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Abstract 

 
Cellulose is the most abundant organic compound found on earth. Celluloseôs recalcitrance to 

hydrolysis is a major limitation to improving the efficiency of industrial applications. The biofuel, 

pulp and paper, agriculture, and textile industries employ mechanical and chemical methods of 

breaking down cellulose. Enzymatic methods are attractive choices for industry due to their 

selectivity in their mode of action and high product yields. However, cellulases are not as economic 

as mechanical means of degrading cellulose, and few cellulases are optimized for large scales. 

Investigating the cellulolytic microbiome and functional potential of municipal waste sites, which 

house large amounts of paper waste, can identify novel cellulose degraders robust for industrial 

applications.   

The microbial diversity and metabolic potential in landfills have not been well studied. In this 

thesis, the cellulose degradation capacity was investigated at two municipal waste sites (MWS). 

First, the microbial composition and the cellulose degradation capacity of a leachate pond from a 

dump in Jamaica and the river adjacent to the dump were assessed using metagenomics. The 

diversity of metagenome-assembled metagenomes (MAGs) was greater in the leachate compared 

to the river, with thirteen high-quality MAGs identified across seven phyla, including 

Bacteroidetes, Proteobacteria and Firmicutes. In contrast, two high-quality MAGs, both members 

of the Proteobacteria, were reconstructed from the river metagenome. A MAG assigned to the 

candidate phylum CPR2 is the first candidate phylum radiation MAG to be reported from a landfill. 

The metagenomes were screened for genes belonging to glycosyl hydrolase (GH) families 

containing cellulases as a measure of cellulolytic potential at the sites. Beta-glucosidases were 

detected at both sites. In the metagenomes, the taxonomic affiliation of most potential cellulases 

in the leachate metagenome were to the Bacteroidetes, Firmicutes, Actinobacteria, Spirochaetes, 
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and Tenericutes, whereas Bacteroidetes and Proteobacteria cellulases were most abundant in the 

river metagenome. The microbial composition of the leachate and river did not overlap based on 

read mapping, suggesting no contamination of the river by the leachate at the times and sites 

sampled.  

Secondly, the cellulolytic microbial diversity was also analyzed in six metagenomes from a landfill 

in Southern Ontario. The samples included a composite leachate cistern (CLC), three leachate 

wells, and one groundwater well. Twelve GH families containing cellulases were detected across 

the six metagenomes, with genes from GH3 and GH5 being the most prevalent. Beta-glucosidases 

and endocellulases were detected across all sites, but exocellulases were only detected in some of 

the leachate sites and the groundwater well. A large number of hypothetical proteins and non-

specifically annotated proteins were also detected across all sites, which likely represent novel 

carbohydrate-modifying enzymes. The majority of the potential cellulase genes across the six sites 

were affiliated with the Bacteroidetes and Firmicutes.  

Thirdly, the potential cellulolytic capacity established from the metagenomes from the Ontario 

landfill was confirmed by enrichment cultivations of leachate biomass grown in synthetic leachate 

amended with cellulose. Several isolates from the enrichment cultures showed 

carboxymethylcellulose and cellobiose degradation capacities, signifying endocellulase and beta-

glucosidase activities. Results from 16S rRNA gene amplicon sequencing of copy-paper, 

cardboard, newsprint, and filter paper-enriched cultures showed enrichment of exact sequence 

variants assigned to Paenibacillus, Cytophaga, and Proteiniphilum bacteria over time. The 

research in this thesis represents the first connections between the cellulolytic potential and 

relevant taxonomic groups in MWS to cellulose degradation by isolates enriched from landfill 

leachate.   
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Chapter 1: Introduction  
 

Cellulose is the most abundant organic compound found on earth. It has been widely exploited in 

industrial applications, namely for pulp and paper, biofuel, agriculture, textile, and pharmaceutical 

products (Delmer and Haigler, 2002; Kuhad et al., 2011). Celluloseôs abundance, availability, and 

renewability are invaluable for large-scale industrial and biotechnology applications. An important 

limitation of cellulose is its recalcitrance to decomposition by hydrolysis (Pérez et al., 2002). 

Cellulose degradation has been a topic of study for more than 140 years, with a focus on improving 

the processôs efficiency. Earliest research investigated the products resulting from cellulose 

hydrolysis by sulphuric acid (Scientific Intelligence, 1860). Physical and thermochemical 

pretreatments of cellulose are currently the preferred cellulose hydrolysis methods for their speed 

and ability to degrade a wide range of lignocellulosic feedstocks continuously (Kumar and Sharma, 

2017). Enzymatic treatments, especially when combined with thermochemical pretreatments, are 

attractive alternatives because of increased specificity in the desired products, low energy usage, 

and lowered toxic waste production compared to chemical processes (Mathews et al., 2015; Kumar 

and Sharma, 2017). Research targeting discovery of novel microbial cellulases that enhance 

efficiency in industrial processes is a much needed area of study to harness the abundance of 

cellulose available for industrial applications. 

 

 

1.1 Cellulose and cellulases 

 

Cellulases are a family of enzymes that hydrolyze the beta-1,4-glycosidic bonds linearly 

connecting glucose subunits in cellulose molecules. Cellulases may also hydrolyze the hydrogen 

bonds that laterally interlink multiple chains of cellulose forming microfibrils (Béguin and Aubert, 

1994). Bundles of microfibrils form fibrils, which mostly exist in a crystalline form, interspersed 
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with amorphous regions where the structure of the cellulose is less organized and more weakly 

linked. In addition to cellulose, hemicellulose and lignin are the main molecules intricately 

complexed in the matrix that makes up the majority of plant biomass: lignocellulose. To degrade 

cellulose, lignin and hemicellulose must first be degraded by their respective enzymes (Pérez et 

al., 2002). Cellulose contributes to the physical support and defensive role of the plant cell wall as 

an insoluble, ordered, and uniformly structured molecule (Béguin and Aubert, 1994). A cocktail 

of three types of cellulases are needed to completely hydrolyze this structured polymer: 

endocellulase [EC 3.2.1.4], which randomly cleaves the glycosidic bond in the middle of the 

glucose chain; exocellulase (cellobiohydrolase) [EC 3.2.1.91], which cleaves near the end of the 

chain, releasing cellobiose; and beta-glucosidase [EC 3.2.1.21], which cleaves cellobiose, 

releasing glucose (Mathews et al., 2015). Cellulases can either occur as free exoenzymes that bind 

to cellulose or as cellulosomes, which are complexes of enzymes attached to the cell wall of certain 

anaerobic cellulose degraders (Cragg et al., 2015).  

