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Abstract 

 

 When analyzing the water quality of the coastal zone, culture-based techniques 

have been utilized most often to identify Fecal Indicator Bacteria in samples. Since the 

advent of the Sanger Method for DNA sequencing, other techniques have arisen that 

provide significantly more information on the microorganisms in sample, but they are 

still not the mainstream for water quality analysis. This capstone reviews and compares 

culture-based techniques, DNA sequencing, RNA sequencing, qPCR for biomarker, and 

16S rDNA sequencing to highlight their merits and shortcomings for analyzing 

environmental water samples. The technique presented that provides the broadest range 

of information (including the identification of bacteria, viruses, fungi, pathogens, 

virulence factors, and antibiotic resistance genes) is whole genome shotgun sequencing 

paired with k-mer based microbial identification. This technique allows researchers and 

managers not only to identify all microorganisms present in a given sample, but to 

identify sources of these microorganisms and infection potential to humans as well. This 

has huge implications for the future of water quality management and provides invaluable 

information that recreational water managers can use to determine risk to human health. 

As modern methods drop in price, they are becoming more accessible to user groups. 

This capstone is designed to help users determine the best method for their individual 

needs.  

 

Keywords: whole genome sequencing, shotgun sequencing, water quality, RNA 

sequencing, qPCR, culture-based techniques, 16S sequencing, virulence factors, 

antibiotic resistance gene, CosmosID, coastal zone management  
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Introduction 

 

The microbiome of coastal sands and waters has historically been difficult to 

assess due to technological limitations. Scientists and government officials have long had 

the ability to recognize fecal indicator bacteria such as E. coli in water samples using 

culture-based methods as an indicator of the risk to human health. The makeup of just 

what organisms (bacteria, viruses, fungi) are present in coastal waters and beach sands 

requires significantly more refined procedures and can tell officials much more about the 

overall risk to human and environmental health in a given area. With the advent of the 

Sanger Method, it became possible to sequence DNA effectively and the massive 

undertaking of uncovering the human genome and creating DNA libraries took off. While 

this is considered by many the “gold standard” method, it has its shortcomings. It is 

costly, time consuming, and labor-intensive. With next-generation sequencing methods, 

thousands to millions of DNA molecules can be sequenced in a single run, and the 

number of applications continues to grow (Vincent et al. 2015). 

With the advent of these next generation sequencing methods, the task of 

understanding the microbiome of the coastal zone has made its way to the forefront with 

the objective to identify new microorganisms, identify distribution patterns, and 

ultimately create predictive models to aid in identifying areas of concern. 

While there are a few next generation sequencing methods, “whole-genome 

shotgun sequencing” (WGS) carries a lot of promise as a technique to identify large 

quantities of microbes quickly. If more widely accessible, it could prove a valuable asset 

to researchers and government officials. WGS is known as a “high-throughput” DNA 

sequencing method (Falkowski and Vargas 2004). It sequences massive data sets of DNA 

fragments in parallel, making it faster, more efficient, and more all-encompassing than 

traditional methods. Other techniques, such as 16S rDNA sequencing, also show 

improvement on more traditional methods, and have been employed successfully in 

coastal studies, with applications expanding (Ranjan et al. 2015). Five methods in 

particular will be detailed, reviewed, and compared.  
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DNA Sequencing: Whole genome shotgun sequencing of metagenomic DNA and bio-

informatic analysis. Generates data on Bacteria, Protozoa, Fungi, Viruses, virulence 

genes, and antibiotic resistant genes.  

RNA Sequencing: Whole genome shotgun sequencing of metagenomic cDNA. Includes 

RNA extraction and cDNA generation and bio-informatics analysis (for viable cells 

only). 

qPCR for Biomarker: Screening for host-specific bio-marker genes by qPCR.  

16S rDNA Sequencing: Single gene sequencing of 16S rDNA of metagenomic DNA in a 

given sample. Generates data for taxonomic identification of bacteria in sample including 

indicator bacteria (Molecular Testing).  

Traditional culture-based methods: Bacteria are cultured on plates and colonies 

identified. 

 

Purpose of Applying NGS Methods to the Coastal Zone 

 

As can be seen from genomic sequencing of marine waters and beach sands, there 

is an immense microbial world that has yet to be discovered (Ranjan et al. 2015; Poretsky 

et al. 2014), the magnitude of which researchers can only speculate. These methods can 

be used to uncover the unknown diversity that is characteristic of the marine 

environment. As the methods’ applications expand and the technology becomes more 

widely accessible, libraries will grow and more users will benefit. 

In the coastal zone management context, those who monitor and manage water 

quality, as well as those who manage beaches will benefit greatly. Widespread use of 

whole genome shotgun sequencing and other genomic sequencing testing methods will 

result in the creation of the first ever comprehensive catalogue of the beach and coastal 

microbiome, forming the basis for future work on beach and coastal water quality 

management. With a better understanding of the microbiome, managers can make more 

informed decisions on management practices.  

