying the effects of 

aerobic recirculating lines in OWTS is crucial for determining the effects of 

nitrogen cycling on AD process stability. 
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2.4 Chapter 2 Objectives  

The objectives of this chapter were to investigate the characteristic changes 

in the digester microbial community composition due to differences in digester 

design and flow-rate. The first objective was to compare two anaerobic digester 

designs of a conventional septic tank and a PFR-like InnerTube™ - equipped septic 

tank at the whole-community level and the level of specific, enriched genera. The 

second objective was to study the effect of aerobic recirculation in anaerobic 

digesters on microbial community compositions. The third objective was to 

determine the relationships between the digester chemical environment with 

microbial consortia that were enriched in conventional and InnerTube™ - equipped 

septic tanks and between recirculating and single-pass digesters. Relating microbial 

community abundances to chemical parameters can reveal the potential response of 

the digester microbial community to changes in the tank chemical environment 

imposed by different digester configurations (Wang et al., 2011; Xu et al., 2018). 

Any changes in anaerobic digestion efficiency due to digester design can be 

quantitatively determined by the physiochemical environment within each digester 

including the amount of chemical oxygen demand reduced and biogas produced (N. 

Li et al., 2017; Nascimento et al., 2018). It follows then that changes in 

physicochemical parameters indicative of performance between digester designs 

influence the abundance of taxonomic and functional (metabolic) features of the 

biogas microbiome (Gao et al., 2019; Kougias et al., 2016; Xu et al., 2018). 

Conversely, microbial communities participating in hydrolysis, acidogenesis. 
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acetogenesis, and methanogenesis metabolize organic waste and produce 

constituent organic byproducts, further impacting the digester chemical 

environment (Heyer et al., 2019; Maus et al., 2017; Mosbaek et al., 2016). 

Therefore, it is hypothesized that distinct microbial populations will be enriched 

according to their putative metabolic characteristics in response to the differences 

in digester environments. Between the two flow configurations, aerobic effluent 

recirculation and single-pass, greater abundances of denitrifying microbes would 

arise in recirculating systems as a response to the elevated NO3
- levels provided by 

the recirculating line. Between the two digester designs, the conventional septic 

tank and the InnerTube™-equipped septic tank, the higher COD and TSS removal 

rates observed in InnerTube™ reported in previous internal studies by WBS 

(Jowett, 2007) could be attributed to greater abundances of microbial acetogenic 

and methanogenic syntrophic phylotypes that have been implicated with greater 

solids and organic waste removal rates (Liu et al., 2016; Rivett & Bell, 2018; Shin 

et al., 2016).  
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Figure 2.1: A.) Upflow Anaerobic Sludge Blanket reactor (UASB), B.) 

Anaerobic Plug Flow Reactor and C.) Anaerobic Baffled Reactor. A.) The 

sludge blanket is comprised of microbial sludge granules suspended by the high-

rate of influent sewage flow. Microbial digestion of organic matter produces 

biogas by-products. Light- blue arrows indicate the flow of sewage. B.) Top-down 

view of the reactor and its baffle (left), Cross-sectional view of the reactor (right). 

Light-blue arrows indicate the flow of sewage. Adapted from Dong et al, 2019. 

C.) Black rectangles represent conduit pipes connecting sewage flow into each 

baffle. Adapted from Sallis and Uyanik (2003). 
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Figure 2.2: Conventional and InnerTube-equipped Septic Tanks. A.) 

Conventional anaerobic septic tank digester B.) InnerTube-equipped anaerobic 

septic tank digester. Blue arrows indicate the flow of sewage, yellow arrows 

indicate sludge sedimentation. 
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Figure 2.3: Onsite-Wastewater Treatment System equipped with a 

recirculating-flow line. 
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2.5 Methods 

2.5.1 Digester Site Descriptions  

Replicate digester samples were collected by McMaster researchers and 

WBS employees from InnerTube™ and conventional septic tank installations 

across Southern and Central Ontario (Figure 2.4) from September 2018 to January 

2019. All systems were located on residential properties and serviced single 

households.  Each OWTS was comprised of a septic tank connected to a 

downstream aerobic biofilter unit (Figure 2.5). Four types of systems were sampled:  

1. InnerTube™ recirculating septic digesters (IR) (n = 6),  

2. InnerTube™ single-pass septic digesters (IS) (n = 5),  

3. Conventional recirculating septic digesters (CR) (n = 6),  

4. Conventional single-pass septic digesters (CS) (n = 6). 

 

However, only samples from three digester sites (n=3) for each type that had the 

highest average DNA concentrations were shotgun sequenced (Table S 1 and Table 

S 4). Samples are identified by an alphanumeric code, where numbers prefixing the 

digester acronym represents a digester biological replicate, and numbers suffixing 

the digester acronym represents the sampling point, where “1” Influent, “2” Tank, 

and “3” Effluent. Recirculating digesters are systems that recirculated a portion of 

aerobic biofilter effluent into the septic tank. Single-pass systems do not recirculate 

aerobic biofilter effluent. The flow of effluent from the aerobic biofilter recirculated 

back into the anaerobic digester tank was periodically turned on and off and was 

not continuous. 
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2.5.2 Sewage Sampling Techniques and Sample Pre-Treatment 

 For each digester type and replicate, effluent, tank, and influent samples 

were taken in that order to minimize chemical cross-contamination between 

samples that were treated (effluent) being treated (tank) and untreated (influent). 

The tube sampler and collection vessel were washed with commercial bottled water 

between sampling attempts to minimize microbial cross-contamination. Sewage 

was sampled through the riser openings installed in all digester types (Figure 2.5). 

Conventional septic tank effluent samples were taken from the effluent holding tank 

by submerging the collection vessel into the effluent sewage (Figure 2.6) directly 

beneath the septic tank outlet (Figure 2.5). For Conventional septic systems, 

influent and tank sewage were collected by using the tube sampler (Figure 2.6). The 

tube sampler was vertically submerged into sewage to a depth marked by the green 

tape. Subsequently, the sewage inside the tube was collected by plugging off the 

bottom end of the tube with the foam ball by pulling up and fastening the rope 

around the hook (Figure 2.6).  

 InnerTube™ effluent samples were collected from the spray nozzle feeding 

the aerobic biofilter unit by placing the collection vessel directly beneath the nozzle 

(Figure 2.5). InnerTube™ influent and tank sewage were collected from the inlet 

opening of the InnerTube™ and the approximate outlet of the InnerTube™ within 

the tank, respectively, using the tube sampler (Figure 2.2, 2.5). All samples 

collected using the tube sampler were then emptied into the collection vessel 

(Figure 2.6) by releasing the rope and foam ball. Sewage was repeatedly collected 
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until the 1.5 L collection vessel was filled. The contents of the collection vessel 

were then emptied into duplicate sterilized 500 mL plastic bottles.  One of each of 

the duplicate bottles was shipped to Fleming College’s Centre for Advancement of 

Wastewater Treatment (CAWT) for chemical testing and another transported to 

McMaster University for DNA extraction. A field blank was obtained at the end of 

each sampling day by washing the collection vessel with spring water and 

collecting the washing into a 500 mL sterile plastic bottle. All sewage samples 

stored in the 500 mL plastic bottles were immediately placed on ice and transported 

within ice coolers.    

 To assess the effects of freezing and alternate sample preservation methods 

on representative microbial community profiles, 4IR1, and 4RI2 influent and tank 

samples respectively, (second biological replicate of the InnerTube™ recirculating 

digester, 2RI), was sampled three more times for a total of five 4RI replicates 

collected (Table S 1, 2). To clarify, five 500 mL influent and tank samples from the 

4RI site were collected, one for CAWT chemical analyses, three to serve as 

technical replicates for DNA extraction, and one more to compare against other 

frozen digester types (Table S 1, 2). All five 500 mL samples were transported on 

ice, however, two were frozen in storage at -80ºC before chemical analyses and 

sequencing while the other three were immediately DNA extracted and sequenced, 

forgoing freezing (Table S 2). In addition to five 500 mL samples, three 10 mL 4RI 

influent sewage samples were collected into three 50 mL falcon tubes, each pre-

filled with 10 mL of deionized water as a control, 10 mL of 70% ethanol, and 5 mL 
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of Norgen Biotek’s Blood DNA 3x preservative buffer, resulting in sewage-to-

preservative mixture ratios of 1:1, 1:1 and 2:1 respectively. The 2:1 ratio of sewage 

sample to Blood DNA preservative was obtained from Norgen Biotek’s Blood 

DNA preservation protocol. The 10 mL influent were transported on ice and stored 

at -80ºC before DNA extraction and sequencing (Table S 2). 

2.5.3 Chemical Analyses 

 For each sampling point, two 100 mL bottles both preloaded with 200 µL 

sulfuric acid (H2SO4) for NH3/TKN and COD measurements were filled with 

wastewater. All sewage samples (Table S 1) were sent to CAWT on ice for 

chemical analysis. Chemical measures of total suspended solids (TSS), total 

Kjeldahl nitrogen (TKN), ammonia (NH3), and chemical oxygen demand (COD) 

were performed for all samples except 4RI technical replicates (Table S 2). CAWT 

protocols are described in the CALA Directory of Laboratories listing (member 

number: 3628) and are based on Standard Methods for the Examination of Water 

and Wastewater, 22nd ed. (Rice et al., 2012). Biological Oxygen Demand (BOD) 

was measured for only influent and effluent samples in McMaster University from 

Method 5210b in Standard Methods for the Examination of Water and Wastewater, 

22nd ed. (Rice et al., 2012). BOD dissolved oxygen was measured with the YSI Pro-

BOD probe and onsite pH, temperature, and dissolved oxygen were measured with 

the YSI Professional Plus multimeter (Xylem Inc.). Chemical oxygen demand is 

defined as the oxygen consumed in a system by either biological or inorganic 

reactions, total Kjeldahl nitrogen is the total organic nitrogen content in a system, 
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total suspended solids refers to the amount of undissolved suspended particles, and 

dissolved oxygen and BOD are measures of free doublet oxygen present in a 

system, and the amount of dissolved oxygen consumed by aerobic organisms, 

respectively (Rice et al., 2012). Tank residence volume and Flow rates of each 

digester type were provided by Waterloo Biofilters Inc. and the HRT values were 

calculated by dividing the Tank residence volume (L) by the Flow rate (L/day) 

(Table S 3).  

2.5.4 DNA Extraction 

 Sewage samples were thawed to room temperature from -80ºC and then 

vacuum filtered through sterile 0.22 µm cellulose filters to concentrate microbes 

(Brown et al., 2015; Mohiuddin et al., 2019). Sample volumes were filtered through 

until the filter clogged and no liquid passed through. The filters were then folded 

and fit into sterile capped stock tubes pre-filled with 0.25 µL of 0.1 mm zirconium 

beads (Bag et al., 2016).  

 The microfuge tubes with filters were then extracted for DNA using the 

Norgen Biotek Soil DNA Isolation Plus Kit following the included protocols with 

some changes that are outlined (Norgen Biotek Corp.). All extraction solutions are 

proprietary unless otherwise noted. Cell lysis buffer was first added to the stock 

tubes and the tubes were subsequently mechanically agitated and bead-beaten with 

a Sonibeast Small Sample Cell Disruptor (Bio spec Products, Inc.) for 3 intervals 

of 40s, for a total of 120 s.  After bead-beating, the stock tubes were then 

centrifuged at 20000 x g for 1 minute and supernatants were collected while 
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avoiding the zirconium beads. Cell protein content was precipitated by mixing a 

binding buffer and placing the samples on ice for 5 minutes. Samples were 

centrifuged again at 20000 x g for 1 minute to pellet protein and residual particles. 

Humic acid contamination was removed using a proprietary additive followed by 

centrifugation and supernatant isolation. DNA was then isolated through DNA-

binding spin columns through centrifugation. Columns were washed twice with an 

ethanol solution and eluted from the column by centrifugation and 50 µL of elution 

buffer. The DNA extracted by the buffer was then quantified with the Qubit 2.0 

Fluorometer (Invitrogen™ by Thermofischer Scientific.). Extracted DNA samples 

were stored in -20ºC before sequencing.  

2.5.5 Whole-Metagenome Shotgun Sequencing  

 DNA concentrations were normalized based on two sample groups due to 

the wide range of DNA concentrations (Table S 4). The first group being only 4RI 

pre-treatment technical replicates (bolded samples in Table S 4) was normalized to 

the sample with the lowest concentration, 4IR1-EtOH 2, and the second group 

being all other samples, was normalized to the sample with the lowest 

concentration, 5CR3 (Table S 4). Samples were sent to the Farncombe Sequencing 

Institute at McMaster University for paired-end HiSeq 2500 sequencing, with a 

read length of 150 bp and insert size of 500 bp fragments using the NEBNext® 

Ultra™ II DNA library preparation kit for Illumina (New England Biolabs Inc.). 

Samples were sequenced on two separate HiSeq lanes.   
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2.5.6 Raw Read Sequence Pre-processing, Alignment, and Classification 

 Since the samples were spread across two lanes, two raw FASTQ files were 

generated from each sample. These FASTQ files were concatenated with the UNIX 

cat command and quality filtered using Trimmomatic v0.39 (Bolger et al., 

2014), using TruSeq3 paired-end adapters, at a Phred score cutoff of 33, using a 

sliding window model with 3 leading and trailing base pairs, a width of 4 bases, 

and a minimum quality score of 20. All subsequent downstream analysis steps were 

performed only on forward reads since forward reads have higher read quality than 

reverse reads in Illumina sequencing (Luo et al., 2012). Read quality statistics were 

assessed using the R package ‘fastqcr’ (Kassambara, 2019) based on the quality-

checking tool FastQC. The average mean read counts of all samples after trimming 

was 5.3 M reads (SD ± 1.6 M) (Table S 4).  

Sequences were aligned using DIAMOND-BLASTx algorithm (Buchfink 

et al., 2015) against NCBI’s non-redundant (nr) protein database, with an e-value 

of 1x10-5 and a maximum number of target sequences of 25 per query to report 

alignments for. All other settings were left to their program default values. The 

output files were formatted as DIAMOND alignment archives (.daa) for MEGAN6 

V6.18.4 to use for sequence classification and binning (Huson et al., 2016). 

Sequences were binned into taxonomic groups using the Weighted Lowest 

Common Ancestor Algorithm provided by MEGAN6 with a minimum quality to 

assign sequences of 50 and a maximum E-value cut-off of 0.01. The sequences 

were assigned by referencing the NCBI nr-protein database for taxonomic 
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classification and SEED Functional Gene Subsystem Database (Overbeek et al., 

2014) for functional gene classification. Taxonomic and functional gene counts 

were exported as tab-delimited .csv files to import into the R statistical software for 

statistical analyses (R Development Core Team, 2010). 

2.5.7 Taxonomic Count Data Pre-Processing and Statistical Analyses 

Before statistical analysis, taxonomic levels that were labeled “no ranked” 

from the NCBI taxonomic database were removed via the R package ‘taxonomizr’ 

(Sherrill-Mix, 2019) to remove missing taxonomic ranks and clades and to instead 

obtain standard taxonomic rank profiles under Kingdom, Phylum, Class, Order, 

Family, Genus, and Species. This was done to achieve full compatibility for 

downstream analyses with the ‘phyloseq’ R package (McMurdie & Holmes, 2013). 

Additionally, taxa that were unassigned, or with NA values, across all taxonomic 

ranks with an abundance of < 0.0001% of total reads were removed. Eukaryotic 

and virus reads were removed using taxonomizr. Subsequently, the remaining reads 

that were unassigned were labeled with the format “Unclassified_taxa” where 

“taxa” represented the lowest taxonomic rank of the organism that was assigned.  

 Count data were Hellinger-standardized using the R package 

‘biodiversityR’ (Kindt & Coe, 2005) for all downstream statistical analyses except 

for relative abundance, diversity indices, power curve, rank abundance, rarefaction, 

and differential abundance graphs. Hellinger-standardization, or the square-root of 

species relative abundances across samples, was applied as it is recommended for 

use on species abundance data that characteristically have many species with low 
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counts and many zeroes (Buttigieg & Ramette, 2014; Ramette, 2007). Hellinger-

standardization is suitable for metagenomic count data due to it giving low weights 

to variables with low counts and many zeroes (Buttigieg & Ramette, 2014; 

Legendre & Gallagher, 2001). All graphs were generated by ggplot2 (Wickham, 

2016) except for correlation heatmaps, hierarchical dendrograms, and rarefaction 

curves. Relative abundances graphs were generated by agglomerating to either the 

Phylum level or in the case of Euryarchaeota abundances, at the Family level using 

phyloseq. 

Power curves based on the multivariate dissimilarity-based standard error 

estimates (multSE) were generated to determine the required replicates to minimize 

standard errors for each digester type. Power curves were based on the multSE 

function by (Anderson & Santana-Garcon, 2014). Constrained redundancy analysis 

(RDA) between microbial community compositions and chemical parameters and 

non-metric multidimensional scaling (NMDS) ordination methods for all 

taxonomic and functional samples were generated using phyloseq and ggplot2 

using the Bray-Curtis dissimilarity index. RDA ordination was used to reveal the 

influence of chemical parameters on the differences in variance of the microbiome 

in the four digester types, Conventional Recirculating (CR), Conventional Single-

pass (CS), InnerTube™ Recirculating (IR), and InnerTube™ Single-pass (IS). The 

proportions of variance of Bray-Curtis dissimilarities explained by chemical 

parameters were generated using the varpart() function in the ‘vegan’ package. 

Hierarchical agglomerative clustering based on the Bray-Curtis dissimilarity index 
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was used on taxonomic and functional profiles using the R package ‘dendextend’ 

(Galili, 2015). Differential Abundance pairwise comparison graphs between 

InnerTube™ and Conventional digester types, and recirculating and single-pass 

digester flow configurations were generated using the ‘DESeq2’ package to 

identify differentially abundant taxonomic counts (Ferrocino et al., 2018; Jonsson 

et al., 2016; Love et al., 2014). Raw taxonomic count datasets were used to generate 

DESeq2 pairwise comparisons of significantly enriched taxa in log2-fold changes 

between digester types (Conventional vs. InnerTube™) and flow-configurations 

(Recirculating vs. Single-pass) according to published DESeq2 protocol (Love et 

al., 2014). Additionally, log10-mean normalized abundances were also generated 

for each factor level in a given comparison.  Taxonomic rank counts were 

agglomerated at the genus level using phyloseq before DESeq2 comparisons. For 

digester type and flow configuration comparisons, an abundance cutoff of 0.1% of 

total agglomerated genera counts and an adjusted p-value cutoff of < 0.001 was 

applied to include highly significantly differentially enriched rare genera. The order 

of terms in DESeq2 design formulas is important, where the final term refers to the 

variable containing the factors to be compared, and the terms prior to the final term 

refers to variables to be controlled for as co-variables (Love et al., 2014; Wilkinson 

& Rogers, 1973). The DESeq2 formula design for pairwise comparisons of digester 

type is ~ 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 + 𝐹𝑙𝑜𝑤 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐷𝑖𝑔𝑒𝑠𝑡𝑒𝑟 𝑇𝑦𝑝𝑒 and for 

flow configurations it is ~ 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 + 𝐷𝑖𝑔𝑒𝑠𝑡𝑒𝑟 𝑇𝑦𝑝𝑒 +

 𝐹𝑙𝑜𝑤 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 to treat for sampling points (influent, tank and effluent) and 
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the flow or digester type variance effects depending on which variable was 

compared (Love et al., 2014). The Wald test with a “local” fit type was used to set 

up the hypothesis tests for each gene, with the null hypothesis being that a given 

genera log2-fold change equals to zero (Love et al., 2014). Outlier genera were 

culled using a Cook’s distance cutoff built into the DESeq2 results() function (Love 

et al., 2014). Log10-normalized mean abundances of each comparison group were 

then generated to demonstrate the log2-fold changes in terms of abundances. 

Differentially abundant genera between digester types and flow configurations 

were then correlated using Spearman rank-order correlations to chemical 

parameters using the R function rcorr() in the ‘Hmisc’ package (Frank E Harrell Jr, 

2020) and plotted with the ‘corrplot’ package (Taiyun Wei, 2017). Rarefaction 

curves were generated with the rarecurve() function in the vegan package. 

