
EXPLORING MICROBIAL COMMUNITY DYNAMICS  



 

 

 

 

EXPLORING MICROBIAL COMMUNITY DYNAMICS: POSITIVE SELECTION 

FOR GAIN OF RPOS FUNCTION IN ESCHERICHIA COLI & MICROBIAL 

PROFILING OF THE NIAGARA REGION 

 

By STEVEN R. BOTTS, B.Sc. 

 

 

 

A Thesis Submitted to the School of Graduate Studies in Partial Fulfilment of the 

Requirements for the Degree Master of Science 

 

 

 

 

 

 

McMaster University  

© Copyright by Steven R. Botts, September 2016 



M.Sc. Thesis – S.R. Botts; McMaster University – Biology 

 ii   

MASTER OF SCIENCE (2016)       McMaster University  

(Biology)          Hamilton, Ontario 

 

 

TITLE: Exploring microbial community dynamics: Positive selection for gain of RpoS 

function in Escherichia coli & microbial profiling of the Niagara Region 

AUTHOR: Steven R. Botts, B.Sc. (McMaster University, Hamilton, ON) 

SUPERVISOR: Dr. Herb E. Schellhorn 

NUMBER OF PAGES: xii,128  



M.Sc. Thesis – S.R. Botts; McMaster University – Biology 

 iii   

LAY ABSTRACT 

The effect of changing environmental conditions on microbial population structure 

can be observed at both the species and community level. Within the Escherichia coli 

species, we investigated reversion of loss of function mutations in the RpoS protein 

regulator in high salt conditions and identified RpoS restoration under selective pressure. 

At the community level, we examined the microbial DNA of water samples from the 

Niagara Region under select environmental conditions and assessed the viability of next-

generation sequencing in augmenting traditional water quality monitoring methods. Both 

within-species and community-wide analyses offer insight into how microbial populations 

respond and adapt to environmental fluctuations.  
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ABSTRACT 

The effect of changing environmental conditions on microbial population structure 

can be observed at both the species and community level. Within the Escherichia coli 

species, null mutations in the RpoS stationary phase regulator are commonly selected by 

growth on poor carbon sources. In contrast, mutations which restore RpoS function may 

provide a selective advantage for cells exposed to environmental stress. The loss and 

subsequent restoration of RpoS form a population-level switch for adaptation within poor 

carbon and high stress environments. To investigate selection for RpoS reversion, we 

exposed rpoS-deficient E. coli to high salt concentrations and assessed the phenotype of 

presumptive mutants. 3-9% of salt-resistant mutants contained reversion mutations within 

rpoS, while in 91-97% the loss of RpoS function was maintained and mutations at 

alternative gene loci were identified. These results show that RpoS function can be restored 

in deficient E. coli under selective pressure. At the community level, the application of 

next-generation sequencing (NGS) technology to characterize environmental microbial 

diversity can potentially augment traditional water quality monitoring methods. To 

investigate the use of NGS in identifying microbial taxa within the Niagara Region, we 

collected water samples from Lake Erie, Lake Ontario, and nearby areas and examined the 

metagenome of microbial communities. A QIIME (Quantitative Insights Into Microbial 

Ecology) analysis of sequence data identified significant differences in relative microbial 

abundance with respect to sample metadata (e.g. location and subtype), significant 

correlations between relative abundance and quantitative parameters (e.g. Escherichia coli 

counts and fecal DNA markers), and detected pathogen-containing taxa at a relative 
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abundance of 0.1-1.5%. These results show that sequence-based analyses can be used in 

conjunction with traditional identification methods to profile the metagenomic community 

of environmental samples and predict water quality. Both within-species and community-

wide analyses thus offer insight into how microbial populations respond and adapt to 

environmental fluctuations.  
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Positive selection for gain of RpoS function in Escherichia coli   
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1.1 ABSTRACT 

RpoS, while an important stationary phase regulator in the enteric bacterium 

Escherichia coli, is attenuated by loss of function mutation in a considerable fraction of 

natural populations. Null mutations within rpoS are commonly selected by growth on poor 

carbon sources or during extended incubation (likely due to increases in nutrient transport 

and/or oxidative metabolism- both of which are traits of rpoS mutants). In contrast, 

mutations which restore RpoS function may provide a selective advantage for cells exposed 

to environmental stress. The loss and subsequent restoration of RpoS form a population-

level switch for adaptation within poor carbon and high stress environments. To investigate 

selection for RpoS reversion, we exposed rpoS-deficient E. coli to high salt concentrations 

and assessed the phenotype of presumptive mutants. 3-9% of salt-resistant mutants 

contained reversion mutations within rpoS, while in 91-97% the loss of RpoS function was 

maintained and mutations at alternative gene loci were identified. These results show that 

RpoS function can be restored in deficient E. coli under selective pressure. As osmotic 

stress is often encountered in the environment, this selection may serve as an adaptive 

mechanism for competing cells.  
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1.2 INTRODUCTION 

 This literature review will focus on the growth and adaptation of Escherichia coli 

within the natural environment. It will investigate the role of the RpoS transcriptional 

regulator in responding to environmental stress and introduce the concept of an RpoS 

mutational switch- that which facilitates selective loss and gain of RpoS function at the 

population level. Finally, it will discuss recent advances in DNA sequencing technology 

which allow for comprehensive mutational analyses. 

 

1.2.1 Escherichia coli 

1.2.1.1 A model organism 

The gamma-proteobacterium Escherichia coli, a facultative anaerobe and well-

studied human commensal, colonizes the gastrointestinal tract during infancy and 

consequently thrives in a probiotic, mutualistic relationship with its host (Altenhoefer et 

al., 2004). Isolated in 1922 and easily amenable to genetic manipulation (e.g. conjugation 

(Lederberg, 1946) and generalized transduction (Lennox, 1955)), the bacterium serves as a 

prokaryotic model organism in numerous microbial studies. The E. coli pangenome is 

estimated to contain more than 13,000 genes and include a core set of approximately 2,200 

(Rasko et al., 2008). Through analogous proteins and regulatory pathways, the wealth of 

knowledge acquired from experiments involving E. coli has helped elucidate gene function 

in a substantial number of prokaryotic species, as well as within many eukaryotes. 
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1.2.1.2 E. coli in the environment 

As an enteric bacterium, E. coli is frequently introduced in the environment from 

animal reservoirs. Concentrations of harmful and/or commensal E. coli strains reach up to 

109 cells per gram of sewage from humans and animals (Edberg et al., 2000). The primary 

reservoir of pathogenic E. coli, cattle, can harbour concentrations of enterohaemorrhagic 

E. coli O157:H7 as high as 107 cells per gram, presenting an important concern for public 

health (Chase-Topping et al., 2007). E. coli grows optimally in the warm and nutrient-rich 

environment of the gastrointestinal tract and minimally outside of a host, but persistence of 

cells can be high. For example, E. coli cells in marine sediment remain culturable over 68 

days without an significant difference in cell count (Davies et al., 1995), which is similarly 

seen in water (Fish et al., 1995). E. coli may therefore persist in diverse environmental, and 

potentially stressful, conditions (e.g. osmotic stress encountered during the desiccation of 

urine (Putnam, 1971)).  

 

1.2.2 RpoS and the global stress response 

1.2.2.1 The RpoS sigma factor 

The rpoS gene and RpoS protein denote a prokaryotic transcriptional regulator 

synthesized in Escherichia coli and many proteobacteria (Chiang et al., 2010). As a sigma 

factor, RpoS complexes with the RNA polymerase (RNAP) core enzyme, facilitates 

binding of the resultant holoenzyme to downstream promoters, and initiates the 

transcription of corresponding genes (Ishihama, 2000). After transcription initiation, sigma 

factors generally dissociate from the holoenzyme (Ishihama, 2000) or shift into a weakly 



M.Sc. Thesis – S.R. Botts; McMaster University – Biology 

 5   

bound conformation (Kapanidis et al., 2005). The structural change produced in the 

holoenzyme complex allows for RNAP-mediated transcription elongation and generation 

of an RNA product (Ishihama, 2000). 

 The  RpoS sigma factor is associated with gene regulation upon entry into the 

bacterial stationary phase following exponential growth (Dong, 2008) and exposure to 

diverse environmental stresses- including near-UV radiation (Sammartano et al., 1986), 

acid exposure (Small et al., 1994), heat shock (Hengge-Aronis et al., 1991), oxidative stress 

(Sammartano et al., 1986), and nutrient deprivation (Lange et al., 1991). Downstream 

targets of RpoS thus have an essential role in shaping bacterial adaptation and survival 

within the environment. 

 

1.2.2.2 Regulation of rpoS 

Both the rpoS gene and RpoS protein are regulated at several levels of gene and 

protein organization. Prior to transcription, rpoS is directly regulated through binding sites 

flanking the major promoter (e.g. as observed in arcA-induced repression (Mika, 2005)). 

Following transcription, regulatory elements facilitate translation by mRNA stabilization 

(e.g. the cspC/cspE complex (Phadtare et al., 2001)), alteration of mRNA secondary 

structure (e.g. hfq; rprA (Brown et al., 1997; Majdalani et al., 2002)), or anti-sense 

mechanism (e.g. dsrA (Majdalani et al., 1998)). At the post-translational level, the RpoS 

protein may be stabilized (e.g. dnaK; iraP (Rockabrand et al., 1998; Bougdour et al., 2006)) 

or targeted for protease-mediated degradation (e.g. ClpXP and rssB (Zhou et al., 2001)). 
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Together, these studies outline an intricate regulatory network for controlling the 

expression and function of the RpoS protein. 

 

 1.2.2.3 The RpoS regulon 

The genes and/or operons under regulatory control of RpoS are collectively referred 

to as the RpoS regulon and account for nearly 10% of the E. coli K-12 genome in both 

stationary phase and under environmental stress (Patten et al., 2004). Consequently, rpoS 

expression manifests within a multitude of cellular pathways and functions, including stress 

resistance (e.g. DNA damage repair by xthA-encoded exonuclease (Demple, 1983)), 

morphology (e.g. the osmB-encoded outer membrane lipoprotein involved in cell 

aggregation (Jung et al., 1990)), metabolism (e.g. the gadX-encoded AraC transcriptional 

activator of the E. coli glutamic acid decarboxylase pathway (Tramonti et al., 2002)), and 

molecular transport (e.g. the potF-encoded ABC superfamily putrescine transporter (Kabir 

et al., 2004)).  

RpoS regulation of E. coli virulence genes is also of particular concern for microbial 

pathogenesis and public health. Previous microarray analyses have elucidated RpoS-

regulation of O-island virulence factors within the enterohaemorrhagic E. coli O157:H7 

strain EDL933 (e.g. the LEE island elements ler, cesF, and Z5139) (Dong et al., 2009).   

Considerable diversity in RpoS regulon expression has been observed among E. 

coli isolates from natural environments (Chiang et al., 2011). Assays of these naturally 

occurring RpoS mutants (0.3% of 2,040 environmental isolates) have revealed differential 
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expression of regulon genes KatE and AppA, in addition to reduced catalase activity and 

growth on alternative carbon sources (i.e. succinate). 

 

1.2.2.4 The RpoS population-level switch 

RpoS is frequently selected for loss in E. coli by growth on poor carbon (Chen et 

al., 2004; Dong et al., 2009), limited carbon and nitrogen sources (Notley-McRobb et al., 

2002), and during extended incubation (King et al., 2004), likely because this loss allows 

for increased expression of tricarboxylic cycle enzymes (Patten et al., 2004). In contrast, 

mutations which restore RpoS function may provide a selective advantage for cells exposed 

to environmental stress. The conflicting pleiotropy in RpoS expression was first discussed 

in a 2003 review by Ferenci and later proposed as an rpoS population-level switch using a 

laboratory model (Chen et al., 2004). The previous model plated RpoS-dependent lacZ 

fusion strains on lactose so that exclusively RpoS revertants would grow. It is not clear, 

however, if natural conditions will result in similar selection for the rpoS wild type. The 

potential for reversion in natural environments would allow for mutations to serve as an 

adaptive mechanism in nature. 

 

1.2.3 DNA sequencing 

1.2.3.1 Next-generation techniques 

Within the past several decades, an evolving need for the efficient, low-cost 

sequencing of large templates has driven the development of high-thoughput, next-

generation sequencing technologies. These methods reduce the cost of traditional 
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technologies by fragmenting samples and conducting massively parallel sequencing-by-

synthesis reactions, generating as many as 6 billion paired-end reads per run (Peng et al., 

2013).  

 Next-generation sequencing techniques utilize parallelization to reduce the time 

associated with processing large metagenomic or whole-genome samples. For example, 

454-sequencing, relies on the parallel amplification of bound adapter-ligated DNA 

fragments within emulsion micro-chambers and detection of pyrophosphate release upon 

nucleotide incorporation (Rothberg et al., 2008). The 454 GS FLX+TM system generates an 

output of up to 1,000,000 reads and total throughput of up to 700 Mb (Schellhorn et al., 

1998). Alternatively, Illumina HiSeqTM technology relies on the parallel “bridge 

amplification” of adapter-ligated fragments bound to a solid surface and successive 

nucleotide washes of fluorescent reversible terminators. The Hi-SeqTM 2000 system outputs 

up to 3 billion single reads or 6 billion paired-end reads, resulting in a total throughput of 

up to 600 Gb at a read length of 2x100 bp (Peng et al., 2013). 

 

1.2.3.2 Genome assembly 

Due to limitations in the read length of modern sequencing technologies, larger 

DNA samples must first be fragmented into libraries of overlapping fragments, or contigs, 

prior to sequencing events. This bottom-up approach to generating sequence data requires 

the assembly of contigs by comprehensive alignment of overlapping regions- an analysis 

typically conducted by computer programs or sequence assemblers. The computational and 

temporal requirements of this analysis are further reduced through the use of an existing 
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reference sequences for direct alignment of contigs- a process referred to as mapping 

assembly. Sequence assembly by mapping contrasts more laborious de-novo methods, 

which require more in-depth contig analysis in the absence of reference DNA (Pevzner, 

2000). 

Several open-source and commercial sequence assemblers are currently available 

for data analysis. Many of these programs have been specifically designed integrate data 

generated by multiple sequencing technologies. For instance, the hybrid version of the 

MIRA assembler was published by Chevreux and colleagues as the first open-source 

assembler capable of assembling combinations of 454 and Sanger sequencing reads 

(Chevreux et al., 2004). Other assemblers have been engineered to meet the continual 

demand for assembly of greater read volumes. The SHARCGS assembler published by 

Dohm and colleagues, for example, was the first assembler used to compile Illumina 

sequence data contained 100 million reads of 300-400 base-pairs (Dohm et al., 2007).  

More recently, the Bowtie 2 aligner was designed to map high-throughput sequence 

data of about 50 up to 100s or 1,000s of characters per read (Langmead et al., 2012). Its 

alignment algorithm operates in the following four stages- first, seed substrings are 

extracted from reads and corresponding reverse compliments. Each substring is then 

aligned to the provided reference without gap consideration by a full-text minute index. 

The alignments are subsequently prioritized and assessed for position along the reference. 

Finally, seeds are extended into full-length alignments by SIMD-accelerated programming 

(Langmead et al., 2012). 
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1.2.3.3 Galaxy 

The Galaxy project was initiated in 2005 to develop an open, web-based platform 

for genomic research (Giardine et al., 2005; Blankenberg et al., 2010; Goecks et al., 2010).  

Galaxy serves as a bioinformatics workflow management system, allowing for the 

execution of a series of data manipulation tasks by graphical user interface. The platform 

is available as a public web server or open-source software for local or cloud operation. 

The standard Galaxy interface is depicted in Figure 1.  



M.Sc. Thesis – S.R. Botts; McMaster University – Biology 

 11   

a) 

 

 
 

b)                                         c) 

 

   
 

Figure 1. Galaxy implementation for data integration and analysis. 