With the additional information on the microbiome that genomic sequencing 

testing provides, detailed analyses of beach sand, the swash zone, and coastal waters can 

aid managers in developing the best possible approach to preserving human health and 
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the coastal environment. The immense amount of data provided in the coastal zone will 

provide valuable tools for a rigorous review of current regulatory policies for beach 

safety. This review will allow managers to develop the most appropriate, comprehensive 

monitoring program encompassing areas posing significant risk. With recent data sets 

supporting the existence of human pathogens in beach sand (Cui et al. 2013; Solo-

Gabriele et al. 2015), it is likely that current protocols would then be expanded to include 

sediments and the swash zone in many areas.  

Another key benefit of the expanded use of genomic sequencing testing to 

monitor coastal zones is that it will lead to the adoption of a new risk assessment protocol 

and improve efficiency in monitoring. Instead of time-consuming culture-based methods 

that do not work for the detection of many microbes or traditional sequencing methods 

that take much more time to produce results, WGS methods can quickly identify the 

microbes present in an area. This will save costs and labor while providing detailed 

assessments of health risks to beach users. With improved risk assessment protocols 

using efficient and effective WGS methods, tourists will be more confident than ever in 

the management of their coastal recreation areas. Tourism will flourish as trips to the 

beach will not be slowed by health concerns and lack of faith in management practices.  

 

Overview of Microbiome Analysis: Metagenomics, Metatranscriptomics, 

Metabolomics 

 

Aguiar-Pulido et al. (2016) provides an exceptional overview of the types of 

analyses for uncovering information on microbiomes. Microbiome analysis is a type of 

analysis carried out across multiple sectors and fields, and the tools that can be used to 

conduct this type of analysis are ever expanding. These tools fit into three broad 

categories: metagenomics, metatranscriptomics, and metabolomics. Each of these 

approaches provides its own unique insights into the microbiome of a given sample, and 

when combined with the other two, provides a much more comprehensive picture that 

just one method alone. The first two approaches are the focus of this capstone.  
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The definition of microbiome has expanded from the more traditional definition 

(the microbial community within a reasonably well-defined habitat) (Whipps et al. 1988) 

to including information on environmental and host factors (Aguiar-Pulido et al. 2016) 

There are a couple of environmental microbiome discovery initiatives of note. 

The Earth Microbiome Project (EMP) started in 2010 and aims to characterize 

microbiomes across the planet. At present, they have more than 30,000 samples from 

diverse ecosystems, including humans, animals, oceans, sediment, air, etc. (Gilbert et al. 

2014). The J. Craig Venter Institute’s (JCVI) Global Oceanic Sampling (GOS) 

expeditions and the European Tara Oceans initiatives (Venter et al. 2004; Nealson and 

Venter 2007; Lima-Mendez et al. 2015; Karsenti et al. 2011; Sunagawa et al. 2015) have 

focused on marine microbiome diversity across the globe. 

Metagenomic studies provide researchers with the composition of the microbial 

community. These studies involve next-generation sequencing (NGS) after DNA has 

been extracted from samples, producing large quantities of data in short reads which can 

be pieced together to give longer reads. There are recent recommendations that 

metagenomics (broad and comprehensive genomic approach) be separated from 

metataxonomics (use of amplicons from a targeted marker gene to infer taxonomic 

classifications—for example 16S rDNA markers) (Barberan et al. 2011; Chaffron et al. 

2010; Gonzalez and Knight 2012; Freilich et al. 2010; Kuczynski et al. 2010; Faust et al. 

2012). There are a large number of databases to aid in taxonomic classification when the 

16S region is targeted. Studies have, however, shifted toward a shotgun approach 

resulting in several databases with complete reference genomes that can be used to 

construct taxonomic profiles and for inferring potential functional profiles for the 

microbial community based on genes that are present (Sharpton, T.J. 2104; Nelson et al. 

2010; Frias-Lopez et al. 2008; Chain et al., 2009).  

After the pre-processing stage where reads are filtered by quality and length, 

contaminants are removed, chimeric sequences generated during PCR amplification are 

identified, and data is prepared for further analysis, classification of each read based on 

the taxa with the highest probability of containing the read can occur. With 

metataxonomics, reads are clustered prior to assigning a label. These clusters are inferred 

to have a common origin and are called operational taxonomic units (OTUs). 
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Metataxonomics helps to compute the taxonomic profile of the community, while 

metagenomics computes the functional profile by focusing on gene content and using the 

available functional annotations of the corresponding proteins.  

There are shortcomings to these methods. These methods (metagenomics and 

metataxonomics) underestimate the number of microbial species in samples, in large part 

because reference databases are so limited. Reads are often discarded from 

undocumented microbes or grouped with the most similar database microbe. 

Metagenomics can also not reveal dynamic properties such as spatiotemporal activity of a 

given community and the environmental impact on these activities. WGS produces lower 

coverage and may identify thousands of strains per sample, however, targeted approaches 

have reads that come from small regions of the genome. The additional clustering step 

lowers errors in classification.  