 

 

1.2 Microbial diversity of cellulases  

 

Biochemically characterized cellulose degraders have been identified across the three domains of 

life, with a historical focus on cellulases identified from organisms that consume plant materials 

such as ruminants, herbivores, termites, and fungi (Güllert et al., 2016). From the CAZy database 

(Lombard et al., 2014) cellulolytic enzymes have been characterized across 16 glycosyl hydrolase 

families, and are found in 118 genera of bacteria; 164 genera of eukaryotes, of which 82 are fungi; 

and 8 genera of archaea (Table 1.1). Fungi have historically been the dominant microorganisms 
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Table 1.1. Microorganisms that possess characterized cellulases across the tree of life. As of March 

2018, a total of 18 phyla and 201 genera across the tree of life contain members that have characterized 

cellulases, from 16 glycosyl hydrolase (GH) families (GH1, -3, -5, -6, -7, -8, -9, -12, -30, -44, -45, -48, -51, 

-74, -116, and -124) according to the CAZy database (Lombard et al., 2014). The number in brackets beside 

each domain or eukaryotic group indicates the number of phyla in that group that contains members 

possessing cellulases. The number in brackets beside each phylum indicates the number of genera in that 

phylum that contains members possessing cellulases. 
 Phyla Genera 

Bacteria 

(12) 

Actinobacteria 

(23) 

Acidothermus 

Actinomyces 

Actinosynnema 

Aeromicrobium 

Bifidobacterium 

Cellulomonas 

Cellulosimicrobium 

Clavibacter 

Gordonia 

Microbacterium 

Micrococcus 

Micromonospora 

Mycobacterium 

Pseudarthrobacter 

Pseudonocardia 

Saccharopolyspora 

Sanguibacter 

Streptomyces 

Terrabacter 

Thermobifida 

Thermobispora 

Thermomonospora 

Xylanimicrobium 

Aquificae (1) Aquifex    

Bacteroidetes 

(8) 

Bacteroides 

Cellulophaga 

Cytophaga 

Elizabethkingia 

Flavobacterium 

Mucilaginibacter 

Prevotella 

Rhodothermus 

 

 

Chloroflexi 

(3) 

Roseiflexus Thermobaculum Thermomicrobium  

Deinococcus-

Thermus (3) 

Deinococcus Meiothermus Thermus  

Dictyoglomi 

(1) 

Dictyoglomus    

Enterobacter 

(3) 

Pantoea Pectobacterium Salmonella  

Fibrobacteres 

(1) 

Fibrobacter    

Firmicutes 

(24) 

Acetivibrio 

Alicyclobacillus 

Anoxybacillus 

Bacillus 

Butyrivibrio 

Caldanaerobacter 

Caldanaerobius 

Caldicellulosiruptor 

Cellulosilyticum 

Clostridium 

Eubacterium 

Exiguobacterium 

Geobacillus 

Halothermothrix 

Klebsiella 

Lachnoclostridium 

Lactobacillus 

Oenococcus 

Paenibacillus 

Ruminiclostridium 

Ruminococcus 

Salipaludibacillus 

Thermoanaerobacter 

Thermoanaerobacterium 

Proteobacteria 

(42) 

Agrobacterium 

Azoarcus 

Azorhizobium 

Caulobacter 

Cellvibrio 

Desulfotalea 

Dickeya 

Enterobacter 

Erwinia 

Escherichia 

Hahella 

Halomonas 

Jeongeupia 

Komagataeibacter 

Legionella 

Lysobacter 

Magnetospirillum 

Marinomonas 

Martelella 

Myxobacter 

Neisseria 

Niveispirillum  

Novosphingobium  

Photobacterium 

Pseudoalteromonas 

Pseudomonas 

Ralstonia 

Rhizobium 

Rhodobacter 

Rhodopseudomonas 

Saccharophagus 

Salinivibrio 

Serratia 

Sinorhizobium 

Sphingomonas 

Sphingopyxis 

Stigmatella 

Teredinibacter 

Vibrio 

Xanthomonas 

Xylella 

Zymomonas 

Spirochaetes 

(1) 

Spirochaeta    

 Thermogotae 

(5) 

Fervidobacterium 

Petrotoga 

Pseudothermotoga 

Thermosipho 

Thermotoga  

Archaea 

(2) 

Crenarchaeota 

(5) 

Acidilobus 

Caldivirga 

Desulfurococcaceae  

Sulfolobus 

Thermosphaera  

Euryarchaeota 

(3) 

Halorhabdus Pyrococcus Thermococcus  
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Table 1.1. Microorganisms that possess characterized cellulases across the tree of life (continued) 

 Phyla Genera 

Fungi 

(5) 

Ascomycota (50) Acremonium 

Aspergillus 

Aureobasidium 

Bipolaris 

Bispora 

Botrytis 

Candida 

Chaetomium 

Chrysosporium 

Ciboria 

Claviceps 

Clonostachys 

Coccidioides 

Fusarium 

Fusicoccum 

Humicola 

Hypocrea 

Kluyveromyces 

Komagataella 

Kuraishia 

Lasiodiplodia 

Macrophomina 

Ciboria 

Claviceps 

Clonostachys 

Coccidioides 

Paecilomyces 

Penicillium 

Pestalotiopsis 

Phaeosphaeria 

Phialophora 

Pichia 

Podospora 

Rasamsonia 

Robillarda 

Saccharomyces 

Saccharomycopsis 

Schizosaccharomyces 

Sclerotinia 

Scopulariopsis 

Septoria 

Stachybotrys 

Staphylotrichum 

Stilbella 

Talaromyces 

Thermoascus 

Thermothelomyces 

Thielavia 

Trichoderma 

Wickerhamomyces 

Basidiomycota 

(22) 
Agaricus 

Coprinopsis 

Crinipellis 

Cryptococcus 

Dichomitus 

Flammulina 

Fomitopsis 

Ganoderma 

Gloeophyllum 

Hamamotoa  

Heterobasidion 

Irpex 

Lentinula 

Uromyces 

Ustilago 

Volvariella 

Phanerochaete 

Polyporus 

Postia 

Saitozyma 

Schizophyllum 

Trametes 

Uromyces 

Ustilago 

Volvariella 

Chytridiomycota 

(4) 

Anaeromyces Neocallimastix  Orpinomyces Piromyces 

Mucoromycota 

(5) 

Mucor 

Phycomyces 

Rhizomucor 

Rhizopus 

Syncephalastrum  

 

of study for cellulolysis, as they degrade the majority of cellulose-containing biomass on earth 

(Payne et al., 2015). Filamentous, aerobic fungi such as Aspergillus, Penicillium, and 

Trichoderma, are classical workhorses for cellulase production on an industrial scale due to their 

ability to secrete high concentrations of cellulases (Sajith et al., 2016).   

Compared to fungi, bacteria generally have short generation times and thrive in a wide range of 

environments and conditions. Because of this, robust cellulolytic bacteria resistant to 

environmental stresses may be useful for industrial processes (Pourramezan et al., 2012). 

Cellulases are secreted by free-living bacteria or bacteria in the rumen or gut microbiomes of 

eukaryotes to digest plant cell walls (Cragg et al., 2015). Bacterial metabolism and physiology can 

partially delineate groups of cellulolytic bacteria. Fermentative anaerobes, including some 

representatives from Clostridium, Ruminococcus, Butyrivibrio, and Fibrobacter, occur at high 
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numbers in ruminants, and are involved in converting cellulose to organic acids, ethanol, carbon 

dioxide, and hydrogen (Güllert et al., 2016; Dehority and Grubb, 1977; Hungate, 1950; Russell et 

al., 2009). Other fermentative anaerobes include the thermophilic Caldicellulosiruptor, found in 

terrestrial hot springs (Scott et al., 2015) and thermally heated mud flats (Huang et al., 1998), and 

Acetivibrio, isolated from sewage sludge (Khan et al., 1994). Other cellulolytic bacteria are aerobic 

Gram-positive bacteria from the Cellulomonas and Thermobifida genera (Lynd et al., 2002). 