 

a) Galaxy functions as a bioinformatics workflow management system for the manipulation 

and analysis of biomedical data. Workflows for desired bioinformatic tasks (e.g. read 

mapping and SNP calling) are b) selected from a prebuilt database or c) designed using a 

custom editor.  
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1.3 PROJECT OUTLINE 

1.3.1 Objectives 

1. Selection for the gain of RpoS function in E. coli under natural conditions (i.e. high 

salt). rpoS+ and rpoS- E.coli will be first assayed for growth in 6% NaCl to confirm 

the role of RpoS in adaptation under osmotic stress. rpoS- E. coli will then be plated 

on 6% NaCl in the presence of X-gal to select for salt-resistent mutants. Colonies 

with restored RpoS function will manifest a blue phenotype due to an osmY-lacZ 

fusion. This methodology is furthered described in Section 1.4.6. 

2. Analysis of second-site mutations at alternative gene loci which may confer salt 

resistance. White colony isolates from salt viability experiments will be sequenced 

and aligned with the reference genomes of the corresponding rpoS- strains to 

identify mutations. 

3. Development of a local Galaxy server for lab distribution and execution of relevant 

bioinformatics tasks (e.g. de novo assembly and contig alignment, BLAST search, 

read mapping, and transcript assembly). An annotated E. coli pangenome will be 

developed for use as a reference during read or contig alignment. 

 

1.3.2 Significance 

This project studies RpoS-dependent growth and RpoS reversion of E. coli in a natural 

condition (i.e. high salt). Previous studies have demonstrated selection for the loss of RpoS 

function in poor carbon environments (Chen et al., 2004; Dong et al., 2009). The potential 

for RpoS reversion would therefore support the hypothesis of an RpoS switch for natural 
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E. coli populations. Mutations resulting in this reversion may then serve as an adaptive 

mechanism for E. coli within high stress environments.  
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1.4. METHODS 

1.4.1 Bacterial strains 

Strains used in this study are listed in Table 1. The Escherichia coli K-12 strain 

MG1655 and previously constructed rpoS- derivative HS2210 (Patten et al., 2004) were 

assayed for growth under osmotic stress. rpoS- derivatives of E. coli GC4468 (Carlioz et 

al., 1986) containing an osmY-LacZ fusion (Schellhorn et al., 1998) were assayed for gain 

of function mutation in high salt.  

 

Table 1. Strains used in this study. 

 

Strain Genotype Source/reference 

MG1655 F- λ- ilvG- rfb-50 rph-1 CGSC, Yale University 

HS2210 as MG1655 but ΔrpoS, precise deletion (Patten et al., 2004) 

GC4468 F- Δ(lac-argF)U169 rpsL179 (Carlioz et al., 1986) 

HS1091 as GC4468 but rsd91-lacZ+ (Schellhorn et al., 1998) 

HS1091p as HS1091 but rpoS::Tn10 (Schellhorn et al., 1998) 

SS13 as HS1091 but rpoS (L234*) Schellhorn Lab- unpublished 

SS35 as HS1091 but rpoS (95_96insTTAGTAGA) Schellhorn Lab- unpublished 

SS53 as HS1091 but rpoS (E265*) Schellhorn Lab- unpublished 

 

1.4.2 Media and growth conditions 

For salt growth assays, E. coli strains were grown at 37°C with shaking in 0.5% 

glucose M9 minimal media (Miller, 1992) to an optical density at 600 nm (OD600) of ~1. 

Cultures were used to inoculate 0.5% glucose M9 minimal media supplemented with 0-8% 

NaCl at an OD600 of ~0.05 in a 96-well microplate. Microplates were then incubated at 

37°C with shaking. For salt viability assays, E. coli strains were grown at 37°C with shaking 

in Luria-Bertani (LB) media (Miller, 1992) to an OD600 of ~1. Cultures were resuspended 



M.Sc. Thesis – S.R. Botts; McMaster University – Biology 

 15   

in 0.5% glucose M9 minimal media, plated on LB supplemented with 6% NaCl and 25 

μg/mL X-gal, and incubated overnight at 37°C. 

 

1.4.3 Phenotype microarray 

E. coli MG1655 (rpoS+) and HS2211 (rpoS-) were previously submitted for analysis 

by Biolog Phenotype MicroArrayTM. Strains were subjected to nearly 2,000 metabolic and 

chemical sensitivity tests and assayed for differential growth. 

 

1.4.4 Salt growth assays 

E. coli MG1655 (rpoS+) and HS2210 (rpoS-) were incubated in-microplate at 37°C 

with shaking and assayed for OD600 every 30 min from 0 to 4.5 h using a Thermo Scientific 

Multiskan® Spectrum. The spectrophotometer was calibrated with 0.5% glucose M9 

minimal media. E. coli strains were grown and assayed in triplicate. 

 

1.4.5 Calculation of generation time 

Generation times for salt growth assays were determined by taking the average 

slope of the linear range of log2-transformed OD600 values with time among replicates. 

Statistical analyses (i.e. unpaired samples T-tests) were conducted using Microsoft Excel® 

Data Analysis software.  
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1.4.6 Salt viability assays 

E. coli GC4468 derivatives were centrifuged at 4,000 x g for 15 min and 

resuspended in 0.5% glucose M9 minimal media in two successive washes. Strains were 

diluted to ~107 cells/ml with M9 minimal media, plated on LB X-gal with 6% NaCl, and 

incubated overnight at 37°C to select for gain of function mutations. Strains were also 

diluted and plated on LB X-gal with 0% NaCl to determine total cell density and mutation 

frequency. RpoS reversion was predicted among blue colonies by increased expression of 

an RpoS-regulated osmY-lacZ fusion. Second-site mutations at alternative gene loci were 

predicted among white colonies. A proportion of rpoS- cells which did not undergo RpoS 

reversion or second-site mutation was identified by a smaller white colony phenotype. 

These smaller colonies were observed with an order of magnitude larger frequency and 

were not considered salt-resistant mutants in subsequent analyses. The viability assay and 

selection method are illustrated in Figure 2. Differential colony phenotypes are depicted in 

Figure 3. 

The optimal dilution for salt viability assays was determined in previous 

experiments in which salt-resistant mutants were not observed at lower concentrations and 

a dense background of smaller white colonies prevented isolation of mutants at higher 

concentrations.  
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Figure 2. Isolation of RpoS revertants in high salt. 

 

rpoS- E. coli strains were plated on LB X-gal with 6% NaCl. Colonies display a blue or 

white phenotype due to an RpoS-dependent osmY-lacZ fusion. Those displaying a blue 

phenotype indicate RpoS reversion while those displaying a white phenotype indicate 

second-site mutations at alternative gene loci. Cells which did not undergo RpoS reversion 

or second-site mutation manifest with a smaller white colony phenotype and were not 

considered salt-resistant mutants in subsequent analyses.  
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a)                                              b)                                             c) 

     
 

Figure 3. RpoS-dependant colony phenotypes on LB X-gal.  

 

E. coli HS1091 (rpoS+) and HS1091p (rpoS-) were plated on LB X-gal with 0% NaCl. 

HS1091 and HS1091p respectively display a) blue and b) white phenotypes due to an 

RpoS-dependent osmY-lacZ fusion. c) E. coli SS53 (rpoS-) was plated on LB X-gal with 

6% NaCl. Blue and white colony mutants respectively indicate RpoS reversion and second-

site mutations at alternative loci. 

 

1.4.7 Sequencing of salt-resistant mutants 

One blue colony and 30 white colony mutants (20 from SS53, 5 from SS13, and 5 

from SS35) were prepared with a Nextera XT Library preparation kit and sequenced with 

Illumina© HiSeq paired-end technology (2 x 100 bp). Genomes were sequenced with 100-

fold converage to distinguish bona fide second-site mutations from sequencing errors. 

 

1.4.8 RpoS reversion analysis 

One blue colony and one white colony sequence file were aligned to E. coli str. K-

12 substr. MG1655 (accession # NC_000913) within Galaxy (Giardine et al., 2005; 

Blankenberg et al., 2010; Goecks et al., 2010) using Bowtie 2 (Langmead et al., 2012) and 

Blue 

Phenotype  

White 

Phenotype  
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visualized with Broad Institute© Integrative Genomics Viewer (Robinson et al., 2011; 

Thorvaldsdóttir et al., 2013). 

 

1.4.9 Galaxy  

1.4.9.1 Implementation 

A local installation of the Galaxy platform was created for distribution and data 

analysis within Linux operating systems. The directory structure for the server is depicted 

in Figure 4. Database, index, tool repository, and visualization folders allow for future 

expansion of function within the Galaxy distributable. The shell script fetch_taxonomy.sh 

imports taxonomic data for sequence annotation while setup.sh and start.sh respectively 

install and initialize the Galaxy server. Instructions for server configuration and data 

manipulation are included within a readme text file. The readme and shell scripts have been 

appended (File S1-S4).  
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Figure 4. Directory structure of Galaxy server. 

 

The local directory is comprised of database, index, and tool repositories, the galaxy 

distributable, as well as readme and shell files for installing and running the Galaxy server. 

 

1.4.9.2 Workflow creation 

A series of workflows were configured within the Galaxy server to allow efficient 

execution of common bioinformatics tasks (e.g. de novo assembly and contig alignment, 

BLAST search, read mapping, and transcript assembly). The complete list of workflows is 

detailed in Table 2.  
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Table 2. Workflows available within Galaxy server. 

 

Workflow Description Programs 

Contig Alignment 

(General & E. coli 

MG1655) 

Alignment of assembled 

contigs to reference sequence 

Lastz; SAM-to-BAM 

De novo Assembly Contig assembly from 

Illumina sequence reads 

FastQC; FASTQ Groomer; 

FASTQ Interlacer; velveth; 

velvetg 

GFF Duplicate 

Identification 

Identification of duplicate 

entries within GFF files 

Select; Group; Filter 

Non-redundant BLASTn Nucleotide BLAST against 

local database and taxonomic 

assignment 

NCBI BLAST+ blastn; 

Trim; Fetch taxonomic 

representation 

Read Mapping (General 

& E. coli MG1655) 

Read mapping for Illumina 

sequence reads 

FASTQ Groomer; Bowtie2 

SNP/Indel Calling and 

Annotation (General & 

E. coli MG1655) 

SNP/Indel identification and 

annotation from Illumina read 

alignment 

FASTQ Groomer; 

Bowtie2; Mpileup; bcftools 

view; SnpEff 

Transcript Assembly 

(General & E. coli 

MG1655) 

Transcript assembly from 

Illumina sequence reads 

FASTA Width; FastQC; 

FASTQ Groomer; Tophat 

for Illumina; Cufflinks 

Transcript Comparison 

(General & E. coli 

MG1655) 

Comparison between Illumina 

transcript assemblies 

FASTA Width; 

Cuffcompare; Cuffdiff 

 

1.4.10 Pangenome annotation 

A pangenome file was generated from 54 E. coli and 9 Shigella genomes using 

PGAT, a prokaryotic genome analysis tool (Brittnacher et al., 2011). The pangenome 

contains 11,822 ORF entries and serves as a reference for read mapping and alignment. 

Entries were annotated with gene names using the Perl program pangenome_annotation.pl, 

which assigned gene names to respective sequence identifiers by annotation table. Input 
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and output files are depicted in Figure 5. The Perl program written for pangenome 

annotation has been appended (File S5). 

 

a) 

 

 
 

b) 

 

 
 

Figure 5. Gene annotation of E. coli pangenome. 

 

a) Sequence identifiers in pangenome FASTA file were replaced with b) gene names by 

Perl program and associated annotation table. 

 

1.4.11 Second-site mutation analysis 

SS53, SS13, and SS35 rpoS null mutants were aligned with an annotated reference 

genome (E. coli str. K-12 substr. MG1655; accession # NC_000913) using CLC® 

Genomics Workbench. Annotated consensus sequences were extracted from these 

alignments for use as reference genomes during the second-site mutation analysis. 

White colony isolates with sufficient mapping coverage were aligned to their 

repective parent genomes using CLC® Genomics Workbench to identify mutations at 
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alternative gene loci which confer salt resistance. These mutations were filtered according 

to the following criteria: 

1. A frequency of greater than 75% among sequence reads. 

2. Minimal nucelotide (nt) conflict at the corresponding site in the reference genome 

(i.e. less than 1 nt conflict in 100). In many cases, a high degree of sequence 

variation within each reference would manifest as false-positive mutations in 

isolates (e.g. if a given site consists of 40% G and 60% T in the reference sequence, 

a consensus base of T is selected and a T>G false-positive mutation is identified in 

downstream analyses). 

The Perl program written to annotate mutations with nucleotide conflicts at the 

corresponding position in the reference genome (see criterion 2 above) has been appended 

(File S6).  
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1.5. RESULTS 

1.5.1 Analysis of RpoS-dependent growth phenotypes 

rpoS+ and rpoS- E. coli strains were previously tested for growth in nearly 2,000 

nutrient conditions by Biolog© Phenotype MicroArray. Increased growth of rpoS+ E. coli 

relative to rpoS- was observed under osmotic stress in media supplemented with 5-6.5% 

NaCl (Figure 6). Based on this comparison, the effect of RpoS on adaptation to high salt 

was further examined. 

 

  
 

Figure 6. Growth of rpoS+ and rpoS- E. coli in an array of nutrient conditions.  
 

E. coli MG1655 (rpoS+) and HW2211 (rpoS-) were analyzed by Biolog Phenotype 

MicroArrayTM. Panels show overlaid growth curves of MG1655 (red) and HS2211 (green) 

in 96 environmental conditions. Areas of overlap are coloured yellow. Significant 

differential growth of E. coli strains in 5-6.5% NaCl is indicated. Images were obtained 

from microarray report. 

 

1.5.2 Determination of plate reader linearity. 

The linearity of the Thermo Scientific Multiskan® Spectrum was assayed to 

determine an effective range for monitoring growth of E. coli in liquid culture. E. coli 
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MG1655 was diluted from an initial OD600 of 3.69 and assayed for absorbance at 600 nm. 

Linearity between absorbance and concentration was observed from an OD600 of 0.074 to 

2.21 (Figure 7). 

 

 

Figure 7. Assay of plate reader linearity. 

 

E. coli MG1655 was diluted from an initial OD600 of 3.69 and assayed for absorbance at 

600 nm using a Thermo Scientific Multiskan® Spectrum. 

 

1.5.3 Effect of RpoS on growth in high salt 

rpoS+ and rpoS- E. coli strains were assayed for growth in 0-8% NaCl (Figure 8). 

Generation times for rpoS genotypes were similar in 0% NaCl (68 minutes for rpoS+ and 

72 minutes for rpoS- strains). A significant difference in generation time was observed 
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between genotypes in 2, 4, and 6% NaCl (p < 0.05, unpaired samples t-test). The greatest 

difference occurred in 6% NaCl, where the generation time of rpoS- E. coli (290 minutes) 

was 37% greater than rpoS+ (212 minutes). Growth of both genotypes was comparable in 

8% NaCl (315 minutes for rpoS+ and 337 minutes for rpoS- strains) (Figure 9).  
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a)                                                                          b) 

 
c)                                                                          d) 

e) 

 
 

Figure 8. Effect of RpoS on growth in high salt. 

 

E. coli MG1655 (rpoS+) and HS2210 (rpoS-) were grown to exponential phase and assayed 

for growth in M9 media with NaCl by absorbance. Growth curves show absorbance at 600 

nm with time in a) 0%, b) 2%, c) 4%, d) 6%, and e) 8% NaCl. E. coli cultures were grown 

and assayed in triplicate. 
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Figure 9. Effect of RpoS on generation times in high salt. 

 

E. coli MG1655 (rpoS+) and HS2210 (rpoS-) were grown in triplicate to exponential phase 

and assayed for growth in M9 media with NaCl by absorbance. Generation times were 

calculated by averaging the slope of the linear range of log2-transformed absorbance values 

with time from each replicate. Values are normalized with MG1655 (rpoS+). Differences 

in generation time between rpoS+ and rpoS- E. coli are significant in 2, 4, and 6% NaCl (p 

< 0.05, unpaired samples t-test). 

 

1.5.4 Viability of RpoS mutants in high salt 

rpoS- E. coli strains were plated on 6% NaCl to select for gain of function mutations. 

Colonies were observed at a frequency of 6.5 x 10-7- 4.1 x 10-6 per cell. The blue colony 

phenotype occurred at a rate of 5.9 x 10-8 – 1.5 x 10-7 per cell (3-9% of total colonies) while 

the white colony phenotype was observed at a rate of 5.9 x 10-7 – 4.0 x 10-6 per cell (91-

97% of total colonies) (Table 3). RpoS reversion was confirmed among blue colonies by 
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sequence analysis, while RpoS null mutations were maintained among white colonies 

(Figure 10). 