The Permutational Multivariate Analysis of Variance (PERMANOVA) 

significance test was used to determine if digester types differed in overall 

microbial composition and which chemical parameters had a significant 

contributing effect on the variance of overall microbiome compositions (Anderson, 

2017).  PERMANOVA tests across digester types were done by using the vegan 

function adonis() as it uses Type I Sequential Sums of Squares to obtain the sum of 

squares of digester types as well as the interaction between sampling point and 

digester type (Table 2.1). The adonis2() function was used to test the contribution 

of chemical parameters to the variances of microbial communities as it uses Type 

III Marginal Sums of Squares to obtain the sum of squares for each chemical 
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parameter independent of the sequence of terms (Table 2.1) (Jari Oksanen et al., 

2019). Pairwise PERMANOVA comparisons were performed among the four 

digester types, Conventional Recirculating (CR), Conventional Single-pass (CS), 

InnerTube™ Recirculating (IR), and InnerTube™ Single-pass (IS), using the 

package pairwiseAdonis (Arbizu, 2017). Beta dispersion tests provided by the 

permutest() function in the vegan package was used to determine whether within-

digester-group-variances were homogenous throughout all digester types (Jari 

Oksanen et al., 2019). 

Similarity Percentage analysis (SIMPER, Clarke and Warwick (2001)) was 

used to determine those genera that contributed the most to Bray-Curtis 

dissimilarities between the four digester types. SIMPER analysis was done using 

the simper() function from the vegan package implemented into a custom script 

created by Steinberger (2018) called simper.pretty(). The script allows custom 

SIMPER group comparisons based on sample group labels (CR, IR, CS, IS) and 

implements percent relative abundance and percent contribution cutoffs to reduce 

the number of taxa returned (Steinberger, 2018). Only a SIMPER percent 

contribution cutoff of 0.1% was applied. Subsequently, pairwise Kruskal-Wallis 

rank-sum significance comparisons between the four digester types, adjusted with 

the Benjamini & Hochberg Correction for false discovery rate, was performed on 

the genera selected by SIMPER analysis to determine the genera that were 

significantly different in abundance. Pairwise Kruskal-Wallis rank-sum tests were 

performed using another custom script created by Steinberger (2018) called 
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kruskal.pretty(). Only genera showing differential abundances at an adjusted p-

value < 0.05 were included (Table 2.3).  

 

 

 

 

 

 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

48 

 

 

Figure 2.4: Sampling locations of the four digester types.  
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Figure 2.5: Four digester types examined with sampling points. Three 

replicate digesters were each sampled at Influent, Tank, and Effluent treatment 

points: 

A.) Conventional Recirculating (n=3) 

B.) Conventional Single-pass (n=3) 

C.) InnerTube Recirculating (n=3) 

D.) InnerTube Single-Pass (n=3) 
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Figure 2.6: Septic tank sampling apparatus. A.) Effluent sampler (top) – A 

PVC container with an approximate volume of 0.75 L attached to the bottom of a 

~4 ft. pole with two metallic screws. Collection vessel (bottom) – A PVC 

container with an approximate volume of 1.25 L attached to the bottom of a ~4 ft. 

plastic pole with two metallic screws. B.) Tube sampler – A ~4 ft. hollow plastic 

tube with two open ends. A rope with a hard foam ball on the bottom end (left) 

runs through the entire length of the tube and exits at the white-tipped end at the 

top of the tube (right). A screw protrudes near the top of the tube below the white-

tipped end to serve as a hook for the rope to be secured on. The green tape 

designates an approximate 1 L volume mark of the sampler.    
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2.6 Results 

2.6.1 Chemical Analyses  

 The chemical environment of the four digester types across influent, tank, 

and effluent treatment points to provide an estimate on the biodegradation 

performance achieved in terms of COD, BOD, and TSS removal rates and to gain 

insight into the substrate conditions in pH, temperature, DO, and nitrogen content 

(TKN and NH3) that the microbial communities operated in (Figure 2.17). 

InnerTube™ systems demonstrated higher COD, BOD, and TSS removal rates than 

conventional systems (Figure 2.17). TKN and NH3 remained similar from influent 

to effluent in recirculating systems, while decreasing in conventional single-pass 

systems and increasing in InnerTube™ single-pass systems (Figure 2.17). pH and 

DO increased throughout from influent to effluent in all digester types, while 

temperature decreased except in InnerTube™ recirculating (Figure 2.17). 

2.6.2 2.6.2 Relative Taxonomic Abundance Variability Across Digester Types  

Anaerobic digester efficiency has been reported to be sustained by a core 

consortium of microbes (Calusinska et al., 2018). Therefore, relative phyla 

abundances were calculated for each sample collected across three replicate 

InnerTube™ recirculating and single-pass digesters and conventional recirculating 

and single-pass digesters to provide a broad overview of differences in community 

proportions across influent, tank, and effluent sewage samples in the four digester 

types (Figure 2.7). Additionally, since anaerobic digester function have been 

associated with keystone methanogenic microbes under the Euryarchaeota phylum, 
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relative family abundances of the Euryarchaeota phylum were also calculated to 

identify the compositions of methanogens, which have been reported to exclusively 

drive the finals step of AD, methanogenesis,  across samples (Figure 2.8) 

(Campanaro et al., 2016). For conventional recirculating and single-pass digesters, 

the most abundant phyla were Proteobacteria (37.5%), Firmicutes (20.4%), 

Bacteroidetes (16.4%), Synergistetes (8.6%), Actinobacteria (5.5%), 

Euryarchaeota (4.1%), with Verrucomicrobia at 1.2% (Figure 2.7, 2.9). For 

InnerTube™ recirculating and single-pass digesters, the most abundant phyla were 

Proteobacteria (43.3%), Firmicutes (24.2%), Bacteroidetes (13.4%), 

Actinobacteria (6.5%), Verrucomicrobia (1.8%), and Euryarchaeota (1.0%) (Figure 

2.7, 2.9). Synergistetes was not within the top 6 phyla in InnerTube™ systems, 

although Euryarchaeota was more abundant than in conventional systems (Figure 

2.7, 2.9). The scatterplot of mean Hellinger-standardized abundances with standard 

errors reveals that abundances differ within the same digester type and across 

replicates, with some phyla abundances replicates such as Proteobacteria in 

InnerTube™ single-pass digesters, dispersing far from the mean (Figure 2.9). 

Abundance trends of the top 6 phyla were observed across influent, tank, and 

effluent sampling points (Figure 2.9). Proteobacteria increases from the influent to 

effluent except in IR digesters, Synergistetes increases from influent to effluent in 

all digester types except in CR digesters and Euryarchaeota increases from influent 

to effluent while Actinobacteria conversely decreases from influent to effluent in 

all four digester types (Figure 2.9). For methanogen compositions, the top families 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

53 

 

under the Euryarchaeota phylum in conventional digesters were Methanosaetaceae 

(34.0%), Methanospirillaceae (26.5%), Methanosarcinaeceae (9.8%), 

Methanobacteriaceae (8.3%), an Unclassified Methanomicrobiales (7.5%), and 

Methanoregulaceae (5.2%) (Figure 2.8). For InnerTube™ digesters, 

Methanospirillaceae (36.3%), Methanobacteriaceae (16.7%), Methanosarcinaceae 

(16.5%), Methanosaetaceae (9.7%), Unclassified Methanomicrobiales (6.3%), and 

Methanoregulaceae (2.3%) dominated the Euryarchaeota proportions (Figure 2.8). 

Proportions of Euryarchaeota families also differed among replicates, although 

some trends across influent, tank, and effluent sewage can be seen, where for 

example, Methanospirillaceae and Methanobacteriaceae proportions decreased 

across sampling points in InnerTube™ Conventional and InnerTube™ single-pass 

digesters (Figure 2.8).  

Pairwise Wilcoxon-Rank sum significance tests were also performed to 

determine significantly different (p < 0.05) abundances of dominant phyla between 

digester types (Figure 2.9). There were no significant rank abundance differences 

in any of the digesters among the top 2 phyla, Proteobacteria, and Firmicutes 

(Figure 2.9). However, Bacteroidetes abundances were significantly different 

among recirculating systems (CR vs. IR), InnerTube™ systems (IR vs. IS) and CR 

vs. IS digesters. Synergistetes abundances were only significantly different 

between single-pass systems (CS vs. IS). Actinobacteria was significantly different 

between recirculating systems (CR vs. IR) and InnerTube™ systems (IR vs. IS). 
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Euryarchaeota was significantly different between recirculating systems, single-

pass systems, CR vs. IS, and IR vs. CS systems (Figure 2.9).  

Power curves of digester types based on multivariate Bray-Curtis 

dissimilarity standard error estimates (multSE) were generated to determine the 

minimum number of digester type replicates at which no quantifiable difference in 

standard error could be observed (Figure 2.10). All digester types required at least 

7 replicates, while InnerTube™ recirculating digesters only required 6 replicates. 

Across all replicates, IS systems had the highest standard errors, followed by CS, 

IR, and finally CR systems with the lowest standard errors (Figure 2.10). 

2.6.3 Ordination of Digester Types  

Constrained ordination of digester types based on Bray-Curtis dissimilarity 

measures with chemical parameters was done using Redundancy Analysis (RDA), 

also known as constrained analysis of principal components (CAP) (Figure 2.11). 

RDA was used to determine how much of the variance in microbial community 

compositions between digester types can be explained, or constrained, by changes 

in chemical parameters (Figure 2.11) (Paliy & Shankar, 2016). RDA of microbial 

communities grouped into digester type and sampling point showed greater percent 

variance in the primary CAP (Constrained Analysis of Principal Coordinates) axis 

compared to the secondary axis (Figure 2.11). Variances of InnerTube™ single-

pass communities were influenced by ammonia (NH3) and TKN, while the other 

three digester types were mostly influenced by temperature, pH, COD, and TSS 

(Figure 2.11). Specifically, pH influenced tank and effluent sewage from CS, 
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temperature on IR and CR systems, and COD and TSS on IR, CR, and CS systems 

(Figure 2.11). Sample community variances were significantly correlated with 

temperature (PERMANOVA; pseudo-ƒ = 1.775; p = 0.029), NH3 (PERMANOVA; 

pseudo-ƒ = 2.220; p = 0.007), and pH (PERMANOVA; pseudo-ƒ = 2.365; p = 

0.003) (Table 2.1). Temperature, NH3, and pH explained 6.5%, 13.0%, and 10.8%, 

respectively of the variation between digester type microbial communities. Non-

metric dimensional scaling (NMDS) ordination is an unconstrained ordination 

method and does not take into account the effect of chemical parameters on 

microbial community clustering (Paliy & Shankar, 2016). Similar to RDA 

ordinations, InnerTube™ Single-pass digesters did not cluster with the other three 

digester types (Figure 2.12). NMDS ordination was also performed on technical 

replicates of InnerTube™ recirculating digester #2 to assess the effect that the 

sampling and pre-treatment protocol has on microbial community compositions 

(Figure 2.18, Table S 2). The unpreserved samples that were extracted immediately 

without storage at -80ºC clustered closely together compared to all other pre-

treatment methods (Figure 2.18). Additionally, unpreserved samples were 

separated similarly to the frozen unpreserved samples for both influent and tank 

samples along the primary NMDS axis (Figure 2.18). 

2.6.4 Significance Tests of Ordinations Between Digester Types and Treatment 

Points 

 PERMANOVA was used to assess the significance of microbial community 

composition variances between digester types and influent, tank, and effluent 
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sampling points (Table 2.1). Microbial community compositions significantly 

differed in variance between the four digester types (PERMANOVA; pseudo-ƒ = 

2.496; p = 0.001), although sampling points and the interaction between digester 

types and sampling points were not significantly different between influent, tank 

and effluent community compositions (Table 2.1). Pairwise PERMANOVA tests 

further confirm this, where all pairwise digester type comparisons were 

significantly different whereas pairwise digester type comparisons with respect to 

sampling points were not Variation partitioning also confirmed that digester type 

accounts for most of the microbial community variation between samples at 13.6% 

explained variance whereas sampling points explained only -0.01% variance. 

BETADISPER tests were then performed to determine if the significant between-

digester type variances were caused by within-digester type variance among 

replicates (Table 2.1). BETADISPER tests revealed that within-digester type 

variances were significantly different among replicates, while replicates 

categorized in terms of influent, tank, and effluent sampling points were not (Table 

2.1).  PERMANOVA and BETADISPER tests were also performed on 

InnerTube™ recirculating digester #2 technical replicates to determine group 

dispersions between pre-treatment method and among technical replicates (Table S 

5). Both PERMANOVA and BETADISPER returned significant p-values (p < 

0.05) (Table S 5). 
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2.6.5 Hierarchical Agglomerative Clustering of Digester Types 

 Hierarchical Agglomerative Clustering (HAC) reveals the similarity of 

microbial community compositions across digester samples by joining samples 

with comparable Bray-Curtis dissimilarity indices into common nodes which are 

progressively joined until all samples have been incorporated into a single-

interconnected structure (Paliy & Shankar, 2016). HAC of digester samples 

revealed similar Bray-Curtis indices among sampling points within all digester 

types (Figure 2.13). As for clustering among replicates, most IS and CS digester 

replicates clustered together in their respective nodes except for 1IS and 3SC 

(Figure 2.13). However, CR and IR digester replicates did not consistently 

agglomerate into similar nodes (Figure 2.13). The 3CR replicate clustered under 

the same node as a 2CS digester, the 2CR replicate clustered under the 2IR node, 

and 1CR clustered with the majority of CS samples (Figure 2.13). 

2.6.6 SIMPER Analysis of Top Dissimilarity-Contributing Taxa Between 

Digester Types 

 Similarity Percentage (SIMPER) analysis was used to calculate percent 

contributions to Bray-Curtis dissimilarities between digester types (Clarke, 1993). 

However, SIMPER analysis does not provide measures of significance between the 

abundances of genera. Therefore, the genera that most contribute to Bray-Curtis 

dissimilarities selected by SIMPER analysis were further tested for differential 

abundances by Kruskal-Wallis rank-sum tests (Table 2.3). The average percent 

dissimilarities contributed by differentially abundant genera (p < 0.05) were 
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0.167% between CR and IR, 0.53% between CR and IS, 0.37% between CS and 

CR, 0.63% between CS and IR, 0.93% between CS and IS, and 0.20% between IS 

and IR (Table 2.3). Genera of putative functional importance include methanogens 

such as Methanoregula spp. (0.2% contribution between CR and SI), Methanothrix 

spp. (1.5% contribution between CS and IR), Methanospirillum spp. (0.65% 

contribution between CS and IR) and Methanosphaerula spp. (0.24% between IS 

and IR) (Table 2.3). Other genera of interest with the greatest percent contributions 

throughout all pairwise comparisons include Desulfomicrobium spp. Desulfobulbus 

spp., and Desulfomonile spp. Faecalibacterium spp., Proteocatella spp., and 

unclassified genera under the Bacteriodetes and Synergistetes phyla (Table 2.3).  

2.6.7 Differentially Abundant Genera Between Digester Type and Flow  

 DESeq2 analysis (Differential gene expression) analysis was used to reveal 

significantly enriched genera between pairwise comparisons of the two digester 

types, conventional and InnerTube™ digesters, as well as the two flow 

configurations, recirculating and single-pass flow (p < 0.001) (Figure 2.14). 

Between conventional and InnerTube™ digester types, there were a total of 12 

differentially abundant genera (Figure 2.14, Table S 6). Log2-fold changes range 

from -5.068 in conventional systems to 2.987 in InnerTube™ systems (Table S 6). 

Genera of putative functional importance include a methanogen enriched in 

conventional systems, Methanothrix spp., as well as Desulfovibrio spp. highly 

enriched in InnerTube™ systems and Desulfobulbus spp. and Desulfomicrobium 

spp. enriched in conventional systems (Figure 2.14, Table S 6). Other genera of 
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functional interest include Acidovorax spp., Faecalibacterium spp. and Paracoccus 

spp. all enriched in InnerTube™ systems and Pelolinea spp. highly enriched in 

conventional systems (Figure 2.14).  

 Between recirculating and single-pass flow configurations, there were a 

total of 13 differentially abundant genera, with Log2-Fold changes ranging from -

5.25 in recirculating digesters and 5.44 in single-pass digesters (Figure 2.14). 

Genera of putative functional importance include another methanogen, 

Methanospaherula spp., as well as Acidithiobacillus spp., Dechloromonas spp., 

Sulfurimonas spp., an unknown genus belonging to the Candidate phyla 

Cloacimonetes, Geobacter spp., and Pseudoarcobacter spp. (Figure 2.14).  In 

single-pass digesters, genera of putative functional importance include 

Simplicispira spp., Pleomorphomonas spp., Phenylobacterium spp., and an 

unclassified genus under the order Rhizobiales (Figure 2.14, 2.16). 

2.6.8 Spearman Rank Correlations of Enriched Genera to Chemical Parameters 

Spearman rank-sum correlations were generated between chemical 

parameters and differentially abundant genera to elucidate the influence of 

chemical conditions on genera abundances. In conventional digesters, Pelolinea 

spp., Methanothrix spp., and Desulfobulbus spp. were all significantly correlated 

with one or more of the biomass degradation indicators, TKN, NH3, TSS, and COD 

(Figure 2.15). Desulfobulbus spp. and Methanothrix spp. were both negatively 

correlated with TKN and NH3, with Desulfobulbus spp. also negatively correlated 

with COD while Pelolinea spp. was positively correlated with TSS (Figure 2.15). 
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In InnerTube™ systems, Paracoccus spp. was positively correlated with COD and 

both Acidovorax spp. and Faecalibaterium spp. were negatively correlated with 

TKN and NH3 (Figure 2.15). Of note, Acidovorax spp. was also positively 

correlated with pH and temperature (Figure 2.15). 

Correlations of digester flow configurations to chemical parameters 

demonstrated that the majority of enriched genera in recirculating systems were 

highly significant and negatively correlated to biomass degradation indicators 

TKN, NH3, and COD and positively correlated with pH conditions (Figure 2.16). 

However, only Pseudoarcobacter spp., and Sulfurimonas spp., were negatively 

correlated to TSS (Figure 2.16). Single-pass enriched genera demonstrated an 

opposite response to the biomass degradation indicators, where Phenylobacterium 

spp., and the unclassified Rhizobiales were both positively correlated to TKN, NH3, 

and COD, except for Simplicispira spp. which was positively correlated with TKN 

and NH3 (Figure 2.16).   

2.7 Discussion 

2.7.1 Sources of Microbial Community Composition Variability Between 

Digester Types 

Anaerobic digester community compositions are impacted by several 

factors such as influent sewage load (COD, TSS), digester design and 

configuration, and by interspecies interactions along the anaerobic digestion 

process (Delforno et al., 2017; Shin et al., 2016; Zhu et al., 2020). By using 

PERMANOVA to compare between-digester group-dispersions and 
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BETADISPER analyses to compare within-digester group-dispersions, it was 

determined that differences in microbial community compositions were brought 

about by changes in chemical parameters, and different digester design factors 

(Anderson, 2017; Jari Oksanen et al., 2019). Therefore, a significant 

PERMANOVA p-value in conjunction with a significant BETADISPER p-value 

demonstrated that microbial community dispersions across the four digester types, 

CR, IR, CS, and IS, were significantly different in part due to significantly 

dissimilar abundances across replicates (p < 0.05) (Table 2.1). (Anderson, 2017). 

In addition to dissimilar communities among replicates, the significantly different 

microbial community dispersions between digester groups were also caused by 

temperature, NH3, and pH chemical parameters, implying that the digester 

chemical environment partly influenced the differences in community proportions 

across digester groups (Table 2.1). However, the effect of sampling point, or the 

influent, tank, and effluent treatment stages sampled from each digester, was not 

significant in both whole-group PERMANOVA and pairwise-PERMANOVA 

tests (Table 2.1). This suggests that the significantly different beta-dispersions of 

digester types were caused by inherent community differences brought about by 

digester design, flow, and chemical parameters.  

Relative abundance, RDA, and HAC analyses also corroborated the fact that 

microbial community abundances between digester groups highly differed among 

replicates than among sampling points (Figure 2.7Error! Reference source not 

found., 2.8, 2.11, 2.13). The primary axis in RDA analysis showed greater percent 
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variance than the secondary axis, and digester types, particularly InnerTube™ 

single-pass, were more separated along the primary axis than the secondary axis 

(Figure 2.11). In contrast, replicates and sampling points were more separated along 

the secondary axis (Figure 2.11). This supports the conclusion that microbial 

communities differed between digester types revealed by PERMANOVA analysis. 