Aerobic bacteria differ from anaerobic cellulolytic bacteria in their cellulose-degrading 

mechanisms. Aerobic bacteria mainly excrete extracellular endocellulases, exocellulases, and 

beta-glucosidases that bind to the cellulosic substrate and work cooperatively - sometimes 

synergistically - to hydrolyze it without cell adherence to cellulose (Lynd et al., 2008). Anaerobic 

bacteria, in contrast, possess cellulosomes, which are complexes of enzymes located on the cell 

wall that conduct cellulose degradation (Bayer et al., 2004). However, some anaerobic bacteria 

can produce both free enzymes and cellulosomes (Berger et al., 2007).  

Compared to the diversity present in cellulolytic fungi and bacteria, relatively few archaea have 

been identified as cellulose degraders. Thermophilic archaea Pyrococcus horikoshii and P. 

furiosus, first isolated from a hydrothermal vent (González et al., 1998), express active exogenous 

endocellulases, for which crystal structures have been resolved (Kim and Ishikawa, 2010b; Kim 

et al., 2012; Kim and Ishikawa, 2011). Thermophiles Sulfolobus solfataricus MT4, S. 

acidocaldarius, and S. shibatae each produce high amounts of active beta-glucosidases (Grogan, 

1991). Thermophilic archaeal cellulases are advantageous and valuable for industry use, as 

enzymatic reactions at higher temperatures promote greater cellulose solubility, faster reactions, 

and lower risk of unwanted bacterial contamination (Kim et al., 2012; Grogan, 1991; Girfoglio et 

al., 2012).  



 6 

 

1.3 Cellulolytic microbial populations in municipal waste sites  

 

Generation of municipal solid waste (MSW) has been steadily increasing in the United States since 

1960. In 1960, 88.1 million tonnes of MSW were generated, and by 2015 that amount had almost 

tripled. In 2015, 262 million tonnes of MSW were generated, of which more than 137 million were 

landfilled (52.5%). Although recycling accounted for 25.8% of the total generated waste, paper 

waste still made up the largest fraction of organic material in landfills. Decomposition of organic 

materials in landfills generate gases such as methane and carbon dioxide, both of which are potent 

greenhouse gases that exacerbate global warming (Amritha and Anilkumar, 2016; Ontario). Of the 

waste landfilled, 13.3% or approximately 18 million tonnes was paper and cardboard (U.S. 

Environmental Protection Agency, 2018).  

Although landfills are engineered to limit  microbial degradation of stored waste, paper products 

such as office paper, cardboard, and newspapers in landfills are subjected to degradation by 

cellulolytic microbes. The past few years have shown an increase in research on microbial diversity 

in landfills, with a handful of studies also examining microbial metabolisms and functions 

(McDonald et al., 2012; Staley et al., 2012; Song et al., 2015b, 2015a; Stamps et al., 2016; 

Ransom-Jones et al., 2017; Wang et al., 2017b; Collins-Fairclough et al., 2018). To date, a 

comprehensive understanding of the fate of cellulolytic materials in landfills is lacking.  

Metagenomic sequencing to mine cellulolytic genes and microbes from landfills are starting steps 

to discovering novel, efficient cellulases for industrial applications such as biofuel production 

(Ransom-Jones et al., 2017). The first large-scale sequence-based study on the microbial 

composition and species richness of municipal landfills used 16S rRNA gene amplicon sequencing 

on nineteen landfills from sixteen states across the United States of America (Stamps et al., 2016). 

This study detected nearly 5,000 OTUs, with Proteobacteria and Firmicutes dominating the 
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microbial communities in nearly all the landfills. The most abundant family detected was 

Ruminococcaceae, whose members have demonstrated cellulolysis in ruminants (Julliand et al., 

1999). Archaea were present at relatively low abundances, and unclassified organisms represented 

up to 20% of the sampled communities. The microbiome of a leachate sample from one of the 

landfills also contained members of the candidate division OP9. Putative glycosyl hydrolases 

(enzymes that hydrolyze the glycosidic bond between a sugar group and a non-sugar group) and 

an endocellulase were identified in the core genomes of two OP9 members, suggesting members 

of this phylum may be involved in cellulose degradation (Dodsworth et al., 2013). Stamps and 

colleagues (2016) provided insight into the microbial compositions of landfills, but a more focused 

study on cellulose degraders in landfills is needed to understand their diversity and activities in 

these sites.  

In a recent study, a combination of metagenomics and 16S rRNA gene sequencing was applied 

to leachate microcosms supplemented with cotton cellulose (Ransom-Jones et al., 2017). This 

work revealed abundant populations of Firmicutes, Bacteroidetes, Spirochaetes, and 

Fibrobacteres. This was the first study in landfills to report i) a Fibrobacter cellulase system, 

which involves secreting fibro-slime proteins, using pilli to attach to cellulose, and subsequently 

releasing hydrolytic cellulases, and ii) Bacteroidetes polysaccharide utilization loci (PULs): co-

localized gene clusters that encode enzymes and proteins needed for hydrolysis of carbohydrates 

(Ransom-Jones et al., 2017; Grondin et al., 2017). Gene families containing cellulases and other 

carbohydrate-modifying enzymes were identified in metagenome-assembled genomes (MAGs) 

in the cellulose amended leachate microcosms. From identification of these features, a 

cellulolytic lifestyle was hypothesized for these Fibrobacteres and Bacteroidetes in the landfill 

(Ransom-Jones et al., 2017). 
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1.4 Challenges in categorizing cellulases 

With rapid sequencing technology improvements and lowered costs, metagenomics has become 

a standard method for examining microorganisms and their potential functions in an 

environment. From this, large amounts of data ï annotated, but sometimes ambiguously soðare 

continuously being added to sequence databases. This is a problem for the growing number of 

genes encoding glycosyl hydrolases, including cellulases, because current methods of 

categorization of cellulases are not standardized.  

Cellulases are non-homologous iso-functional enzymes (Sukharnikov et al., 2012). It has been 

suggested that all known cellulases exhibit similar protein folds and amino acid sequences among 

homologs (Sukharnikov et al., 2011). However, not all of these homologs demonstrate 

biochemical cellulose degradation, further complicating cellulase identification via sequence- 

based classification methods (Sukharnikov et al., 2011). Categorizing cellulases is additionally 

challenging as it can be done in one or more of three main ways, based on sequence identity, 

function, and/or structure. Depending on the type of analysis and its end goal, one method may be 

more appropriate than others. Unfortunately, this means that there is not one universal convention 

for grouping cellulolytic enzymes. Due to cellulase structural, sequence, and functional diversities, 

it is additionally difficult to confidently predict activity from genes annotated as potential 

cellulases in newly available genomes and metagenomes. 