The classification and labeling steps are either taxonomy-dependent or 

independent. Dependent methods use a database of genomes adding some bias toward 

data with pathogenic or commercial applications. Independent methods do not require a-

priori knowledge and segregate reads based on distance, k-mers, abundance levels, and 

frequencies. If there is a good likelihood that there will be non-documented microbes in 

the samples, this is often a good approach. Accurate classification and labeling are a 

challenge because of several factors.  Sequencing technologies produce short reads and 

economic pressure leads researchers to obtain low coverage datasets. To add to 

difficulties, some technologies have higher error rates, while reference genome databases 

are not as comprehensive as sometimes desirable leading to inaccurate taxonomic context 

due to lateral gene transfers between microbial taxa.  

Metatranscriptomics focuses on what genes are expressed by the entire microbial 

community, shedding light on the active functional profile of a community (Moran 2009). 

The metatranscriptome captures the total mRNA and gives a snapshot of gene expression 

in a sample at a given moment under specific conditions. It is now possible to conduct 

whole metatranscriptomics shotgun sequencing, providing the expression and functional 

profile of the microbiome (Frias-Lopez 2008; Carvalhais et al. 2012; Gilbert et al. 2008). 

From there, reads are either mapped to a reference genome, or a de novo assembly of 

reads into contigs and supercontigs is performed. These two strategies share the same 
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shortcomings as the metagenomic studies—constrained to database data and limited by 

software for assembly. Metatranscriptomics is still a relatively uncommon method for 

gaining information on microbiomes. While promising, these methods have their 

shortcomings and limitations to be addressed before being applied on the large scale. To 

start, much of the harvested RNA comes from rRNA, and its abundance reduces the 

coverage of mRNA (the main focus of these studies). It is helpful to remove as much 

rRNA as possible (Peano et al. 2013). mRNA is also quite unstable, which means that 

upon sampling, the integrity of the sample decreases. It is challenging to differentiate 

between host and microbial RNA, so it is helpful to have a reference genome for any 

hosts.   

WGS approaches provide information on the taxonomic profile of a microbial 

community and its functional profile, whereas whole metatranscriptome sequencing 

describes the active functional profile. This method is most useful when studying the 

dynamics of functional profiles under varying conditions. 

Metabolomics is the comprehensive analysis whereby all metabolites (small 

molecules released by the organism into the environment) are identified and quantified 

(Fiehn et al. 2002). The metabolome is an incredibly useful indicator of environmental 

health or of a deviation from homeostasis (Bernini et al. 2009). When a variation in the 

production of a signature metabolite is noted, this indicates a change in activity of 

metabolic routes, offering a means of pathway analysis (Krumsiek et al. 2015). This 

method provides information about more than just the characteristics of the microbiome. 

It gives information on the interactions of the community with the host environment (Xu 

et al. 2007; Manor et al. 2014; Wu et al. 2014). The study of the metabolome can help in 

the development of predictive markers for environmental stressors (Lankadurai et al. 

2013). The microbiome reacts to environmental stressors in such a way that can be either 

helpful or harmful to the environment. Bioremediation response to pollution is an 

example of this (Kimes et al. 2014). The study of metabolomics can help identify these 

responses.  

The metabolome can also illustrate signaling processes between bacteria (like 

quorum sensing) which can relate gene expression to cell population density changes 

(Bassler et al. 1997; Miller & Bassler 2001; Bassler 2002; Henke & Bassler 2004; Waters 
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& Bassler 2005; Camilli & Bassler 2006). This could revolutionize infectious disease 

control and help with environmental conservation.  

This type of analysis describes not just the systems themselves, but their internal 

and external interactions. Sequencing is not used. Identification and quantification of 

metabolites is carried out using chromatographic techniques (such as liquid and gas 

chromatography) and detection methods (such as mass spectrometry and nuclear 

magnetic resonance). From these techniques, spectra are produced consisting of peaks 

that allow for the quantification and identification of metabolites. These patterns are 

stored in spectral databases. This is still considered to be a high-throughput analytical 

method.  

A key challenge of this method is the difficulty in determining whether a 

metabolite comes from the microbiome or the host. Also, this data must necessarily be 

combined with other omics data to make conclusions about which genes, enzymes, or 

pathways are associated with a given metabolite.  

For optimal results, it is helpful to combine techniques. The best way to do this is 

to perform separate omics analyses, and to integrate the data in a downstream analysis. 

This downstream analysis, as integration is mastered, will allow researchers to build and 

test more robust models of microbial activity and interactions with their environment 

(Reigstad & Kashyap 2013; Aw & Fukuda 2015). To provide an example, metagenomics 

and metatranscriptomics can combine to reveal over-or-under expression of functions and 

the activities of organisms (Duran-Pinedo et al. 2014; Mason et al. 2012; McNulty et al. 

2011; Maurice et al. 2013). Metabolomics can be added to show the outcome of these 

changes in gene expression (Verberkmoes et al. 2009; Weir et al. 2013; Wang et al. 2011; 

Koeth et al. 2013; Kaddurah-Daouk et al. 2011). With more analyses in agreement, a 

more confident conclusion can be reached (Aguiar-Pulido et al. 2016). 