NMDS also demonstrated the distinct separation of InnerTube™ single-pass 

digesters from all other digester types (Figure 2.12). Additionally, HAC analysis 

demonstrated higher degrees of dissimilarities between digester types and 

replicates compared to sampling points (Figure 2.13). The high degree of 

dissimilarities among replicate digesters prompts the need for a higher sample size 

as confirmed by multSE analysis, where at least 6 replicates are required for IR and 

7 for CS, IS, and CR digesters to minimize standard errors across replicates (Figure 

2.10). Technical replicates of one InnerTube™ single-pass digester were also 

sampled and analyzed to determine if the sampling protocol affects the microbial 

community variability (Figure 2.18, Table S 5). The pre-treatment method seemed 

to contribute more to microbial community variabilities compared to the sampling 

protocol used, as technical replicates clustered more closely together than across 

pre-treatment methods and the PERMANOVA test across pre-treatment methods 

was significant (Figure 2.18, Table S 5). However, a significant BETADISPER 

among technical replicates suggests that although the samples that were not 

preserved as studied for this project clustered closely together, technical replicates 
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of preserved samples were significantly different in microbial community 

composition (Figure 2.18, Table S 5). 

Microbial communities in wastewater systems are inherently 

heterogeneous. Even within a digester system actively mixing microbial biomass 

and sewage, communities can differ from granule to granule (Kuroda et al., 2016). 

Therefore, technical and biological replicates are required in metagenomic studies 

to account for variability from sampling and bioinformatic analysis protocols and 

microbial community heterogeneity (Knight et al., 2012). Previous replicated 

metagenomic studies of anaerobic digesters revealed that microbial community 

proportions were similar across replicates given that influent substrate type, 

digester design, and operational parameters such as HRT, and organic loading rate 

(OLR), which is the amount of biodegradable compounds measured in COD/L 

passing through a digester per day, were consistent across replicates 

(Vanwonterghem et al., 2014). However,  another study decreasing temperature and 

the solids retention time (SRT), which refers to the residence time of the sludge 

portion of waste held within the septic tank, among replicated digesters, caused 

community shifts from acetoclastic to hydrogenotrophic-dominated 

methanogenesis, as well as an enrichment of Clostridium, Fibrobacter, and 

Ruminococcus genera (Vanwonterghem et al., 2015). The change in temperature 

and SRT accounted for at least 50% of the variability in the principal component 

analysis (PCA) across all samples (Vanwonterghem et al., 2015). Another 

metagenomic survey of 20 full-scale anaerobic digesters with different designs and 
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agricultural, animal waste, and wastewater substrate types revealed a core microbial 

consortium common in all of the digesters that significantly differed in proportions 

in each digester (Calusinska et al., 2018). Therefore, it is reasonable to conclude 

that the significant differences in microbial community proportions were caused by 

different operational and chemical parameters such as HRT, temperature, pH, and 

NH3 rather than differences brought about by community changes across the 

digestion process from influent, tank to effluent sampling points. Microbial 

community shifts from influent, tank to effluent sampling points are discussed in 

the following chapters. 

2.7.2 Community Differences Between Digester Types Were Characterized by 

Syntrophic Acetoclastic and Hydrogenotrophic Methanogens 

 Changes in the proportions of specific microbial members in communities 

have been previously linked to changes in the chemical levels such as pH and COD 

imposed by different digester operational parameters (Jo et al., 2018; Zhu et al., 

2020). An enrichment of a microbial consortium is indicative of niche functional 

specializations by the enriched microbes (Rivett & Bell, 2018). Relative abundance 

graphs and SIMPER/Kruskal-Wallis analysis corroborated the results from 

differential abundance analysis showing the enrichment of the methanogen 

Methanothrix spp. as well as Desulfobulbus spp., Desulfomicrobium spp., Pelolinea 

spp., and Protecatella spp. in conventional systems compared to InnerTube™ 

systems (Figure 2.14; Order, Family and Genus ranks of enriched microbes are 

shown in Table S 6). Comparative studies of microbial communities between 
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replicated PFR digesters and conventional septic tank digesters have yet to be 

performed. However, in terms of chemical degradation performance, PFR-based 

digesters exhibited higher COD and TSS removal and methane production rates 

than other commonly used digester designs such as the CSTR digester (Yue et al., 

2011) and based on in-house testing by WBS, conventional septic tanks (Jowett, 

2007). From these previous findings, it was hypothesized that InnerTube™ digester 

types would contain higher abundances of methanogenic microbes as higher COD 

and total solids removal rates have been associated with higher methane production 

rates from enriched methanogen populations (Liu et al., 2016; Shin et al., 2016). 

Higher COD and total solids removal rates in InnerTube™ digesters compared to 

conventional digesters were also observed in this study (Figure 2.17). However, 

genera abundances showed enrichment of Methanothrix spp. in conventional 

systems (Figure 2.14) even though InnerTube™ systems achieved higher COD and 

TSS removal rates (Figure 2.17). Methanothrix spp., under the archaeal family 

Methanosaetaceae, is an acetoclastic methanogen, utilizing exclusively acetate to 

produce methane (Ziels et al., 2019) and their enrichment has been found to be 

syntrophically linked with the presence of propionate-oxidizing acetogens such as 

Desulfobulbus spp. and Syntrophobacter spp. (Ying Li et al., 2018; Wang et al., 

2019). Differential abundance and SIMPER/Kruskal-Wallis results support this 

previously reported syntrophic relationship between Methanothrix spp. and 

propionate-oxidizing acetogens since Desulfobulbus spp. was enriched alongside 

Methanothrix spp. in conventional systems compared to InnerTube™ systems. 
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Furthermore, Spearman rank-correlations demonstrated a negative relationship 

between COD, TKN, and NH3 levels towards Methanothrix spp. and Desulfobulbus 

spp. abundances, suggesting that both syntrophs were influential in biomass 

degradation in the form of COD removal and were potentially sensitive to high 

nitrogen content in the form of ammonia (Li et al., 2016; C. Zhang et al., 2018). In 

contrast, although differential abundance of InnerTube™ systems did not reveal 

any significantly enriched methanogens, SIMPER analysis showed an enrichment 

of Methanospirillum spp. under the Methanospirillaceae family, which in contrast 

to Methanothrix spp., is a hydrogenotrophic methanogen, utilizing hydrogen and 

formate as sources of electrons for CO2 reduction to methane (Gunsalus et al., 

2016). Other hydrogenotrophic methanogen families, such as Methanobacteriaceae 

and Methanosarcinaceae were also present in higher relative abundances in 

InnerTube™ systems (Figure 2.8). The enrichment of hydrogenotrophs such as 

Methanospirillum spp. suggests elevated levels of acidic compounds in 

InnerTube™ systems, since hydrogenotrophic methanogens are exclusive H2-

scavengers in acidic environments (Fontana, Campanaro, et al., 2018; Han et al., 

2019; Horn et al., 2003). Desulfovibrio spp. was also enriched in InnerTube™ 

systems which is a sulfate-reducing bacteria (SRB) that can utilize sulfate (SO4
2-) 

and using hydrogen gas, formate, lactate, or short-chain alcohols as electron donors 

to produce hydrogen sulfide (H2S) (Chen et al., 2019; Keller et al., 2014). SRB’s 

such as Desulfovibrio spp. have been syntrophically linked with hydrogenotrophic 

methanogens, whereby H2 was reported to be consumed and exchanged between 
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Desulfovibrio spp. and hydrogenotrophic methanogens such as Methanospirillum 

and Methanococcus.  (Chen et al., 2019; Meyer et al., 2013; Ozuolmez et al., 2015). 

Other genera of interest enriched in InnerTube™ systems include Faecalibacterium 

spp., a gut-microbe that consumes acetate to produce the VFA butyrate that has 

been found in digester sludge treating human waste (Ju et al., 2016; Khan et al., 

2012) and Acidovorax spp., an aerobic, denitrifying and nitrate-reducing bacteria 

that can grow anaerobically using NO3
- and NO2

-, which possibly explains its 

negative correlation with total nitrogen content (TKN) and NH3 (Heylen et al., 

2008; Martins et al., 2020). It was hypothesized that InnerTube™ systems would 

contain higher overall methanogen abundances than conventional systems. 

However, relative abundances demonstrated lower average Euryarchaeota 

abundances in InnerTube™ digesters. Yet, InnerTube™ systems were 

characterized by higher hydrogenotrophic methanogens abundances along with 

sulfate-reducing microbes despite containing lower average methanogen 

abundances, while conventional digesters harbored greater syntrophic propionate-

oxidizing acetogen and acetoclastic methanogen populations. Higher COD and TSS 

removal rates in InnerTube™ might not be caused by the abundances of only a 

single phylotype such as methanogens, but by specific unidentified interspecies 

interactions across multiple microbial subgroups. Previous metagenomic studies 

reported, where rare co-occurring phylotypes resulted in greater abundances of 

niche functional features such as degrading substances (Rivett & Bell, 2018). 

Additionally, higher degrees of interactions within acidogenic and methanogenic 
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phylotypes have been reported in anaerobic digesters (Wu et al., 2020). Therefore, 

although unique consortia were found to be differentially enriched between 

conventional and InnerTube™ systems, the direct reason for higher waste 

degradation rates in InnerTube™ requires further investigation. 

 The significant influence of chemical parameters on microbial community 

composition can also be observed since the separation of IS digesters in the RDA 

ordination was influenced by NH3, TKN, COD, and TSS levels (Figure 2.11, Table 

2.2). The separation across IS replicates could be since IS digesters were the only 

digesters that were geographically spread the farthest apart to each other and not 

clustered within a single housing complex (Figure 2.4, Table S 1). This resulted in 

different influent COD, NH3, TSS, TKN levels across IS replicates (Table S 1). 

2.7.3 Recirculating Systems were Characterized by Sulfur-driven Denitrifying 

Populations 

 Implementing downstream aerobic recirculating lines in anaerobic systems 

facilitates the anaerobic digestion process by replenishing NO3
- for consumption by 

nitrate-reducing (denitrifying) microbes, preventing ammonia inhibition through 

accumulation, and providing an acidic buffering capacity by ensuring the constant 

use and flow of H2 by nitrate-reducing microbes (Akizuki et al., 2016; Gulhane et 

al., 2017; Wang & Chu, 2016; Zhang et al., 2020). It was hypothesized then, that 

recirculating digesters in this study would contain higher denitrifying populations 

than single-pass systems. Nitrate was not measured in this project, but organic 

nitrogen levels (TKN) was recorded, which measures the nitrogen content found in 
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proteins, amino acids, and other nitrogenous organic compounds (Rice et al., 2012). 

A removal of TKN thus indicates the degradation of organic nitrogenous 

compounds such as proteins and amino acids (Novak et al., 2011). Recirculating 

systems were enriched with a group of microbes that were highly negatively 

correlated with TKN, NH3, TSS, and COD while enriched genera in single-pass 

systems exhibited an opposite trend (Figure 2.16). The majority of microbes 

enriched in recirculating systems have putative sulfidogenic (sulfur-oxidation and 

reduction) and denitrifying roles previously discovered to be facilitated by aerobic 

effluent recirculation (Qiu et al., 2020). Pseudoarcobacter spp., recently renamed 

from Arcobacter spp. (Perez-Cataluna et al., 2018), and Sulfurimonas spp. are 

anaerobic sulfur-oxidizing bacteria (SOB) by coupling nitrate-reduction processes 

as an electron acceptor (C. Chen et al., 2017; Kobayashi et al., 2012). Geobacter 

spp. is a sulfur-reducer (SRB), metabolizing elemental sulfur to sulfide (Qiu et al., 

2020) and have also been found to be syntrophs with hydrogenotrophic 

methanogens by fermenting acetate to form H2 for methanogens to consume 

(Oyiwona et al., 2017; Yee et al., 2019). Members under the candidate phylum 

Cloacimonetes is prevalent in many anaerobic digesters and has been found to be 

another syntroph producing H2 and CO2 from formate (Solli et al., 2014). 

Methanosphaerula spp., is a hydrogenotrophic methanogen (Buettner et al., 2019) 

and Acidothiobacillus spp. is another SOB which produces CO2 (Wang et al., 

2018). Members of the Bacteriodales order has been previously reported to 

participate in carbohydrate hydrolysis in anaerobic digestion (Xia et al., 2018). The 
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negative relationships these microbes exhibited towards biomass levels in terms of 

TKN, NH3, TSS, and COD suggest that these microbes play a significant role in 

the digestion performance of recirculating digesters. Since removal of organic 

nitrogen removal (TKN) has been reported to be performed by denitrifying 

microbes (Novak et al., 2011), the enrichment of sulfur-driven denitrifying 

microbes in recirculating systems gives credence to the fact that recirculation 

resulted in greater organic nitrogen metabolic activity by these microbes. possibly 

due to the function of the recirculating line supplying nitrate into the digester 

(Novak et al., 2011; Qiu et al., 2020).   

Furthermore, SIMPER analysis revealed significantly enriched 

methanogens in recirculating digesters that were not shown in DESeq2 analysis 

such as Methanoregula spp., and Methanospirllum spp. (Table 2.3). Both are acid-

tolerant hydrogenotrophs that have been found in anaerobic digesters (Jain et al., 

2020; Zhang et al., 2019). The prevalence of sulfidogenic and nitrogenic microbes 

producing H2 for consumption by hydrogenotrophic methanogens demonstrates 

that one of the means of digestion in recirculating systems were possibly sulfur-

driven, denitrification processes coupled with hydrogenotrophic methanogenesis 

(Saia et al., 2016). The prevalence of microbes in syntrophy with hydrogenotrophic 

methanogens prevents the buildup of H2 and thus a thermodynamically unfavorable 

environment for acetogenesis and methanogenesis to occur (Regueiro et al., 2015). 

The only enriched microbe in recirculating digesters that have not been implicated 

in sulfidogenic or nitrogenic reduction/oxidation functions was Dechloromonas 
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spp. which is a perchlorate reducer and has been found to participate in the 

degradation of polyhydroxyalkanoates (PHA) in anaerobic digesters (Mei et al., 

2016). Overall, the significant dissimilarities between microbial communities were 

due to digester design differences and flow configurations. As for single-pass 

enriched microbes, Simplicispira spp. is another nitrate-reducing microbe (Chu & 

Wang, 2017) suggesting that nitrate processing also occurred in single-pass 

systems. However, the roles of other microbes such as Phenylobacterium spp. and 

Pusillimonas spp., enriched in the single-pass have yet to be studied with regards 

to their roles in anaerobic digestion.  

 

 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

72 

 

Table 2.1: A.) Permutational Analysis of Variance (PERMANOVA) and B.) permutation-based test of 

multivariate homogeneity of group dispersions (BETADISPER) of Bray-Curtis dissimilarities for species and 

functional genes of digester types and chemical parameters. 

 
Taxonomic (Species) Functional Genes 

Terms2 dƒ 
Sum of 

Squares 
Pseudo ƒ R2 Adj. p1 dƒ 

Sum of 

Squares 
Pseudo ƒ R2 Adj. p1 

Digester 3 0.810 2.496 0.210 0.001 3 0.082 2.420 0.203 0.001 

Sampling Point 2 0.182 0.839 0.047 0.782 2 0.018 0.810 0.045 0.701 

Digester:Sampling Point3 6 0.264 0.407 0.069 1.000 6 0.033 0.488 0.082 1.000 

Temperature 1 0.150 1.775 0.039 0.029 1 0.042 4.860 0.103 0.001 

pH 1 0.199 2.365 0.052 0.003 1 0.021 2.397 0.051 0.013 

DO 1 0.1134 1.346 0.029 0.164 1 0.019 2.257 0.048 0.031 

TSS 1 0.126 1.489 0.033 0.098 1 0.011 1.257 0.027 0.237 

COD 1 0.109 1.291 0.028 0.189 1 0.008 0.892 0.019 0.520 

NH3 1 0.187 2.220 0.049 0.007 1 0.009 1.087 0.023 0.352 

TKN 1 0.074 0.874 0.019 0.527 1 0.007 0.760 0.016 0.633 
 

 

 

 

 

 

 

 

1: Significant terms are bolded (p <0.05).  
2: Digester and Sampling Point comparisons were performed sequentially (Type I sequential Sum of Squares) while chemical 

parameter comparisons were performed marginally (Type III marginal Sum of Squares). 
3: Colon represents the interaction between Digester and Sampling Point 

   Terms dƒ 
Sum of 

Squares 

Pseudo 

ƒ 
Adj. p1 

Taxonomic 

(Species) 

Digester 3 0.077 16.577 0.001 

Sampling Point 2 0.005 0.523 0.638 

Functional 

Genes 

Digester 3 0.009 10.497 0.001 

Sampling Point 2 0.001 0.539 0.606 

B. 

A. 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

73 

 

Table 2.2: Pairwise Permutational Analysis of Variance (PERMANOVA) comparisons between Digester Types 

1: Significant terms are bolded (p < 0.05)  
2: Term comparisons were performed with Type I sequential Sum of Squares 

  Taxonomic (Species) Functional Genes 

Comparisons Terms2 dƒ 
Sum of 

Squares 

Pseudo 

ƒ 
R2 Adj. p1 dƒ 

Sum of 

Squares 

Pseudo 

ƒ 
R2 Adj. p1 

Conventional Single-pass vs. 

Conventional Recirculating 

Digester 1 0.182 2.074 0.130 0.022 1 0.021 2.188 0.138 0.034 

Sampling Point 2 0.100 0.571 0.071 0.971 2 0.010 0.531 0.067 0.927 

Digester: Sampling Point 2 0.066 0.379 0.047 1.000 2 0.006 0.293 0.037 0.997 

Conventional Single-pass vs. 

InnerTube Single-Pass 

Digester 1 0.333 2.564 0.152 0.008 1 0.032 2.178 0.135 0.029 

Sampling Point 2 0.190 0.734 0.087 0.853 2 0.018 0.613 0.076 0.915 

Digester: Sampling Point 2 0.112 0.432 0.051 0.999 2 0.011 0.379 0.047 0.997 

Conventional Single-Pass vs. 

InnerTube Recirculating 

Digester 1 0.237 2.553 0.151 0.011 1 0.024 0.004 0.141 0.028 

Sampling Point 2 0.143 0.773 0.091 0.784 2 0.014 0.715 0.086 0.777 

Digester: Sampling Point 2 0.075 0.404 0.048 1.000 2 0.008 0.414 0.050 0.989 

Conventional Recirculating 

vs. InnerTube Single-Pass 

Digester 1 0.375 3.026 0.179 0.001 1 0.042 3.192 0.190 0.008 

Sampling Point 2 0.123 0.496 0.059 0.989 2 0.013 0.496 0.059 0.967 

Digester: Sampling Point 2 0.105 0.423 0.050 0.999 2 0.009 0.330 0.039 0.998 

Conventional Recirculating 

vs. InnerTube Recirculating 

Digester 1 0.191 2.200 0.139 0.020 1 0.014 1.588 0.103 0.146 

Sampling Point 2 0.083 0.481 0.061 0.985 2 0.008 0.476 0.062 0.958 

Digester: Sampling Point 2 0.060 0.345 0.044 1.000 2 0.007 0.421 0.055 0.987 

InnerTube Single-Pass vs. 

InnerTube Recirculating 

Digester 1 0.305 2.364 0.143 0.014 1 0.025 1.851 0.116 0.094 

Sampling Point 2 0.169 0.656 0.079 0.930 2 0.017 0.629 0.079 0.847  
Digester: Sampling Point 2 0.110 0.428 0.052 0.999 2 0.011 0.423 0.053 0.992 
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Table 2.3: Pairwise Comparisons of differentially abundant genera between digester types identified by SIMPER 

analysis and Kruskal-Wallis rank-sum significance tests 

Comparison NCBI Taxa ID Differentially Abundant Genera 
% contribution 

to dissimilarity1 

Adj. p-

value2  

% average 

abundance 

(First digester) 

% average 

abundance 

(Second digester) 

Conventional Recirculating vs. 

InnerTube Recirculating 

1168169 Methylomonas 0.204 0.049 0.260 0.028 

899 Desulfomicrobium 0.196 0.048 0.328 0.106 

51642 Nitrosomonas 0.102 0.048 0.147 0.031 

Conventional Recirculating vs. 