One method for classification of enzymatic cellulases is the glycoside hydrolase (GHs) families, 

which is a grouping of enzymes that hydrolyze the glycosidic bonds in carbohydrates (Berlemont 

and Martiny, 2016). ñGlycosyl Hydrolaseò is one of several classes of enzyme in the 

Carbohydrate-Active enZyme (CAZy) database, which documents enzymes that anabolize, 

catabolize, or otherwise modify carbohydrates (Davies and Henrissat, 1995; Cragg et al., 2015; 
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Lombard et al., 2014). Since 1998, the online CAZy database has organized enzymes into classes, 

and each class further into families based on protein sequence similarity. Each family contains a 

minimum of one biochemically characterized enzyme. This system has been widely adopted for 

classifying carbohydrate-modifying enzymes (Lombard et al., 2014). Each protein family is 

grouped based on significantly similar amino acid sequences in CAZyme active and catalytic sites, 

identified using  gapped BLAST and HMMER using Hidden Markov Models (HMMs) with a 

threshold of >85% identity in ungapped alignments (Cantarel et al., 2009). As GH families are 

based on sequence similarity rather than activity, enzymes within a protein family may act on 

different substrates, and enzymes that catalyze the same reaction may be found in different GH 

families. For example, of the 152 GH families in the CAZy database, 16 contain cellulases (Table 

1.2) (Sharma and Yazdani, 2016). Beta-1,4-endoglucanase and ɓ-glucosidase activities are in GH5 

and GH9, but GH5 also contains mannosidases and chitosanases, and GH9 also contains lichenases 

and xyloglucanases (Lombard et al., 2014). The variety of cellulose-acting and other carbohydrate 

substrate specificities present in a protein family with similar protein sequences suggests divergent 

evolution of the active sites to allow catalysis of different substrates. Conversely, cellulase 

activities found across a number of protein families suggests convergent evolution allowing the 

same substrate to be catalyzed by unrelated enzymes (Sharma and Yazdani, 2016). Biochemical 

characterization and protein modelling are needed to verify or reveal new functions (Cantarel et 

al., 2009; Aspeborg et al., 2012).  

The disadvantage of the GH family classification system is that sequence identity does not 

necessarily indicate cellulolytic function. Protein structures within the same GH family suggests 

that structures are more conserved than their sequences. For example in GH7, phylogenetically 

different enzymes from fungi, protists, isopods, and water fleas share similar structures and 
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sequences, but enzyme surface properties such as electrostaticity vary, likely due to adaptations to 

different environments (Cragg et al., 2015). Furthermore, protein structures can delineate 

cellulases from non-cellulases within a family with more than one activity. The GH48 family 

contains endocellulases, beta-1,4-glycosidases, and chitinases (Cantarel et al., 2009). Within this 

family, cellulases can be differentiated from non-cellulases based on conserved amino acids and 

an omega-loop specific to the surface of GH48 cellulases, which can be used to mine for GH48 

cellulases in genomic datasets  (Sukharnikov et al., 2012). For larger GH families, i.e., GH5, that 

contain many enzymes catalyzing different reactions, identifying substrate-specific structures may 

be complicated (Aspeborg et al., 2012). Subfamilies within certain GH families (Table 1.2, e.g., 

GH5 and GH30) have been created to further narrow down the active site specificities via sequence 

identity and to attempt to group enzymes with shared functional properties. The GH5 family has 

been further classified into 51 subfamilies, restricting cellulases to certain subfamilies (Aspeborg 

et al., 2012). However, to put subfamilies into practical use, current protein databases will need to 

annotate genes with subfamilies, which is not common practice.  

A second option for categorizing cellulases is the Pfam (Protein family) database (Finn et al., 

2016), which assigns Pfam identification to cellulase families based on GH family classifications. 

Each Pfam is represented by a multiple sequence alignment and HMM covering the known 

diversity of the members of that Pfam (Finn et al., 2011, 2016). All GH families containing 

cellulases have Pfam identifiers except three (GH 51, 74, 124). These Pfam identifiers can be used 

to screen for potential cellulases in genomic datasets (Table 1.2). The Pfam identifications have 

not kept pace with the exponentially growing genomic and metagenomic databases, which may
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Table 1.2. Classification of cellulases by glycoside hydrolase (GH) families, GH subfamlies, 

Pfam, and Enzyme Commission (EC) numbers. Cellulases (endo-ɓ-1,4-glucanase, exo-ɓ-1,4-

glucanase, ɓ-glucosidase) are dominantly classified by the GH system into 16 families according to 

the CAZy database (Lombard et al., 2014). The Pfam accession numbers classify cellulases based on 

the GH protein family and their domains (Finn et al., 2016). The Enzyme commission (EC) numbers 

are assigned to enzymes that are characterized.  
GH Description GH Subfamily Pfam Accession EC 

1 ɓ-glucosidase 

exo-ɓ-1,4-glucanase 

- PF00232 3.2.1.21 

3.2.1.74 

3 ɓ-glucosidase 

exo-ɓ-1,4-glucanase 

- PF00933 3.2.1.21 

3.2.1.74 

5 endo-ɓ-1,4-glucanase 

ɓ-glucosidase  

exo-ɓ-1,4-glucanase 

cellulose ɓ-1,4-cellobiosidase 

1, 2, 4, 5, 8, 25, 26, 

37, 38 

12 

37, 52, 53 

1,2 

PF00150 3.2.1.4 

3.2.1.21 

3.2.1.74 

3.2.1.91 

6 endo-ɓ-1,4-glucanase 

cellulose ɓ-1,4-cellobiosidase 

- PF14871* 3.2.1.4 

3.2.1.91 

7 endo-ɓ-1,4-glucanase 

reducing end-acting 

cellobiohydrolase 

- PF00840 3.2.1.4 

3.2.1.176 

8 endo-ɓ-1,4-glucanase - PF01270 3.2.1.4 

9 endo-ɓ-1,4-glucanase 

ɓ-glucosidase  

exo-ɓ-1,4-glucanase 

cellulose ɓ-1,4-cellobiosidase 

reducing end-acting 

cellobiohydrolase 

- PF00759 3.2.1.4 

3.2.1.21 

3.2.1.74 

3.2.1.91 

3.2.1.176 ̂

12 endo-ɓ-1,4-glucanase - PF01670 3.2.1.4 

30 ɓ-glucosidase 1 PF02055 (TIM-barrel domain) 

PF14587 (O-glycosyl) 

PF17189 (beta-sandwich 

domain) 

3.2.1.21 

44 endo-ɓ-1,4-glucanase - PF12891 3.2.1.4 

45 endo-ɓ-1,4-glucanase - PF02015 3.2.1.4 

48 endo-ɓ-1,4-glucanase 

reducing end-acting 

cellobiohydrolase 

- PF14587 3.2.1.4 

3.2.1.176 

51 endo-ɓ-1,4-glucanase - - 3.2.1.4 

74 endo-ɓ-1,4-glucanase - - 3.2.1.4 

116 ɓ-glucosidase - PF04685 (catalytic region) 

PF12215 (N-terminal) 

3.2.1.21 

124 endo-ɓ-1,4-glucanase - - 3.2.1.4 

ï = non-existent.  

* = family of hypothetical glycoside hydrolases.  

^ = activity not listed as seen in the GH family by CAZy but is found under the characterized 

protein section of the GH family in the database 
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require re-curating HMM seeds to better depict the current sequence diversity for GH families.  