 

Overview of 5 Methods 

 

DNA Sequencing: Whole genome shotgun sequencing of metagenomic DNA and bio-

informatic analysis. Generates data on Bacteria, Protozoa, Fungi, Viruses, virulence 

genes, and antibiotic resistant genes.  
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Craig Venter’s team was the first to apply whole-genome shotgun sequencing 

methods in an oceanographic context in 2004, where he sought to identify the 

microbiome of the Sargasso Sea (Venter et al. 2004).  From this early study, his team 

identified a staggering 1800 genomic species, to include 148 previously unknown 

bacterial phylotypes, 1.2 million previously unknown genes, and 782 new rhodopsin-like 

photoreceptors. The WGS approach had to date been used primarily for identifying the 

genome sequences from one organism, so this was a huge success for environmental 

exploration. It was not, however, without its shortcomings. Regardless of method, the 

true number of distinct species would be higher than that determine by finite sequence 

sampling, particularly low abundance species (Venter et al. 2004). 

A more recent study from 2017 sequenced microbial communities in Great Lakes 

beach sand, considering the possibility that recreational waters were impacted by the 

adjacent beach sands that harbor large quantities of viruses and bacteria. Other studies 

have shown that bacterial concentrations in beach sands are frequently 10-100 times 

higher than the neighboring water bodies (Alm et at. 2003; Cui et al. 2013). Fecal 

indicator bacteria and other pathogenic species are also harbored in beach sand 

(Yamahara et al. 2012), which can pose public health concerns. Fecal indicator bacteria 

(FIB) (Escherichia coli, fecal coliforms, and enterococci) and pathogenic bacterial are 

introduced to beach environments through point-source (wastewater) and non-point 

source pollution, directly from birds, humans, and other animals, and transfer from water 

to sand (Whitman et al. 2015). It is important to accurately characterize these populations 

to determine their potential impacts to the environment and to human health. Samples 

were collected, and following library preparation, each library was quantified using 

qPCR and sequenced using a shotgun metagenomic sequencing approach on the HiSeq 

2000 Illumina platform. Analysis found that there was greater taxonomic richness in sand 

vice water. The Shannon index showed significantly greater taxonomic diversity at the 

species level and the phylum level in sand vice water. A total of 34 pathogenic and 

indicator bacterial species were detected in sand and water. The most abundant was E. 

coli, whose abundance did not differ greatly between sand and water. Pseudomonas 

mendocina and Pseudomonas aeruginosa were abundant in both environments but were 

elevated in sand. There were other low abundance pathogens such as those from the 
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Clostridium genus that occurred most commonly in water, along with those from the 

Vibrio spp. The findings of this study support the creation of monitoring programs for 

pathogens on recreational beaches. The shotgun metagenomic approach could be used to 

augment traditional methods. However, standardization procedures for methods must be 

developed prior to adopting these new monitoring strategies (Mohiuddin et al. 2017).  

There are some potential weaknesses of whole genome shotgun sequencing for 

sand studies, a primary one being that the methods are limited by sample preparation and 

collection. Bias could be introduced when capturing the microbial communities of one 

environment that is dependent on the other (sand and water). This could lead to 

underestimation of the differences between environments due to their interactions. Also, 

the inability of water flow to mobilize biofilms that are strongly attached to sand could 

lead to an underestimation of the diversity in sand (Mohiuddin et al. 2017). 

In another study focusing on ssDNA and dsDNA sequencing methods, it was 

found that bias can be introduced if certain steps are not optimally performed using the 

most appropriate methods at each stage in the process. The amplification of viral DNA 

using different amplification methods can produce markedly different results in 

taxonomic classifications, functional assignments, and assembly patterns for the same 

samples depending on which method was used. 454 pyrosequencing was used to read the 

metagenomic sequences prepared from the linker amplified shotgun library (LASL) and 

the multiple displacement amplification (MDA) methods. Only dsDNA was identified 

from LASL, and primarily ssDNA was identified from the MDA library. Depending on 

the aims of a given study, the amplification method must be carefully chosen (Kim et al. 

2011). 

 

RNA Sequencing: Whole genome shotgun sequencing of metagenomic cDNA. Includes 

RNA extraction and cDNA generation and bio-informatics analysis (for viable cells 

only). 

One application of RNA Sequencing is the discovery and identification of RNA 

viruses. As recently as 2006, the vast diversity of coastal RNA communities was studied 

using reverse-transcribed whole-genome shotgun sequencing. Culley et al. (2006) 

presented one of the earliest studies to take this approach, and the outcome was the 
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determination that much remains to be discovered. At that time, RNA viruses in the 

ocean were “essentially unknown”.  RNA was reverse transcribed into cDNA and used to 

construct libraries that represented natural RNA viral communities (Culley et al. 2006). 

Reverse-transcribed WGS was then used to characterize the diversity of uncultivated 

marine RNA assemblages. Cultivation independent methods do not require prior 

assumptions of the composition of the target communities and produce data that can be 

used to estimate community structure. In the end, their analysis showed that a diverse 

group of RNA viruses existed in coastal areas that were related to viruses known to infect 

marine protists. RNA sequencing through WGS was a good technique for this study, as 

the genomes of RNA viruses are relatively small, making the approach realistic and 

effective (Culley et al. 2006). 