 

Table 3. Growth of RpoS mutants in high salt. 

rpoS- E. coli derivatives were plated on LB X-gal added with 6% NaCl. Colonies displaying 

either a blue or white phenotype were counted to determine frequency. E. coli cultures were 

grown and assayed in triplicate. 

 

Strain Blue Phenotype White Phenotype Total 

Frequency  Frequency % Colonies Frequency % Colonies 

SS13 5.9E-08 +/- 

4.3E-08 

9.1 5.9E-07 +/- 

3.0E-07 

90.9 6.5E-07 +/- 

3.5E-07 

SS35 1.5E-07 +/- 

1.6E-08 

4.5 3.3E-06 +/- 

6.5E-07 

95.5 3.4E-06 +/- 

6.4E-07 

SS53 1.3E-07 +/- 

1.2E-07 

3.3 4.0E-06 +/- 

1.6E-06 

96.7 4.1E-06 +/- 

1.7E-06 

 

 
 

Figure 10. Reversion of RpoS in high salt. 

 

E. coli SS53 (rpoS-) was plated on LB X-gal with 6% NaCl. Colonies displaying either a 

blue or white phenotype were selected for Illumina© sequencing. The rpoS E265* null 

mutation (green) was lost in the blue phenotype colony (SS53-BP) and maintained in the 

white phenotype colony (SS53-WP). This image was obtained from Broad Institute© 

Integrative Genomics Viewer. 
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1.5.5 Identification of second-site salt-resistant mutations 

White colony isolates from rpoS- E. coli strains (20 from SS53, 5 from SS13, and 5 

from SS35) were analyzed for second-site mutations at alternative gene loci which may 

confer salt resistance. 27 of 30 isolates had sufficient mapping coverage for mutation 

analysis. A total of 16 mutations were identified among 15 of the 27 remaining isolates 

with an average coverage (i.e. read depth) of 50.63, frequency of 97.50%, and phred-scaled 

quality score of 35.77 (Table 4). Nucleotide conflicts at the corresponding position in the 

reference genome, if present, did not exceed a frequency of 0.87%. 

 15 mutations were identified within the coding regions of 11 genes involved in 

adaptation to osmotic stress (e.g. cell wall synthesis and biofilm formation). A single 

intergenic mutation occurred within an operator upstream of metB, a gene involved in 

methionine biosynthesis and upregulated in hyperosmotic environments (Kocharunchitt et 

al., 2014). 

Mutations within wcaL (biofilm formation; (Danese et al., 2000)) were identified in 

multiple isolates while those within mraY (cell wall synthesis; (Bouhss et al., 2004)) were 

found in isolates derived from different rpoS null mutants (SS13 and SS53). 3 of the 16 

mutations resulted in the generation of a stop codon within the corresponding genes ihfA 

(chromosome structure; (Freundlich et al., 1992)), aroK (chorismate biosynthesis; (Lobner-

Olesen et al., 1992)), and rfaH (biofilm formation; (Beloin et al., 2006)). Additionally, 3 of 

the 16 mutations resulted in a frameshift within the genes wcaL (biofilm formation; (Danese 

et al., 2000)), ihfB (chromosome structure; (Freundlich et al., 1992)), and lpxM (biofilm 

formation; (Theilacker et al., 2009)). 
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RpoS null mutations were maintained in all white colony isolates with sufficient 

mapping coverage for analysis. Loss of catalase activity was confirmed among all white 

colony isolates indicating loss of RpoS function. 
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1.6. DISCUSSION 

1.6.1 Summary and rationale 

This study investigated selection for the restoration of RpoS function in E. coli 

under natural conditions (i.e. high salt). rpoS+ and rpoS- E.coli strains were first assayed for 

growth in 6% NaCl to confirm the role of RpoS in adaptation to osmotic stress. The growth 

assay identified a 37% increase in generation time for the rpoS- strain relative to rpoS+ in 

6% NaCl and a selective pressure for RpoS function in high osmolarity environments. This 

difference is compounded during exponential growth on solid media where single cells may 

undergo more than 20 cell division cycles and allows for isolation of larger salt resistant 

colonies. rpoS- E.coli strains were then plated on 6% NaCl to select for gain of function 

mutations. Colonies were observed at a frequency of 10-7-10-6 per cell. 3-9% displayed a 

blue phenotype indicative of rpoS reversion and 91-97% displayed a white phenotype 

indicative of non-functional RpoS and suggestive of second-site mutations at alternative 

gene loci which allow for growth in high salt. Sequence analysis confirmed rpoS reversion 

among blue colonies and provides evidence for an RpoS mutational switch among E. coli 

at the population level. This model predicts the loss of RpoS function in poor carbon 

environments and subsequent restoration of function during environmental stress (Ferenci, 

2003). It is therefore an important consideration for the interaction of E. coli with naturally-

occurring rpoS- populations in the environment (Chiang et al., 2011). 

 

 

 



M.Sc. Thesis – S.R. Botts; McMaster University – Biology 

 35   

1.6.2 RpoS reversion frequency 

While only a limited fraction of salt resistant mutants contained RpoS activity, the 

observed RpoS reversion frequency (i.e. 10-8 – 10-7 per cell) is orders of magnitude greater 

than expected by spontaneous reversion of the RpoS null mutations used in this study (i.e. 

10-10 per cell, based on a spontaneous mutation rate of 10-3 per genome per generation in 

wild-type E. coli (Lee et al., 2012) and a 10-7 probability of a given mutation occurring in 

a single stop codon within a 4.6 Mbp genome). This reversion may occur at the site of the 

substitution or insertion mutation to restore the original sequence of the parent E. coli strain 

(true reversion) or at adjacent sites in rpoS which correct for the nonsense or frameshift 

mutation (second-site reversion). 

 Reversion frequency of the RpoS null strain SS35 containing a frameshift mutation 

(i.e. 10-7 per cell) was comparable with strains SS13 and SS53 containing nonsense 

mutations in RpoS (i.e. 10-8 – 10-7 per cell). Insertion/deletion mutations which may correct 

this frameshift have been observed at about 1/10th the rate of base pair substitutions which 

may rescue nonsense mutations in wild-type E. coli (Lee et al., 2012), suggesting that RpoS 

reversion in SS35 should be an order of magnitude less frequent than in SS13 and SS53. 

This discrepancy may be due to the larger number of nucleotide sites available for 

restoration of the reading frame through additional insertion/deletion mutations upstream 

of the 8 base pair insertion in SS35. It should be noted that additional downstream mutations 

would not correct for the two stop codons present within the 8 base pair insertion.  
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1.6.3 Second-site mutation & resistance 

 A large fraction of colonies observed during salt viability assays displayed an osmY- 

phenotype indicative of non-functional RpoS. Confirmation of rpoS null mutations among 

white colony isolates indicated that alternative mechanisms may contribute to osmotic 

stress resistance apart from RpoS. These mechanisms may occur alongside RpoS 

regulation, where mutations in alternative regulators influence the expression of proteins 

within the RpoS regulon. The stress proteins UspA and UspB belong to both the cAMP-

CRP and RpoS regulons and show decreased expression in Δcya relative to ΔrpoS E. coli 

strains, suggesting that cAMP-CRP may influence stress resistance in conjunction with 

RpoS (Dong et al., 2008; Franchini et al., 2015). Other mutations may occur within RpoS 

regulon proteins to affect expression, stability, or degradation and contribute to stress 

resistance in the absence of RpoS. E. coli isolates displaying a white phenotype were 

therefore sequenced to identify prospective mutations which may confer salt resistance 

through these methods. 

 Sequence analysis of white colony isolates identified 15 suppression mutations 

within the coding regions of 11 genes involved in adaptation to osmotic stress- the majority 

of which were involved in bacterial cell wall synthesis or biofilm formation. The gene 

mraY, for instance, codes for a translocase involved in cell wall peptidoglycan synthesis 

and maintaining a defined cell shape (Nanninga, 1998; Bouhss et al., 2004). mraY 

mutations my affect cell structure in hyperosmotic conditions and were observed in isolates 

derived from distinct rpoS null mutants (SS13 and SS53). The genes wcaL, lpxM, and rfaH 

respectively code for a glycosyltransferase involved in colonic acid biosynthesis (Wang et 
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al., 2002), a myristoyltransferase involved in glycolipid biosynthesis (Clementz et al., 

1997), and a transcription antitermination protein (Beloin et al., 2006). Mutations within 

wcaL and lpxM, genes upregulated during biofilm formation, may influence survival during 

environmental stress (Danese et al., 2000; Theilacker et al., 2009). 1 of 3 identified 

mutations in rfaH, shown to repress biofilm formation in E. coli, contained a null mutation 

which generated a stop codon at the second amino acid position (Beloin et al., 2006). A 

single intergenic mutation occurred within an operator upstream of metB, a gene involved 

in methionine biosynthesis and upregulated in hyperosmotic environments (Kocharunchitt 

et al., 2014). Methionine is essential for the initiation and elongation of proteins and 

synthesis of polyamines, purines, and pyridamines, which suggests that increased 

methionine levels may be important for growth of E. coli in high osmolarity environments 

(Ron et al., 1990; Gur et al., 2002). Multiple mutations were observed among separate 

isolates within the genes mraY (cell wall synthesis; (Nanninga, 1998)), rfaH (biofilm 

formation; (Beloin et al., 2006)), and wcaL (biofilm formation; (Danese et al., 2000)), 

providing strong evidence that these genes contribute to salt resistance in E. coli and that 

this analysis was exhaustive in its identification of second-site candidates. These candidate 

mutations may serve as targets of future research concerning the adaptation of E. coli under 

osmotic stress in the absence of RpoS. 

 

1.6.4 Limitations of E. coli MG1655 as a reference sequence 

E.coli GC4468-derived rpoS null mutants were aligned with an annotated E. coli 

MG1655 reference genome to produce consensus sequences for each parent strain in 
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second-site mutation analyses. Genes present in these null mutants and absent in E. coli 

MG1655 were not considered in the identification of second-site mutations and may confer 

salt resistance in the absence of RpoS activity. The exclusion of these genes may explain 

the fraction of white colony isolates which did not contain second-site mutations.following 

sequence analysis. 

 

1.6.5 Limitations of osmY as a reporter of RpoS activity 

 The RpoS-dependent osmY gene used as a reporter of RpoS activity in salt resistant 

mutants encodes a periplasmic protein and is upregulated in hyperosmotic environments 

(Yim et al., 1992). Salt resistance conferred by osmY introduces a bias in the accurate 

reporting of RpoS restoration among revertants. High salt conditions may select for 

mutations which upregulate osmY in the absence of RpoS and result in false-positive 

mutants which display a blue phenotype without RpoS activity. Future studies in RpoS 

reversion should use RpoS regulon reporter genes which do not confer a selective 

advantage for resistance to the RpoS-inducing stress. 

 

1.6.6 Implications of the RpoS mutational switch & future directions 

An RpoS mutational switch influences the adaptation of natural E. coli populations 

in high stress conditions along with E. coli persistence and pathogenicity through the loss 

and gain of RpoS function under antagonistic environments. Selection for the loss of RpoS 

function has been observed in both poor nutrient conditions (Notley-McRobb et al., 2002; 

Chen et al., 2004) and during extended incubation (King et al., 2004). Both of these 
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conditions are likely encountered in the natural environment, where E. coli has remained 

culturable for over 68 days without significant changes in cell count (Davies et al., 1995). 

Osmotic stress selecting for the restoration of RpoS function may similarly occur in nature 

(e.g. during the dessication of urine (Putnam, 1971)). These contrasting environments 

establish a mutational equilibrium among natural E. coli populations, a proportion of which 

contains null mutations in the rpoS gene (Chiang et al., 2011). RpoS function is essential 

for the entry of E. coli into the viable but non-culturable (VBNC) state following exposure 

to particular environmental stresses (Boaretti et al., 2003). O-island virulence factors within 

enterohaemorrhagic E. coli are similarly regulated by RpoS and contribute to microbial 

pathogenesis (e.g. the LEE island elements ler, cesF, and Z5139) (Dong et al., 2009). An 

RpoS mutational equilibrium influences both E. coli persistence and virulence through 

antagonistic pleiotrophic regulation (e.g. the selection for loss of RpoS function in limiting 

nutrients contrasts the positive selection for RpoS-mediated persistence or virulence when 

exposed to additional environmental stress). 

The  RpoS sigma factor regulates gene expression following UV radiation 

(Sammartano et al., 1986), acid exposure (Small et al., 1994), heat shock (Hengge-Aronis 

et al., 1991), and oxidative in addition to osmotic stress (Sammartano et al., 1986). Future 

work may investigate positive selection for the gain of RpoS function and establishment of 

an RpoS mutational switch in the presence of these alternative stressors. Significant 

findings would explain the prevalence of rpoS- E. coli in the natural environment.  
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CHAPTER 2: 

Data analysis & microbial profiling of the Niagara Region   
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2.1 ABSTRACT 

The monitoring of waterborne pathogens in recreational beaches is of considerable 

importance for public health and safety. Labor-intensive plate count methods are 

currently employed by water surveillance authorities to quantify fecal indicator bacteria 

(FIB) and estimate the degree of fecal contamination of a given water area. While this 

technique is effective in identifying coliform bacteria, plate counts are delayed by colony 

growth and many taxa which harbor more resilient pathogenic microorganisms remain 

undetected. In light of these limitations, the application of next-generation sequencing 

(NGS) technology can potentially augment traditional monitoring methods and may 

provide added value to the sampling regimens implemented by conservation authorities 

and municipal officials. To investigate the use of NGS in identifying microbial taxa 

within the Niagara Region of Ontario, Canada, we collected water samples from Lake 

Erie, Lake Ontario, and nearby areas and examined the metagenome of microbial 

communities with high-throughput 16S rRNA gene sequencing. A QIIME (Quantitative 

Insights Into Microbial Ecology) analysis of sequence data identified significant 

differences in relative microbial abundance with respect to sample metadata (e.g. location 

and subtype), significant correlations between relative abundance and quantitative 

parameters (e.g. Escherichia coli counts and fecal DNA markers), and detected pathogen-

containing taxa at a relative abundance of 0.1-1.5%. Further analysis identified indicator 

species abundant in and characteristic of particular sample groups (e.g. location or 

subtype). These results show that sequence-based analyses can be used in conjunction 
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with traditional identification methods to profile the metagenomic community of 

environmental samples and predict water quality.  
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2.2. INTRODUCTION 

 This literature review will introduce the emerging field of metagenomics and 

discuss the sampling initiatives for water quality monitoring in the Niagara Region. It will 

focus on methodologies for DNA sequencing and analysis of microbial communities in 

the natural environment. Finally, it will review recent metagenomics studies on microbial 

diversity in the Great Lakes. 

 

2.2.1 Metagenomics overview 

Microbial communities exhibit broad diversity in a host of natural environments. 

Early advances in the elucidation of this diversity were made in 1970s by Carl Woese, who 

suggested that sequence variation in ribosomal RNA (rRNA) genes provided insight into 

the evolutionary history of microorganisms (Pace et al., 2012). Woese’s discovery of the 

kingdom Archaea and contribution to the universal “tree of life” laid the foundation for 

future developments in microbial diversity.  

Methodologies for characterizing microbial communities have evolved from simple 

plate counting, which allowed only identification of culturable microbes, to structural (e.g. 

phospholipid-derived fatty acid analyses), biochemical (e.g. sole-carbon-source utilization 

assays), and early molecular-based techniques (e.g. DNA microarray hybridization) 

(Theron et al., 2000). Subsequent development of sequenced-based analyses resulted in the 

emergence and popularization of metagenomics – the collection, purification, and study of 

mixed genetic material from communities of organisms (Touchon et al., 2009). A general 
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shift from more traditional methods of characterization to metagenomic approaches has 

allowed for the robust identification of both culturable and non-culturable diversity. 

 

2.2.2 Niagara Region sampling 

2.2.2.1 Projects 

The Niagara sample collection spans 6 projects in coordination with several water 

conservation authorities and municipal officials. The details of each project are included in 

Table 5. 