A third method of classification for cellulases is the Enzyme Commission (EC) numbering system, 

which classifies biochemically characterized enzymes based on the type of chemical reaction they 

catalyze. Each four-number identifier groups enzymes into classes and subclasses. Enzymes are 

categorized based purely on function regardless of evolutionary relationship (McDonald et al., 

2009) which has both advantages and disadvantages. This classification system is useful to identify 

cellulases with higher specificity of function, distinguishing endo-ɓ-1,4-glucanases (E.C. 3.2.1.4), 

ɓ-glucosidases (E.C. 3.2.1.21), exo-ɓ-1,4-glucanases (E.C. 3.2.1.74), cellulose (non-reducing end-

acting) ɓ-1,4-cellobiosidases (E.C. 3.2.1.91), and reducing end-acting cellobiohydrolases (E.C. 

3.1.2.176). This classification system also prevents redundancy in categorizing an enzyme with the 

same catalytic function from different species (McDonald et al., 2009). However, E.C. numbers are 

only assigned to biochemically characterized enzymes, which is a much smaller pool in databases 

compared to sequences with predicted functions.  

The disparity between these three classification methods and existing vague annotations in 

databases make consistently classifying cellulases from genomic datasets difficult (Sukharnikov et 

al., 2012).  

 

1.5 Landfill design and operation 

Landfills are designed to prevent or reduce contamination of the environment by municipal solid 

wastes and leachate (Environmental Protection Agency, 2000). There is engineered infrastructure 

for monitoring and controlling leachate generation and gas production, to protect the surrounding 

soil and water, and to minimize nuisances such as pests, odours, and fires. Landfill fires can occur 

due to ignition of combustible material or via decomposition of organic waste, such as paper 

products and food, which generates heat, carbon dioxide, and methane. If the methane and heat are 
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not dissipated. but instead are retained and increase in concentration, chemical oxidation of the 

waste will continue until combustion (National Environment and Planning Agency, 2010). In some 

modern landfills, gas capture systems are in place to trap gas produced at landfills for biogas 

conversion, while in less instrumented landfills, methane vents allow release of methane to prevent 

combustion. Leachate collection systems prevent leachate movement, which can mobilize unwanted 

and/or toxic compounds from refuse into the environment.  

 

1.6 Scope of research and research objectives 

 

The heterogeneity of substrates and complex environmental conditions in municipal waste sites make 

these environments of high interest for microbial research with a focus on industrial applications, 

bioremediation, and biotechnology. With metagenomic sequencing technology becoming more 

accessible, we can investigate at greater depth than previous 16S rRNA gene amplicon-based analyses 

(Song et al., 2015a, 2015b; Stamps et al., 2016; Ransom-Jones et al., 2017). Through metagenomics, 

landfill microbial communities, key populations within these communities, and the functional 

potential that exists in these environments can be determined. The functional potential predicted from 

landfills can be corroborated through enrichment culturing and assaying enzymatic activities in vitro. 

As paper waste is the most abundant type of organic waste reported in landfills (U.S. Environmental 

Protection Agency, 2018), investigating paper degradation by cellulolytic microbial populations is 

valuable for improving downstream waste management decisions. Discovery of currently unknown 

microbial diversity may lead to improvements in the biofuel industry for the conversion of cellulose 

to cellulosic biofuel.  

The microbial communities of landfills, and particularly their cellulolytic potential, have not been 

well characterized. For my research, microbial diversity and cellulolytic potential were analyzed in 

two municipal waste sites, one in Jamaica and one in Canada, with different levels of engineered 
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infrastructure. The first site is the Riverton City Dump in Kingston, Jamaica and the adjacent Duhaney 

River. The Riverton dump, and in fact all Jamaican municipal waste sites, are not sanitary landfills 

(National Environment and Planning Agency, 2010). Sanitary landfills have infrastructure that 

physically isolate waste from the environment to prevent contamination, along with other engineered 

mechanisms that may include daily covers, methane capture systems, compacting, and waste 

organization (World Health Organization, 1999). The Riverton dump has been reported as a human 

health concern, with additional concerns raised that its leachate may be contaminating the Duhaney 

River (Collins-Fairclough et al., 2018). The Canadian municipal waste site is a landfill located in 

southern Ontario and its adjacent groundwater aquifer. This site is a sanitary landfill, with waste 

sorting, compacting, linings, daily covers, leachate capture systems, and a methane capture system. 

There are three main objectives to my research. The first objective of my research was to investigate 

the microbial diversity and cellulolytic populations and their potential from the Riverton City dump 

and the Duhaney River (Chapter 2). The second objective was to examine the diversity of cellulolytic 

enzymes from both the Riverton City dump (Chapter 2) and the southern Ontario landfill (Chapter 3). 

My third objective was to confirm the presence of the cellulolytic activity in the leachate at the 

southern Ontario landfill through culture-based approaches (Chapter 4).
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Chapter 2: Microbial Diversity and Cellulolytic Diversity at the Riverton Dump  

 

2.1 Introduction  

 

Municipal waste sites house highly heterogeneous waste and thus are complex environments. 

Paper is the most discarded organic waste in landfills and is likely subjected to degradation by 

resident microorganisms (U.S. Environmental Protection Agency, 2018).  Cellulose, the base 

constituent of paper, is the most abundant organic compound on earth and has been leveraged as a 

form of sustainable energy via cellulosic biofuels (Balan, 2014). Investigating degradation of paper 

waste in landfills can shed light on potentially novel cellulolytic microorganisms, whose genes 

may be used to improve the robustness and efficiency of biotechnology and industrial processes.   

Studies investigating the microbial compositions in landfills, predominantly using 16S rRNA gene 

amplicon sequencing, have become more frequent recently (Song et al., 2015b, 2015a; Stamps et 

al., 2016; Remmas et al., 2017b; Ransom-Jones et al., 2017). However, there has only been one 

study to date investigating the microbial composition and potential function in microcosms from 

cellulose-amended landfill leachate (Ransom-Jones et al., 2017). Through 16S rRNA gene and 

metagenomic analyses, Ransom-Jones et al. detected an increase in enrichment of microorganisms 

belonging to Firmicutes, Bacteroidetes, Fibrobacteres, and Spirochaetes in cellulose-enriched 

leachate microcosms when compared to raw leachate. Four metagenome-assembled genomes 

(MAGs) associated with each of these phyla and a proteobacterial MAG possessed carbohydrate 

active enzymes (CAZymes) in their genomes. 

The Riverton City dump in Jamaica and the Duhaney River were sites of interest (Figure 2.1). 

Most of the waste generated by weight within the Riverton wasteshed (the area including the four 

parishes that the Riverton City dump services) is compostable. In 2013, ~228 kg of paper was 

generated over a 3.5-day period, which accounted for ~9% of the waste by weight 
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Figure 2.1. Sampling sites in Jamaica. (A) Map of Jamaica. Grey-shaded area indicates the 

parishes the Riverton City dump (red star) services. (B) Physical map showing the leachate pond 

sampling site (red star), the Duhaney River sampling site (blue star), and its surrounding 

vegetation. (C) Satellite-viewed map (courtesy of Google Maps) showing the sampling sites and 

its distance. Red star = location of leachate pond sampling in the Riverton City dump, blue star = 

location of river sampling, white arrow indicates direction of river flow. Figure courtesy of 

Aneisha Collins-Fairclough (Collins-Fairclough et al., 2018). 