Other studies have arisen since then that suggest reverse transcription may not be 

necessary for RNA sequencing studies. Ozsolak et al. (2009) presented one such study on 

“Direct RNA Sequencing”. Previously, work with transcriptomes was limited because of 

the limited knowledge of the dynamic state of transcription. Most of the work in this area 

involved indirect methods, as RNA had to be converted to complementary DNA (cDNA) 

before measurements could be made even though the cDNA synthesis step introduces 

many biases and artifacts that interfere with the proper characterization and quantification 

of transcripts. cDNA analysis is not suitable for analysis of short, degraded, or small 

quantity RNA samples, for instance. Ozsolak et al. (2009) focused on direct single 

molecule RNA sequencing without prior conversion of RNA to cDNA. Sequencing-by-

synthesis reaction was performed using a modified polymerase and proprietary 

fluorescent nucleotide analogues that allowed step-wise sequencing. Their direct RNA 

Sequencing (DRS) methods introduce a simplicity as previously-required steps are not 

required. In these methods, only femtomole quantities of RNA are required and the biases 

associated with cDNA synthesis, end repair, ligation, and amplification are eliminated. 

This makes these methods promising for applications that require minute RNA quantities 

and/or short RNA species that are challenging for cDNA-based methods (Ozsolak et al. 

2009). There are a good number of recent studies applying microarray and sequencing 

technologies to transcriptomics, and knowledge of transcription now shows that a large 

fraction of transcripts originates from unannotated regions of genomes (Denoeud et al. 
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2008; Kapranov et al. 2007; Marioni et al. 2008; Mortazavi et al. 2008; Nagalakshmi et 

al. 2008; Sultan et al. 2008; Wilhelm et al. 2008; Ozsolak et al. 2009). With this detail 

and the addition of conversion biases, important regions of the genome may go 

overlooked if direct RNA sequencing techniques are not utilized. 

Other weaknesses associated with cDNA-based transcriptome analysis include a 

“tendency of various reverse transcriptases to generate spurious second-strand DNA due 

to their DNA dependent polymerase activities”, “generation of artefactual cDNAs due to 

template switching”, and “the error prone and inefficient nature of RTs yielding low 

quantities of cDNA” (Ozsolak et al. 2009).   

 

qPCR for Biomarker: Screening for host-specific bio-marker genes by qPCR.  

qPCR can be used for human health applications, such as identifying and 

quantifying Aeromonads in water and sand. These are gram-negative, non-spore forming, 

rod shaped waterborne bacteria that are found in soil, freshwater, brackish water, sewage, 

wastewater, and drinking water (Altwegg 1996; Brandi et al. 1996; Janda & Abbot 1998). 

Several species within this genus are associated with human infections, including acute 

gastroenteritis, septicaemia, wound infections, endocarditis, meningitis, and respiratory 

infections (Hanninin & Siitonen 1995; Janda & Abbot 1998; Isonhood & Drake 2002).  

In 2009, Khan et al. applied a “novel, rapid, direct DNA-based protocol to 

enumerate aeromonads in recreational water” using an Aeromonas-specific biomarker, 

resulting in a genus-specific real-time qPCR protocol. Culture-based methods have 

commonly been used for identifying Aeromonas cells, however this qPCR protocol 

quantified the desired cells in less than 3 hours without culturing.  Quantitative culture-

independent DNA-based methods (real-time qPCR) provide a measure for quantification 

and monitoring of pathogens and microbial water quality indicators and use short 

fragments that can be amplified efficiently. With the protocols used by Khan et al. 

(2009), the qPCR protocol detected 16% more cells than culture-based techniques. One 

theory to this is that qPCR picks up on viable but non-culturable Aeromonas spp (Khan et 

al. 2009). 

Many studies have compared traditional methods for identifying fecal indicator 

bacteria with qPCR techniques (molecular analysis). Sinigalliano et al. (2009) took 
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samples at intervals from bathers at a beach. Various techniques were employed to 

analyze the samples. Membrane filtration method was used to analyze S. aureus and 

enterococci. Enterococci were also analyzed using chromogenic substrate (CS) and qPCR 

methods. Bacteroidales markers were analyzed (2 human and 1 dog marker) by qPCR. 1 

seagull marker was analyzed by qPCR as well. These methods were used for 

epidemiological purposes, showing that bathers had a significantly higher risk of 

reporting GI, respiratory, and skin illnesses when exposed to non-point source subtropical 

recreational marine waters that those who did not bathe (Sinigalliano et al. 2009). 

Though not in EPA regulations for water quality monitoring, EPA has considered 

what it calls “rapid microbiological methods for ambient water” and has revised methods 

1609 and 1611 to incorporate these methods for the detection of enterococci in water. 

The use of genetic qPCR is the primary method included, and modifications have been 

made to protocols to aid in greater standardization for water quality monitoring purposes. 