 

Table 5. Niagara Region project summary. 
 

 Project Partner Agency Municipality Number of 

Samples 

1 SO/CSO rain event and 

selected watershed 

monitoring 

Mark 

Green 

St. Catharine's 

Environmental 

Services 

St. 

Catharine's 

~200 

2 Diurnal microbial 

monitoring 

Glen 

Hudgin 

Niagara Region 

Public Health 

Niagara 

Region 

~200 

3 Watershed survey Joshua 

Diamond 

Niagara 

Peninsula 

Conservation 

Authority 

Niagara 

Region 

~220 

4 Queens Royal/Niagara 

River Bacteroidales 

monitoring 

Tom 

Edge 

Environment 

Canada 

Niagara 

Region 

~200 

5 DNA purification 

technology testing 

Wonsik 

Kim 

Norgen Biotek Niagara 

Region 

~50 

6 Source tracking and 

well monitoring 

Trevor 

Imhoff 

Wainfleet Wainfleet TBD 
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2.2.2.2 Procedures 

Within the Niagara region of Southern Ontario, lake and pore water samples are 

typically collected from 5 sites along a transect spanning the length of the sampled beach. 

Lake samples are obtained at a depth of approximately 1 meter and 15-30 cm beneath the 

water surface, while pore samples are collected by displacing approximately 0.3 meters of 

beach sediment and sampling the resultant pool of water (Pike, 2008). Source water 

samples may additionally be obtained from sites designated sources of pollution by the 

Niagara Conservation Authority. Creek water, stormwater outfall, and combined sewer 

overflow are collected as general grab samples. 

 

2.2.2.3 E. coli & water quality monitoring 

The pervasiveness of Escherichia coli within animal fecal matter (Tenaillon et al., 

2010) and pathogenicity observed among select serotypes (Dong et al., 2009) has led to the 

bacterium’s widespread use as an indicator of water quality in the natural environment. 

Early investigations of bacterial prevalence in U.S. beaches identified correlations between 

E. coli densities and gastrointestinal illness in swimmers (Dufour, 1984). On the basis of 

this data, the U.S. Environmental Protection Agency (EPA) established a 30-day geometric 

mean and maximum count of 126 and 235 E. coli colony forming units (CFU) per 100mL 

of freshwater as respective standards for water quality (USEPA, 2005). Similar guidelines 

were later published by the Public Health Agency of Canada, specifying a maximum 

acceptable count of 200 E. coli CFU/100ml (Canada). The adopted provincial guideline for 
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the recreational use of beaches within Ontario is currently 100 CFU/100ml- a geometric 

mean of samples taken from several sites along the beach of interest (PHO, 2013). 

 

2.2.3 DNA sequencing 

2.2.3.1 Whole-genome vs. targeted sequencing 

Both whole-genome and targeted sequencing methodologies may be used to 

elucidate microbial diversity through metagenomic analysis. A whole-genome shotgun 

approach involves the random sequencing of DNA fragments from a mixed sample and is 

essential for the reconstruction of individual genomes from microbial communities. 

Functional metagenomic studies which associate gene or protein complements with 

particular functions in the environment are also dependent on the indiscriminate sequencing 

of genetic material. While whole-genome sequencing provides detailed genomic 

information from mixed populations, it is generally associated with significant financial 

cost and intensive computational analysis. More targeted sequencing approaches 

circumvent these shortcomings and have gained widespread use in identifying taxonomic 

distributions among microbial communities. The 16S ribosomal RNA gene, which codes 

for an RNA component of the prokaryotic ribosome and contains species-specific sequence 

regions, has become a standard for the classification of microbial species (Kolbert et al., 

1999). 16S rDNA sequencing requires universal primers capable of annealing to conserved 

16S regions and amplifying hypervariable sites associated with speciation. Though targeted 

sequencing approaches provide a much more comprehensive profile of microbial diversity, 
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consideration must be given to primer specificity and the effects of sequencing biases on 

species inclusion. 

 

2.2.3.2 Sequencing depth 

There exist inherent trade-offs between the depth of sequencing (i.e. sequence 

coverage at a particular nucleotide position) and quantity of samples included in a 

metagenomics design. Deep sequencing of few samples allows for the identification of rare 

taxa or genes within microbial communities, and is essential for reconstructing individual 

genomes from mixed populations. While offering distinct advantages for a more focused 

characterization of microbial diversity, this approach is limited in its generation of 

statistically significant comparisons between samples and determination of biotic or abiotic 

community-structuring factors. In contrast, a design incorporating shallow sequencing of 

many samples more clearly identifies spatial and temporal community dynamics (i.e. 

changes in microbial populations across space or with time). A shallow sequencing 

approach may also be used to provide direction for deeper sequencing analyses without 

significant financial or computational requirements (Knight et al., 2012). 

 

2.2.4 Diversity analysis 

2.2.4.1 Pipeline design 

The establishment of a robust metagenomics pipeline is essential for the effective 

and reproducible characterization of microbial communities. This procedure begins with 

the quality filtration and formatting of sequence data (i.e. removal of cloning vector or 
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adapter sequences) and is followed by the alignment sequences to a reference database of 

operational taxonomic units (OTUs). In a closed-reference OTU approach, sequences 

which do not align to the reference database are excluded from downstream processing. 

Conversely, the use of open-reference OTU picking allows for the clustering of sequences 

with no reference match and de novo generation of OTUs. An entirely de novo-based 

approach for OTU generation may be taken when a reference database is unavailable, 

though suffers from a lack of parallelization (i.e. the simultaneous execution of multiple 

calculations) and increase computational needs. 

To generate meaningful comparisons between samples, OTU results must be 

rarified to a singular depth in OTU counts/sample (an OTU count refers to the number of 

non-unique OTUs called for a given sample). Since all samples with less than the chosen 

depth are excluded from downstream analyses, compromises are typically made between 

the number of samples and depth of diversity analyzed.  

Several analysis platforms have been designed for the characterization of microbial 

diversity. QIIME or Quantitative Insights into Microbial Diversity refers to an open-source 

software package designed to analyze sequence data from microbial communities 

(Caporaso et al., 2010). The QIIME package accepts raw sequence output and performs a 

collection of metagenomic functions, including OTU picking, taxonomic assignment, 

construction of phylogenetic trees, and the visualization of publication-quality graphics. 

Other platforms, including mothur (Schloss et al., 2009), EstimateS (Colwell et al., 1994), 

and MG-RAST (Meyer et al., 2008) perform similar analyses of microbial communities. 
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2.2.4.2 Characterizing alpha & beta diversity 

The analysis of both alpha diversity within and beta diversity between metagenomic 

samples provides insight into the role of spatial or temporal factors in shaping microbial 

communities.  

Alpha rarefaction techniques identify species richness (i.e. a count of species within 

a community) by generating the number of unique OTUs with increasing sampling depth. 

Rarefaction curves typically show rapid initial growth as most common species are reported 

at lower sampling depths and plateau as species richness becomes saturated. Rarefaction 

analyses may be used to determine the minimum sampling depth required to accurately 

characterize community diversity and reduce both financial and computational costs.  

Rank abundance curves are generated to depict both species richness, a count of the 

number of species, and evenness, a measure of variation in species abundance, within 

microbial communities. Species are ranked on abundance and graphed on abundance vs. 

species rank. Steep rank abundance curves denote low species evenness as high ranking 

species have much greater abundance than low ranking species. Conversely, shallow rank 

abundance curves denote high species evenness as most species are present in similar 

abundance. 

Beta diversity analyses make statistical comparisons between samples to elucidate 

differences in microbial communities. Phylogenetic tests (P tests) are conducted by 

generating a phylogenetic tree from a collection of samples and determining the number of 

changes needed to produce the existing topology using an objective standard (e.g. 

parsimony). UniFrac, an alternative and widely used metric for comparing diversity in 
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microbial studies, generates distance values between samples based on the fraction of total 

branch lengths unique to any sample in a combined phylogenetic tree (Lozupone et al., 

2005). A qualitative or unweighted UniFrac analysis assigns equal representation to all 

branch lengths and is ideal for elucidating factors that affect the presence or absence of 

taxa. In contrast, a quantitative or weighted analysis accounts for the relative abundance of 

taxa in samples and is used to identify factors which affect relative community 

composition. Statistical analyses are conducted by Monte Carlo method, which randomly 

permutes tip assignments and identifies how often simulations have more extreme values 

than the observed data. 

 Principal coordinates analyses (PCoA) utilize a matrix of distance values to 

generate a coordinate matrix which minimizes the strain loss function (Buja et al., 2008). 

The coordinate matrix clusters samples by similarity and can be visualized in multiple 

dimensions (i.e. three-dimensional PCoA plots). The percentage associated with each 

principal coordinate axis indicates axis contribution to variation. 

Alpha and beta diversity analyses enable the comparison of microbial communities 

within and between an assortment of sample parameters (e.g. location, subtype, or rain 

events). 

 

2.2.5 Microbial diversity in the Great Lakes 

The application of metagenomics analyses to characterize microbial diversity in the 

Great Lakes and surrounding bodies of water is a relatively new area of interest. A previous 

study examined Cyanobacterial communities in Great Lakes microbial mats and identified 
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metabolic versatility and low species diversity in low oxygen environments (Voorhies et 

al., 2012). More recent investigations have focussed on the distributions of viral 

communities in ballast water (Kim et al., 2015) along with the spatiotemporal dynamics of 

virus occurrence in Lake Ontario and Lake Erie (Mohiuddin et al., 2015). This lack of 

current research suggests a need for robust characterization of microbial community 

dynamics in the Great Lakes, with particular focus on bacterial distributions.  
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2.3 PROJECT OUTLINE 

2.3.1 Objectives 

1. Development of an automated workflow for characterizing microbial diversity 

among metagenomic samples. 16S sequence data must be filtered for quality, 

annotated with appropriate metadata, and subjected to diversity analyses. 

2. Analysis of microbial diversity within Niagara collection across qualitative (e.g. 

sample location and subtype) and quantitative (e.g. E. coli CFU counts, 

Bacteroidales DNA markers) parameters. 

a. Characterization of pathogen-containing genera (i.e. genera known to 

harbour water pathogens). 

b. Characterization of indicator OTUs for sample groups of interest (i.e. those 

unique to or abundant in particular sample groups relative to others). 

 

2.3.2 Significance 

This project investigates the use of next-generation sequencing technology to augment 

traditional water quality monitoring methods and add value to sampling regimens employed 

by conservation authorities. Incorporation of 16S sequence data into sampling protocols 

addresses current limitations in monitoring techniques, including the detection of more 

resilient non-coliform bacteria. The 16S workflow developed during this project may also 

be implemented in future microbial studies (e.g. mouse microbiome dynamics).  
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2.4 METHODS 

2.4.1 Sample collection 

Water samples were collected from Lake Erie, Lake Ontario, and nearby areas (i.e. 

creeks, SOs, and CSOs) within the Niagara Region by several sampling agencies (see Table 

5). Beach water samples were obtained at chest or knee-depth while pore samples were 

collected along shorelines (sampling protocol depicted in Figure 11). Creek water, SO, and 

CSO were collected as general grab samples. 

 

     
 

Figure 11. Beach sampling protocol. 

 

Water samples were obtained at chest or knee-depth 15-30 cm beneath the water surface 

(left). Pore samples were collected by displacing 0.3 m of beach sediment and sampling 

the resultant water pool (right). 

 

2.4.2 Sample processing & sequencing 

Water samples were processed for DNA extraction using Norgan Biotek© Bacterial 

Genomic DNA Isolation Kits. 16S rDNA sequences were amplified with primers flanking 
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the V3-V4 region using a polymerase chain reaction (PCR) protocol (Klindworth et al., 

2013). The amplification schematic for this reaction is illustrated in Figure 12. 16S DNA 

was prepared with a Nextera XT Library Preparation Kit and sequenced with Illumina© 

MiSeq paired-end technology producing 2x300 base pair (bp) reads at 100-fold coverage. 

 

 

 

Figure 12. 16S rDNA amplification schematic. 

 

Forward and reverse primers flank the V3-V4 hypervariable region. Illumina© MiSeq 

paired-end sequencing at 2x300 bp reads produces a 464 bp amplicon and 135 bp overlap. 

 

2.4.3 Data organization 

Sample and sequencing metadata were compiled into a single spreadsheet and 

supplemented with taxonomic distributions of the top 10 most abundant phyla and 

pathogen-containing genera using QIIME (Caporaso et al., 2010). Metadata categories are 

listed in Table 6.  
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Table 6. Niagara collection summary data. 
 

Sample Metadata Sequencing 

Metadata 

QIIME Data 

Sample ID Index OTU Counts/Sample 

Sample Name Yield (Mb) Top 10 

Phyla - 

Relative 

Abundance 

Proteobacteria 

Location % PF Bacteroidetes 

Sublocation # Reads Actinobacteria 

Type % of raw clusters 

per lane 

Cyanobacteria 

Subtype % Perfect Index 

Reads 

Firmicutes 

Temperature (°C) % One Mismatch 

Reads (Index) 

Verrucomicrobia 

Turbidity % of >= Q30 

Bases (PF) 

Chloroflexi 

pH Mean Quality 

Score (PF) 

Planctomycetes 

Rain  Acidobacteria 

Date Nitrospirae 

Time Other Phyla 

Sampling Agency Pathogen-

containing 

Genera - 

Relative 

Abundance 

Clostridium 

Sampling Coordinator Mycobacterium 

Comments Legionella 

DNA Stats DNA (ng/uL) Vibrio 

260/280 Yersinia 

Qubit DNA Conc (ng/uL) Leptospira 

DC Counts (CFU/100mL) Salmonella 

Endpoint PCR BAC32 Campylobacter 

HF183 Escherichia 

CF128  

GULL2 

DG37 

qPCR (CFU/mL) GenBac 

Hum 

Cow 

Gull 

DG37 

NLET Analysis CAFFEINE 

CRBMZPN 

CODEINE 

COTININE 

ACTMNPHN 

ACSLFM 

SUCRLOSE 
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2.4.4 Diversity analysis 

Illumina© FASTQ input was processed by Perl script and analyzed using QIIME 

(Caporaso et al., 2010). A workflow for the analysis is depicted in Figure 13. The shell 

script fastx-toolkit_greengenes_install.sh installs both FASTX-Toolkit for quality 

trimming and the Greengenes 16S reference database for taxonomic classification 

(DeSantis et al., 2006). The script qiime_workflow.pl accepts a) CPU thread number, b) 

reads to sample from each file, and metadata categories for c) core diversity and d) subset 

analyses as input.  

FASTQ read files were first decompressed and trimmed for quality using FASTQ 

Quality Trimmer (quality threshold = 25). Forward and reverse read files were then 

converted to FASTA format, combined, annotated with QIIME identifiers, and submitted 

for closed-reference OTU picking (minimum query alignment = 50%; sequence similarity 

threshold = 97%) using the Greengenes 16S database (OTU identity = 97%). A BIOM 

(biological observation matrix) summary table was generated from the resulting OTU table 

and provides OTU count/sample statistics. 

A sampling depth of 5230 OTU counts/sample was chosen during OTU table 

rarefaction for standardization of core, supplementary, and subset analyses (see Figure 6 

for depth justification). Core diversity analyses (i.e. alpha and beta) were then conducted 

using specified metadata (i.e. sample location and subtype) and parameters found in the 

parameters.txt text file, followed by supplementary analyses (e.g. rank-abundance curves, 

heatmaps, and bipartite networks). Taxonomy tables containing relative abundance 
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distributions were generated from the kingdom to species level. Subset analyses for sample 

locations and subtypes were subsequently conducted.  

A log file was generated during the execution of qiime_workflow.pl to catalogue 

each process. Instructions for diversity analysis are included within a readme text file. The 

readme file, shell and Perl scripts, and parameter file have been appended (File S7-S10). 

 

 
 

Figure 13. Diversity analysis workflow. 

 

Water samples were collected from regions surrounding the Great Lakes. Metagenomic 

DNA was extracted, sequenced with Illumina© MiSeq technology, and characterized 

using QIIME. 
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2.4.5 Species richness analysis 

 Species richness curves were generated by subsampling OTU tables from 10-

50,000 OTU counts/sample using QIIME and fitting a saturation growth-rate model to the 

data using CurveExpert©. Species richness was estimated using the limit of the curve as 

OTU counts/sample approach infinity.  