InnerTube Single-Pass 

1895922 Unclassified_Bacteroidetes 1.739 0.049 2.847 0.343 

894 Desulfobulbus 1.269 0.036 2.027 0.169 

1400053 Unclassified_Bacteroidales 0.947 0.036 1.566 0.184 

511 Alcaligenes 0.308 0.049 0.003 0.455 

2013734 Unclassified_Candidatus 

Cloacimonetes 

0.267 0.049 0.398 0.009 

899 Desulfomicrobium 0.212 0.036 0.328 0.017 

1168169 Methylomonas 0.170 0.036 0.260 0.011 

2049433 Unclassified_Desulfobacteraceae 0.151 0.048 0.235 0.016 

2094242 Unclassified_Victivallales 0.142 0.036 0.243 0.034 

419257 Yersinia 0.138 0.036 0.003 0.206 

Conventional Single-Pass vs. 

Conventional Recirculating 

1400053 Unclassified_Bacteroidales 1.092 0.049 0.278 1.566 

80881 Simplicispira 0.204 0.049 0.288 0.041 

882104 Methanoregula 0.200 0.043 0.012 0.260 

1168169 Methylomonas 0.190 0.049 0.027 0.260 

2094242 Unclassified_Victivallales 0.180 0.036 0.019 0.243 

Conventional Single-Pass vs. 

InnerTube Recirculating 

181070 Proteocatella 1.580 0.036 2.17 0.079 

2223 Methanothrix 1.534 0.036 2.09 0.041 
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853 Faecalibacterium 1.171 0.043 0.35 1.885 

913107 Pelolinea 0.777 0.036 1.04 0.006 

1262952 Ruminococcus 0.728 0.049 0.22 1.165 

668570 Methanospirillum 0.648 0.048 0.99 0.146 

28117 Alistipes 0.587 0.049 0.17 0.909 

648 Aeromonas 0.316 0.048 0.12 0.528 

40520 Blautia 0.204 0.049 0.21 0.462 

81412 Aminomonas 0.180 0.049 0.25 0.013 

2358 Desulfomonile 0.167 0.036 0.23 0.005 

351091 Oscillibacter 0.149 0.049 0.11 0.301 

328301 Syntrophorhabdus 0.133 0.048 0.18 0.007 

Conventional Single-Pass vs. 

InnerTube Single-Pass 
2013842 Unclassified_Synergistetes 4.373 0.048 7.212 0.756 

181070 Proteocatella 1.343 0.049 2.175 0.286 

899 Desulfomicrobium 0.957 0.036 1.449 0.017 

913107 Pelolinea 0.692 0.048 1.043 0.008 

1793 Mycolicibacterium 0.612 0.049 0.950 0.061 

1978231 Unclassified_Acidobacteria 0.505 0.049 0.787 0.040 

53461 Nakamurella 0.344 0.048 0.521 0.009 

41950 Candidatus Microthrix 0.162 0.049 0.243 0.000 

2358 Desulfomonile 0.147 0.049 0.227 0.008 

264148 Millisia 0.120 0.048 0.180 0.000 

InnerTube Single-Pass vs. 

InnerTube Recirculating 
475088 Methanosphaerula 0.237 0.049 0.022 0.357 

360807 Roseburia 0.225 0.049 0.083 0.400 

419257 Yersinia 0.140 0.036 0.206 0.003 

1: Bray-Curtis Dissimilarity. Only Genera with greater than 0.1% contribution to dissimilarity were included. 
2: Genera are ordered from largest to smallest % contribution. Kruskal-Wallis rank-sum test p-values were adjusted with the Benjamini & 

Hochberg Correction for false discovery rate. Only genera showing significant differential abundances at p < 0.05 were included.  
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Figure 2.7: Relative abundance bar graphs showing the top 20 phyla for 

triplicate InnerTube Single-pass, InnerTube Recirculating, Conventional 

Single-Pass, and Convectional Recirculating across sampling points. 

I=Influent, T=Tank, E=Effluent. Lowest abundant phyla were aggregated into a 

cutoff percentage labeled in black.  

A. 

B. 

InnerTube Recirculating InnerTube Single-Pass 

Conventional Recirculating Conventional Single-Pass 
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Figure 2.8: Relative abundance bar graphs showing the top 20 families under 

Euryarchaeota for triplicate InnerTube Single-pass, InnerTube 

Recirculating, Conventional Single-Pass, and Convectional Recirculating 

across sampling points. I=Influent, T=Tank, E=Effluent. Lowest abundant phyla 

were aggregated into a cutoff percentage labeled in black. 

A. 

B. 

InnerTube Recirculating InnerTube Single-Pass 

Conventional Recirculating Conventional Single-Pass 
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Figure 2.9: Scatterplot of the mean and standard error of the top 6 most 

abundant phyla across digester types and sampling points. Abundances were 

Hellinger-standardized. Pairwise Wilcoxon-Rank Sum Tests were performed to 

test significant rank differences between relative phyla abundances of digesters 

(adj. p < 0.05). Only significant pair-wise differences are shown. 

Sampling Point 
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Figure 2.10: Power curve of multivariate dissimilarity-based standard error 

estimates (multSE) of digester types vs. minimum required sample size. 

Scatterplot indicates the number of replicates (n=6 for InnerTube Recirculating, 

n=7  for all other digesters) at which there is no quantitative decrease in the 

standard error of Bray-Curtis dissimilarities within a given digester type. 
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Figure 2.11: Redundancy Analysis of digester type and sampling point 

against chemical parameters. Chemical parameters that significantly influenced 

the ordination revealed by the PERMANOVA test are denoted with asterisks (adj. 

p < 0.05), where ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05. 
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Figure 2.12: Non-metric dimensional scaling ordination of Bray-Curtis 

dissimilarities between digester types and sampling points.  
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Figure 2.13: Hierarchical agglomerative clustering based on Bray-Curtis 

Dissimilarities of triplicate digester types across sampling points. Numbers 

prefixing digester labels indicate a replicate, and numbers suffixing digester labels 

indicate a sampling point, where 1=Influent, 2=Tank, 3=Effluent.  

 

 

 

 

 

Bray-Curtis Dissimilarity 

Digester Type 
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Figure 2.14: Pairwise comparisons of differentially-abundant genera among 

A.) Conventional and InnerTube and B.) Recirculating and Single-Pass 

Digester types. Differential abundance analysis was performed using DESeq2 

with an abundance cutoff of 0.1% of total agglomerated genera counts and an 

adjusted p-value of p < 0.001.                              

A. 

B. 
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Figure 2.15: Spearman Rank Correlation heatmap of differential enriched 

genera between conventional and InnerTube digesters to chemical 

parameters. The prefix “U_” before a genera name represents an unclassified 

genus. Significant correlations are marked with asterisks (p < 0.05), where ‘***’ 

0.001, ‘**’ 0.01, ‘*’ 0.05.  
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Figure 2.16: Spearman Rank Correlation heatmap of differential enriched 

genera between single-pass and recirculating digesters to chemical 

parameters. The prefix “U_” before a genera name represents an unclassified 

genus. Significant correlations are marked with asterisks (p < 0.05) , where ‘***’ 

0.001, ‘**’ 0.01, ‘*’ 0.05. 
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Figure 2.17: Percent decrease in chemical parameters from influent to 

effluent. A.) Percent decreases of chemical measures of biomass in digester types, 

B.) Percent decreases in temperature and pH in digester types.  

A. 

B. 
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Figure 2.18: NMDS Ordination of InnerTube Recirculating untreated and 

pre-treated technical replicates. “Unpreserved (Frozen)” are InnerTube 

Recirculating influent (2RI1) and tank (2RI2) samples used in project analyses 

(Table S 1 to Table S 3).  
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3 Chapter 3: Exploring the Microbes Associated with the Sewage 

Treatment Process 

3.1 Introduction 

3.1.1 Ecological Succession of Microbes in Plug-Flow Anaerobic Digesters 

 Since AD is a stepwise process, it has been theorized that hydrolytic, 

acidogenic, acetogenic, and methanogenic communities are spatially organized 

longitudinally along the treatment train of anaerobic digesters, responding in 

growth to substrate composition and availability (De Vrieze et al., 2016; L. Dong 

et al., 2019; García-Lozano et al., 2019). This longitudinal stratification is 

especially apparent in PFR and PFR-like digesters such as the ABR due to the 

highly-compartmentalized flow-path of PFR digesters (Gulhane et al., 2017; Li et 

al., 2014). It has been observed that hydrolysis occurs at the front of the digester, 

acidogenesis occurs in the middle, and acetogens and methanogens gradually 

increase throughout the digester, growing to maximal abundance at the distal end 

of the digester (L. Dong et al., 2019; Jiang et al., 2018; Ruiz-Sanchez et al., 2018). 

Only one study has been done on the spatial distribution of microbial communities 

in a conventional anaerobic box-like tank treating animal waste, showing a decrease 

in community alpha-diversity in the middle of the tank and an increase near the end 

(García-Lozano et al., 2019). Other than box-tank or PFR-based digesters, studies 

on the spatial distribution of microbial communities have only been done a CSTR 

digester, which expectedly did not exhibit zoning of microbial communities due to 

continuous mixing (Heyer et al., 2020). There have been no metagenomic studies 
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done comparing the microbial stratification along the treatment process between 

conventional anaerobic septic tank digesters and PFR-like digesters thus far.   

3.2 Chapter 3 Objectives  

 The objectives for this chapter was to investigate the microbial community 

composition across influent, tank, and effluent sewage in the four digester types. 

The first objective was to investigate the community diversity in each of the 

treatment points. The second objective was to determine if influent, tank, and 

effluent treatment points differed in composition at the whole-community level and 

the genus level. The third objective was to relate enriched microbes to chemical 

parameters across the treatment point. It is hypothesized that since AD is performed 

successionally by hydrolytic, acidogenic, acetogenic, and methanogenic microbes, 

these phylotypes would also be spatially organized accordingly across a digester’s 

influent, tank, and effluent sewage treatment points, where an intermediate 

population in the tank linking the hydrolytic and methanogenic processes of AD is 

expected to reside. It has been previously reported that protein breakdown by 

acidogenic and acetogenic organisms occurs near the effluent outlet of a digester, 

distal from the influent sewage inlet (Ruiz-Sanchez et al., 2018). Overall, this 

project sought to elucidate the core consortia of microbes across the anaerobic 

digestion treatment process while taking into account the effect that the digester 

environment has on these microbes. 
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3.3 Methods 

3.3.1 Statistical Analyses 

 Shannon and Chao1 alpha-diversity indices were calculated using phyloseq. 

Rank abundance graphs were generated using the ampvis2 R package (Andersen et 

al., 2018). Procrustes analysis on NMDS ordinations between influent, tank, and 

effluent samples was performed using the ade4 package and the “procuste” function 

(Dray & Dufour, 2007). M2 procrustes statistics and its p-values were calculated 

using the vegan package and the “protest” function (Jari Oksanen et al., 2019). An 

M2 -statistic was considered significant if a p <0.05 was achieved. DESeq2 

analysis, used to reveal significantly enriched genera between Influent, Tank, and 

Effluent sewage, was performed with three levels of contrast comparisons (influent, 

tank, and effluent) for the DESeq2 object and with a design formula of 

~ 𝐷𝑖𝑔𝑒𝑠𝑡𝑒𝑟 𝑇𝑦𝑝𝑒 +  𝐹𝑙𝑜𝑤 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 +  𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 (Love et al., 2014). 

An abundance cutoff at 0.01% of total agglomerated genera counts and an adjusted 

p-value cutoff of p <0.05 was used for all sampling point pairwise comparisons. 

Otherwise, differential abundance analysis was performed with the same 

parameters discussed in Section 2.5.7. Spearman rank-sum correlations between 

enriched genera with chemical parameters were also performed with the same 

settings listed in Section 2.5.7.   
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3.4 Results 

3.4.1 Alpha-Diversity Along the Sewage Treatment Process 

 The alpha-diversity Shannon, Inverse Simpson, and Chao1 indices were 

calculated for each digester sewage sample (Figure 3.1). The Shannon diversity 

index incorporates both species evenness which refers to the degree of homogeneity 

of species proportions, and species richness measures, which is the total number of 

species (Daly et al., 2018). The Chao1 index is categorized as a richness estimator 

based on abundance data, where richness is estimated based on the number of 

species that are observed either once or twice in each sample and is therefore 

weighted towards rare species (Daly et al., 2018). The Inverse Simpson index 

measures the probability that two randomly sampled individuals from an area will 

belong to the same species, taking into account richness and evenness and is 

weighted towards dominant species (Daly et al., 2018). Higher Shannon and 

Inverse Simpson values signify greater species diversity, while greater Chao1 

values signify greater species richness (Kim et al., 2017). Recirculating systems 

were observed to decrease slightly in species richness and diversity from influent 

to effluent sampling points based on all three indices while single-pass systems 

peaked in diversity and richness within the tank and ultimately exhibited greater 

diversity and richness in the effluent compared to the influent (Figure 3.1). 

 Archaea and Bacteria rank abundance curves between influent, tank, and 

effluent sampling points were also generated to visualize archaeal and bacterial 

species evenness and richness trends across sampling points (Figure 3.2). The 
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species with the lowest read abundances are ranked at the beginning of the x-axis 

while the most abundant are ranked towards the tail-end of the graphs (Figure 3.2).  

The degree of species evenness is indicated by the slope of the line, where a steep 

slope indicates low community evenness and a shallow slope indicates high 

community evenness. Species richness is indicated on the x-axis, where the total 

number of ranked species are shown (Figure 3.2). For bacteria, effluent samples 

exhibited a slightly steeper gradient than influent samples until around 5000 

species, indicating that effluent communities were less even and were dominated 

by a smaller number of low abundant species than influent communities (Figure 

3.2). Bacterial tank samples mimicked influent evenness trends also, with the 

exception from 1 to 10 species, where it was similar in evenness to effluent 

communities (Figure 3.2). Archaeal rank abundance curves showed similar trends, 

where effluent samples also showed a steeper gradient until around 200 species, 

indicating that archaeal effluent communities were less even and were dominated 

by a smaller number of low abundant species than influent communities (Figure 

3.2).  However, archaeal tank communities exhibited a more similar slope and thus 

degree of evenness with effluent samples at all numbers of species compared to 

bacterial tank communities (Figure 3.2).  At high species richness, however, 

influent, tank and effluent archaeal and bacterial communities exhibited the same 

degree of evenness as shown by the plateau in all the slopes (Figure 3.2). 
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3.4.2 Procrustes Analysis of Influent, Tank, and Effluent Ordinations 

 Procrustes analysis compares the degree of similarity between two 

ordination matrices by randomly rotating, translating, and dilating two ordination 

matrices to minimize the sum of squared residual values (M2) between each point 

in at least two ordination matrices (Peres-Neto & Jackson, 2001). Smaller M2 

values of a procrustean comparison indicate more similar ordinations (Peres-Neto 

& Jackson, 2001). A p-value of less than 0.05 indicates significant concordance 

between the two ordinations (Peres-Neto & Jackson, 2001). NMDS ordinations 

were compared between influent and tank, tank and effluent, and influent and 

effluent digester communities to determine if microbial community compositions 

changed significantly at each successive treatment point (Figure 3.3-3.5). All three 

sampling point ordinations exhibited significant concordance with each other (p < 

0.05). The M2 value between tank and effluent ordinations (M2 = 0.2694, p = 0.001) 

was the lowest out of the three comparisons (Figure 3.4). 

3.4.3 Differential Abundance of Enriched Genera Across the Sewage Treatment 

Process 

 Differential abundance analysis was used to perform the following three 

pairwise-comparisons across the sampling points, influent vs. tank (influent-tank), 

tank vs. effluent (tank-effluent), and influent vs. effluent (influent-effluent) (Figure 

3.6, Table S 7). While Procrustes analysis revealed whole-microbial community 

differences across sampling points, differential abundant analysis was used to 

elucidate microbial compositional changes at the genera level at each sampling 
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point. Differential abundance analysis revealed 18 differentially abundant genera 

between influent and tank samples, with log2-fold changes ranging from -3.52 to 

2.01 (Figure 3.6, Table S 7). Only two differentially abundant genera were found 

enriched in effluent compared to tank samples, Halothiobacillus spp. and 

Desulfamplus spp. (Figure 3.6, Table S 7). No genera were found to be enriched in 

the tank when compared to effluent sewage. (Figure 3.6, Table S 7). Influent 

samples were enriched with Actinobacteria including genera from Thiothrix spp. to 

Collinsella spp. and Firmicutes with several genera of relevance to anaerobic 

digestion under the Clostridiales order such as Anaerostipes spp., Ruminococcus 

spp., Erysipelatoclostridium spp., and Blautia spp. (Figure 3.6, Table S 7). There 

were only three enriched genera in tank samples, Desulfonatronum spp., and 

unclassified Verrucomicrobia and Deltaproteobacteria members (Figure 3.6, Table 

S 7). 

 In contrast to influent vs. tank and tank vs. effluent comparisons, differential 

abundance analysis between influent and effluent samples revealed a much higher 

number of enriched genera (Figure 3.7, Table S 7). A total of 58 differentially 

abundant genera were found, with log2-fold changes ranging from -3.59 to 5.08 

(Figure 3.7, Table S 7). Similar to influent to tank comparisons, influent-effluent 

comparisons a group of genera under the Clostridiales Order, which include 

Ruminococceae and Lachnospiraceae genera members such as Ruminococcus spp. 

and Blautia spp., respectively, enriched in the (Figure 3.7, Table S 7). Additionally, 

a group of Rhizobiales members and a potential pathogen, Yersinia spp. were also 
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enriched in the influent (Figure 3.7, Table S 7). For effluent enriched genera, there 

was an abundance of notable genera as part of the Desulfobacterales, 

Desulfovibrionales and Desulfuromonadales and Nitrosomonadales Orders (Figure 

3.7, Table S 7). There was also an enriched methanogen, Methanomethylvorans 

spp. in the effluent (Figure 3.7, Table S 7). 

3.4.4 Spearman Rank Correlations between Chemical Parameters and Genera 

Enriched Across the Treatment Process 

 The aforementioned effluent enriched genera under the orders 

Desulfobacterales, Desulfovibrionales and Desulfuromonadales and 

Nitrosomonadales were all significantly negatively correlated with TKN, NH3 and 

COD and positively correlated with pH chemical parameters (Figure 3.8). In 

influent samples, Clostridiales genera such as Ruminococcus, spp., Lachnospira 

spp., Anaerostipes spp., Faecalibacterium spp. were also significantly negatively 

correlated with TKN and NH3 levels (Figure 3.8). Additionally, there was a group 

of influent enriched genera significantly positively correlated with TSS and COD 

levels (Figure 3.8). 
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3.5 Discussion 

3.5.1 Effluent Sewage Was Enriched with Sulfur-Reducing and Methanogenic 

Microbes 

 Multiple DESeq2 pairwise-comparisons between influent vs. tank, tank vs. 

effluent, and influent vs. effluent sampling points were used to identify the 

microbes that significantly changed in abundance across sampling points in all 

digesters. Differential abundance analysis revealed that influent sewage contained 

higher abundances of putative Clostridiales gut bacteria under the orders 

Lachnospiraceae and Ruminococcaceae (El Hage et al., 2019) which have also been 

found to perform hydrolytic and acidogenic functions in digesters (Černý et al., 

2018). Differential abundance tests also revealed a group of effluent sulfur-

reducing microbes, nitrifying bacteria, and a methanogen significantly correlated 

with biomass indicators. Effluent enriched sulfate-reducing bacteria include 

Desulfamplus spp. (Lefèvre et al., 2013), Desulfovibrio spp. (Keller et al., 2014), 

Desulfobacterium spp (Liu et al., 2018)., and Desulfobacter spp. (Liu et al., 2018). 

Effluent enriched elemental sulfur-reducing bacteria producing H2S coupled with 

acetate and/or propionate-oxidation include Geobacter spp. (Qiu et al., 2020), 

Desulfonatronum spp. (Zhilina et al., 2005), Desulfuromonas spp. (Badalamenti et 

al., 2016) and Desulfobulbus spp. (Liu et al., 2018). The obligately methylotrophic 

methanogen, Methanomethylvorans spp. which utilizes methanol as an electron-

source to produce methane, was also enriched in the effluent (Lomans et al., 1999). 