Despite this, EPA “Clean Water Analytical Methods” still rely heavily on culture-based 

methods (“Other Clean Water Act Test Methods”).  

While a promising method in many instances, qPCR still has its weaknesses. 

Khan et al. (2009) stated that real-time qPCR can overestimate the number of viable cells 

due to detection of dead cells. To counter this, the live and dead cells in a sample can be 

quantified before applying qPCR assays. A study by Nocker et al (2006) suggested the 

use of propidium monoazide (PMA) combined with qPCR to quantify viable and dead 

cells over a wide range of bacterial pathogens.  

 

16S rDNA Sequencing: Single gene sequencing of 16S rDNA of metagenomic DNA in 

a given sample. Generates data for taxonomic identification of bacteria in sample 

including indicator bacteria (Molecular Testing).  

16S rDNA sequencing is an effective means to determine spatial patterns of 

bacterial community composition in the coastal zone and oceanographic contexts (Bouzat 

et al. 2013). This method was applied in the Great Lakes region on Lake Erie where 435 

environmental clones were sequenced from 11 sediment samples throughout the basins of 

Lake Erie. The purpose was to characterize microbial diversity to gain insight into the 

factors causing differential functional diversity (nutrients, contaminants, ecological 
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conditions). To assess spatial patterns of microbial community composition among 

locations, Fast UniFrac was used, which compares phylogenetic distances of DNA 

sequences collected from multiple locations (Hamandy et al. 2010). This revealed 

significant spatial structuring of microbial community composition (Bouzat et al. 2013). 

Another question researchers have sought to answer with 16S amplicon 

sequencing is how microorganisms are transported along the coast. Large volumes of 

water are flushed through the beach on a daily basis, but just what bacteria are 

transported and how is a question to be considered, and one that was considered by 

Boehm et al. (2014). Using massively parallel sequencing to characterize microbial 

communities present at 49 beaches in California, they identified extensive diversity 

including 1000 unique taxa from 10 beaches. This indicated the presence of what they 

called “cosmopolitan” sand microorganisms. There were similarities in microbial 

communities on beaches with similar grain size, organic carbon content, similar wave 

climate, and anthropogenic influence. Microbes also enter the water column from the 

sand (Boehm et al. 2014).  

A useful feature of 16S rDNA sequencing is that unique, specific primers can be 

used for very specific purposes. Lee et all. (2017) explored “novel primer sets for next 

generation sequencing-based analysis of water quality”. They presented novel new 16S 

rDNA primer sets that are compatible with NGS approaches and can be used for water 

quality studies. These new primers show increased specificity for Cyanobacteria and 

Proteobacteria phyla, meaning increased sensitivity for detection, identification, and 

relative quantification of toxic bloom-forming microalgae, microbial water quality 

bioindicators, and common pathogens. With these primers, these taxa accounted for 95% 

of sequences obtained compared with 50% for standard NGS primers, which provided 

higher sensitivity and greater phylogenetic resolution of water quality microbial groups. 

The result is that the increased sensitivity allows parallel sequencing of a greater number 

of samples through reduced sequence retrieval levels, reducing NGS costs by 50% and 

still guaranteeing optimal coverage and discrimination of important species (Lee et al., 

2017).  

The use of these primers is of great benefit, as much research has focused on 

developing “universal primers” to amplify all taxa with equal efficiency (Klindworth et 
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al. 2013; Caporaso et al. 2012; Takahashi et al. 2014) in effort to provide broad 

taxonomic representation and preserve community proportions (Milani et al. 2014; 

Caporaso et al. 2012; Whiteley et al. 2012; Sinclair et al. 2015; Menchaca et al. 2013). 

There are shortcomings to these “universal primers”, as when inadequate sequencing 

depth is employed and where some species are strongly dominant, rarer taxa including 

pathogens, bioindicators, and target groups, may remain undetected (Gofton et al. 2015). 

This highlights a weakness of 16S amplicon sequencing—outcome depends heavily on 

use of appropriate primer. The method has its strengths, though. Lee et al. (2017) also 

stated that “Compared with other loci, the hypervariability and multi-copy nature of the 

small ribosomal subunit (16S rRNA) gene, coupled with the availability of growing 

sequence information, confer higher detectability and allow taxonomic classification of 

bacteria and archaea, potentially to species level (Kermarrec et al. 2013).” 

For all of the merits of 16S amplicon sequencing, WGS makes much more 

information available to researchers. According to Mohuiddin et al. (2017), “shotgun 

metagenomic sequencing, compared to amplicon sequencing, provides better resolution 

at the species level and analysis of such sequences helps in understanding the structure 

and diversity of microbial communities as well as their metabolic potential…The shotgun 

metagenomic approach may be more sensitive in capturing bacterial diversity than 16S 

rDNA analysis” (Mohuiddin et al. 2017). 

 

Traditional culture-based methods: Bacteria are cultured on plates and colonies 

identified. 

As discussed above, the US Environmental Protection Agency relies heavily on 

culture-based methods for coastal water quality monitoring. They use membrane 

filtration techniques frequently and analyze the colonies that grow from the membrane. 