 

2.4.6 Indicator OTU analysis 

 Indicator OTUs (i.e. those abundant in and representative of particular sample 

groups) were identified using the indicspecies R package (Dufrene et al., 1997; De 

Caceres et al., 2009). The package evaluates the strength (i.e. indicator value or IndVal) 

of relationships between species occurrence/abundance and sample groups by assessing 

the mean abundance of a species in a given sample group relative to all groups and the 

frequency of occurrence of that species among sites in the sample group. Statistical 

inferences for these relationships are determined using permutations tests.  
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2.5. RESULTS 

2.5.1 Illumina sequencing and QIIME OTU fetching 

16S DNA was sequenced with Illumina© MiSeq paired-end technology in 8 runs 

and analyzed using QIIME. Runs averaged 117,626-445,280 reads/sample with a Phred 

quality score of 15.63-29.80. OTUs were fetched at an average of 5,156-201,150 

counts/sample. Samples comprising run 4 were resequenced in runs 5 and 7 due to low read 

quality and taxonomic information. Runs 4 and 5 were excluded from subsequent diversity 

analyses. Summary statistics for sequencing runs are included in Table 7. Samples from 

runs 1-3 and 6-8 are ranked by OTU count in Figure 14. 

 

Table 7. Illumina run summary. 

 

847 samples from the Niagara Region were sequenced with Illumina© MiSeq technology 

(2x300 bp reads) in 8 runs and analyzed using QIIME. 

 

Run Number 

of 

samples 

Number of 

reads/sample 

PhiX 

sequencing 

control 

(reads) 

Phred quality 

score/sample 

OTU counts 

(QIIME w/ 

FASTQ Quality 

Trimmer)/sample 

Average SD  Average SD  Average SD  

1 96 445280 270912 5699070 29.07 2.56 169945 108102 

2 96 440415 221353 8856936 25.42 4.17 142477 71159 

3 96 414833 137953 9059452 28.7 2.15 201150 71286 

4 192 244907 113657 6387810 19.89 2.33 42640 18088 

5 192 251236 242935 6409364 15.63 0.58 5156 2369 

6 192 208795 140489 5504976 27.53 0.47 110631 77550 

7 192 117626 50153 10445866 28.65 0.31 71809 31960 

8 192 191604 148889 11098154 29.80 0.33 106375 85192 
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Figure 14. Rank-OTU count curve for Niagara collection. 

 

847 samples from the Niagara Region were sequenced with Illumina© MiSeq technology 

(2x300 bp reads) and analyzed using QIIME. 

 

2.5.2 Determination of species richness and minimum sampling depth 

Figure 15 depicts the average number of species for run 3 (96 samples) following 

OTU rarefaction from 10-50,000 OTU counts/sample. Species richness plateaus at 

approximately 105 species/sample with increasing OTU sampling depth. 

To determine the minimum sampling depth required to characterize microbial 

diversity at the species level, relative standard errors were calculated for each species 

abundance and averaged across samples following OTU rarefaction from 10-50,000 OTU 

counts/sample (Figure 16). This average relative standard error plateaus at approximately 
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5,000 OTU counts/sample. A sampling depth of 5,000 OTU counts/sample is therefore 

sufficient to produce the expected variation in abundance at the species level. 

 

 

 

Figure 15. Species richness following OTU rarefaction. 

 

OTU tables from Run 3 (96 samples) were subsampled from 10-50,000 OTU counts/sample 

and assessed for species richness. 
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Figure 16. Species abundance variation following OTU rarefaction. 

 

OTU tables from Run 3 (96 samples) were subsampled from 10-50,000 OTU 

counts/sample. Relative standard errors were calculated for each species abundance and 

averaged for each OTU subset. 

 

2.5.3 Characterization of sample collection by location, subtype, and rain incidence 

An unweighted principal components analysis (PCoA) was conducted on sample 

taxonomic distributions. Figure 17 depicts samples according to a) location, b) subtype, 

and c) rain events during collection. Demarcation of samples in Figure 17a and 17b suggest 

that both location and subtype influence microbial composition. The demarcation seen 

among sample locations is likely attributable to subtype, as samples of certain subtypes 

(e.g. creek and combined sewer overflow) were only collected from particular locations 

(i.e. the Niagara region). Lack of demarcation in Figure 17c suggests that the occurrence 
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of rain during sample collection has little influence on microbial communities. Additional 

diversity analyses were conducted to investigate these relationships. 

 

 a) 
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b) 

 
c) 

 
 

Figure 17. Microbial diversity across sample location, subtype, and rain incidence. 

 

847 samples from the Niagara Region were sequenced with Illumina© MiSeq technology 

(2x300 bp reads) and analyzed using QIIME. Unweighted PCoA plots depicting a) sample 

location, b) sample subtype, and c) rain events during collection are shown.  
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2.5.4 Relationships between subtype and microbial communities 

Figure 18 depicts taxonomic distributions of the top 10 most abundant phyla across 

sample location and subtype. A significant increase in the relative abundance of phyla 

Chloroflexi, Plantomycetes, Acidobacteria, and Nitrospirae was observed in pore samples 

compared to chest or knee-depth water samples from Lake Ontario (p < 0.01, Welch’s 

unpaired t-test) (Figure 18b).  

Figure 19 depicts taxonomic distributions of Proteobacteria classes across sample 

location and subtype. Combined sewer overflow samples in the Niagara Region contained 

a smaller relative abundance of Alpha- and Betaproteobacteria and larger relative 

abundance of Epislon- and Gammaproteobacteria compared to beach, creek, or stormwater 

outfall samples (p < 0.01, Welch’s unpaired t-test) (Figure 19b). 

Figure 20 depicts taxonomic distributions of pathogen-containing genera across 

sample location and subtype. A significant increase in the relative abundance of genera 

Vibrio and Yersinia was observed in stormwater outfall samples compared to pore or water 

samples from Lake Ontario (p < 0.01, Welch’s unpaired t-test) (Figure 20b). Both pore and 

stormwater outfall samples from Lake Ontario contained a larger relative abundance of the 

genus Legionella compared to water samples (p < 0.01, Welch’s unpaired t-test) (Figure 

20b).  
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a) 

 
b) 

  
 

Figure 18. Phylum distribution across sample location and subtype. 

 

a) Relative abundance of the top 10 most abundant phyla is depicted across sample location 

and subtype. Abundance distributions for samples collected from b) Lake Ontario are 

included. 
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a) 

  
b) 

 
 

Figure 19. Proteobacteria distribution across sample location and subtype. 

 

a) Relative abundance of Proteobacteria classes is depicted across sample location and 

subtype. Abundance distributions for samples collected from b) nearby areas within the 

Niagara Region are included.  
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a) 

 
b) 

 
 

Figure 20. Pathogen-containing genus distribution across sample location and 

subtype. 

 

a) Relative abundance of genera known to harbour water pathogens is depicted across 

sample location and subtype. Distributions for b) less abundant pathogen-containing genera 

are included.  
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2.5.5 Relationships between quantitative metadata and microbial communities 

A regression analysis was conducted between taxa of interest (i.e. the top 10 most 

abundant phyla, Cyanobacteria classes, and pathogen-containing genera) and quantitative 

metadata (i.e. sample turbidity, E. coli counts, and Bacteroidales markers). Pearson 

correlation coefficients and Student’s T-test results for each comparison are listed in Table 

8. The analysis yielded weak but significant correlations among several comparisons, 

including positive correlations between the class Gammaproteobacteria and genera 

Campylobacter and E. coli plate counts, as well as between the phylum Firmicutes and all 

3 Bacteroidales DNA markers (p < 0.01, Student’s T-test). Figure 21 depicts the significant 

correlation between Gammaproteobacteria relative abundance and E. coli CFU counts (p < 

0.01, Student’s T-test).  
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Table 8. Correlations between quantitative metadata and microbial diversity. 

 

Summary statistics are provided for the top 10 most abundant phyla, Cyanobacteria, and 

pathogen-containing genera with sample turbidity, E. coli CFU counts, and qPCR 

Bacteroidales markers. Correlation coefficients (R) are coloured by magnitude. Significant 

correlations (p < 0.05) are highlighted in green. 

  

 
 

R R^2 t p R R^2 t p R R^2 t p R R^2 t p R R^2 t p

      Alphaproteobacteria -0.15 0.02 2.65 0.01 -0.17 0.03 2.63 0.01 -0.24 0.06 4.70 0.00 -0.18 0.03 2.19 0.03 -0.18 0.03 2.19 0.03

      Betaproteobacteria -0.04 0.00 0.66 0.51 -0.20 0.04 3.11 0.00 -0.01 0.00 0.23 0.81 -0.18 0.03 2.23 0.03 -0.18 0.03 2.23 0.03

      Deltaproteobacteria 0.25 0.06 4.41 0.00 -0.06 0.00 0.91 0.36 -0.03 0.00 0.51 0.61 -0.05 0.00 0.65 0.52 -0.05 0.00 0.65 0.52

      Epsilonproteobacteria 0.19 0.04 3.24 0.00 0.46 0.21 7.72 0.00 0.23 0.05 4.50 0.00 0.33 0.11 4.33 0.00 0.33 0.11 4.33 0.00

      Gammaproteobacteria 0.10 0.01 1.63 0.10 0.39 0.16 6.44 0.00 -0.03 0.00 0.54 0.59 0.24 0.06 3.04 0.00 0.24 0.06 3.04 0.00

      TA18 -0.06 0.00 0.99 0.32 -0.11 0.01 1.70 0.09 -0.05 0.00 0.88 0.38 -0.03 0.00 0.35 0.73 -0.03 0.00 0.35 0.73

      Zetaproteobacteria -0.03 0.00 0.58 0.56 -0.03 0.00 0.52 0.60 -0.03 0.00 0.65 0.52 -0.03 0.00 0.38 0.71 -0.03 0.00 0.38 0.71

      Other Proteobacteria 0.05 0.00 0.79 0.43 -0.06 0.00 0.88 0.38 -0.04 0.00 0.81 0.42 -0.04 0.00 0.46 0.65 -0.04 0.00 0.46 0.65

 Bacteroidetes -0.14 0.02 2.44 0.02 -0.18 0.03 2.72 0.01 0.01 0.00 0.17 0.86 -0.11 0.01 1.35 0.18 -0.11 0.01 1.35 0.18

 Actinobacteria -0.07 0.00 1.11 0.27 -0.19 0.04 2.94 0.00 -0.22 0.05 4.26 0.00 -0.16 0.03 1.99 0.05 -0.16 0.03 1.99 0.05

 Cyanobacteria -0.08 0.01 1.33 0.19 -0.14 0.02 2.18 0.03 -0.12 0.02 2.34 0.02 -0.09 0.01 1.18 0.24 -0.09 0.01 1.18 0.24

 Firmicutes 0.27 0.07 4.79 0.00 0.29 0.08 4.55 0.00 0.61 0.37 14.54 0.00 0.54 0.29 7.84 0.00 0.54 0.29 7.84 0.00

 Verrucomicrobia 0.06 0.00 1.01 0.31 -0.14 0.02 2.16 0.03 -0.05 0.00 1.01 0.31 -0.08 0.01 0.99 0.32 -0.08 0.01 0.99 0.32

 Chloroflexi 0.01 0.00 0.25 0.81 -0.11 0.01 1.65 0.10 -0.09 0.01 1.73 0.08 -0.09 0.01 1.14 0.26 -0.09 0.01 1.14 0.26

 Planctomycetes 0.00 0.00 0.01 0.99 -0.10 0.01 1.48 0.14 -0.04 0.00 0.74 0.46 -0.07 0.00 0.84 0.40 -0.07 0.00 0.84 0.40

 Acidobacteria 0.17 0.03 2.91 0.00 -0.07 0.00 1.05 0.30 -0.05 0.00 0.88 0.38 -0.03 0.00 0.31 0.75 -0.03 0.00 0.31 0.75

 Nitrospirae 0.10 0.01 1.73 0.08 -0.07 0.01 1.10 0.27 -0.07 0.01 1.38 0.17 -0.04 0.00 0.51 0.61 -0.04 0.00 0.51 0.61

 Other Phyla 0.38 0.15 7.04 0.00 0.10 0.01 1.51 0.13 0.08 0.01 1.47 0.14 -0.01 0.00 0.11 0.91 -0.01 0.00 0.11 0.91

 Chloroplast -0.05 0.00 0.79 0.43 -0.13 0.02 1.93 0.05 -0.12 0.01 2.24 0.03 -0.03 0.00 0.38 0.70 -0.07 0.01 0.92 0.36

 Synechococcophycideae -0.10 0.01 1.76 0.08 -0.11 0.01 1.69 0.09 -0.06 0.00 1.22 0.22 -0.19 0.04 2.50 0.01 -0.09 0.01 1.17 0.24

 Oscillatoriophycideae -0.04 0.00 0.69 0.49 -0.02 0.00 0.37 0.71 -0.02 0.00 0.30 0.77 -0.05 0.00 0.60 0.55 -0.04 0.00 0.49 0.63

 4C0d-2 -0.02 0.00 0.31 0.75 -0.02 0.00 0.32 0.75 0.03 0.00 0.58 0.57 0.21 0.04 2.73 0.01 0.01 0.00 0.14 0.89

 Nostocophycideae -0.08 0.01 1.41 0.16 -0.02 0.00 0.37 0.71 -0.02 0.00 0.42 0.67 0.04 0.00 0.49 0.63 -0.03 0.00 0.39 0.70

 ML635J-21 0.16 0.02 2.67 0.01 -0.07 0.01 1.07 0.29 -0.04 0.00 0.85 0.40 0.00 0.00 0.05 0.96 0.00 0.00 0.05 0.96

 Gloeobacterophycideae -0.03 0.00 0.59 0.56 -0.01 0.00 0.16 0.87 -0.02 0.00 0.32 0.75 -0.02 0.00 0.30 0.76 -0.02 0.00 0.23 0.82

 Other Cyanobacteria 0.07 0.01 1.25 0.21 -0.04 0.00 0.53 0.60 0.05 0.00 0.94 0.35 -0.06 0.00 0.73 0.47 0.00 0.00 0.01 0.99

 Clostridium 0.09 0.01 1.55 0.12 -0.01 0.00 0.18 0.86 0.66 0.43 16.39 0.00 0.04 0.00 0.54 0.59 0.02 0.00 0.27 0.79

 Mycobacterium -0.09 0.01 1.56 0.12 -0.07 0.01 1.10 0.27 -0.10 0.01 1.84 0.07 -0.06 0.00 0.75 0.46 -0.03 0.00 0.42 0.68

 Legionella -0.01 0.00 0.11 0.92 -0.01 0.00 0.16 0.87 -0.07 0.01 1.37 0.17 0.12 0.01 1.50 0.14 0.00 0.00 0.04 0.97

 Vibrio -0.09 0.01 1.61 0.11 -0.02 0.00 0.27 0.79 0.02 0.00 0.46 0.65 0.54 0.29 8.18 0.00 -0.03 0.00 0.36 0.72

 Yersinia -0.12 0.01 2.05 0.04 -0.04 0.00 0.57 0.57 -0.06 0.00 1.04 0.30 -0.06 0.00 0.82 0.41 -0.03 0.00 0.41 0.68

 Leptospira 0.06 0.00 1.02 0.31 -0.08 0.01 1.19 0.24 -0.03 0.00 0.56 0.58 0.00 0.00 0.02 0.98 -0.03 0.00 0.37 0.71

 Salmonella -0.02 0.00 0.36 0.72 0.04 0.00 0.63 0.53 -0.06 0.00 1.19 0.23 -0.03 0.00 0.41 0.68 0.06 0.00 0.77 0.44

 Campylobacter 0.10 0.01 1.65 0.10 0.17 0.03 2.66 0.01 -0.04 0.00 0.73 0.46 0.04 0.00 0.49 0.62 0.30 0.09 3.95 0.00

 Escherichia -0.04 0.00 0.70 0.48 -0.01 0.00 0.16 0.88 -0.01 0.00 0.25 0.80 0.02 0.00 0.25 0.80 0.02 0.00 0.29 0.78
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Figure 21. Gammaproteobacteria abundance across E. coli counts. 