 

(National Solid Waste Management Authority, 2013). There is little to no sorting of waste in 

Jamaica; thus, there is often uncontrolled combustion at the dumpsites and the dumps pose human 

health risks (Planning Institute of Jamaica, 2007). There is also concern of contamination of the 

Duhaney river from leachate run-off from the dump (Collins-Fairclough et al., 2018). Investigating 

microbial communities and their cellulose potential in the Riverton waste site can potentially 

reveal novel cellulolytic microbes that are able to withstand the heterogeneous and changing 

environmental conditions of landfills and therefore may be robust for use in industrial processes.  

The objective of this chapter was to investigate the microbial composition of the leachate from the 

Riverton City dump and in the Duhaney River, and determine whether the detected 

microorganisms and the genes in the community have cellulolytic potential. 
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2.2 Materials and Methods 

2.2.1 Sample collection 

Collaborators from the University of Technology Jamaica sampled two locations in Jamaicaða 

leachate pond that passively develops within the Riverton City dump and a site in the Duhaney 

River adjacent to the dump, approximately 600m from the leachate pond (Figure 2.1). There is no 

obvious fluid flow between the two sampling sites. The two locations were chosen as 

representative sites for the two environments. Leachate samples were collected from the periphery 

of a perennial leachate pond at the Riverton City dump (18.01052N, 76.85667W) in Jamaica. An 

autoclaved disposable jug was first rinsed with a surface sample from the leachate pond. The jug 

was used to scoop leachate from the top 1 m layer of one edge of the pond into two autoclaved 

2.5-L conical flasks. Water samples were collected from the Duhaney River in Jamaica, which 

passes through the Riverton City dump (18.012292N, 76.850922W). Autoclaved conical flasks 

were rinsed with surface water from the river. The flasks were then dipped in the river and filled 

to two-thirds capacity with surface water from the periphery of the river. Flasks were sealed with 

Parafilm M and capped with aluminum foil prior to transportation to the laboratory. All samples 

were transported directly to the laboratory and stored at 4°C, and DNA was extracted within 

four days of sample collection. 

 

2.2.2 DNA extraction and sequencing 

 

Our collaborators prepared the leachate and river samples for sequencing. Leachate samples 

(approximately 100 ml) were filtered using six 0.22-µm polyethersulfone membranes (diameter, 

47mm; Sterilitech), switching filters upon clogging. DNA was extracted from the membranes 

using the MoBio PowerWater DNA isolation kit according to the manufacturerôs instructions. In 

parallel, the MoBio PowerSoil DNA isolation kit was used to extract DNA from 18ml of leachate 
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as follows. First, 1.0-ml aliquots of leachate samples were centrifuged at 14,000rpm for 30 min. 

Supernatants from the tubes were transferred to new tubes. The supernatant and pellet from each 

tube were processed separately for DNA extraction using the MoBio PowerSoil DNA isolation 

kit, according to the manufacturerôs instructions, with the supernatant and pellet as input in place 

of soil. The resulting eluates from all leachate DNA extractions (supernatants and pellets) were 

pooled and purified using a phenol-chloroform extraction. 

The Duhaney River water samples were filtered through a total of nine 0.22-µm polyethersulfone 

membranes using a vacuum pump attached to a Buchner funnel. The filtrate was further filtered 

through seven 0.03-µm polyethersulfone filters to trap small cell sizes. Approximately 10L of 

river water was filtered in total. Filters were used for DNA extraction using the MoBio 

PowerWater DNA extraction kit. DNA eluates from all river extractions were pooled for 

sequencing. 

Shotgun metagenomic sequencing was conducted by the McMaster University Farncombe 

Metagenomics Facility in Canada. Prior to sequencing, the pooled leachate DNA was further 

purified using AMPure beads. The NEBNext Ultra DNA kit was used for library preparation from 

100ng from each DNA sample. The leachate library and the river library were pooled, and a 

sequencing library was prepared using the Illumina MiSeq 250-bp paired-end read v2 kit. 

 

2.2.3 Metagenomic pipeline 

Metagenomes were assembled and annotated as described previously (Daly et al., 2016). Briefly, 

reads from both metagenomes were quality trimmed with Sickle (Joshi and Fass, 2011). Paired-

end reads were assembled using IDBA-UD (Peng et al., 2012) under default parameters, with each 

metagenome assembled separately. Open reading frames (ORFs) were predicted using 
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MetaProdigal (Hyatt et al., 2012), and annotated via USEARCH (Edgar, 2010) against KEGG 

(Kanehisa et al., 2012), UniRef90 (Suzek et al., 2007), and InterproScan (Jones et al., 2014) 

databases. Annotations were ranked A to E and reported as follows: (A) reciprocal best hits with 

bit score of >350, then (B) reciprocal best hit to UniRef with a bit score of >350, (C) best hit to 

KEGG with a bit score of >60 or best hit to UniRef90 with a bit score of >60. Proteins with 

InterproScan matches but no other hits were ranked as (D), and hypothetical proteins that were 

predicted open reading frames but no further annotations were ranked (E). Reads from both 

leachate and river were then mapped to both leachate and river assemblies using Bowtie 2 v. 2.2.6 

(Langmead and Salzberg, 2012) to determine contig coverage statistics and enable abundance-

based binning metrics. 

Anviôo v. 2.0.2 (Eren et al., 2015) was used to bin the scaffolds, manually refine the bins, and 

visualize the data. First, a contig database was created from the respective metagenomeôs contig 

file, and open reading frames were identified through Prodigal v. 2.6.2. These ORFs were used 

solely for assessing bin completion, while MetaProdigal annotations described above were used 

for metabolic reconstructions and phylogenetic inferences. Genes corresponding to single-copy 

core gene bacterial (Alneberg et al., 2014; Campbell et al., 2013; Creevey et al., 2011; Dupont et 

al., 2012) and archaeal (Rinke et al., 2013) gene collections were identified using HMMER v. 

3.1b2 (Finn et al., 2011). Coverage information for each contig was determined via samtools (Li 

et al., 2009a). Contigs were binned using CONCOCT (Alneberg et al., 2014), leveraging 

nucleotide frequency information as well as differential coverage. All programs were used under 

default parameters as implemented by Anviôo. The bins were manually refined based on 

completion and redundancy statistics in the Anviôo interactive interface. A bin was considered a 

high-quality MAG if it was greater than 70% complete and had less than 10% contamination. 
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Organism taxonomic placement was inferred from a phylogenetic tree built from concatenated 

protein alignments of 15 conserved, single-copy ribosomal proteins (RpL2, -3, -4, -5, -6, -14, -16, 

-18, -22, and -24, and RpS3, -8, -10, -17, and -19). The MAGs containing more than 50% of these 

marker genes were included in the phylogenetic inference alongside a reference set comprising 

one member of each genus for which sequenced genomes are available (from Hug et al., 2016). 

Each protein data set was aligned individually using MUSCLE v 3.8.31 (Edgar, 2004), and then 

the 15 alignments were concatenated. Alignments were edited using Geneious v. 10.0.5 (Kearse 

et al., 2012). Alignment positions with greater than 95% gaps were removed, and C- and N-termini 

with non-conserved regions were trimmed. Taxa with information for less than 50% of the trimmed 

concatenated alignment were removed. The final concatenated alignment contained 2,786 

sequences and 2,470 amino acid positions. A maximum likelihood tree was constructed using 

RAxML-HPC v. 8.2.10 (Stamatakis, 2014) on the public web server CIPRES Science Gateway v. 