Yersinia spp., a potential pathogen, was enriched in the influent yet reduced to low 
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abundances at the effluent, indicating that the digesters could remove this particular 

pathogen by relying on the elevated levels of toxic chemicals such as ammonia 

(Zhao & Liu, 2019).  

PERMANOVA beta-diversity significance tests (Table 2.1), RDA and 

NMDS ordinations, and Procrustes analyses demonstrated that at the whole-

community level, microbial compositions did not differ significantly between 

influent, tank, and effluent communities  (p < 0.05). The number of differentially 

abundant genera enriched from influent-tank and tank-effluent sampling points 

corroborated the low degree of community compositional change from sampling 

point to sampling point (Figure 3.6, Table S 7). Influent-tank differential abundance 

comparisons only yielded 3 enriched genera in the tank and tank-effluent 

comparisons only yielded two enriched genera in the effluent (Figure 3.6). 

However, differential abundance analyses between influent-effluent comparisons 

revealed several enriched genera at each sampling point. The disparity of results 

between whole-community beta-diversity significance tests and differential 

abundance genera tests suggests that whole-community analyses were not 

sufficient to resolve community compositional changes across sampling points at 

the genus level. The notably higher number of differentially abundant genera 

between influent-effluent treatment points at 58 genera compared to influent to tank 

(18 genera) and tank to effluent enriched genera (3 genera) implies that the majority 

of the microbes that had significantly different abundances may have arisen at the 

effluent end of digesters.  
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These results corroborate previous digester stratification studies showing 

the accumulation of hydrolytic and fermentative bacteria near the beginning of a 

digester which converts complex polysaccharides, proteins, and LCFAs to VFA 

products such as propionate and butyrate (L. Dong et al., 2019; García-Lozano et 

al., 2019; Li et al., 2014). These VFAs and SCFA’s were then oxidized by 

acetogens near the end of the digester, which in this case were sulfate and sulfur-

reducing bacteria, to produce H2 gas for syntrophic methanogens such as 

Methanomethylvorans spp. to consume at the effluent (L. L. Dong et al., 2019; 

García-Lozano et al., 2019; Li et al., 2014). Ultimately this results in a decrease in 

COD as well as total Kjeldahl nitrogen levels in the form of ammonia, which 

perhaps explains the strong negative correlation these genera exhibited towards 

COD, TKN, and NH3 levels (Ju et al., 2017; Ruiz-Sanchez et al., 2018). It is worth 

noting that most of the effluent enriched genera such as the sulfidogenic and 

methanogenic microbes were low abundance organisms of less than < 5% mean 

abundance, corroborating the fact that though rare, low abundant organisms still 

influence narrow functional niches in a microbial community system (Rivett & 

Bell, 2018).  

3.5.2 Diversity of Microbial Communities Across Sampling Points  

With regards to diversity throughout the sampling points, the disparity in 

richness and diversity trends between recirculating and single-pass systems could 

perhaps be due to the increased specialization towards denitrifying microbes in 
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syntrophy with hydrogenotrophic methanogens as covered in Section 2.7.3 brought 

about by the increase in NO3
- levels replenished by the recirculating line. There are 

currently no metagenomic studies analyzing the spatial stratification of microbial 

communities in recirculating digesters. The increase in diversity and richness at the 

tank (middle of the digester) and effluent (end of the digester) points in single-pass 

systems could be due to a more diverse set of acetogenic and methanogenic 

specialists present compared to recirculating systems since single-pass systems 

were not subject to pulses of nitrate which would otherwise induce the growth of 

exclusively hydrogenotrophic methanogenesis via syntrophy with denitrifying and 

sulfidogenic microbes (C. Chen et al., 2017; Li et al., 2020; Saia et al., 2016). 

Additionally, the difference in diversity trends between single-pass and 

recirculating systems could be due to differences in OLR, and substrate type being 

treated, giving rise to a more diverse community (Xu et al., 2018).  Further chemical 

measurements of VFA and methane levels must be performed to confirm the types 

of microbial degradation processes occurring (Ju et al., 2017; Li et al., 2014; Peces 

et al., 2018). Additionally, microbial interaction networks are also required to 

elucidate specialized microbial phylotypes and their relationship to functional 

profiles and chemical parameters responsible for the observed community diversity 

shifts across sampling points and digester types (Rivett & Bell, 2018; Wu et al., 

2020).  
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Figure 3.1: Shannon, Chao1, and Inverse Simpson mean alpha diversity indices of digester types across sampling 

points. Standard errors are shown (n=3). 

Digester Type 

A
lp

h
a
-D

iv
e
rs

it
y
 I
n

d
e
x
 V

a
lu

e
s

 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

 

 

101 

 

 
   

Figure 3.2: Rank Abundance Curves of Archaeal and Bacterial species 

among sampling points. Standard deviations of mean percent cumulative read 

abundances at each rank abundance are shown in colored shadings according to 

sampling points.  
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Figure 3.3: Procrustes analysis of NMDS ordinations between Influent and 

Tank.  Significance test of the M2 Procrustes statistic was performed by the R 

vegan function ‘protest’ (p < 0.05).  
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Figure 3.4: Procrustes analysis on NMDS ordinations between Tank and 

Effluent. Significance test of the M2 Procrustes statistic was performed by the R 

vegan function ‘protest’ (p < 0.05). 
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Figure 3.5: Procrustes analysis of NMDS ordinations between Influent and 

Effluent. Significance test of the M2 Procrustes statistic was performed by the R 

vegan function ‘protest’ (p < 0.05). 
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Figure 3.6: Pairwise comparisons of differentially-abundant genera from 

Influent, Tank, and Tank to Effluent sewage. Differential abundance analysis 

was done using DESeq2 with an abundance cutoff of 0.01% of total agglomerated 

genera counts and an adjusted p-value of p < 0.05.   
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Figure 3.7: Pairwise comparisons of differentially-abundant genera between 

Influent and Effluent sewage. Differential abundance analysis was done using 

DESeq2 with an abundance cutoff at 0.01% of total agglomerated genera counts 

and an adjusted p-value cutoff at p < 0.05.  
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Figure 3.8: Spearman Rank Correlation heatmap of enriched genera 

between Influent and Effluent sewage to chemical parameters.The prefix 

“U_” before a genera name represents an unclassified genus. Significant 

correlations are marked with asterisks (p < 0.05) , where ‘***’ 0.001, ‘**’ 0.01, 

‘*’ 0.05.  
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4 Chapter 4: Functional Profiles of Digester Types, Flow, and Treatment 

Process 

4.1 Introduction 

4.1.1 Impact of Digester Design on Microbial Functional Potential 

 Analysis of metagenomic functional genes allows direct implications to be 

made of the roles that microbes perform in the anaerobic digester environment, 

providing a sort of ‘snapshot’ of a digester’s microbial activity at a moment in time 

(Vanwonterghem et al., 2014). Microbial functions range from genes encoding for 

enzymes driving carbohydrate and protein metabolism to genes regulating cell 

motility and chemotaxis (Cai et al., 2016). There have been many replicated 

shotgun metagenomic sequencing analyses done on digester types such as CSTR 

(Fontana, Campanaro, et al., 2018), UASB (Delforno et al., 2017; Guo et al., 2016), 

recirculating digesters (Zhang et al., 2020) and conventional biogas septic tanks 

(Campanaro et al., 2016; Kougias et al., 2018; Luo et al., 2016). Depending on the 

digester design studied, different functional attributes of the microbiome were 

enriched. For example, metabolism of amino acids and derivatives gene subsystems 

were enriched in UASB reactors (Delforno et al., 2017) and cell motility functions 

were enriched in a conventional biogas reactor treating grass waste, as microbes 

attach to the surface of lignocellulose particles (Kougias et al., 2018) as opposed to 

the surface of granules in UASB reactors (Guo et al., 2016). However, there have 

been no comparative metagenomic studies performed assessing the effect of 



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

 

 

109 

 

different digester designs and operation on the functional microbiome, particularly 

between recirculating and conventional anaerobic digesters.  

4.2 Chapter 4 Objectives  

 In this chapter, comparative analysis of functional gene profiles based on 

SEED Gene Subsystems between digester types, conventional and InnerTube™ 

and flow types, recirculating and single-pass, was done. Additionally, functional 

profiles of influent, tank, and effluent treatment points were also analyzed. By 

analyzing functional gene profiles, this project sought to confirm the putative 

functions of the microbes that were implicated for driving anaerobic digestion in 

different digester designs. It is hypothesized that functional gene subsystems 

corresponding to the putative function of the enriched genera that were observed in 

previous chapters would similarly be enriched within digester types, flow 

configurations, and sampling points.  

4.3 Methods 

4.3.1 Statistical Analyses 

 The same statistical analysis methods as discussed in Section 2.5.7 were 

performed on functional count datasets generated by MEGAN6 based on the SEED 

Functional Gene Subsystems Database (Overbeek et al., 2014). Functional genes in 

SEED Subsystems are organized into three categories based on the putative gene 

roles, Level I, II, and III Subsystems and individual genes-products (Overbeek et 

al., 2014).  MEGAN6 outputted only Level I and Level III Subsystems along with 
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individual functional genes. Functional counts were Hellinger-standardized and 

averaged across digester replicates for the Top 50 Level 3 Subsystems graph. 

Functional counts were agglomerated at Gene Subsystem Level III for DESeq2 and 

Spearman rank-sum correlation analyses. Differential abundance analysis of 

functional gene counts for digester type and flow configurations were done with an 

abundance cutoff at 0.1% total agglomerated Level III Subsystem counts and an 

adjusted p-value cutoff of p < 0.05.  Differential abundance analysis between 

influent and effluent subsystems counts was done with an abundance cutoff at 

0.01% of total agglomerated Subsystem Level III counts and an adjusted p-value 

cutoff at p < 0.05. All other statistical analyses were done at the level of gene 

products.  

4.4 Results  

4.4.1 Top 50 Abundant Functional Gene Subsystems 

 The top 50 most abundant Level I SEED Subsystems included Amino Acid 

and Derivatives, Cofactors, Vitamins, Prosthetic Groups, Pigments, Iron 

Acquisition and Metabolism, Protein Metabolism, DNA Metabolism, RNA 

Metabolism, and Carbohydrates (Figure 4.1). Within Amino Acid Derivatives, 

“Branched-Chain Amino Acid Biosynthesis and Glutamine”, “Glutamate, 

Aspartate, and Asparagine Biosynthesis Subsystems” and “Methionine 

Biosynthesis” were equally abundant across all digester samples. However, 

“Isoleucine Degradation” was more abundant in the IR influent, the influent and 

tank of CS, and effluent of SI (Figure 4.1). “Lysine and threonine metabolism in 
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plants” was also most abundant in the influent of SI (Figure 4.1). Under Cofactors, 

Vitamins, Prosthetic Groups, Pigments, Iron Acquisition, and Metabolism, “5-

FCL-like-OF” was highly abundant across all digesters, while “Biotin 

Biosynthesis” was most abundant in IR and CS influent and tank sewage (Figure 

4.1). Under Protein Metabolism, “EC 6.1.1.- Ligases forming aminoacyl-tRNA and 

related compounds” was highly abundant across all digesters. Under DNA 

Metabolism, “Restriction-Modification Systems” was highly abundant across all 

digesters, and under RNA metabolism, only the “RNA polymerase bacterial” 

subsystem was abundant across all digester types (Figure 4.1). Under 

Carbohydrates, the “Entner-Doudoroff Pathway” was abundant throughout all 

digesters, while “Lactose and Galactose Uptake and Utilization” exhibited 

decreasing abundances from influent to effluent in all digesters (Figure 4.1).  

4.4.2 Ordination of Digester Functional Profiles with Chemical Parameters 

 Similar to taxonomic analysis, RDA was used to determine how much of 

the variance in microbial functional gene compositions between digester types can 

be explained, or constrained, by changes in chemical parameters. RDA ordination 

of functional gene counts showed greater percent variance in the primary CAP axis 

compared to the secondary axis (Figure 4.2). Clustering across the primary axis was 

mostly influenced by TSS, COD, and pH parameters, while variance along the 

secondary axis was mostly influenced by NH3, TKN, Temperature, and DO (Figure 

4.2). Similar to the RDA ordination of species counts, gene profiles of InnerTube™ 

single-pass systems separated away from the main cluster of IR, CR, and CS 
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samples (Figure 4.2). Specifically, replicates of IR, IS, and CR digester types 

separated along the primary CAP axis while IS replicates separated along the 

secondary CAP axis. Digester Types also separated along the secondary CAP axis 

(Figure 4.2). Sample functional gene count variances were significantly correlated 

with temperature (PERMANOVA; pseudo-ƒ = 4.860; p = 0.001), pH 

(PERMANOVA; pseudo-ƒ = 2.397; p = 0.013), and DO (PERMANOVA; pseudo-

ƒ = 2.257; p = 0.031) (Table 2.1). Separation of digester types and replicates were 

significantly influenced by temperature, pH, and DO, similar to species ordination 

with the exception that DO did not significantly influence microbial community 

variances (Figure 2.11, 4.2). Temperature, pH, and DO explained 5.6%, 11.4%, and 

1.2%, of the variation between digester type functional gene profiles, respectively.  

4.4.3 Significance Tests of Ordinations Between Digester Types Functional 

Profiles 

 PERMANOVA tests revealed that functional gene compositions between 

digester types were significantly different (PERMANOVA; pseudo-ƒ = 2.420; p = 

0.001) (Table 2.1). Sampling points were not significantly different between 

influent, tank, and effluent functional gene profiles (Table 2.1). Pairwise 

PERMANOVA tests somewhat confirm this, as all pairwise digester type 

comparisons returned significant except between conventional and InnerTube™ 

recirculating systems and InnerTube™ single-pass and InnerTube™ recirculating 

systems (Table 2.2). However, sampling points and interactions between digester 

type and sampling points did not differ significantly throughout all pairwise 
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comparisons (Table 2.2). Variation partitioning also confirmed that digester type 

accounts for most of the microbial community variation between samples at 12.0% 

explained variance whereas sampling points explained -1.2% variance. 

BETADISPER tests revealed similar results as taxonomic profiles, where within-

digester type variances were significantly different among replicates, but replicates 

categorized in terms of influent, tank, and effluent sampling points were not (Table 

2.1). 

4.4.4 Hierarchical Agglomerative Clustering of Functional Profiles of Digester 

Types 

 HAC analysis of functional genes showed similar results to the hierarchical 

agglomeration of taxonomic counts (Figure 2.13, 4.3). Bray-Curtis dissimilarities 

of sampling points agglomerated within the same digester type and replicate except 

for the first and second replicate of CS digesters which were outliers from their 

respective digester replicate (Figure 4.3). Replicates mostly agglomerated with the 

same digester types, except for IR, clustering with CR, and 1IS digesters (Figure 

4.3). The 1SI replicate were also outliers from SI digesters, agglomerating at 

completely different nodes than the 2SI and 3SI replicates (Figure 4.3).  

4.4.5 Differential enrichment of Functional Genes – Digester Types and Flow 

and Chemical Correlations 

 Between conventional and InnerTube™ digesters, a total of 19 differential 

abundant gene at Subsystem Level III were observed with a log2-fold change 

ranging from -1.04 to 0.54 (Figure 4.4, Table S 8). Enriched genes subsystems in 
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conventional systems putatively pertinent to anaerobic digestion include 

“Methanogenesis” (Carbohydrates), “Hydrogenases” (Respiration), and “Galactose 

Degradation in Plants” (Carbohydrates) (Figure 4.4, Table S 8). However, the only 

significantly correlated subsystems with chemical parameters implicated in 

anaerobic digestion were ‘Methanogenesis” and “Galactose degradation in plants” 

(Figure 4.6, Table S 8). Two pertinent functional subsystems, the “Flagellum” 

(Motility and Chemotaxis) and “Potassium Homeostasis” (Potassium Metabolism) 

were enriched in InnerTube™ digesters (Figure 4.4, Table S 8).  

 Differentially abundant gene subsystems enriched in recirculating systems 

include a group of subsystems relevant to anaerobic digestion that were 

significantly negatively correlated TKN, NH3, and COD and positively correlated 

with pH (Figure 4.7, Table S 8). These subsystems were “Propionyl-CoA to 

Succinyl-CoA Module” (Carbohydrates), “PII Superfamily” (Amino Acids and 

Derivatives), “ “FOL Commensurate regulon activation” (Stress Response), 

“Nitrate and nitrite ammonification” (Nitrogen Metabolism), “Respiratory 

Complex I” (Respiration), “Multidrug Resistance Efflux Pumps” (Virulence), 

“Flagellar motility” (Motility and Chemotaxis) (Figure 4.7, Table S 8). In single-

pass systems, relevant digestion subsystems exhibited the opposite trend, where 

most were significantly positively correlated to TKN, NH3, and COD levels (Figure 

4.7, Table S 8). The majority of single-pass-enriched subsystems positively 

correlated with biomass indicators were under the Carbohydrates subsystem, such 

as “Acetone Butanol Ethanol Synthesis”, “Fermentations in Streptococci”, and “D-
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galactarate, D-glucarate, and D-glycerate catabolism”, “Acetyl-CoA biosynthesis 

in plants”, “D-ribose utilization”, “Glycerol fermentation to 1,3-propanediol” 

(Figure 4.7, Table S 8). Additionally, other enriched subsystems of note include 

“Cinnamic Acid Degradation” (Amino Acids and Derivatives), “Alkanesulfonate 

assimilation” (Sulfur Metabolism), “Choline and Betaine Uptake and Betaine 

Biosynthesis” (Stress Response) (Figure 4.7, Table S 8).  

4.4.6 Differential enrichment of Functional Genes – Influent, Tank, and Effluent 

and Chemical Correlations 

 Differential abundance tests between influent vs. tank and tank vs. effluent 

comparisons did not result in any significantly enriched subsystems. However, 

there was a total of 11 differentially abundant subsystems between the influent and 

effluent, ranging from log2-fold changes of -1.49 to 1.725 (Figure 4.5, Table S 9). 

There were only two enriched subsystems in the influent, “Ferrous iron transporter 

EfeUOB, low-pH-induced” (Iron acquisition and metabolism) and “2-O-alpha-

mannosyl-D-glycerate utilization” (Carbohydrates) (Figure 4.5, Table S 9). Both 

were significantly positively correlated with TKN, and COD and negatively 

correlated with pH (Figure 4.8). “2-O-alpha-mannosyl-D-glycerate utilization” 

(Carbohydrates) was also positively correlated with NH3 (Figure 4.8). In the 

effluent, subsystems of relevance to anaerobic digestion included “Selenocysteine 

Metabolism” (Protein Metabolism), which was significantly negatively correlated 

with COD levels (Figure 4.8). “Pyruvate metabolism I: anaplerotic reactions, PEP 

in Mycobacteria” (Carbohydrates) and “Hydrogenases” (Respiration) are also 
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relevant to anaerobic digestion but were not significantly negatively correlated with 

any chemical parameter (Figure 4.8). 

4.5 Discussion 

4.5.1 Whole-Community Functional Comparisons between Digester Types 

 To test whether significant variations in microbial community compositions 

between digester types (conventional and InnerTube™) and across digester 

replicates extend similarly at the functional gene level, PERMANOVA and 

BETADISPER tests were used on functional profiles. Functional profiles were 

significantly different across digester types and replicates as revealed by significant 

PERMANOVA between-group dispersion and BETADISPER within-group 

dispersion tests. This corroborates the results from taxonomic compositional 

analyses, demonstrating that digester design and chemical parameters affected both 

the presence of the microbes themselves and the functional potential of those 

microbes. Temperature and pH remained significant in influencing both functional 

profiles and taxonomic profiles, while dissolved oxygen (DO) significantly affected 

functional profiles. All three parameters have been previously reported to 

significantly alter digester community and functional profiles (Fontana, Kougias, 

et al., 2018; Lin et al., 2016b; Musa et al., 2018). Psychrophilic, mesophilic, or 

thermophilic microbes would dominate depending on the digester operating 

temperature (Lin et al., 2016a), and both temperature and pH levels would cause 

certain methanogenic syntrophic processes such as hydrogenotrophic 

methanogenesis at low pH levels, to dominate over others (Fontana, Kougias, et al., 
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2018; Lin et al., 2016a). The biological oxygen demand of a system (BOD) is 

measured based on dissolved oxygen and along with COD, is a measurement of the 

quantity of biodegradable compounds and are indicators of the organic loading rate 

which is the amount biodegradable compounds in the influent (Gerba & Pepper, 

2009; Musa et al., 2018). The significant influence that dissolved oxygen (DO) 

levels had on the variation of functional profiles across digester types indicates that 

each digester received significantly influent organic loading rates which thus, 

significantly affected microbial functional composition within digesters (Shin et al., 

2019). Similar to taxonomic profiles, SI digesters did not agglomerate with its 

replicates in Bray-Curtis dissimilarities, demonstrating the effect that different 

influent chemical parameters have on both the taxonomic and functional profiles of 

anaerobic digesters (Calusinska et al., 2018).   