 

Relative abundance of Gammaproteobacteria is depicted across E. coli counts in 

CFU/100mL. 

 

2.5.6 Diurnal changes in microbial communities 

Figures 22-25 depict diurnal changes in the top 10 most abundant phyla (22), 

Proteobacteria (23) and Cyanobacteria (24) classes, and pathogen-containing genera (25) 

at Lakeside Beach in St. Catharines, Ontario. At the phylum and Proteobacteria level, the 

relative abundances of taxa were relatively stable over 8 hours of sampling (Figures 22 and 

23). Within the phylum Cyanobacteria, both Chloroplast and Synechococcophycideae 

decreased in relative abundance over 8 hours (Figure 24a), while the class 

Oscillatoriophycideae peaked at 3:00 PM and decreased by 8:00 PM (Figure 24b). 

Additionally, the pathogen-containing genera Clostridium (Figure 25a) and 
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Mycobacterium (Figure 25b) both increased in relative abundance over the course of 

sampling. 

 

 
 

Figure 22. Diurnal changes in Lake Ontario phyla. 

 

Water samples were collected from Lakeside Beach in St. Catharines, Ontario on August 

13, 2014.  
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Figure 23. Diurnal changes in Lake Ontario Proteobacteria. 

 

Water samples were collected from Lakeside Beach in St. Catharines, Ontario on August 

13, 2014.  
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b) 

 
 

Figure 24. Diurnal changes in Lake Ontario Cyanobacteria. 

 

a) Water samples were collected from Lakeside Beach in St. Catharines, Ontario on August 

13, 2014. Distributions for b) less abundant classes are included. 
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b) 

 
 

Figure 25. Diurnal changes in Lake Ontario pathogen-containing genera. 

 

a) Water samples were collected from Lakeside Beach in St. Catharines, Ontario on August 

13, 2014. Distributions for b) less abundant genera are included. 

 

2.5.7 Microbial changes following rain events 

Figures 26-29 depict changes in the top 10 most abundant phyla (26), Proteobacteria 

(27) and Cyanobacteria (28) classes, and pathogen-containing genera (29) at Golden 

Boulevard in St. Catharines, Ontario over the course of a rain event. At the phylum level, 

both Proteobacteria and Cyanobacteria increased while Bacteroidetes decreased in relative 

abundance over 10 hours of sampling (Figure 26). This increase was accounted for by 

Alphaproteobacteria (Figure 27) and the classes 4C0d-2 (Figure 28a) and Chloroplast 

(Figure 28b) in the phylum Cyanobacteria. Additionally, the pathogen-containing genera 
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Mycobacterium (Figure 29a) and Clostridium (Figure 29b) both peaked in relative 

abundance after 10 hours of sampling. 

 

 

 

Figure 26. Temporal changes in stormwater outfall phyla during rain event. 

 

Stormwater outfall from Golden Boulevard in St. Catharines, Ontario was autosampled 

every hour during a rain even on September 6, 2014. 
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Figure 27. Temporal changes in stormwater outfall Proteobacteria during rain event. 

 

Stormwater outfall from Golden Boulevard in St. Catharines, Ontario was autosampled 

every hour during a rain even on September 6, 2014. 
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b) 

 
 

Figure 28. Temporal changes in stormwater outfall Cyanobacteria during rain event. 

 

a) Stormwater outfall from Golden Boulevard in St. Catharines, Ontario was autosampled 

every hour during a rain even on September 6, 2014. Distributions for b) less abundant 

classes are included. 
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b) 

 
 

Figure 29. Temporal changes in stormwater outfall pathogen-containing genera 

during rain event. 

 

a) Stormwater outfall from Golden Boulevard in St. Catharines, Ontario was autosampled 

every hour during a rain even on September 6, 2014. Distributions for b) less abundant 

genera are included.  
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2.5.8 Indicator OTU identification by sample location and subtype 

Indicator OTUs were generated using the indicspecies R package and ranked 

according to decreasing p-value and increasing indicator value (i.e. IndVal). Tables x and 

y respectively list the top 5 indicator OTUs for each sample location and subtype. 

Water samples collected from Lake Erie were characterized by 100 indicator OTUs, 

including the Cyanobacteria genera Paulinella and Snowella and the thermophilic genera 

Caldilinea. Those collected from Lake Ontario were characterized by 21 OTUs, including 

species from the orders Sphingomonadales, Methylococcales, and Methylophilales. 105 

indicator OTUs were identified among water samples from the surrounding region, 

including the Cyanobacteria genera Pseudanabaena. 

Combined sewer overflow and stormwater outfall samples were respectively 

characterized by 289 and 98 indicator OTUs, including the human commensal genera 

Arcobacter and Leptotrichia in CSO and the Actinobacteria families Geodermatophilaceae 

and Nocardiaceae in SO. 169 and 9 indicator OTUs were respectively identified among 

lake pore and water samples, including members of the thermophilic family 

Thermodesulfovibrionaceae and the soil bacteria phylum Gemmatimonadetes in pore 

samples and the cattle bacterium and opportunistic human pathogen Prevotella 

melaninogenica in water samples. 
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2.6. DISCUSSION 

2.6.1 Summary and rationale 

 This study investigated the use of next-generation sequencing technology to 

characterize microbial diversity in the Niagara Region and augment traditional water 

quality monitoring methods. Water samples were collected from Lake Erie, Lake Ontario, 

and nearby areas and examined with 16S rRNA gene sequencing. An automated workflow 

was first developed in Perl for microbial community analyses using QIIME. The OTU table 

generated from the sample collection was then analyzed across qualitative and quantitative 

parameters. Differences in microbial communities between sample locations and subtypes 

were investigated on the basis of clear demarcation of sample groups in a principal 

coordinates analysis. Significant correlations were identified between microbial diversity 

and quantitative parameters (i.e. E. coli count and fecal DNA marker data from water 

quality monitoring initiatives). Genera known to harbour water pathogens (e.g. 

Clostridium, Escherichia, and Mycobacterium among others) were observed at a relative 

abundance of 0.1-1.5%. Further analyses identified indicator OTUs (i.e. those abundant in 

and characteristic of particular sample groups) within sample locations and subtypes. These 

results indicate that sequence-based analyses can be used in combination with traditional 

identification methods to profile microbial diversity and predict water quality. 

 

2.6.2 Phylum and Proteobacteria distributions across sample location and subtype 

 Microbial distributions of the top 10 most abundant phyla and Proteobacteria 

classes were compared across sample locations and subtypes. Notably, pore samples were 
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enriched in Acidobacteria relative to water samples from Lake Ontario. The phylum 

Acidobacteria is characteristic of soil environments and should therefore occupy a larger 

niche within the microbial communities of samples collected from Lake shorelines (Quaiser 

et al., 2003). Similarly, combined sewer overflow samples contained a larger relative 

abundance of Epislon- and Gammaproteobacteria than beach, creek, or stormwater outfall 

samples in the Niagara Region. Epsilon- and Gammaproteobacteria typically inhabit the 

digestive tracts of animals as either symbionts or pathogens, suggesting contamination of 

the Niagara watershed with animal fecal pollution. 

 

2.6.3 Identification and implications of pathogen-containing genera 

 The relative abundance of genera known to harbour microbial water pathogens was 

also examined across sample locations and subtypes. The greatest proportion of pathogen-

containing genera was found among Lake Ontario samples (0.9-1.5%) relative to Lake Erie 

and surrounding areas (0.1-0.7%). The genus Clostridium predominated within fractions 

from Lake Ontario and Lake Erie, while the majority of samples from the Niagara 

watershed contained a larger relative abundance of Mycobacterium. 

 Whether or not water pathogens are present in pathogen-containing genera 

identified by metagenomic analyses is an important concern for water quality monitoring 

and public health. For instance, the Escherichia coli species typically forms a probiotic, 

mutualistic relationship with its host and only a small proportion of strains are considered 

pathogenic (Altenhoefer et al., 2004). The specific detection of pathogenic species is 

limited to the resolution of the sequencing analysis. In the case of 16S rRNA sequencing, 
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many OTUs fetched during alignment resolve at the level of genera or higher taxonomic 

classifications. 16S analyses present a challenge in adequately characterizing the 

abundance of pathogenic organisms and may be addressed with whole-genome sequencing 

methods which allow for more robust characterization. 

 

2.6.4 Correlation of taxonomic data with E. coli plate counts  

 A regression analysis was conducted between taxa of interest and quantitative 

parameters (i.e. sample turbidity, E. coli plate counts, and Bacteroidales markers) to 

identify correlations between metagenomic data and traditional sampling methods. A 

significant correlation was identified between E. coli counts and the class 

Gammaproteobacteria, of which the genus Escherichia is a member. No significant 

correlation was found, however, with the Escherichia genus alone. These results suggest a 

limited resolution for Escherichia coli at the genus level. The detection of E. coli 16S 

sequences at higher taxonomic levels would support the correlation between 

Gammaproteobacteria and E. coli plate counts.   

 

2.6.5 Temporal changes in microbial diversity 

 Microbial community dynamics were observed diurnally over 8 hours of sampling 

and over 10 hours during the course of a rain event. While phylum and Proteobacteria 

distributions were relatively stable over the 8 hour period, a decrease in the relative 

abundance of select Cyanobacteria and increase in Clostridium and Mycobacterium was 

observed in the afternoon. By contrast, phylum distributions shifted during the rain event 
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while select Proteobacteria, Cyanobacteria, and pathogen-containing genera increased in 

relative abundance. 

 The genus Clostridium is a fecal indicator prevalent in the wet sand of public 

beaches (Heaney et al., 2012). A progressive increase in the relative abundance of 

Clostridium over an 11 hour diurnal sampling period (i.e. 9:00am – 8:00pm) suggests that 

recreational beach activity may be responsible for stirring beach sand and introducing 

Clostridium species into the aquatic environment. 

 Several datasets showed a large variation in relative abundance during diurnal 

monitoring and would therefore benefit from additional sampling sites and an extended 

sampling duration. It is also possible that changes in Clostridium and Mycobacterium 

abundance during the rain event were confounded by diurnal behaviour observed at the 

same time of day. An analysis of microbial dynamics during rain events at a different time 

or controlling for diurnal behaviour would reduce confounding effects. 

 

2.6.6 Identification of indicator OTUs 

 A large collection of OTUs abundant in and indicative of particular sample groups 

(i.e. location and subtype) were identified for the Niagara Region. Notable indicator taxa 

include several Cyanobacteria genera characteristic of Lake Erie samples and human 

commensal genera characteristic of combined sewer overflow (CSO). OTUs of this nature 

may be used to predict algal bloom or CSO pollution sources in future microbial monitoring 

studies. 
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2.6.7 Quantitative metagenomics analysis and future directions 

The incorporation of quantitative DNA measurements into microbial diversity 

analyses may provide a more accurate picture of microbial dynamics in the Niagara Region. 

The use of a biological spiking control (i.e. an organism not expected to be present in the 

sample) allows for quantification of DNA present in the sample and generation of absolute 

values for species abundance. For instance, a 2010 study spiked fungal community samples 

with control spores and observed that read abundance is generally quantitative within 

species but suffers from sequence biases between species (Amend et al.). Stool samples 

were similarly spiked with S. oneidensis cells in a recent quantitative metagenomics 

analysis of the human microbiome (Jones et al., 2015). In contrast, metagenomics studies 

have also refuted the validity of DNA quantification in analyzing microbial diversity. A 

2011 study which spiked microbial community samples with S. oneidensis cells observed 

large variation in control abundance for both forward and reverse 16S primers (Zhou et al.). 

Similar spiking of zooplankton community samples with indicator species larvae produced 

an order of magnitude variation in control abundance among different communities (Sun 

et al., 2015). 

Future work may investigate the application and validity of quantitative DNA 

measurements in characterizing microbial diversity in the Niagara Region. Considerations 

for generating absolute abundance values from measurements of DNA concentration 

include the presence of eukaryotic DNA in water samples as well as bias during PCR 

amplification and sequencing.  
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File S1. readme.txt. 

 

Setting up Galaxy: 1 

 2 

Run "setup.sh". 3 

 4 

 $ sh setup.sh 5 

 6 

 7 

Running Galaxy: 8 

 9 

Run "start.sh". 10 

 11 

 $ sh start.sh 12 

 13 

 14 

Logging in: 15 

 16 

User -> login 17 

 18 

 email address: admin@galaxy.com 19 

 password: password 20 

 21 

 22 

Contig alignment - lastZ: 23 

 24 

Fasta file uploaded for use as reference must contain "gi" as sequence identifier. 25 

For example: 26 

 27 

>gi 28 

AGCTTTTCATTCTGACTGCAACGGGCAATATGTCTCTGTGTGGATTAAA29 

AAAAGAGTGTCTGATAGCAGC 30 

TTCTGAACTGGTTACCTGCCGTGAGTAAATTAAAATTTTATTGACTTAG31 

GTCACTAAATACTTTAACCAA 32 

TATAGGCATAGCGCACAGACAGATAAAAATTACAGAGTACACAACAT33 

CCATGAAACGCATTAGCACCACC 34 

ATTACCACCACCATCACCATTACCACAGGTAACGGTGCGGGCTGACGC35 

GTACAGGAAACACAGAAAAAAG 36 

 37 

 38 

NCBI BLAST: 39 

 40 

Run "fetch_taxonomy.sh". 41 

 42 
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 43 

 $ sh fetch_taxonomy.sh 44 

 45 

 46 

RNA analysis - Tophat for Illumina and Cufflinks: 47 

 48 

Both reference sequence (FASTA format) and reference annotation (GFF format) 49 

used in alignment must have the same identifying information. For convenience, 50 

the reference sequence identifer can be edited to match the header (first column) of 51 

the reference annotation. For example: 52 

 53 

Reference sequence: 54 

 55 

>NC_000913.2 56 

AGCTTTTCATTCTGACTGCAACGGGCAATATGTCTCTGTGTGGATTAAA57 

AAAAGAGTGTCTGATAGCAGC 58 

TTCTGAACTGGTTACCTGCCGTGAGTAAATTAAAATTTTATTGACTTAG59 

GTCACTAAATACTTTAACCAA 60 

TATAGGCATAGCGCACAGACAGATAAAAATTACAGAGTACACAACAT61 

CCATGAAACGCATTAGCACCACC 62 

ATTACCACCACCATCACCATTACCACAGGTAACGGTGCGGGCTGACGC63 

GTACAGGAAACACAGAAAAAAG 64 

 65 

Reference annotation: 66 

 67 

##gff-version 3 68 

#!gff-spec-version 1.20 69 

#!processor NCBI annotwriter 70 

##sequence-region NC_000913.2 1 4639675 71 

##species 72 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=511145 73 

NC_000913.2 RefSeq region 1 4639675 . + .74 

 ID=id0;Dbxref=taxon:511145;Is_circular=true;gbkey=Src;genome=chrom75 

osome;mol_type=genomic DNA;old-name=Escherichia coli K12;strain=K-76 

12;substrain=MG1655 77 

NC_000913.2 RefSeq gene 190 255 . + .78 

 ID=gene0;Name=thrL;Dbxref=EcoGene:EG11277,GeneID:944742;gbkey79 

=Gene;gene=thrL;gene_synonym=ECK0001,JW4367;locus_tag=b0001 80 

NC_000913.2 RefSeq CDS 190 255 . + 081 

 ID=cds0;Name=NP_414542.1;Parent=gene0;Dbxref=ASAP:ABE-82 

0000006,UniProtKB%2FSwiss-83 

Prot:P0AD86,Genbank:NP_414542.1,EcoGene:EG11277,GeneID:944742;gbke84 
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=CDS;product=thr operon leader 85 

peptide;protein_id=NP_414542.1;transl_table=11 86 

 87 

**If using Cuffcompare, duplicate gene entries (same ID) are NOT permitted 88 

within the reference annotation (GFF) file. These must be manually edited prior to 89 

Cufflinks analysis. Duplicate gene entries can be identified using the "GFF 90 

Duplicate Identification" workflow in Galaxy. 91 

 92 

**If using the 'E. coli MG1655' Transcript Assembly and Comparison workflows, 93 

the Database/Build of Tophat accepted hits output files must be set to 'E. coli 94 

(NC_000913.2) (E_coli_MG1655_NC_000913.2)' in Attributes. 95 

 96 

 97 

SNP/Indel Calling: 98 

 99 

The SnpEff program may output several errors during calling (e.g. 100 

ERROR_OUT_OF_CHROMOSOME_RANGE; 101 

WARNING_TRANSCRIPT_NO_START_CODON). These can be ignored as 102 

data may still be accessed. 103 

 104 

 105 

Visualization: 106 

 107 

Files submitted for visualization must have Database/Build set for the associated 108 

reference sequence. In History: 109 

 110 

 Edit attributes -> Database/Build -> Select reference -> Save 111 

 112 

**For viewing contig alignment files against 'E. coli MG1655', use 'E. coli MG1655 113 

(gi)'. 114 

**For viewing RNA transcript alignment files against 'E. coli MG1655', use 'E. coli 115 

MG1655 (NC_000913.2)'.116 

 

File S2. setup.sh. 