3.3 (Miller et al., 2011) using the LG+gamma protein substitution matrix and with automatic 

bootstopping to determine the optimal number of bootstrap replicates. The phylogenetic tree was 

visualized in FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). All software programs 

used were operated under default parameters unless otherwise stated. 

 

2.2.4 16S rRNA gene community profiles 

We used the SILVA database core alignment to search for 16S rRNA genes within our data sets. 

The SILVA alignment contained 592,605 bacterial and 25,026 archaeal 16S rRNA genes. Reads 

with best hits to eukaryotes were removed from analyses from this point onwards. A hidden 

Markov model (HMM) was built using HMMER 3.1b2 for the nonredundant small-subunit 

reference data set (nonredundant at 99% identity) from the SILVA 132 release (Quast et al., 2012). 

http://tree.bio.ed.ac.uk/software/figtree/
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The 16S rRNA gene HMM was searched against the trimmed leachate and river reads using the 

per-target output, with an E-value of 1eī5. Reads identified from this search were BLASTn 

searched against the RefSeq RNA database (release 87) (Altschul et al., 1990) and the NCBI 

taxonomy database (November 2017). Top hits with a minimum E-value of 1eī40 were used to 

identify taxonomy at the phylum level for the 16S rRNA gene-containing reads. For the assembled 

data, the same 16S rRNA gene HMM was searched against the leachate and river assembled 

scaffolds using the same pipeline and parameters as for the read search. All plots were created with 

ggplot2 v. 3.0.0 (Wickham, 2016) in RStudio v. 1.0.136 (RStudio Team, 2015). 

 

2.2.5 Data availability 

The Riverton City dump leachate data are available under BioProject PRJNA475763 and 

biosample SAMN09401598. The Duhaney River data are available under BioProject 

PRJNA475764 and biosample SAMN09401599. The Leachate and the River reads are available 

in the Sequence Read Archive under accession no. SRR7299214 and no. SRR7346984, 

respectively.  

 

 

2.2.6 Abundance of potential cellulase genes in the metagenomes 

 

The leachate and river metagenomes (contigs >5,000 bases) were annotated using the dbCAN 

CAZyme database (released on July 31, 2018) on a local linux computer. The following steps were 

followed according to the readme.txt available on the dbCAN website. In summary, the dbCAN 

HMM database release 7.0 was downloaded and formatted using hmmpress. The function 

hmmscan from HMMER v. 3.1b2 was used to search the formatted HMMs against the leachate 

and river metagenomes. The resulting data were parsed using hmmscan-parser.sh available on the 
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dbCAN website, with the following parameters as suggested by dbCAN: if alignment >80 aa, use 

E-value threshold 1e-5 and coverage threshold 0.3. The resulting data was further screened for hits 

that had E-value >1e-15 and coverage >0.35. These parameters would give the same results as the 

dbCAN web interface, which is more stringent than those of the hmmscan-parser.sh.  

All hits to GH families containing cellulases were then annotated as described below. 

 

2.2.7 Potential cellulase community profile 

The dbCAN hits from the leachate and river contigs >5,000 bases were annotated taxonomically 

and functionally using blastp against the RefSeq protein database. Genes were considered 

potential cellulases if they were i) annotated as one of the three types of cellulases, i.e., 

endocellulase, exocellulase, or beta-glucosidase, including names that are synonymous with 

these, ii) annotated as ñcellulaseò, and ii i) ambiguously annotated, i.e., ñhypothetical proteinò or 

ñglycosyl hydrolase family nò where n is the GH family number. Hits whose protein annotations 

do not fall into one of the listed categories were not considered as potential cellulases. All plots 

were created with ggplot2 v. 3.0.0 (Wickham, 2016) in RStudio v. 1.0.136 (RStudio Team, 

2015). 

 

2.3 Results and Discussion 

2.3.1 Metagenome and metagenome-assembled genome statistics 

Total community shotgun sequencing from both the leachate DNA and the river DNA yielded 

metagenomes of 4.2 and 3.7 Gb, respectively. Metagenomes were assembled, and scaffolds longer 

than 2,500bases were used for binning to reconstruct metagenome-assembled genomes (MAGs) 

for the high-abundance populations. The two metagenomes had similar total read numbers and 
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assembly sizes, indicating that the communities were sampled to approximately equivalent depths 

(Table 2.1). Using Anviôo, assembled scaffolds were assigned to MAGs, leveraging differential 

abundance information combined with tetranucleotide frequencies by CONCOCT. Differential 

abundance-based binning was of limited use, as fewer than 0.5% of reads mapped to the non-

source assembly in each case. MAGs were manually refined prioritizing completion and 

redundancy statistics. After refinement, 13 of 55 leachate MAGs and 3 of 33 river MAGs were 

high-quality (>70% complete and <10% redundant) (Table 2.2). 

 

Table 2.1. Statistics for Riverton City dump leachate and Duhaney river metagenomes. 

Scaffolds >2,500 bp were used for binning. 

Sample # Reads Read 

length 

# Scaffolds 

total; 

>2500 bp 

Scaffold N50 

total; 

>2500 bp 

Max scaffold 

length (bp) 

% Reads 

assembled 

total; 

 >2500 bp 

Leachate 16,673,648 250 555,592; 

5,391 

12,753; 

1,011 

532,373 42.7; 

16.4 

River 14,615,770 250 455,023; 

3,348 

16,750; 

882 

511,705 65.2; 

24.0 

 

 

2.3.2 Microbial community composition of the Riverton City Dump leachate and the Duhaney 

River 

Microbial populations in the leachate and river metagenomes were identified via 16S rRNA genes 

and/or a set of 15 conserved, single-copy, co-located ribosomal proteins (Table 2.2; Figure. 2.2). 

The community composition of the reads, assembled scaffolds, and MAGs were compared using 

predicted 16S rRNA genes to assess whether the binned populations were representative of the 

total microbial diversity sampled from the sites (Figure 2.3). 

Reads containing 16S rRNA gene fragments were identified using a hidden Markov model (HMM) 

search using an HMM built from the SILVA database 16S rRNA genes. A total of 8,762 and 7,731 
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reads from the leachate and river data sets contained predicted 16S or 18S rRNA gene sequences, 

of which 7,423 and 6,978 could be taxonomically placed into bacterial or archaeal phyla via 

BLASTn against the NCBI RefSeq RNA database (Figure 2.3). 

From the reads, the leachate pond contained three most abundant phyla: Proteobacteria (34.6%, 

with 16.7% Gammaproteobacteria and 12.2% Deltaproteobacteria, with other classes 

of Proteobacteria occurring at less than 2%), Firmicutes (22.9%), and Bacteroidetes (20.3%) 

(Figure 2.3). Low-abundance phyla, with relative abundances between 1 and 10%, include 

the Tenericutes, Spirochaetes, Actinobacteria, and Chloroflexi phyla. There were 30 rare phyla 

occurring at less than 1% abundance in the leachate community. The river sample was dominated 

by Proteobacteria, with 69.7% of 16S rRNA gene-containing reads classified to that phylum 

(25.4% Alphaproteobacteria, 20.6% Betaproteobacteria, 20.6% Gammaproteobacteria, 

2.6% Epsilonproteobacteria, and less than 1% Deltaproteobacteria) (Figure 2.3). The second most 

abundant river phylum was Bacteroidetes at 28.0%, with the remaining 22 detected phyla 

occurring at less than 1% of the total community. 