4.5.2 Enriched Metabolic and Cellular Processes Between Digester Types 

 As shown in the Top 50 most abundant Level III Subsystems (Figure 4.1), 

the gene subsystem “5-FCL-like-OF” (Cofactors, Vitamins, Prosthetic Groups, 

Pigments, Iron Acquisition and Metabolism) was expected to be equally and highly 

abundant across all samples since this protein is ubiquitous in all domains of life 

and has been associated to folate metabolism used for basic cell function and 

environmental adaptation (Morgan et al., 2018; Pribat et al., 2011). Other 

subsystems that were equally abundant throughout all sampling points and digester 

types include the “Entner-Doudoroff Pathway” (Carbohydrates) and within Amino 

Acid Derivatives, “Branched-Chain Amino Acid Biosynthesis and Glutamine”, 
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“Glutamate, Aspartate, and Asparagine Biosynthesis Subsystems” and 

“Methionine Biosynthesis” which are gene subsystems that include metabolic 

processes common in prokaryotes to use substrates such as glucose, glutamate, 

aspartate, and asparagine, for the Entner-Doudoroff pathway and Citric Acid Cycle 

and methionine biosynthesis for basic cell metabolism and function (Ferla & 

Patrick, 2014; Reitzer, 2004).   

Differential abundance analysis between conventional and InnerTube™ 

digesters revealed that there was an enrichment of the “Methanogenesis” subsystem 

in conventional digesters over InnerTube™ digesters. This could be due to the fact 

that conventional systems were enriched over InnerTube™ systems with the 

highly-abundant acetoclastic methanogen Methanothrix spp. However, it is worth 

noting that the log2-fold change of all subsystems between conventional and 

InnerTube™ systems including the “Methanogenesis” subsystem only ranged from 

-1.05 to 0.54 fold-change, suggesting that the functional methanogenic processes 

in InnerTube™ systems were still abundant, as indicated by the fact that 

hydrogenotrophic methanogens were enriched in InnerTube™ digesters instead of 

acetoclastic methanogens. A positive correlation of TSS with the 

“Methanogenesis” subsystem was observed and can be explained by the fact that 

higher solids content facilitated by the retention of degradable solids has been 

directly correlated with increased methanogenic microbes as the increased solids 

content provides higher levels of substrate available for digestion (Vanwonterghem 

et al., 2015). The slight enrichment of “Hydrogenases” (Respiration) and 
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“Galactose Degradation in Plants” subsystems in conventional systems is indicative 

that conventional systems also contained a fermentative, acidogenic population 

producing bio-hydrogen from galactose, even though acetoclastic methanogens, not 

hydrogenotrophic methanogens, were dominant in conventional systems (Xia et al., 

2016).  

In InnerTube™ digesters, the “Flagellum” (Motility and Chemotaxis) 

subsystem was enriched, suggesting that the increased motility function in a plug-

flow environment within the InnerTube™ might have been caused by a greater 

number of microbes seeking out areas with higher levels of substrate and adhering 

to the greater available surface area (Kougias et al., 2018). The enrichment of 

“Potassium Metabolism” (Potassium Metabolism) could be perhaps associated with 

the homeostatic potassium systems of enriched hydrogenotrophic methanogens 

(Sprott et al., 1984) as observed in InnerTube™ systems. Coupled with the activity 

of the SRB, Desulfovibrio spp., which produce ammonia from sulfate, elevated 

ammonia levels could induce hydrogenotrophic methanogens such as 

Methanospirllum spp., to adapt by utilizing potassium/ammonium homeostatic 

exchange processes (Sprott et al., 1984), further supporting the enrichment of 

hydrogenotrophic methanogenic activity in InnerTube™ systems.  

4.5.3 4.5.3 Enriched Metabolic and Cellular Processes Between Flow 

Configurations 

 The significantly negatively correlated subsystems towards the biomass 

indicators TKN, NH3 and COD in recirculating systems were all processes related 
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to carbohydrate, nitrogen, and amino acid metabolism. Most notably, “Nitrate and 

Nitrite ammonification” (Nitrogen Metabolism) was enriched, signifying elevated 

denitrification processes possibly performed by Pseudoarcobacter spp., and 

Sulfurimonas spp., due to the increase in NO3
- delivered by the recirculating line 

(Chuan Chen et al., 2017; Perez-Cataluna et al., 2018; K. Zhang et al., 2018). The 

enriched “Propionyl-CoA to Succinyl-CoA Module” (Carbohydrates) subsystem is 

consistent with the increased abundance of propionate-oxidizing microbes such as 

Geobacter spp. (Aklujkar et al., 2009) in recirculating systems. This subsystem 

contains gene products driving the methylcitrate cycle, which is responsible for the 

oxidation of propionate to pyruvate in bacteria (Simonte et al., 2017). Other 

relevant subsystems include “Iron acquisition in Vibrio” (Iron acquisition and 

Metabolism) (Rakin et al., 2012) and “Multidrug Resistance Efflux Pumps” 

(Virulence) (Raczkowska et al., 2015), which indicate the presence of potential 

pathogens and might be attributed to the presence of Yersinia spp. in the influent. 

The enrichment of “Flagellar motility” (Motility and Chemotaxis) in recirculating 

systems is contrary to previous studies analyzing the metagenome of recirculating 

digesters, as it was shown that recirculation increased the flow and thus mixing of 

microbial biomass with sewage, removing the need for flagellar activity to obtain 

nutrients (Zhang et al., 2020). The discrepancy could be due to the fact that 

recirculating flow in WBS digesters were done in pulses, and therefore, there were 

periods when mixing does not occur.  
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 The majority of enriched subsystems in single-pass systems were classified 

under Carbohydrate metabolism. In general, single-pass systems were 

characterized by an enrichment of hydrolytic and fermentative processes. For 

example, the enrichment of “Acetone Butanol Ethanol Synthesis” (Carbohydrate) 

suggests the presence of Clostridium spp. members participating in the 

fermentation of glucose into acetone, butanol, and ethanol (ABE), although no 

members from the genus Clostridium spp. were found enriched in single-pass 

systems (Zhang et al., 2011). ABE synthesis has been previously detected in ABR 

digesters, and Clostridium spp. was reported to be syntrophically-linked with 

methylotrophic methanogens that were able to consume alcohols to produce 

methane (Zhang et al., 2011). The enrichment of “Glycerol fermentation to 1,3-

propanediol” (Carbohydrate) may suggest increased levels of glycerol and 

subsequent fermentation into 1,3-propanediol in single-pass systems, which have 

been observed in other anaerobic bioreactors to also give rise to members from the 

Clostridiaceae family (Zhou et al., 2017). In general, further studies tracking the 

metabolic activity of microbes that were found enriched in single-pass such as 

Simplicispira spp., Phenylobacterium spp. and Pusillimonas spp. using genome-

centric metagenomics or isotope-based labeling of chemicals (DNA-SIP) are 

required as these genera and their functions in AD have yet to be elucidated 

(Campanaro et al., 2018; Wang et al., 2019).  



M.Sc. thesis – J. Naphtali; McMaster University – Biology 

 

 

122 

 

4.5.4 Enriched Metabolic and Cellular Processes Driving the Treatment Process  

In the Top 50 most abundant SEED subsystems (Figure 4.1), the subsystems 

for “Isoleucine degradation” (Amino Acids and Derivatives), “Lysine and 

threonine metabolism in plants” (Amino Acids and Derivatives), and “Lactose and 

Galactose Uptake and Utilization” (Carbohydrates) were most abundant in the 

influent or tank of digester types, demonstrating the stratification of hydrolytic and 

acidogenic, or fermentative, steps of anaerobic digestion near the beginning of 

digesters (García-Lozano et al., 2019; Li et al., 2014; Park et al., 2014).  

To test whether functional subsystems were also spatially distributed 

according to successive putative hydrolytic, acidogenic, acetogenic, and 

methanogenic consortia roles along the three sampling points, influent, tank and 

effluent, differential abundance pairwise-comparisons of Level III Subsystems 

between influent vs. tank, tank vs. effluent and influent vs. effluent were performed 

(Figure 4.5).There were no differentially enriched subsystems in the influent vs. 

tank, and tank vs. effluent pairwise-companions, while influent vs. effluent 

comparisons yielded 11 differentially abundant subsystems. Similar to the fewer 

differentially abundant genera found between influent-tank and tank-effluent as 

opposed to influent-effluent comparisons, functional profiles must have changed 

significantly at the effluent side rather than gradually into the tank from the influent. 

This is corroborated by the fact that only 2 subsystems were enriched in the influent, 

while 9 were enriched in the effluent. “2-O-alpha-mannosyl-D-glycerate 

utilization” (Carbohydrates) enriched in influent has not been implicated in AD 
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function, but has been reported to be a carbon source for mesophilic bacteria 

(Sampaio et al., 2004).  The “Ferrous iron transporter EfeUOB, low-pH-induced” 

(Iron acquisition and metabolism) subsystem contains gene-products associated 

with the regulation of iron uptake and is ubiquitous in all bacteria (Lau et al., 2015). 

This subsystem is activated in anaerobic conditions (Lau et al., 2015), such as the 

one found in anaerobic digesters and its enrichment in the influent could perhaps 

be indicative of microbes generating the enzymes required for AD with high iron 

requirements(Venkata Mohan et al., 2011), such as the Fe-Fe hydrogenase enzyme 

family which catalyzes the formation of H2 in H2-producing bacteria (Ziganshin et 

al., 2016).  

The enrichment of “Selenocysteine metabolism” (Protein Metabolism) and 

“Hydrogenases” (Respiration) suggests the enrichment of acetogenic and 

methanogenic microbes frequently found at the end of an anaerobic digester 

(García-Lozano et al., 2019; Peters et al., 2004). Sulfate-reducing bacteria such as 

Desulfococcus spp. have been previously reported to utilize selenocysteine-

containing proteins to anaerobically degrade the PHA, benzoate, which 

corroborates with the increased abundance of sulfidogenic bacteria in the effluent. 

The enrichment of “Hydrogenases” (Respiration) indicates higher abundances of 

hydrogen-producing enzymes, such as the Fe-Fe hydrogenase enzyme family 

(Venkata Mohan et al., 2011; Ziganshin et al., 2016), which corresponds to an 

increase in acetogenic and methanogenic microbes that were enriched in the 

effluent. Furthermore, the use of pyruvate as a substrate as shown in the enrichment 
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of “Pyruvate metabolism I: anaplerotic reactions, PEP” (Carbohydrates) has been 

reported to be performed by acetogens into acetate before being used by 

methanogens (Stams et al., 2005; Yang et al., 2015). Therefore, the enriched 

functional gene profiles between influent and effluent similarly reflect the 

microbial stratification of hydrolytic, acidogenic, acetogenic, and methanogenic 

microbes throughout the AD treatment process. Although WMS enabled the 

profiling of metabolic and cellular genes present in a system, biologically-relevant 

conclusions based on the enrichment of metabolic processes can only be inferred 

using WMS functional profiles (Emerson et al., 2017). In contrast, the addition of 

chemical substrates and inhibitors putatively known to affect AD ex-situ of 

digesters, as in culture-enriched functional metagenomics, or in situ of 

operationally stable digesters provides direct experimental evidence into the 

syntrophic metabolic processes occurring within a digester type (Jia et al., 2016; 

Treu et al., 2016).   
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Figure 4.1: Top 50 most abundant functional Gene Subsystems (SEED Level 

III). Level III Gene Subsystems categorized alphabetically by Level I 

Classifications are indicated in color. 
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Figure 4.2: Redundancy Analysis of the Functional profiles of digester type 

and sampling points against chemical parameters. Chemical parameters that 

significantly influenced the ordination revealed by the PERMANOVA test are 

denoted with asterisks (adj. p < 0.05), where ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05. 
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Figure 4.3: Hierarchical agglomerative clustering of functional genes based 

on Bray-Curtis Dissimilarities of triplicate digester types across sampling 

points. Numbers prefixing digester labels indicate a replicate, and numbers 

suffixing digester labels indicate a sampling point, where 1=Influent, 2=Tank, 

3=Effluent. 
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Figure 4.4: Pairwise comparisons of differentially-abundant Gene 

Subsystems between A.) Conventional and InnerTube and B.) Recirculating 

and Single-Pass Digester types.  Differential abundance analysis was done using 

DESeq2 with an abundance cutoff at 0.1% of total agglomerated Subsystem 

Level III counts and an adjusted p-value cutoff at p < 0.05.  
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Figure 4.5: Pairwise comparisons of differentially-abundant Gene 

Subsystems between Influent and Effluent sewage. Differential abundance 

analysis was done using DESeq2 with an abundance cutoff at 0.01% of total 

agglomerated Subsystem Level III counts and an adjusted p-value cutoff at p < 

0.05.  
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Figure 4.6: Spearman Rank Correlation heatmap of differential enriched 

SEED Level III Gene Subsystems between Conventional and InnerTube 

digesters to chemical parameters. Significant correlations are marked with 

asterisks (p < 0.05) , where ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05.  
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Figure 4.7: Spearman Rank Correlation heatmap of differential enriched 

SEED Level III Gene Subsystems between Recirculating and Single-pass 

digesters to chemical parameters. Significant correlations are marked with 

asterisks (p < 0.05) , where ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05. 
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Figure 4.8: Spearman Rank Correlation heatmap of differential enriched 

SEED Level III Gene Subsystems between Influent and Effluent sewage to 

chemical parameters. Significant correlations are marked with asterisks (p < 

0.05).  Significant correlations are marked with asterisks (p < 0.05) , where ‘***’ 

0.001, ‘**’ 0.01, ‘*’ 0.05. 
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5 Conclusion and Future Steps 

 To date, a comparative metagenomic analysis of the microbial community 

and its functions in onsite-wastewater treatment systems (OWTS) has not been 

done. The widespread implementation of OWTS with anaerobic digesters 

throughout North America and the world for decentralized sewage treatment 

prompts the need for accurate characterization of core microbiomes driving 

anaerobic digestion in OWTS. The use of whole-metagenome shotgun sequencing 

enabled the analyses of low-abundant microbes that were functionally important to 

anaerobic digestion. The first objective of this project to characterize the microbial 

community composition and functional potential of two commonly used OWTS 

designs, conventional and InnerTube™-equipped septic tanks, throughout 

Southern Ontario. Conventional digesters were enriched with propionate-oxidizing 

microbes in syntrophic relationships with acetoclastic methanogens, while 

InnerTube™ systems had higher abundances of hydrogenotrophic methanogens in 

syntrophy with sulfate-reducing microbes. Implemented within the septic tanks’ 

designs were aerobic effluent recirculating lines, which was observed to 

significantly impact microbial community composition and function since 

recirculating systems were enriched with sulfur-driven, denitrifying microbial 

consortia in syntrophy with hydrogenotrophic methanogens. The second objective 

of this project was to determine a core microbiome across digestion treatment 

influent, septic tank, and effluent points. Overall, influent sewage was enriched 

with microbes and functional genes associated with the hydrolysis and acidogenic 
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process, while the effluent contained microbes and functional genes associated with 

the acetogenic and methanogenic process to complete anaerobic digestion. The 

third objective of this project was to relate changes in microbial community 

compositions with the digester chemical parameters. All enriched microbes and 

functional genes that are putatively known to drive anaerobic digestion were 

correlated with waste biomass indicators, confirming their roles in organic waste 

degradation. Finally, this project implemented a replicated design to assess the level 

of variability across sequenced microbial communities. It was determined that 

digester replicates of the same design and flow type significantly differed in 

microbial community and functional compositions.  Overall, microbial 

communities and their functional profiles were demonstrated to be influenced by 

changes in chemical parameters brought about by differences in design between 

conventional and InnerTube™-equipped digesters and between aerobic-effluent-

recirculating and single-pass digesters. 

 One of the challenges of metagenomic sequencing analyses is to reduce the 

size and complexity of data to elucidate biologically pertinent microbes and their 

function in a given system (Mulcahy-O’Grady & Workentine, 2016). Due to the 

size and expense of WMS analyses, this project had an insufficient number of 

replicates available to minimize standard errors as revealed by multivariate-based 

power analysis. The inherent heterogeneity of microbial communities limits the 

applicability of this project’s findings towards anaerobic digesters in general 

(Knight et al., 2012). Furthermore, since the genome-centric analysis was not 
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employed, direct implications of enriched microbes to enriched functional gene 

groups could not be made (Campanaro et al., 2018). Additional pertinent chemical 

indicators of digestion performance such as volatile fatty acids, methane and in 

particular, nitrate to determine the denitrification capabilities in recirculating 

systems, were not measured, which also limited the insight that could be gained on 

the functional processes of pertinent microbes. Furthermore, functional 

metagenomic and metatranscriptomic analyses of in situ and ex-situ addition of 

chemical byproducts of anaerobic digestion into stable full-scale digesters and 

cultures, respectively, enables direct experimental conclusions to be made of the 

effect of chemical parameters on microbial community dynamics (Jia et al., 2016; 

Treu et al., 2016). Finally, using microbial network correlation analyses can more 

clearly demonstrate syntrophic relationships between microbial phylotypes 

primarily driving stable anaerobic digestion (Wu et al., 2020; Zhang et al., 2017). 

Mitigating these experimental design limitations can provide greater insight into 

the composition and function of the core microbiome in OWTS. 

 Ultimately, this project was a survey of the microbial communities of 

decentralized OWTS anaerobic digesters across Ontario. Specialized microbes 

present in digester type, flow, and treatment points were found and these microbes 

have been implicated in driving anaerobic digestion based on several previous 

studies analyzing the anaerobic digester microbiome. Characterization of these 

microbes in onsite-wastewater treatment systems could serve as a starting point in 
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informing bioaugmentation and system design and operational optimization 

strategies to improve septic tank performance. 
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6 Appendices 

6.1 Appendix I: Replicated Digester Field Survey  

Table S 1: Field Survey sample information and chemical measurements.  

Sample 

Code1 Location 
Sample 

Type 
pH 

DO 

(mg/L) 

Temp. 