(“Approved CWO Microbiological Test Methods”)  

When Khan et al. (2009) carried out their qPCR analysis for Aeromonas in 

recreational waters, they identified several shortcomings for culture-based methods that 

were eliminated or reduced through use of qPCR methods. One such weakness in certain 

applications was is that they only enumerate cells that are culturable. Viable cells that are 

injured or stressed, or viable but for a given reason not culturable will not be detected 



 Iskrenko 19 
 

 
 

(Pommepuy et al 1996; Santo Domingo et al 2003; Khan et al 2007). Culture-based 

methods are also not ideal for rapid analysis of large numbers of samples in the context of 

surveillance or outbreak investigation. To provide an example, these methods when used 

to isolate and identify Aeromonas are time-consuming and labor intensive and can often 

not identify cultures to a genus and species level. Culture-based methods may also 

underestimate the concentration of Aeromonas because only green centered with opaque 

margin colonies on selective plates are generally considered Aeromonas. Some strains, 

however, may be Ampicillin-sensitive, which is a problem when Ampicillin is used to 

suppress background bacterial growth (Havelaar et al. 1987; Holmes & Sartory 1994; 

EPA 2001). Culture-based methods can underestimate the number of cells, as after 

prolonged incubation colonies can diffuse and merge (Havelaar et al. 1987; Khan et al. 

2009). While culture-based methods effectively identify some culturable indicator 

bacteria in water samples, they do not provide as comprehensive a picture as other more 

recent methods.  

Sinigalliano et al. (2009) also commented on why no current common methods 

for regulatory monitoring purposes are completely optimal: “Historically, fecal indicator 

bacteria (including total and fecal coliforms and enterococci) have been used as 

indicators for the presence of bacterial, viral and protozoan pathogens (Savichtcheva et 

al. 2005). These microorganisms are of fecal origin from mammals and birds, and their 

presence in water may indicate fecal pollution and possible association with enteric 

pathogens. However, there are major problems with these bacterial indicators, including: 

short survival in water bodies (McFeters et al. 1974; McFeters 1990); non-fecal source 

(Scott et al. 2002; Simpson et al. 2002); ability to multiply after release into the water 

column (Desmarais et al. 2002; Solo- Gabriele et al. 2000); susceptibility to disinfection 

processes (Hurst et al. 2002); an inability to be used to identify the source of fecal 

contamination (Field et al. 2003); low levels of correlation with the presence of 

pathogens (Deetz et al. 1984; Gerba and Rose 1990; Jiang et al. 2001; Griffin et al. 2003; 

Jiang and Chu 2004; Noble and Fuhrman 2005); and a low sensitivity of detection 

methods (Horman et al. 2004; Winfield and Groisman 2003). As a result, none of the 

bacterial indicators currently used meet all the criteria for an ideal indicator. Furthermore, 

the only detection methodology currently accepted for regulatory purposes (i.e. 
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enterococci) depends upon culture-based growth and enrichment of the target organisms 

for an incubation period of at least 18-24 h, so current regulatory methods lack the ability 

to assess the same-day water quality status of tested water bodies.” 

Table 1: Summary of Methods 

Summary of Methods 

Method Strengths Shortcomings 

Whole Genome 

Sequencing 
• When compared with 

16S rRNA data, has 

been shown to detect 

significantly more 

phyla and genera in a 

given sample (Poretsky 

et al. 2014). 

• When compared with 

16S, eliminates bias 

associated with the 

PCR amplification of a 

single gene (Poretsky et 

al. 2014). 

• Faster and more 

efficient than other 

methods due to its 

ability to sequence 

large quantities of short 

DNA fragments in 

parallel (Aguiar-Pulido 

et al. 2016). 

• Can be coupled with 

CosmosID to identify 

the microbiome of a 

sample for rapid 

identification of 

bacteria, viruses, fungi.  

• Provides better 

resolution at the species 

level than 16S rRNA 

sequencing data 

(Mohuiddin et al. 

2017). 

• Underestimates # of 

microbial species in 

samples. Limited by 

reference databases 

(Aguiar-Pulido et al. 

2016). 

• Amplification methods 

can introduce bias and 

cause differences in 

taxonomic 

classifications, so 

methods must be 

carefully considered 

(Kim et al. 2011). 

• For water quality 

monitoring applications, 

WGS methods and 

procedures must be 

standardized to provide 

a baseline for analysis 

(Mohiuddin et al. 2017). 

RNA Sequencing • Very helpful when 

combined with WGS 

data to determine the 

genes expressed by the 

• Constrained by 

databases. 

• It is often difficult to 

determine between host 
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microbial community 

and its functional 

profile (Aguiar-Pulido 

et al. 2016; Frias-Lopez 

et al. 2008; Carvalhais 

et al. 2012; Gilbert et 

al. 2008). 

• Can be carried out 

using shotgun 

sequencing methods 

and reads compared to 

a reference genome 

(Aguiar-Pulido et al. 

2016). 