 

#!/bin/sh 1 

 2 

user=$(whoami) 3 

sudo chown -R $user * 4 

chgrp -R $user * 5 

 6 

cd /usr/local/bin 7 

sudo rm velveth velvetg8 
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cd - 9 

cd shed_tools/toolshed.g2.bx.psu.edu/repos/edward-10 

kirton/velvet_toolsuite/4afe13ac23b6/velvet_toolsuite/velvet 11 

sudo cp velveth velvetg /usr/local/bin 12 

 13 

cd - 14 

cd visualization 15 

sudo cp bedGraphToBigWig wigToBigWig bedtools /usr/local/bin 16 

exit17 

 

File S3. start.sh. 

 

#!/bin/sh 1 

 2 

sudo chmod 777 galaxy-dist/tool-data/shared/jars/FastQC/fastqc 3 

/usr/local/bin/bedGraphToBigWig /usr/local/bin/wigToBigWig 4 

 5 

cd galaxy-dist 6 

sudo stop galaxy 7 

sudo sh run.sh & 8 

sleep 25 ; chromium-browser http://localhost:8080/ 9 

 10 

exit11 

 

File S4. fetch_taxonomy.sh. 

 

#!/bin/sh 1 

 2 

cd galaxy-dist/scripts/taxonomy/ 3 

sudo sh processTaxonomy.sh 4 

user=$(whoami) 5 

sudo chown -R $user * 6 

chgrp -R $user * 7 

cp -r * ../../tool-data/taxonomy/ 8 

 9 

exit10 

 

File S5. pangenome_annotation.pl. 
 

#!/usr/bin/perl 1 

 2 

open($ffn1, "<", "@ARGV[0]") ;3 
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open($output, ">>", "output.ffn") ; 4 

$found1 = 0 ; 5 

$found2 = 0 ; 6 

while (<$ffn1>) { 7 

 if ($_ =~ m/>(.*)\s\|/) { 8 

  $id = $1 ;  9 

  $found1 = 1 ; 10 

  } 11 

 if($found1 == 1) { 12 

  open($tsv, "<", "@ARGV[1]") ; 13 

  while (<$tsv>) { 14 

   @tsv = split(/\t/) ; 15 

   if (@tsv[3] =~ $id) { 16 

    $gene = @tsv[5] ; 17 

    open($ffn2, "<", "@ARGV[0]") ; 18 

    while (<$ffn2>) { 19 

     if ($_ =~ /$id\s\|/) { 20 

       s/$id/$gene/ ; 21 

       print $output $_ ; 22 

       $found2 = 1 ; 23 

       next ; 24 

       } 25 

     if ($found2 == 1) { 26 

      if ($_ =~ m/>(.*)\s\|/ || eof) { 27 

       $found1 = 0 ; 28 

       $found2 = 0 ; 29 

       } 30 

      else{ 31 

       print $output $_ ; 32 

       } 33 

      } 34 

     } 35 

    close $ffn2 ; 36 

    } 37 

   }  38 

  } 39 

  close $tsv ; 40 

close $output ; 41 

close $ffn1 ;42 

 

File S6. second-site_annotation.pl. 
 

#!/usr/bin/perl1 
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$in1 = @ARGV[0]; 2 

`mkdir ../output`; 3 

my @reads1 = `ls`; 4 

foreach (@reads1){  5 

 chomp; 6 

 if($_ =~ m/^.*variants.txt$/){ 7 

  $in2 = $_; 8 

  open($output, ">>", "../output/$in2\_output.txt"); 9 

  open($variants, "<", "$in2"); 10 

  $found1 = 0; 11 

  while(<$variants>){ 12 

   $_ =~ s/\r\n//; 13 

   if($found1 == 0){ 14 

    $header1 = $_; 15 

    open($conflicts, "<", "$in1"); 16 

    while(<$conflicts>){ 17 

     $header2 = $_; 18 

     print $output "$header1\t$header2"; 19 

     last; 20 

     } 21 

    close $conflicts; 22 

    $found1 = 1; 23 

    } 24 

   else{ 25 

    $found2 = 0; 26 

    $line1 = $_; 27 

    @line1 = split("\t", $_); 28 

    $ref = @line1[0]; 29 

    open($conflicts, "<", "$in1"); 30 

    while(<$conflicts>){ 31 

     $line2 = $_; 32 

     @line2 = split("\t", $_); 33 

     if($ref eq @line2[0]){ 34 

      print $output "$line1\t$line2"; 35 

      $found2 = 1; 36 

      } 37 

     } 38 

    close $conflicts; 39 

    if($found2 == 0){ 40 

     print $output "$line1\tno conflict\n"; 41 

     } 42 

    } 43 

   }44 
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close $variants; 45 

  close $output; 46 

  } 47 

}48 
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A.2 Chapter 2 – supplementary information 

File S7. readme.txt. ........................................................................................................ 114 

File S8. fastx-toolkit_greengenes_install.sh. ................................................................ 115 

File S9. qiime_workflow.pl. ........................................................................................... 115 

File S10. parameters.txt. ................................................................................................ 128 
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File S7. readme.txt. 

 

Setting up script in QIIME virtual box: 1 

 2 

 cd workflow/ 3 

 sh fastx-toolkit_greengenes_install.sh 4 

 5 

 6 

Setting up read files: 7 

 8 

Place zipped FASTQ read files in '16S_data' directory.  9 

 10 

 11 

Setting up mapping.txt file: 12 

 13 

Edit mapping file with appropriate sample metadata.  14 

 15 

The 'mapping.txt' file in the 'QIIME' directory contains sample ID's and 16 

supplementary information in tab-delimited format. Please note: 17 

 18 

- SampleID's must correspond to the sample name for each FASTQ file (e.g. '4' for 19 

the '4_S4_L001_R1_001.fastq' forward and '4_S4_L001_R2_001.fastq' reverse 20 

read files) 21 

- BarcodeSequence and LinkerPrimerSequence categories can be left blank (3 tab's 22 

from SampleID to InputFileName) 23 

- InputFileName is included in the format 'SampleID'_combined.fna (e.g. 24 

'4_combined.fna') 25 

- Category headers must not contain any special characters (e.g. '/') 26 

- Any metadata categories that are chosen for analysis must not contain white spaces 27 

(e.g. use 'Lake_Ontario' instead of 'Lake Ontario') 28 

 29 

See 'mapping.txt' in QIIME/ for sample categories. 30 

 31 

 32 

Analyzing samples with QIIME: 33 

 34 

 cd QIIME/ 35 

 qiime 36 

 perl ../qiime_workflow.pl 37 

 38 

You will be required to input the following information: 39 

 40 

- The number of threads (CPU cores) available for processing (e.g. '4')41 
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- The number of reads to sample from each file (enter 'ALL' for all reads) (e.g. 42 

'100000') 43 

- A comma-delimited list of metadata categories on which to conduct core diversity 44 

analyses (e.g. 'Location,Subtype,Rain') 45 

- A comma-delimited list of metadata categories on which to conduct subset 46 

analyses (e.g. 'Location,Subtype,Rain') 47 

- Towards the end of the workflow, an **even** value for sampling depth (e.g. 48 

'1000'). You will need to determine this value from the file 'otus/table_summary.txt’ 49 

for diversity analyses. Many of the analyses that follow require that there are an 50 

equal number of sequences in each sample, so you need to review the 51 

Counts/sample detail and decide what depth you'd like. Any samples that don't have 52 

at least that many sequences will not be included in the analyses, so this is always 53 

a trade-off between the number of sequences you throw away and the number of 54 

samples you throw away. For some perspective on this, see Kuczynski 2010. 55 

 56 

 57 

Viewing QIIME output: 58 

 59 

- HTML output can be viewed by accessing the .html file within the 60 

'core_diversity_analyses' directory 61 

- Taxonomy tables should be opened with a spreadsheet processor (e.g. Microsoft 62 

Excel) 63 

- Network files within the "cytoscape_bipartite_network' directory can be 64 

visualized with the program Cytoscape (downloaded separately) 65 

- A summary of the workflow can be accessed with 'QIIME/log.txt'66 

 

File S8. fastx-toolkit_greengenes_install.sh. 

 

#!/bin/sh 1 

 2 

sudo apt-get --assume-yes install fastx-toolkit 3 

 4 

wget 5 

ftp://greengenes.microbio.me/greengenes_release/gg_13_5/gg_13_8_otus.tar.gz; 6 

tar -xzvf gg_13_8_otus.tar.gz; 7 

\rm -r gg_13_8_otus.tar.gz;8 

 

File S9. qiime_workflow.pl. 

 

#!/usr/bin/perl 1 

 2 

##Request user input 3 
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print "Please consult system specifications and enter the number of threads 4 

available for processing:\n"; 5 

$threads = <STDIN>; 6 

chomp $threads; 7 

 8 

print "Please enter the number of reads to sample from each file:\n"; 9 

$fastq_depth = <STDIN>; 10 

chomp $fastq_depth; 11 

$fastq_lines = 4*$fastq_depth; 12 

 13 

print "Please enter the mapping.txt metadata categories to analyze in comma-14 

delimited format (e.g. Location,Subtype,Rain):\n"; 15 

$metadata = <STDIN>; 16 

chomp $metadata; 17 

 18 

print "Please enter the mapping.txt metadata categories to use for subset analyses 19 

in comma-delimited format (e.g. Location,Subtype,Rain):\n"; 20 

$subset1 = <STDIN>; 21 

chomp $subset1; 22 

 23 

print "Executing analyses...\n"; 24 

 25 

##Create log file 26 

 27 

open($log, ">", "log.txt"); 28 

select $log; 29 

 30 

##Trim read files by quality; convert to fasta; reverse-compliment reverse reads; 31 

combine forward and reverse reads for each sample 32 

 33 

print scalar localtime(); 34 

print " - Filtering read files by quality; formatting read files for QIIME...\n"; 35 

 36 

`mkdir reads`; 37 

chdir "../16S_data"; 38 

 39 

my @folder = `ls`; 40 

foreach (@folder){ 41 

 chomp; 42 

 $folder = $_; 43 

 chdir "$folder"; 44 

 my @zip = `ls`; 45 

 foreach (@zip){46 
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 47 

  chomp; 48 

  if($_ =~ m/.*\.fastq\.gz$/){ 49 

   `mv $_ ../$_`; 50 

   `gunzip ../$_`; 51 

   } 52 

  } 53 

 chdir ".."; 54 

 `rm -r $folder`; 55 

 } 56 

 57 

my @reads = `ls`; 58 

foreach (@reads){  59 

 chomp; 60 

 ($sample1 = $_) =~ s/^(.+)\_.+\_.+\_.+\_.+$/$1/; 61 

 ($sample2 = $sample1) =~ s/\_/\./g; 62 

 ($reads_base = $_) =~ s/(.)\.[^.]+$/$1/; 63 

 chdir "../QIIME/reads"; 64 

 if($fastq_depth eq "ALL"){ 65 

  `fastq_quality_trimmer -t 25 -i ../../16S_data/$_ -o 66 

$reads_base\_trimmed\_final.fastq`;   67 

  }  68 

 else{  69 

  `fastq_quality_trimmer -t 25 -i ../../16S_data/$_ -o 70 

$reads_base\_trimmed\_1.fastq`;  71 

  open($fastq, "<", "$reads_base\_trimmed\_1.fastq"); 72 

  $fastq_count = () = <$fastq>; 73 

  if($fastq_count > $fastq_lines){ 74 

   open($fastq, "<", "$reads_base\_trimmed\_1.fastq"); 75 

   open($fastq_short, ">>", 76 

"$reads_base\_trimmed\_final.fastq");  77 

   $count = 0;  78 

   while(<$fastq>){    79 

    unless($count == $fastq_lines){ 80 

     print $fastq_short $_;  81 

     $count++; 82 

     } 83 

    } 84 

   close $fastq; 85 

   close $fastq_short; 86 

   } 87 

  else{ 88 

   print "\t $_ - Insufficient data\n";89 
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   `cp $reads_base\_trimmed\_1.fastq  90 

$reads_base\_trimmed\_final.fastq`; 91 

   } 92 

  } 93 

 `convert_fastaqual_fastq.py -f $reads_base\_trimmed\_final.fastq -F -c 94 

fastq_to_fastaqual`; 95 

 if($reads_base =~ m/.2\_001+$/){ 96 

  `adjust_seq_orientation.py -i $reads_base\_trimmed\_final.fna`; 97 

  $reads = "$reads_base\_trimmed\_final\_rc.fna"; 98 

  if(-e "combined/$sample2\_combined.fna") { 99 

   `cat $reads >> combined/$sample2\_combined.fna`; 100 

   } 101 

  else{   102 

   `mkdir -p combined`; 103 

   `cp $reads combined/$sample2\_combined.fna`; 104 

   } 105 

  } 106 

 else{ 107 

  $reads = "$reads_base\_trimmed\_final.fna"; 108 

  if(-e "combined/$sample2\_combined.fna") { 109 

   `cat $reads >> combined/$sample2\_combined.fna`; 110 

   } 111 

  else{   112 

   `mkdir -p combined`; 113 

   `cp $reads combined/$sample2\_combined.fna`; 114 

   } 115 

  } 116 

 chdir "../../16S_data";   117 

 } 118 

 119 

print scalar localtime(); 120 

print " - Read files formatted\n"; 121 

 122 

##Add qiime labels to fasta files; pick closed reference OTUs; generate BIOM 123 

summary table 124 

 125 

print scalar localtime(); 126 

print " - Picking closed reference OTUs...\n"; 127 

 128 

chdir "../QIIME/reads"; 129 

`add_qiime_labels.py -m ../mapping.txt -i combined -c InputFileName -n 1`; 130 

chdir "..";131 
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`pick_closed_reference_otus.py -a -O $threads -i reads/combined_seqs.fna -r  132 

../gg_13_8_otus/rep_set/97_otus.fasta -t 133 

../gg_13_8_otus/taxonomy/97_otu_taxonomy.txt -o otus`; 134 

`biom summarize-table -i otus/otu_table.biom -o otus/table_summary.txt`; 135 

 136 

print scalar localtime(); 137 

print " - OTUs picked\n"; 138 

 139 

#The key piece of information you need to pull from this output is the depth of 140 

sequencing that should be used in diversity analyses. Many of the analyses that 141 

follow require that there are an equal number of sequences in each sample, so you 142 

need to review the Counts/sample detail and decide what depth you'd like. Any 143 

samples that don't have at least that many sequences will not be included in the 144 

analyses, so this is always a trade-off between the number of sequences you throw 145 

away and the number of samples you throw away. For some perspective on this, 146 

see Kuczynski 2010. 147 

 148 

select STDOUT; 149 

print "Please consult otus/table_summary.txt and enter value for sampling depth 150 

(greatest even value which excludes minimal samples):\n" ; 151 

$depth2 = <STDIN>; 152 

chomp $depth2; 153 

 154 

##Conduct core diversity analyses 155 

 156 

select $log; 157 

print scalar localtime(); 158 

print " - Conducting core diversity analyses...\n"; 159 

 160 

`core_diversity_analyses.py -a -O $threads -o core_diversity_analyses -i 161 

otus/otu_table.biom -m mapping.txt -e $depth2 -t 162 

../gg_13_8_otus/trees/97_otus.tree -c $metadata -p parameters.txt`; 163 

 164 

print scalar localtime(); 165 

print " - Analyses completed\n"; 166 

 167 

print scalar localtime(); 168 

print " - Conducting supplementary diversity analyses...\n"; 169 

 170 

##Estimate observation richness 171 

 172 

`estimate_observation_richness.py -i otus/otu_table.biom -o 173 

observation_richness_estimates`;174 
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##Make rank-abundance graph 175 