(ºC) 

DO 

(mg/L) 

COD 

(mg/L) 

BOD2 

(mg/L) 

TSS 

(mg/L) 

TKN 

(mg/L) 

NH3 

(mg/L) 

Recirculating 

Valve  

1IR1 75 Firelane 2 Inlet 7.42 1.86 16.7 1.86 326 428 138 62.8 54.3 50% open 

1IR2 75 Firelane 2 Tank 7.47 1.86 17.1 1.86 227 N/A 52 72.0 65.2 

1IR3 75 Firelane 2 Effluent 7.61 5.58 16.9 5.58 243 242 44 72.8 67.0 

2IR1 1552 Concession 2 Inlet 7.27 4.84 19.2 4.84 979 945 460 107 84.1 50% open 

2IR2 1552 Concession 2 Tank 7.13 1.64 18.9 1.64 463 N/A 258 87.7 80.0 

2IR3 1552 Concession 2 Effluent 7.55 1.27 18.6 1.27 191 132.66 28 82.6 76.0 

3IR1 28 Highway 8 Inlet 7.53 2.25 14.2 2.25 173 247 46 14.6 12.3 Unknown 

3IR2 28 Highway 8 Tank 7.59 0.65 15.4 0.65 208 N/A 24 24.4 19.6 

3IR3 28 Highway 8 Effluent 7.67 2.93 15 2.93 199 49 33 24.0 18.9 

4IR1 2649 No. 2 Sideroad Inlet 7.18 1.82 11.8 1.82 219 292 202 30.6 24.1 50% open 

4IR2 2649 No. 2 Sideroad Tank 7.35 1.68 12.6 1.68 174 N/A 17 42.7 39.3 

4IR3 2649 No. 2 Sideroad Effluent 7.58 4.57 12.4 4.57 154 368 18 41.2 36.5 

5IR1 4483 Escarpment Dr. Inlet 6.31 0.29 14.1 0.29 14070 1584 7480 266 131 10% open 

5IR2 4483 Escarpment Dr. Tank 6.73 0.29 13.5 0.29 1133 N/A 705 78.7 59.1 

5IR3 4483 Escarpment Dr. Effluent 7.03 0.80 12.8 0.8 396 229 79 55.8 45.5 

6IR1 8465 Canyon RI Inlet 7.62 0.78 13.4 0.78 935 818 431 177 146 50% open 

6IR2 8465 Canyon RI Tank 7.45 1.18 13.5 1.18 696 N/A 60 141 122 

6IR3 8465 Canyon RI Effluent 7.56 4.21 13.3 4.21 682 120 52 139 122 

1IS1 10091 Iona RD. Inlet 7.69 1.19 22.7 1.19 1110 748 248 24.9 13.5 None 

1IS2 10091 Iona RD. Tank 7.58 0.37 19.5 0.37 263 N/A 34 47.6 42.6 

1IS3 10091 Iona RD. Effluent 7.59 0.35 19.3 0.35 259 310 46 50.6 45.7 

3IS1 1128 Matthiasville RD. Inlet 6.51 5.10 11.5 5.1 21080 1721 5470 399 81.1 None 

3IS2 1128 Matthiasville RD. Tank 7.76 0.79 8.9 0.79 718 N/A 137 64.8 48.9 

3IS3 1128 Matthiasville RD. Effluent 7.29 1.36 9.7 1.36 424 535 21 50.1 48.5 

4IS1 493 Roaslind Lake Road Inlet 9.40 4.28 7.8 1.82 580 727 30 228 207 None 

4IS2 493 Roaslind Lake Road Tank 8.86 1.71 4.2 1.68 279 N/A 24 85.5 77.2 

4IS3 493 Roaslind Lake Road Effluent 8.82 3.51 4.3 4.57 263 245 15 86.8 78.2 
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5IS1 1002 Golden Point Road Inlet 5.61 1.10 8.7 1.1 11890 1715 4020 331 68.8 None 

5IS2 1002 Golden Point Road Tank 6.98 1.94 8.7 1.94 116 N/A 8 54.7 48.7 

5IS3 1002 Golden Point Road Effluent 6.95 2.35 8.9 2.35 109 156 5 55 49.2 

6IS1 1206 Charlie Thompson 

RD.  

Inlet 6.37 1.10 9.1 1.1 11310 1751 3800 360 92.2 None 

6IS2 1206 Charlie Thompson 

RD.  

Tank 6.98 1.94 8.9 1.94 571 N/A 74 155 132 

6IS3 1206 Charlie Thompson 

RD.  

Effluent 6.95 2.35 8.9 2.35 507 801 44 139 120 

1CR1 44 Autumn Circle Influent 7.22 1.76 11.6 1.76 514 387 70 75.7 65.6 10% open 

1CR2 44 Autumn Circle Tank 7.21 1.34 11.6 1.34 489 N/A 33 75.4 71.4 

1CR3 44 Autumn Circle Effluent 8.25 0.57 10.8 0.57 264 130 39 73.0 62.6 

2CR1 7 Diamondwood Drive Influent 6.72 0.61 16.9 0.61 950 541 650 98.9 86.1 25% open 

2CR2 7 Diamondwood Drive Tank 7.03 0.75 16 0.75 308 N/A 44 82.8 79.4 

2CR3 7 Diamondwood Drive Effluent 7.38 1.25 15.5 1.25 255 210 54 74.2 68.4 

3CR1 10 Diamondwood Drive Influent 7.09 0.65 17.7 0.65 739 243 424 75.8 50.2 Unknown 

3CR2 10 Diamondwood Drive Tank 6.99 0.73 17.1 0.73 308 N/A 150 62.0 59.1 

3CR3 10 Diamondwood Drive Effluent 7.16 1.95 16.6 1.95 113 47 21 54.1 51.7 

4CR1 17 Flamborough Hills 

Drive 

Influent 7.37 1.23 13.2 1.23 615 821 48 67.9 59.5 50% open 

4CR2 17 Flamborough Hills 

Drive 

Tank 7.42 1.62 12.7 1.62 504 N/A 83 70.8 60.3 

4CR3 17 Flamborough Hills 

Drive 

Effluent 7.39 3.20 13.2 3.2 431 633 66 71.6 60.1 

5CR1 40 Diamondwood Drive Influent 7.26 0.65 17.0 1.23 342 220 124 44.8 37.6 25% open 

5CR2 40 Diamondwood Drive Tank 7.12 0.70 16.7 1.62 216 N/A 79 42.5 38.5 

5CR3 40 Diamondwood Drive Effluent 7.38 1.29 16.5 3.2 173 195 56 42.3 37.9 

6CR1 45 Autumn Circle Influent 7.11 1.63 11.5 1.63 380 297 52 78.5 67.7 50% open 

6CR2 45 Autumn Circle Tank 7.09 1.41 11.1 1.41 323 N/A 48 81.9 72.0 

6CR3 45 Autumn Circle Effluent 7.21 0.42 10.5 0.42 271 216 44 79.8 67.8 

1CS1 2 Diamondwood Drive Influent 7.22 1.76 11.6 0.69 739 890 282 190 64.8 Closed 

1CS2 2 Diamondwood Drive Tank 7.21 1.34 11.6 0.55 5864 N/A 2960 64.4 57.9 

1CS3 2 Diamondwood Drive Effluent 8.25 0.57 10.8 1.39 193 217 35 61.4 56.9 

2CS1 22 Diamondwood Drive Influent 6.72 0.61 16.9 0.55 505 222 163 52.7 44.0 None 
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2CS2 22 Diamondwood Drive Tank 7.03 0.75 16 0.66 381 N/A 125 44.9 37.9 

2CS3 22 Diamondwood Drive Effluent 7.38 1.25 15.5 1.16 255 148 50 39.5 34.8 

3CS1 925 Longfellow Ave. Influent 7.09 0.65 17.7 0.54 256 258 37 68.1 62.1 None 

3CS2 925 Longfellow Ave. Tank 6.99 0.73 17.1 0.56 211 N/A 42 70.7 67.2 

3CS3 925 Longfellow Ave. Effluent 7.16 1.95 16.6 1.14 127 51 26 64.4 61.2 

4CS1 362 Evert Street Influent 7.37 1.23 13.2 0.86 558 632 131 51.7 41.2 None 

4CS2 362 Evert Street Tank 7.42 1.62 12.7 0.57 394 N/A 68 52.5 43.2 

4CS3 362 Evert Street Effluent 7.39 3.20 13.2 0.89 435 1701 153 53.3 45.4 

5CS1 3105 Dundas St. Influent 7.26 0.65 17.0 1.42 441 604 432 68.4 55.8 None 

5CS2 3105 Dundas St. Tank 7.12 0.70 16.7 1.61 255 N/A 27 69.9 49.9 

5CS3 3105 Dundas St. Effluent 7.38 1.29 16.5 2.1 246 373 19 60.8 56.3 

6CS1 2850 Victoria Street Influent 7.11 1.63 11.5 1.83 486 919 200 47.1 35.0 None 

6CS2 2850 Victoria Street Tank 7.09 1.41 11.1 1.08 218 N/A 35 39.1 30.5 

6CS3 2850 Victoria Street Effluent 7.21 0.42 10.5 0.71 375 411 200 47.1 32.2 
 

1: Bolded samples represent the ones sequenced for this project 
1: Numbers prefixing digester labels indicate a specific digester site replicate, and numbers suffixing digester labels 

indicate a sampling point, where 1=Influent, 2=Tank, 3=Effluent. Digester types are labeled as InnerTube Recirculating 

(IR), InnerTube Single-pass (IS), Conventional Recirculating (CR), Conventional Single-pass (CS). 
2: BOD values labeled “N/A” were not measured  
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Table S 2: Pre-treatment sample information of InnerTube Recirculating 

(4RI) technical replicates  

Sample Code1 Region Sampling Point Pre-Treatment method 

4IR1-C1 2649 No. 2 Sideroad Influent  
-80ºC Frozen, 

10 mL Sample; 10 mL of H2O, Control 
4IR1-C2 2649 No. 2 Sideroad Influent  

4IR1-C3 2649 No. 2 Sideroad Influent  

4IR1-E1 2649 No. 2 Sideroad Influent  
-80ºC Frozen,  

10 mL Sample, 10 mL 70% EtOH 
4IR1-E2 2649 No. 2 Sideroad Influent  

4IR1-E3 2649 No. 2 Sideroad Influent  

4IR1-P1 2649 No. 2 Sideroad Influent 
-80ºC Frozen,  

10 Sample, 5 mL of Preservative Buffer  
4IR1-P2 2649 No. 2 Sideroad Influent 

4IR1-P3 2649 No. 2 Sideroad Influent 

4IR1-1 2649 No. 2 Sideroad Influent 

DNA extracted immediately 4IR1-2 2649 No. 2 Sideroad Influent 

4IR1-3 2649 No. 2 Sideroad Influent 

4IR2-1 2649 No. 2 Sideroad Tank 

DNA extracted immediately 4IR2-2 2649 No. 2 Sideroad Tank 

4IR2-3 2649 No. 2 Sideroad Tank 

4RI1 2649 No. 2 Sideroad Influent 

-80ºC Frozen 4RI2 2649 No. 2 Sideroad Tank 

4RI3 2649 No. 2 Sideroad Effluent 

1: Numbers prefixing digester labels indicate a specific digester site replicate, and 

numbers suffixing digester labels indicate a sampling point, where 1=Influent, 

2=Tank. Digester type is labeled as InnerTube Recirculating (IR). Letters 

following the hyphen represent the pre-treatment method, Control “C”, Ethanol 

“E”, Preserved “P”, and numbers following the hyphen represent a technical 

replicate. The last three samples were not considered as technical replicates and 

were used to directly compare to other digester types.
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Table S 3: Anaerobic septic tank volumes, flow-rates, and hydraulic retention (residence) times  

Digester ID1 Sample ID1 
Tank Residence 

Volume (L) 
Flow Rate (L/day) 

Hydraulic Residence 

Time (days) 

1IS 1IS 4830 800 6.0 

2IS 2IS 6060 800 7.6 

3IS 3IS 3600 1000 3.6 

3IR 1IR 24000 4000 6.0 

4IR 2IR 13000 2625 5.0 

5IR 3IR 17280 2888 6.0 

1CS 1CS 9170 2000 4.6 

2CS 2CS 9170 2000 4.6 

4CS 3CS 5400 1000 5.4 

4CR 1CR 5400 1250 4.3 

5CR 2CR 9173 1750 5.2 

6CR 3CR 9170 2250 4.1 
 

1: Numbers prefixing digester labels indicate a specific digester site replicate. Digester types are labeled as InnerTube 

Recirculating (IR), InnerTube Single-pass (IS), Conventional Recirculating (CR), Conventional Single-pass (CS). 
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6.2 Appendix II: Sequencing Statistics 

Figure 6.1: Rarefaction curve of A.) unique species vs. total read counts and 

B.) functional genes vs. total read counts. Vertical lines indicate the sample 

with the lowest total read counts. Horizontal lines indicate the number of species 

or genes obtained if rarefied to the sample with the lowest read count. 
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Table S 4: Qubit DNA concentrations and sample sequencing statistics 

Digester ID1 Sample ID2 Qubit DNA 

Concentration (ng/uL) 

Total Read 

Count 

% GC 

Content 

% Duplicate 

Reads 

3IR1 1IR1 32.36 7927394 53 6.95 

3IR2 1IR2 24.56 5860571 46 5.07 

3IR3 1IR3 21.16 7129347 46 4.9 

4IR1 2IR1 51.60 6164751 52 3.41 

4IR2 2IR2 5.16 5067283 50 3.21 

4IR3 2IR3 6.68 4505234 49 4.27 

5IR1 3IR1 40.40 5465333 54 3.49 

5IR2 3IR2 61.60 5408314 52 3.06 

5IR3 3IR3 24.32 6135332 50 5.73 

4IR1-1 4IR1-1 146.00 6298084 52 2.9 

4IR1-2 4IR1-2 131.20 7207749 51 3.47 

4IR1-3 4IR1-3 106.40 7665923 52 3.53 

4IR2-1 4IR2-1 91.60 5650413 46 3.42 

4IR2-2 4IR2-2 101.20 5638008 46 2.84 

4IR2-3 4IR2-3 42.40 5241021 46 3.12 

1IS1 1IS1 8.20 5071232 54 4.32 

1IS2 1IS2 13.76 6317098 50 4.54 

1IS3 1IS3 19.88 5249390 53 4.27 

4IS1 2IS1 7.32 5813013 49 5.8 

4IS2 2IS2 14.12 6031819 51 6.7 

4IS3 2IS3 13.38 5441899 50 7.55 

6IS1 3IS1 34.48 4630674 49 3.69 

6IS2 3IS2 33.72 6253923 50 9.48 

6IS3 3IS3  13.68 6035461 50 8.58 

4CR1 1CR1 30.40 7120059 48 3.7 

4CR2 1CR2 24.60 5463739 48 3.43 
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4CR3 1CR3 33.20 5133494 51 3.83 

5CR1 2CR1 59.80 7615328 48 5.7 

5CR2 2CR2 14.14 5550975 54 4.2 

5CR3* 2CR3* 5.56 5890315 50 5.63 

6CR1 3CR1 19.20 5750570 47 4.13 

6CR2 3CR2 10.22 6144909 47 4.44 

6CR3 3CR3 60.00 5312626 46 4.03 

1CS1 1CS1 102.00 5759504 57 3.34 

1CS2 1CS2 26.20 5556880 61 3.86 

1CS3 1CS3 13.72 7259837 49 7 

2CS1 2CS1 30.20 5118587 49 4.21 

2CS2 2CS2 19.80 6593147 50 5.71 

2CS3 2CS3 30.20 5595596 49 5.81 

4CS1 3CS1 55.20 4564793 51 4.38 

4CS2 3CS2 39.40 8381243 47 5.06 

4CS3 3CS3 54.20 6115431 52 4.82 

4IR1-C1 4IR1-C1 1.12 2580272 52 3.57 

4IR1-C2 4IR1-C2 0.97 2481820 49 3.3 

4IR1-C3 4IR1-C3 0.99 2335608 48 3.27 

4IR1-EtOH1 4IR2- EtOH 1 0.884 2475045 50 3.18 

4IR1-EtOH2 4IR2- EtOH 2 0.464 2390762 48 3 

4IR1-EtOH3 4IR2- EtOH 3 1.108 2373709 48 3.37 

4IR1-P1 4IR2- P1 2.21 2589753 47 2.98 

4IR1-P2 4IR2- P2 1.88 3503446 46 6.35 

4IR1-P3 4IR2- P3 2.07 2612062 46 3.05 
1*: Asterisk on 5CR3 notes that this is the sample with the lowest concentration that unbolded samples were normalized to. 
2: Sample ID, as opposed to the Digester Sample ID, refers to the IDs used in the thesis to represent the replicates of digesters chosen 

which are bolded in Table S 1. Bolded samples represent the sample group that was normalized to the concentration of 4IR1-EtOH 2 

before sequencing. Samples that are not bolded were normalized to the concentration of 5CR3 (denoted with an asterisk). 
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6.3 Appendix III: Raw Statistical Test Values 

Table S 5: PERMANOVA and BETADISPER Significance tests between Pre-treatment methods. 

  
Terms1 dƒ 

Sum of  

Squares 
Pseudo ƒ p-value 

PERMANOVA Pre-Treatment Method 3 0.142 2.609 0.001 

BETADISPER Pre-Treatment Method 3 0.006 15.118 0.001 
 

1: Tank samples for Unpreserved samples are not included in the analysis to maintain a balanced test design 
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Table S 6: Genera differential abundance (DESeq2) statistics for A.) Conventional vs. InnerTube and B.) Recirculating 

vs. Single-pass 

 

Order Family Genus Taxon_ID 
Conventional 
Mean 

Abundance 

InnerTube 
Mean 

Abundance 

log-2 fold 

change 

log-2 fold 

change SE 
Adj. p 

Desulfovibrionales Desulfovibrionaceae Desulfovibrio 184917 8259.06 72550.24 2.987 0.520 0.000001 

Rhodobacterales Rhodobacteraceae Paracoccus 34003 656.12 4708.28 2.974 0.587 0.000019 

Burkholderiales Comamonadaceae Acidovorax 1276755 3378.55 30136.98 2.949 0.572 0.000014 

Pseudomonadales Moraxellaceae Acinetobacter 470 1256.61 6551.63 2.350 0.410 0.000001 
Clostridiales Ruminococcaceae Faecalibacterium 853 4458.68 16775.72 1.741 0.435 0.000911 

Clostridiales Oscillospiraceae Oscillibacter 351091 1328.56 4704.68 1.608 0.373 0.000341 

Unclassified_Acidobacteria Unclassified_Acidobacteria Unclassified_Acidobacteria 1978231 3934.45 543.59 -1.980 0.452 0.000265 
Desulfobacterales Desulfobulbaceae Desulfobulbus 894 23995.99 5194.96 -2.424 0.562 0.000338 

Desulfovibrionales Desulfomicrobiaceae Desulfomicrobium 899 11342.24 704.76 -3.866 0.550 0.000000 

Methanosarcinales Methanosaetaceae Methanothrix 2223 20897.36 2132.61 -3.899 0.917 0.000405 
Clostridiales Peptostreptococcaceae Proteocatella 181070 20030.62 1703.37 -4.177 0.781 0.000006 

Anaerolineales Anaerolineaceae Pelolinea 913107 8101.25 72.34 -5.068 0.743 0.000000 

Order Family Genus Taxon_ID 

Recirculatin

g Mean 

Abundance 

Single_Pass 

Mean 

Abundance 

log2 fold-

change 

log2 fold-

change SE 
Adj. p 

Burkholderiales Alcaligenaceae Pusillimonas 1548123 76.43 11698.20 5.44 0.66 0.000000 

Burkholderiales Comamonadaceae Simplicispira 80881 610.23 13729.36 3.49 0.61 0.000002 

Rhizobiales Methylocystaceae Pleomorphomonas 257440 729.97 6715.52 2.71 0.63 0.000368 
Caulobacterales Caulobacteraceae Phenylobacterium 1736591 480.98 4426.47 2.29 0.53 0.000311 

Rhizobiales Unclassified_Rhizobiales Unclassified_Rhizobiales 1909294 556.38 2260.47 1.92 0.40 0.000069 

Bacteroidales Unclassified_Bacteroidales 
Unclassified_Bacteroidale
s 

1400053 13833.65 2812.20 -1.97 0.45 0.000279 

Acidithiobacillales Acidithiobacillaceae Acidithiobacillus 930 2364.33 365.51 -2.66 0.63 0.000493 

Methanomicrobiales Methanospirillaceae Methanosphaerula 475088 2307.15 210.06 -2.88 0.64 0.000219 
Rhodocyclales Azonexaceae Dechloromonas 73030 14762.60 1095.21 -3.56 0.67 0.000008 

Campylobacterales Helicobacteraceae Sulfurimonas 39766 4477.83 322.82 -3.60 0.67 0.000007 

Unclassified_Candidatus 

Cloacimonetes 

Unclassified_Candidatus 

Cloacimonetes 

Unclassified_Candidatus 

Cloacimonetes 
2013734 2927.01 273.69 -4.10 0.66 0.000000 

Desulfuromonadales Geobacteraceae Geobacter 115783 42044.47 5902.90 -4.28 0.71 0.000001 

Campylobacterales Campylobacteraceae Pseudoarcobacter 1912877 21593.94 510.36 -5.25 0.82 0.000000 

A. 