From assembled scaffolds, a total of 412 scaffolds from the leachate metagenome and 372 

scaffolds from the river metagenome contained predicted 16S rRNA gene sequences (Figure 2.3). 

The microbial composition in the assembled data sets showed that the leachate assembly was 

dominated by the same major groups as in the reads: 32.3% Firmicutes, 15.1% Bacteroidetes, and 

Proteobacteria, with 9.7% Gammaproteobacteria and 9.4% Deltaproteobacteria. Tenericutes were 

also present at 9.7%. In the river assembly, Proteobacteria again dominated (82.2%), with 30.7% 

Gammaproteobacteria, 29.1% Alphaproteobacteria, and 21.4% Betaproteobacteria, with 

Epsilonproteobacteria and Deltaproteobacteria at less than 1%. Phyla above 1% abundance in the 

river also included the Bacteroidetes (14.6%) and the Firmicutes (1.3%). Many of the identified 
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16S rRNA genes were present on short scaffolds (Ḑ1 kb), which means that they were not included 

in the binning process. Of the leachate and river MAGs identified via the concatenated ribosomal 

protein tree, all 13 high-quality leachate MAGs and 2 of 3 high-quality river MAGs were included 

on the tree (Table 2.2, Figure 2.2, and Figure 2.4). 

From the taxonomically assigned MAGs, the dominant phylum in the leachate community was 

Bacteroidetes, with 35.4% relative abundance across five MAGs. The next most abundant phyla 

were Proteobacteria (4 MAGs, 25.7%, where Deltaproteobacteria contributed 23.4%) and 

Firmicutes (4 MAGs, 16.4%). Other phyla within the leachate community were represented by 

one MAG each, including Tenericutes, Spirochaetes, Chloroflexi, and a member of the candidate 

phylum CPR2. In contrast, the five MAGs from the river metagenome were all affiliated with the 

Proteobacteria, with Alphaproteobacteria dominating (68.7%) over Betaproteobacteria (8.5%), 

Gammaproteobacteria (9.6%), and Epsilonproteobacteria (13.3%). Across the reads, assemblies, 

and MAGs, archaea were a minor proportion of the communities, with their highest abundance at 

1.4% in the leachate assembly. Members of the Crenarchaeota, Euryarchaeota, and 

Thaumarchaeota were present at low abundance in both metagenomes. 

 

2.3.3 Key microbial populations 

The MAGs revealed microorganisms from seven phyla in the leachate and one from the river. 

Most of these phyla have been reported in previous landfill studies. Based on ribosomal protein 

marker gene abundances and the 16S rRNA gene analysis, Bacteroidetes and Firmicutes were the 

two most abundant phyla in the leachate, with 35.4% and 16.4% relative abundance in the reads, 

respectively, and included the most abundant MAGs (coverage of ~140x and 65x, respectively). 

Bacteroidetes and Firmicutes have frequently been detected in landfills irrespective of landfill age 
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Table 2.2. Statistics on Riverton metagenome-assembled genomes that contained the 15 ribosomal proteins (RpL2, -3, -4, -5, -6, 

-14, -16, -18, -22, -24, and RpS3, -8, -10, -17, -19) in their scaffolds. Scaffolds >2,500 bp were used for binning. Good quality MAGs 

had completion >70% and redundancy <10%. LB=Leachate Bin RB = River Bin 
No. Bin Phylum Closest Relative/Clade Total 

length 

(mbps) 

Number 

of 

Contigs 

GC 

Content 

Abundance/

Coverage 

Completion 

(%) 

Redundancy 

(%) 

Leachate  

1 LB_9 Proteobacteria Desulfococcus 

oleovorans Hxd3 3.46 198 51.68 7.41 96.44 6.73 

2 LB_19 Bacteroidetes LB_7, LB_17 3.26 50 52.94 10.33 95.63 3.93 

3 LB_32 Tenericutes LB_18_1 1.18 52 28.68 16.46 94.99 3.55 

4 LB_22 Firmicutes Tepidimicrobium 

xylanilyticum DSM 

23310 1.58 137 43.32 8.12 94.23 6.17 

5 LB_18_1 Tenericutes LB_32 1.10 75 33.44 26.17 92.06 3.65 

6 LB_10 Bacteroidetes LB_12 2.31 204 32.84 7.99 91.32 3.02 

7 LB_7 Bacteroidetes LB_19, LB_17 2.48 223 42.19 99.51 88.51 5.01 

8 LB_27_3 candidate 

division CPR2  

 

0.74 8 37.52 22.23 88.24 2.22 

9 LB_8 Proteobacteria Desulfotignum 

phosphitoxidans FiPS 3 2.56 207 53.33 7.89 85.26 4.16 

10 LB_12 Bacteroidetes LB_10 2.23 182 43.54 12.44 79.84 2.95 

11 LB_26 Firmicutes Firmicutes, LB_26 0.98 102 40.31 8.23 79.11 7.77 

12 LB_16 Firmicutes Clostridiaceae 1.85 152 46.97 8.93 71.89 1.88 

13 LB_4_2 Proteobacteria Desulfuromusa kysingii 

DSM 7343 1.13 115 57.58 77.38 70.69 0.80 

14 LB_17 Bacteroidetes LB_7, LB_19 1.25 157 41.44 9.50 66.53 2.72 

15 LB_33 Chloroflexi Dehalococcoidetes 0.42 59 43.99 6.01 50.24 0.63 

16 LB_18_3 Firmicutes Erysipelothrix 

rhsiopathiae str. 

Fujisawa 0.57 55 33.92 39.46 49.70 0.92 

17 LB_15 Proteobacteria Halomonas elongata 

DSM 2581 1.23 158 57.53 8.87 41.23 2.90 

18 LB_4_3 Spirochaetes Spirochaeta sp. Buddy 1.58 154 51.95 18.01 26.45 0.18 

River 

20 RB_10 Proteobacteria RB_4_2 3.53 14 60.94 22.36 86.40 5.41 

21 RB_5 Proteobacteria Gammaproteobacteria 4.27 177 42.11 9.34 85.41 3.64 

22 RB_8_2 Proteobacteria Comamonadaceae 0.82 99 53.31 8.39 68.56 3.24 

23 RB_13 Proteobacteria Acrobacter nitrofigilis 

DSM 7299 1.37 130 37.39 13.12 45.29 8.79 

24 RB_4_2 Proteobacteria RB_10 1.36 159 59.63 45.46 38.98 1.99 
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Figure 2.2. Concatenated ribosomal protein tree of the tree of life and metagenome-

assembled genomes from the Riverton City dump leachate and Duhaney River. The 

maximum likelihood tree was constructed from a concatenated alignment of 15 ribosomal proteins 

(RpL2, -3, -4, -5, -6, -14, -16, -18, -22, -24, and RpS3, -8, -10, -17, -19), including 2,762 bacterial 

and archaeal reference organisms, 18 MAGs from the leachate, 5 MAGs from the river, and one 

ribosomal-protein-containing scaffold from the leachate. Organisms in red are from the Riverton 

City dump leachate and those in blue are from the Duhaney River. The closest relative to each 

Jamaican organism is named on the tree and taxonomic groups are collapsed where appropriate. 
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