 176 

`mkdir rank_abundance_graph`; 177 

chdir "rank_abundance_graph"; 178 

`plot_rank_abundance_graph.py -i ../otus/otu_table.biom -s "*" -o graph`; 179 

chdir ".."; 180 

 181 

##Build weighted UPGMA-cluster tree (for otu heatmap) 182 

 183 

`upgma_cluster.py -i 184 

core_diversity_analyses/bdiv_even$depth2/weighted_unifrac_dm.txt -o 185 

weighted_UPGMA_cluster_tree`; 186 

 187 

##Make otu heatmap 188 

 189 

`mkdir heatmap`; 190 

chdir "heatmap"; 191 

`make_otu_heatmap.py -i ../otus/otu_table.biom -o heatmap --sample_tree 192 

../weighted_UPGMA_cluster_tree`; 193 

chdir ".."; 194 

`mv weighted_UPGMA_cluster_tree heatmap/weighted_UPGMA_cluster_tree`; 195 

 196 

##Make bipartite network (for Cytoscape network mapping) 197 

 198 

`make_bipartite_network.py -i otus/otu_table.biom -m mapping.txt -o 199 

cytoscape_bipartite_network -k taxonomy --md_fields 'k,p,c,o,f,g,s'`; 200 

 201 

##Make taxonomy tables 202 

 203 

`mkdir taxonomy_tables`; 204 

`mkdir taxonomy_tables/data`; 205 

chdir "taxonomy_tables/data"; 206 

 207 

#Summarize sample taxonomy 208 

 209 

mkdir "taxa_plots"; 210 

`sort_otu_table.py -i ../../otus/otu_table.biom -o taxa_plots/otu_table_sorted.biom`; 211 

`summarize_taxa.py -i taxa_plots/otu_table_sorted.biom -o taxa_plots/ --level 212 

1,2,3,4,5,6,7`; 213 

 214 

#Summarize category taxonomies 215 

 216 

@category = split(",", $metadata);217 
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  foreach(@category){ 218 

   mkdir "taxa_plots_$_"; 219 

   `collapse_samples.py -b table_mc$depth4.biom  -m 220 

../../mapping.txt --output_biom_fp taxa_plots_$_/$_\_otu_table.biom --221 

output_mapping_fp taxa_plots_$_/$_\_mapping.txt --collapse_fields 222 

BarcodeSequence,$_`; 223 

   `sort_otu_table.py -i taxa_plots_$_/$_\_otu_table.biom -o 224 

taxa_plots_$_/$_\_otu_table_sorted.biom`; 225 

   `summarize_taxa.py -i 226 

taxa_plots_$_/$_\_otu_table_sorted.biom -o taxa_plots_$_/ --level 1,2,3,4,5,6,7`; 227 

   } 228 

 229 

#Rename taxonomy tables 230 

    231 

my @diversity = `ls`; 232 

foreach(@diversity){ 233 

 chomp; 234 

 if($_ =~ m/taxa\_plots.*$/){ 235 

  chdir "$_"; 236 

  if($_ =~ m/taxa\_plots.+$/){ 237 

   ($parameter = $_) =~ s/taxa\_plots\_(.+)$/$1/; 238 

   chdir "../.."; 239 

   `mkdir $parameter`; 240 

   chdir "data/$_"; 241 

   my @tables = `ls`; 242 

   foreach(@tables){ 243 

    chomp; 244 

    if($_ =~ m/.*sorted\_L1\.txt/){ 245 

     `cp $_ ../../$parameter/"Kingdom.txt"`; 246 

    247 

     } 248 

    if($_ =~ m/.*sorted\_L2\.txt/){ 249 

     `cp $_ ../../$parameter/"Phylum.txt"`;  250 

   251 

     } 252 

    if($_ =~ m/.*sorted\_L3\.txt/){ 253 

     `cp $_ ../../$parameter/"Class.txt"`;  254 

   255 

     } 256 

    if($_ =~ m/.*sorted\_L4\.txt/){ 257 

     `cp $_ ../../$parameter/"Order.txt"`;  258 

   259 

     }260 
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    if($_ =~ m/.*sorted\_L5\.txt/){ 261 

     `cp $_ ../../$parameter/"Family.txt"`;  262 

   263 

     } 264 

    if($_ =~ m/.*sorted\_L6\.txt/){ 265 

     `cp $_ ../../$parameter/"Genus.txt"`;  266 

   267 

     } 268 

    if($_ =~ m/.*sorted\_L7\.txt/){ 269 

     `cp $_ ../../$parameter/"Species.txt"`;  270 

   271 

     } 272 

    } 273 

   chdir ".."; 274 

   } 275 

  else{ 276 

   $parameter = "Sample"; 277 

   chdir "../.."; 278 

   `mkdir $parameter`; 279 

   chdir "data/$_"; 280 

   my @tables = `ls`; 281 

   foreach(@tables){ 282 

    chomp; 283 

    if($_ =~ m/.*sorted\_L1\.txt/){ 284 

     `cp $_ ../../$parameter/"Kingdom.txt"`; 285 

    286 

     } 287 

    if($_ =~ m/.*sorted\_L2\.txt/){ 288 

     `cp $_ ../../$parameter/"Phylum.txt"`;  289 

   290 

     } 291 

    if($_ =~ m/.*sorted\_L3\.txt/){ 292 

     `cp $_ ../../$parameter/"Class.txt"`;  293 

   294 

     } 295 

    if($_ =~ m/.*sorted\_L4\.txt/){ 296 

     `cp $_ ../../$parameter/"Order.txt"`;  297 

   298 

     } 299 

    if($_ =~ m/.*sorted\_L5\.txt/){ 300 

     `cp $_ ../../$parameter/"Family.txt"`;  301 

   302 

     }303 
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    if($_ =~ m/.*sorted\_L6\.txt/){ 304 

     `cp $_ ../../$parameter/"Genus.txt"`;  305 

   306 

     } 307 

    if($_ =~ m/.*sorted\_L7\.txt/){ 308 

     `cp $_ ../../$parameter/"Species.txt"`;  309 

   310 

     } 311 

    } 312 

   chdir ".."; 313 

   } 314 

  } 315 

 } 316 

chdir "../.."; 317 

 318 

print scalar localtime(); 319 

print " - Analyses completed\n"; 320 

 321 

##Conduct sample subset analyses 322 

 323 

print scalar localtime(); 324 

print " - Conducting sample subset analyses...\n"; 325 

 326 

`mkdir subset_analyses`; 327 

chdir "subset_analyses"; 328 

@subset1 = split(",", $subset1); 329 

 330 

#Identify unique values within each metadata category (e.g. "LONT" & "LERIE" 331 

within "Location") 332 

 333 

foreach(@subset1){ 334 

 chomp; 335 

 $found1 = 0; 336 

 $count1a = 0; 337 

 $subset2 = $_; 338 

 `mkdir $subset2`; 339 

 chdir "$subset2"; 340 

 open($mapping, "<", "../../mapping.txt"); 341 

 while(<$mapping>){    342 

  @line = split("\t", $_); 343 

  if($found1 == 1) { 344 

    push (@subset3, @line[$count1b]); 345 

    }346 
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  else{ 347 

   foreach(@line){ 348 

    chomp; 349 

    $count1a++; 350 

    if($_ =~ $subset2){ 351 

     $found1 = 1; 352 

     $count1b = $count1a - 1; 353 

     last; 354 

     } 355 

    } 356 

   } 357 

  } 358 

 close $mapping; 359 

 my %seen; 360 

 my @unique = grep { not $seen{$_} ++ } @subset3; 361 

 undef @subset3; 362 

 363 

 foreach(@unique){ 364 

  chomp; 365 

  $unique = $_; 366 

  `mkdir $unique`; 367 

  chdir "$unique"; 368 

  `cp ../../../parameters.txt .`; 369 

   370 

#Select samples of interest from OTU table for each unique metadata value (e.g. 371 

samples with location "LONT") 372 

   373 

  `mkdir otus`; 374 

  `filter_samples_from_otu_table.py -i ../../../otus/otu_table.biom -o 375 

otus/otu_table.biom -m ../../../mapping.txt --output_mapping_fp mapping.txt -s 376 

$subset2\:$unique -n $depth2`; 377 

   378 

#Remove metadata category of interest from $metadata (e.g. remove "Location" 379 

from category analysis for location subsets) 380 

   381 

  @metadata2 = split(",", $metadata); 382 

  foreach(@metadata2){ 383 

   chomp; 384 

   unless($_ eq $subset2){ 385 

    push(@metadata3,$_); 386 

    } 387 

   } 388 

   389 
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#Remove metadata categories if not present in filtered mapping file (i.e. QIIME 390 

will filter all categories containing identical values for each sample from the 391 

mapping file; these will be excluded from subset analysis) 392 

    393 

  open($mapping, "<", "mapping.txt"); 394 

   while(<$mapping>){   395 

    @line2 = split("\t", $_); 396 

    last; 397 

    } 398 

   close $mapping; 399 

   foreach(@metadata3){ 400 

    chomp; 401 

    $metadata3 = $_; 402 

    if(grep{$_ eq $metadata3} @line2){ 403 

     push(@metadata4,$_); 404 

     } 405 

    } 406 

  $metadata4 = join(',',@metadata4); 407 

  undef @metadata3; 408 

  undef @metadata4; 409 

   410 

#Suppress beta diversity analyses for subsets with 3 or fewer samples 411 

   412 

  $count2a = 0; 413 

  open($mapping, "<", "mapping.txt"); 414 

   while(<$mapping>){   415 

    $count2a++; 416 

    } 417 

  close $mapping; 418 

  $count2b = $count2a - 1; 419 

  if($count2b <= 3){ 420 

   $suppress = "--suppress_beta_diversity"; 421 

   } 422 

  else{ 423 

   undef $suppress; 424 

   } 425 

   426 

#Conduct analyses 427 

   428 

  if(!$metadata4){ 429 

   `core_diversity_analyses.py -a -O $threads -o 430 

core_diversity_analyses -i otus/otu_table.biom -m mapping.txt -e $depth2 -t 431 

../../../../gg_13_8_otus/trees/97_otus.tree -p parameters.txt $suppress`;432 
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   } 433 

  else{ 434 

   `core_diversity_analyses.py -a -O $threads -o 435 

core_diversity_analyses -i otus/otu_table.biom -m mapping.txt -e $depth2 -t 436 

../../../../gg_13_8_otus/trees/97_otus.tree -c $metadata4 -p parameters.txt 437 

$suppress`; 438 

   } 439 

  #`estimate_observation_richness.py -i otus/otu_table.biom -o 440 

observation_richness_estimates`; 441 

  `mkdir rank_abundance_graph`; 442 

  chdir "rank_abundance_graph"; 443 

  `plot_rank_abundance_graph.py -i ../otus/otu_table.biom -s "*" -o 444 

graph`; 445 

  chdir ".."; 446 

  unless($count2b <= 3){ 447 

   `upgma_cluster.py -i 448 

core_diversity_analyses/bdiv_even$depth2/weighted_unifrac_dm.txt -o 449 

weighted_UPGMA_cluster_tree`; 450 

   `mkdir heatmap`; 451 

   chdir "heatmap"; 452 

   `make_otu_heatmap.py -i ../otus/otu_table.biom -o heatmap 453 

--sample_tree ../weighted_UPGMA_cluster_tree`; 454 

   chdir ".."; 455 

   `mv weighted_UPGMA_cluster_tree 456 

heatmap/weighted_UPGMA_cluster_tree`; 457 

   } 458 

  `make_bipartite_network.py -i otus/otu_table.biom -m mapping.txt 459 

-o cytoscape_bipartite_network -k taxonomy --md_fields 'k,p,c,o,f,g,s'`; 460 

  `mkdir taxonomy_tables`; 461 

  chdir "core_diversity_analyses"; 462 

  my @diversity = `ls`; 463 

  foreach(@diversity){ 464 

   chomp; 465 

   if($_ =~ m/taxa\_plots.*$/){ 466 

    chdir "$_"; 467 

    if($_ =~ m/taxa\_plots.+$/){ 468 

     ($parameter = $_) =~ 469 

s/taxa\_plots\_(.+)$/$1/; 470 

     chdir "../../taxonomy_tables"; 471 

     `mkdir $parameter`; 472 

     chdir "../core_diversity_analyses/$_"; 473 

     my @tables = `ls`; 474 

     foreach(@tables){475 
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      chomp; 476 

      if($_ =~ m/.*sorted\_L1\.txt/){ 477 

       `cp $_ 478 

../../taxonomy_tables/$parameter/"Kingdom.txt"`;     479 

       } 480 

      if($_ =~ m/.*sorted\_L2\.txt/){ 481 

       `cp $_ 482 

../../taxonomy_tables/$parameter/"Phylum.txt"`;     483 

       } 484 

      if($_ =~ m/.*sorted\_L3\.txt/){ 485 

       `cp $_ 486 

../../taxonomy_tables/$parameter/"Class.txt"`;     487 

       } 488 

      if($_ =~ m/.*sorted\_L4\.txt/){ 489 

       `cp $_ 490 

../../taxonomy_tables/$parameter/"Order.txt"`;     491 

       } 492 

      if($_ =~ m/.*sorted\_L5\.txt/){ 493 

       `cp $_ 494 

../../taxonomy_tables/$parameter/"Family.txt"`;     495 

       } 496 

      if($_ =~ m/.*sorted\_L6\.txt/){ 497 

       `cp $_ 498 

../../taxonomy_tables/$parameter/"Genus.txt"`;     499 

       } 500 

      if($_ =~ m/.*sorted\_L7\.txt/){ 501 

       `cp $_ 502 

../../taxonomy_tables/$parameter/"Species.txt"`;     503 

       } 504 

      } 505 

     chdir ".."; 506 

     } 507 

    else{ 508 

     $parameter = "Sample"; 509 

     chdir "../../taxonomy_tables"; 510 

     `mkdir $parameter`; 511 

     chdir "../core_diversity_analyses/$_"; 512 

     my @tables = `ls`; 513 

     foreach(@tables){ 514 

      chomp; 515 

      if($_ =~ m/.*sorted\_L1\.txt/){ 516 

       `cp $_ 517 

../../taxonomy_tables/$parameter/"Kingdom.txt"`;    518 
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       } 519 

      if($_ =~ m/.*sorted\_L2\.txt/){ 520 

       `cp $_ 521 

../../taxonomy_tables/$parameter/"Phylum.txt"`;     522 

       } 523 

      if($_ =~ m/.*sorted\_L3\.txt/){ 524 

       `cp $_ 525 

../../taxonomy_tables/$parameter/"Class.txt"`;     526 

       } 527 

      if($_ =~ m/.*sorted\_L4\.txt/){ 528 

       `cp $_ 529 

../../taxonomy_tables/$parameter/"Order.txt"`;     530 

       } 531 

      if($_ =~ m/.*sorted\_L5\.txt/){ 532 

       `cp $_ 533 

../../taxonomy_tables/$parameter/"Family.txt"`;     534 

       } 535 

      if($_ =~ m/.*sorted\_L6\.txt/){ 536 

       `cp $_ 537 

../../taxonomy_tables/$parameter/"Genus.txt"`;     538 

       } 539 

      if($_ =~ m/.*sorted\_L7\.txt/)z 540 

      } 541 

     chdir ".."; 542 

     } 543 

    } 544 

   } 545 

  chdir "../.."; 546 

  } 547 

 chdir ".."; 548 

 } 549 

  550 

print scalar localtime(); 551 

print " - Analyses completed\n"; 552 

 553 

close $log; 554 

 555 

print "Analyses completed\n";556 

 

File S10. parameters.txt. 

 

summarize_taxa:level 1,2,3,4,5 1 

plot_taxa_summary:chart_type area,bar,pie 2 