B. 
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Table S 7: Genera differential abundance (DESeq2) statistics for A.) Influent vs. Tank and Tank vs. Effluent 

comparisons and B.) Influent vs. Effluent comparisons 

 

Order Family Genus Taxon_ID 
Influent 
Mean 

Abundance 

Effluent 
Mean 

Abundance 

log2-
fold 

change 

log2-fold 
change 

SE 

Adj. p 

Desulfobacterales Desulfobacteraceae Desulfamplus 1246637 64.80 1100.02 5.08 0.87 0.00001 

Thiotrichales Unclassified_Thiotrichales Unclassified_Thiotrichales 1970606 968.23 22629.14 5.07 1.01 0.00020 
Desulfuromonadales Geobacteraceae Geobacter 115783 4805.67 49406.87 4.46 0.88 0.00019 

Rhodospirillales Acetobacteraceae Zavarzinia 1264899 31.46 301.75 3.90 0.85 0.00085 
Desulfobacterales Desulfobacteraceae Desulfobacter 2293 98.66 1705.75 3.78 0.76 0.00024 

Thiotrichales Piscirickettsiaceae Thiomicrospira 92245 37.15 432.32 3.53 0.74 0.00038 

Chromatiales Halothiobacillaceae Halothiobacillus 1970383 63.42 1168.74 3.52 0.73 0.00038 

Order Family Genus Taxon_ID 
Influent 
Mean 

Abundance 

Tank  
Mean 

Abundance 

Effluent 
Mean 

Abundance 

log2 fold-

change 

log2 fold-

change SE 
Adj. p 

Desulfobacterales Desulfobacteraceae Desulfamplus 1246637  120.78 1100.02 3.74 0.87 0.038 

Chromatiales Halothiobacillaceae Halothiobacillus 1970383  105.71 1168.74 3.05 0.73 0.038 

Unclassified_Verrucomicrobia Unclassified_Verrucomicrobia Unclassified_Verrucomicrobia 2026799 1800.93 8469.27  2.01 0.58 0.037 

Unclassified_Deltaproteobacteria Unclassified_Deltaproteobacteria Unclassified_Deltaproteobacteria 34034 3139.86 7401.22  1.34 0.40 0.040 
Desulfovibrionales Desulfonatronaceae Desulfonatronum 617001 87.94 189.17  1.12 0.34 0.050 

Clostridiales Lachnospiraceae Unclassified_Lachnospiraceae 39491 6556.00 2635.23  -1.29 0.37 0.034 

Clostridiales Lachnospiraceae Blautia 40520 8457.20 3309.80  -1.45 0.38 0.025 
Erysipelotrichales Erysipelotrichaceae Holdemania 61171 387.04 88.48  -1.49 0.45 0.044 

Erysipelotrichales Erysipelotrichaceae Erysipelatoclostridium 29348 460.98 140.71  -1.50 0.42 0.034 

Clostridiales Lachnospiraceae Anaerobutyricum 39488 708.71 347.51  -1.51 0.42 0.034 

Clostridiales Lachnospiraceae Dorea 88431 2148.43 721.14  -1.63 0.43 0.025 
Clostridiales Ruminococcaceae Ruminococcus 1262952 12706.34 4811.29  -1.64 0.46 0.034 

Clostridiales Lachnospiraceae Anaerostipes 649756 736.97 288.06  -1.69 0.45 0.025 

Clostridiales Ruminococcaceae Unclassified_Ruminococcaceae 2048667 7018.97 1861.86  -1.80 0.48 0.028 
Coriobacteriales Coriobacteriaceae Collinsella 74426 6693.16 442.26  -2.31 0.58 0.019 

Propionibacteriales Propionibacteriaceae Microlunatus 29405 738.67 223.60  -2.49 0.74 0.040 

Eggerthellales Eggerthellaceae Asaccharobacter 394340 798.62 94.95  -2.73 0.66 0.019 
Bifidobacteriales Bifidobacteriaceae Bifidobacterium 216816 56560.44 4173.37  -3.05 0.76 0.019 

Enterobacterales Yersiniaceae Yersinia 419257 8732.83 152.40  -3.07 0.82 0.026 

Thiotrichales Thiotrichaceae Thiothrix 525917 2524.77 266.32  -3.52 1.03 0.040 

A. 

B. 
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Methanosarcinales Methanosarcinaceae Methanomethylovorans 101192 133.83 780.35 2.88 0.99 0.04686 
Desulfuromonadales Geobacteraceae Unclassified_Geobacteraceae 1798316 110.73 636.07 2.76 0.62 0.00086 

Desulfuromonadales Unclassified_Desulfuromonadales Unclassified_Desulfuromonadales 2099678 56.73 295.75 2.59 0.63 0.00319 

Burkholderiales Burkholderiaceae Polynucleobacter 1970427 62.21 367.92 2.42 0.54 0.00086 
Desulfobacterales Desulfobacteraceae Desulfobacterium 201089 80.96 398.35 2.24 0.57 0.00446 

Desulfobacterales Desulfobulbaceae Desulfobulbus 894 5708.05 23025.73 2.08 0.69 0.03785 

Desulfobacterales Unclassified_Desulfobacterales Unclassified_Desulfobacterales 1973983 96.70 462.29 2.04 0.52 0.00452 
Desulfobacterales Desulfobulbaceae Unclassified_Desulfobulbaceae 1629713 258.61 932.36 1.94 0.57 0.01575 

Unclassified_Gammaproteobacteria Unclassified_Gammaproteobacteria Unclassified_Gammaproteobacteria 1970513 2080.47 7486.02 1.86 0.53 0.01039 

Unclassified_Nitrospirae Unclassified_Nitrospirae Unclassified_Nitrospirae 1801696 64.68 218.80 1.83 0.41 0.00086 
Nitrosomonadales Methylophilaceae Methylotenera 2051956 168.88 741.00 1.75 0.54 0.02376 

Nitrosomonadales Unclassified_Nitrosomonadales Unclassified_Nitrosomonadales 1970535 150.45 391.57 1.49 0.47 0.02466 

Desulfuromonadales Desulfuromonadaceae Desulfuromonas 892 84.94 222.24 1.46 0.40 0.00816 

Desulfovibrionales Desulfonatronaceae Desulfonatronum 617001 87.94 260.49 1.43 0.34 0.00251 

Unclassified_Deltaproteobacteria Unclassified_Deltaproteobacteria Unclassified_Deltaproteobacteria 34034 3139.86 7376.25 1.28 0.40 0.02376 
Clostridiales Peptococcaceae Dehalobacterium 51515 152.85 308.96 1.24 0.42 0.04321 

Clostridiales Clostridiaceae Butyricicoccus 2292297 726.01 382.39 -0.94 0.30 0.02761 

Clostridiales Lachnospiraceae Unclassified_Lachnospiraceae 39491 6556.00 2643.94 -1.23 0.37 0.01637 
Corynebacteriales Mycobacteriaceae Mycobacteroides 36809 326.88 125.85 -1.27 0.44 0.04964 

Clostridiales Lachnospiraceae Lachnospira 446043 385.88 163.85 -1.33 0.44 0.03785 

Clostridiales Lachnospiraceae Lachnotalea 1763509 472.22 169.01 -1.34 0.43 0.03001 
Clostridiales Lachnospiraceae Coprococcus 410072 2128.39 854.18 -1.41 0.46 0.03183 

Erysipelotrichales Erysipelotrichaceae Holdemania 61171 387.04 96.80 -1.42 0.45 0.02498 

Xanthomonadales Xanthomonadaceae Lysobacter 1604334 369.39 131.59 -1.47 0.43 0.01597 
Clostridiales Lachnospiraceae Fusicatenibacter 1150298 368.46 144.99 -1.50 0.51 0.04648 

Clostridiales Lachnospiraceae Blautia 40520 8457.20 3028.91 -1.50 0.38 0.00453 

Propionibacteriales Nocardioidaceae Nocardioides 2049295 467.29 139.78 -1.52 0.50 0.03496 
Clostridiales Lachnospiraceae Anaerobutyricum 39488 708.71 330.32 -1.53 0.42 0.00831 

Clostridiales Ruminococcaceae Faecalibacterium 853 17144.48 6606.29 -1.56 0.53 0.04530 

Clostridiales Lachnospiraceae Anaerostipes 649756 736.97 277.33 -1.67 0.45 0.00706 
Rhizobiales Rhizobiaceae Agrobacterium 358 287.97 97.51 -1.68 0.51 0.02070 

Clostridiales Ruminococcaceae Unclassified_Ruminococcaceae 2048667 7018.97 1945.48 -1.79 0.48 0.00798 

Rhizobiales Bradyrhizobiaceae Bosea 406341 867.65 216.91 -1.79 0.54 0.01665 
Clostridiales Lachnospiraceae Dorea 88431 2148.43 632.50 -1.80 0.43 0.00195 

Xanthomonadales Xanthomonadaceae Luteimonas 2172536 380.10 111.09 -1.83 0.54 0.01618 

Clostridiales Ruminococcaceae Ruminococcus 1262952 12706.34 4053.27 -1.87 0.46 0.00346 
Micrococcales Unclassified_Micrococcales Unclassified_Micrococcales 1895792 506.41 134.41 -1.89 0.59 0.02376 

Rhizobiales Chelatococcaceae Chelatococcus 1953771 604.65 110.52 -1.91 0.64 0.03986 

Micrococcales Microbacteriaceae Microbacterium 51671 5236.07 1192.08 -1.96 0.58 0.01623 
Rhodobacterales Rhodobacteraceae Rhodovulum 35806 398.27 100.57 -2.04 0.59 0.01371 

Burkholderiales Comamonadaceae Ottowia 2109914 2530.51 550.12 -2.14 0.59 0.00850 

Xanthomonadales Xanthomonadaceae Pseudoxanthomonas 314722 1168.36 268.73 -2.14 0.59 0.00831 
Coriobacteriales Coriobacteriaceae Collinsella 74426 6693.16 491.21 -2.19 0.58 0.00598 

Eggerthellales Eggerthellaceae Asaccharobacter 394340 798.62 108.10 -2.36 0.66 0.01016 

Propionibacteriales Propionibacteriaceae Microlunatus 29405 738.67 188.81 -2.70 0.74 0.00816 
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Bifidobacteriales Bifidobacteriaceae Bifidobacterium 216816 56560.44 3787.55 -2.91 0.76 0.00570 
Enterobacterales Yersiniaceae Yersinia 419257 8732.83 379.76 -2.92 0.82 0.00997 

Nakamurellales Nakamurellaceae Nakamurella 53461 3690.16 198.07 -3.12 0.83 0.00679 

Rhizobiales Rhizobiaceae Shinella 1870904 5056.36 708.99 -3.20 0.82 0.00474 
Rhizobiales Methylocystaceae Pleomorphomonas 257440 9278.89 723.64 -3.39 0.77 0.00107 

Rhodobacterales Rhodobacteraceae Amaricoccus 1985299 2017.84 184.88 -3.59 0.80 0.00086 
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Table S 8: Functional Gene subsystem differential abundance (DESeq2) of A.) Conventional and InnerTube and B.) 

Recirculating and Single-pass digesters 

 

L1 Subsystem L3 Subsystem 
Recirculating 

Mean Abundance 

Single Pass 

Mean Abundance 

log2 fold-

change 

log2 fold-

change SE 

Adj. 

p 

Virulence Type 4 secretion and conjugative transfer 1858.8 2876.31 0.7 0.26 0.036 

Stress Response Choline and Betaine Uptake and Betaine Biosynthesis 1688.64 2665.59 0.64 0.2 0.012 
Sulfur Metabolism Alkanesulfonate assimilation 1139.2 1766.74 0.6 0.19 0.013 

Membrane Transport ABC transporter dipeptide (TC 3.A.1.5.2) 2400.65 3396.14 0.51 0.12 0.001 

Carbohydrates Glycerol fermentation to 1,3-propanediol 1124.49 1585.97 0.49 0.15 0.011 
Carbohydrates D-ribose utilization 3256.73 4507.8 0.48 0.14 0.006 

Carbohydrates Acetyl-CoA biosynthesis in plants 2209.6 3030.69 0.46 0.15 0.016 

Carbohydrates 
D-galactarate, D-glucarate, and D-glycerate 
catabolism 1318.69 1817.15 0.46 0.11 0.001 

Amino Acids and Derivatives Aromatic amino acid degradation 1065.13 1425.1 0.45 0.15 0.019 

L1 Subsystem L3 Subsystem 
Conventional 
Mean Abundance 

InnerTube Mean 
Abundance 

log2 fold-
change 

log2 fold-
change SE 

Adj. p 

Motility and Chemotaxis Flagellum 3520.85 5077.21 0.54 0.14 0.0022 

Respiration Respiration / HGM 4179.01 5037.86 0.27 0.10 0.0436 

RNA Metabolism Queuosine exploration RZ 3243.42 3783.92 0.22 0.08 0.0246 
Cofactors, Vitamins, Prosthetic Groups, Pigments Lipoic Acid Synthesis 2365.21 2743.82 0.21 0.06 0.0063 

Amino Acids and Derivatives Amino acid racemase 1973.70 2243.63 0.18 0.06 0.0175 

Mitochondrial electron transport system in plants F0F1-type ATP synthase in plants (mitochondrial) 6364.90 7190.06 0.18 0.06 0.0135 
Potassium metabolism Potassium homeostasis 7595.02 8518.92 0.16 0.05 0.0178 

Fatty Acids, Lipids, and Isoprenoids CDP-diacylglycerol biosynthesis in plants 1762.56 1930.87 0.13 0.05 0.0337 

Carbohydrates Galactose degradation in plants 3055.90 2687.65 -0.19 0.07 0.0402 
Cell Wall and Capsule Capsular heptose biosynthesis 2125.33 1813.67 -0.23 0.09 0.0428 

Cell Wall and Capsule dTDP-rhamnose synthesis 4684.28 3871.64 -0.28 0.08 0.0041 

DNA Metabolism Restriction-Modification System 18116.42 14415.88 -0.33 0.07 0.0001 
Amino Acids and Derivatives Aromatic amino acid interconversions with aryl acids 4168.15 3218.75 -0.39 0.09 0.0003 

DNA Metabolism CRISPRs 2593.65 1940.32 -0.42 0.14 0.0192 

Respiration Hydrogenases 4323.58 3313.25 -0.43 0.16 0.0377 

Nucleotide sugars 
UDP-glucose and UDP-galactose biosynthesis in 

plants 
1661.81 1230.47 -0.47 0.15 0.0178 

Nitrogen Metabolism Nitrosative stress 3196.68 2283.03 -0.50 0.14 0.0068 
Virulence Beta-lactamase 3076.31 2141.88 -0.54 0.11 0.0000 

Carbohydrates Methanogenesis 2023.35 1017.69 -1.04 0.28 0.0032 

A. 

B. 
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DNA Metabolism DNA repair, bacterial RecBCD pathway 1842.65 2528.38 0.45 0.11 0.002 
Amino Acids and Derivatives Cinnamic Acid Degradation 1142.04 1518.92 0.4 0.13 0.015 

Carbohydrates Fermentations in Streptococci 3408.06 4295.71 0.34 0.09 0.004 

Carbohydrates Acetone Butanol Ethanol Synthesis 2826.19 3438.15 0.28 0.06 0.004 
Virulence Arsenic resistance 1150.5 1394.6 0.27 0.1 0.032 

Miscellaneous IojapClusters 2204.03 2579.28 0.23 0.08 0.02 

Amino Acids and Derivatives Arginine Biosynthesis extended 8706.97 8237.05 -0.08 0.03 0.034 
Amino Acids and Derivatives Branched-Chain Amino Acid Biosynthesis 14693.58 13748.07 -0.1 0.03 0.008 

Miscellaneous YebC 4082.6 3815.42 -0.1 0.04 0.041 

Protein Metabolism 
EC 6.1.1.- Ligases forming aminoacyl-tRNA and 
related compounds 18145.05 16936.56 -0.1 0.03 0.025 

Amino Acids and Derivatives Lysine and threonine metabolism in plants 9689.48 9006.22 -0.11 0.04 0.026 

Protein Metabolism Translation elongation factors bacterial 6095.46 5638.34 -0.11 0.03 0.006 

Cofactors, Vitamins, Prosthetic Groups, 

Pigments 5-FCL-like protein 2882.78 2660.49 -0.12 0.05 0.049 
Cell Division and Cell Cycle Bacterial Cytoskeleton 16207.9 14806.36 -0.13 0.05 0.025 

Central metabolism EC 6.4.1.- Ligases that form carbon-carbon bonds 2274.9 2083.37 -0.13 0.05 0.033 

Cofactors, Vitamins, Prosthetic Groups, 
Pigments CLO thiaminPP biosynthesis 9030.91 8246.85 -0.13 0.05 0.046 

RNA Metabolism RNA polymerase bacterial 10653.39 9512.53 -0.16 0.04 0.002 

Amino Acids and Derivatives 
Glutamine, Glutamate, Aspartate and Asparagine 
Biosynthesis 10009.13 8908.96 -0.17 0.04 0.002 

Amino Acids and Derivatives Histidine Biosynthesis 8197.05 7261.99 -0.17 0.05 0.009 

Protein Metabolism Translation initiation factors bacterial 3448.98 3045.95 -0.18 0.05 0.003 
Virulence Cobalt-zinc-cadmium resistance 3011.25 2639.14 -0.19 0.07 0.043 

Protein Metabolism Translation elongation factor G family 5239.33 4561.9 -0.2 0.06 0.008 

Amino Acids and Derivatives Glutamine synthetases 3247.82 2797.21 -0.21 0.07 0.011 
Fatty Acids, Lipids, and Isoprenoids Isoprenoid Biosynthesis 4047.26 3461.07 -0.23 0.06 0.005 

Protein Metabolism Ribosomal protein S12p Asp methylthiotransferase 1725.39 1464.52 -0.24 0.07 0.01 

Amino Acids and Derivatives Arginine metabolism and urea cycle in plants 5177.32 4321.89 -0.26 0.06 0.001 
Amino Acids and Derivatives Aromatic amino acid interconversions with aryl acids 4050.37 3336.54 -0.31 0.09 0.006 

Motility and Chemotaxis Flagellar motility 6079.68 4953.67 -0.32 0.12 0.037 

Virulence Multidrug Resistance Efflux Pumps 7163.9 5650.76 -0.35 0.12 0.027 
Respiration Respiratory Complex I 8796.12 6869.29 -0.36 0.13 0.034 

Nitrogen Metabolism Nitrate and nitrite ammonification 6178.46 4668.26 -0.4 0.15 0.043 

Stress Response FOL Commensurate regulon activation 4082.12 3094.2 -0.41 0.13 0.012 

Nucleotide sugars 

UDP-glucose and UDP-galactose biosynthesis in 

plants 1636.04 1256.24 -0.42 0.15 0.034 

Carbohydrates Mannose Metabolism 4176.56 3053.34 -0.44 0.13 0.009 
Amino Acids and Derivatives PII Superfamily 6336.34 4629.47 -0.46 0.13 0.006 

Respiration Hydrogenases 4393.07 3243.76 -0.48 0.16 0.017 

Carbohydrates Propionyl-CoA to Succinyl-CoA Module 2969.75 2075.06 -0.52 0.16 0.011 
Iron acquisition and metabolism Iron acquisition in Vibrio 17059.1 9875.04 -0.78 0.28 0.027 

Phages, Prophages, Transposable 

elements, Plasmids Conjugative transposon, Bacteroidales 4196.02 2310.04 -1.16 0.4 0.025 
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Table S 9: Functional Gene subsystem differential abundance (DESeq2) of Influent and Effluent comparison. 

Category Group 
Influent Mean 

Abundance 

Effluent Mean 

Abundance 

log2 fold-

change 

log2 fold-

change SE 
Adj. p 

Carbohydrates Pyruvate metabolism I: anaplerotic reactions, PEP in Mycobacteria 65.288 217.960 1.725 0.432 0.019 

Stress Response SigmaB stress responce regulation 443.355 916.860 1.087 0.278 0.020 

Virulence Zinc resistance 883.641 1855.887 1.030 0.308 0.049 
Cell Wall and Capsule Lipid A-Ara4N pathway (Polymyxin resistance) 911.053 1585.135 0.812 0.221 0.038 

Respiration Hydrogenases 2942.025 4501.380 0.643 0.194 0.049 

Protein Metabolism Selenocysteine metabolism 1203.529 1735.457 0.532 0.150 0.040 
Central metabolism EC 6.4.1.- Ligases that form carbon-carbon bonds 1982.259 2341.176 0.244 0.059 0.015 

Protein Metabolism Proteasome bacterial 6144.470 7202.743 0.229 0.051 0.005 

Protein Metabolism Translation elongation factors bacterial 5555.174 6134.552 0.143 0.039 0.038 
Carbohydrates 2-O-alpha-mannosyl-D-glycerate utilization 541.945 266.084 -0.973 0.281 0.040 

Iron acquisition and 

metabolism Ferrous iron transporter EfeUOB, low-pH-induced 277.697 96.327 -1.490 0.434 0.040 
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