• Direct RNA sequencing 

methods have shown 

promise in recent 

studies, reducing bias 

introduced by reverse 

transcription (Ozsolak 

et al. 2009). 

 

and microbial RNA (if 

relevant), so having a 

reference genome for 

hosts is important 

(Aguiar-Pulido et al. 

2016). 

• The common practice of 

reverse transcription 

introduces biases that 

interfere with proper 

characterization of 

transcripts (Ozsalak et 

al. 2009). 

qPCR for Biomarker • Allows users to identify 

the presence and 

quantity of a given 

species in a sample, 

such as pathogens in 

drinking water (Khan et 

al. 2009), or indicator 

species for fecal 

pollution (Sinigalliano 

et al. 2009). 

• Recently introduced by 

the EPA as a possibility 

for identification of 

enterococci in water 

quality monitoring 

settings (EPA). 

• Limited in scope—only 

identifies the queried 

species.  

• Can overestimate the 

number of viable cells 

due to detection of dead 

cells. To counter this, 

users can quantify 

viable and dead cells 

prior to applying the 

qPCR assay (Khan et al. 

2009; Nocker et al. 

2006). 

16S rDNA Sequencing • There are well-

established 16S rDNA 

databases for the 

identification of 

microbes (GreenGenes, 

MicroSeq ID). 

• Can be used with 

unique primers to 

• Limited by short read 

lengths obtained 

(Poretsky et al 2014; 

Quince 2009 and 2011). 

• Among closely related 

species, the resolution 

of 16S rRNA gene is 

limited, making proper 
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increase the sensitivity 

of detection for certain 

phyla, providing greater 

sensitivity and 

resolution of the target 

species (Lee et al. 

2017).  

identification a 

challenge (Poretsky et 

al. 2014). 

• Constrained by 

databases. 

 

Culture-based methods • Commonly accepted 

method for water 

quality analysis by the 

EPA. Highly 

standardized. (EPA) 

• Fecal indicator bacteria 

can be used to identify 

potential fecal pollution 

in water bodies. (EPA) 

• Limited in scope to 

viable and culturable 

organisms. Injured or 

stressed cells that will 

not grow on culture will 

not be detected, 

regardless of presence 

or absence in sample. 

(Pummepuy et al. 1996; 

Santo Domingo et al 

2003; Khan et al. 2007) 

• Slow process--labor 

intensive and time-

consuming. Cultures 

often cannot be 

identified to a genus and 

species level. (Khan et 

al. 2007) 

 

 

Available Products for Whole Genome Sequencing and Whole Transcriptome 

Sequencing 

 

As Whole Genome Sequencing and Whole Transcriptome sequencing show 

incredible promise for the future of water quality monitoring in the coastal zone, 

available products from the top companies will be presented and analyzed below.  

Illumina offers a broad range of products from nucleic acid extraction all the way 

through bioinformatic analysis. For whole genome and whole transcriptome sequencing, 

different library preparation kits must be used but the libraries can be run on the same 

sequencing platforms. For whole genome shotgun sequencing, DNA libraries can be 

prepared using the Nextera XT DNA Library Prep Kit. This offers Illumina’s fastest 

assay time of 90 minutes. Fragmentation is enzymatic, eliminating the need for 

mechanical shearing. The prep kit also allows for low-quality DNA input. This kit is 
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good for “small genomes, PCR amplicons greater than 300 bp, plasmids, microbial 

genomes, concatenated amplicons, and double-stranded cDNA” (Nextera), so there is a 

wide range of flexibility. Samples are normalized using bead normalization during the kit 

procedures, eliminating the need for library quantification before sequencing. DNA is 

tagged with sequencing adapters as it is fragmented in a single-tube enzymatic reaction. 

This kit accepts extremely low inputs of DNA—as low as 1 ng. For high throughput 

studies, researchers can multiplex up to 384 samples per library (Nextera).  

For RNA library preparation, the TruSeq RNA Library Prep Kit v2 provides users 

with a streamlined and quick library preparation experience. The total hands-on time for 

this kit is 4.5 hours, with a total time start to finish of 12 hours as opposed to 16 hours for 

other methods. The number of steps is reduced from ~49 to 16, with the majority of the 

pipetting steps replaced with the use of master mixed reagents. With automation, users 

can process up to 96 samples in parallel, making the kit economical and offering 

substantial time savings for high-throughput studies.  This kit will process libraries with 

as little as .1 µg of RNA (TruSeq). [see graphic on next page for comparison to other 

kits] 
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Figure 1: TruSeq RNA Library Preparation Kit Workflow and Time Savings (Ref: 

TruSeq) 

For sequencing, Illumina makes two sequencing platforms optimal for coastal 

zone management purposes: the NextSeq550 and the NovaSeq6000. The NextSeq550 is 

ideal for whole genome metagenomics, and a very powerful sequencer for small genome 

sequencing applications. It boasts mid-output ad high-output run modes. This sequencer 

is used for high-throughput applications and enables transcriptome sequencing as well. It 

enables users to tune read length and configure output to meet needs. It offers quick 

turnaround for samples, from preparation steps to data in just over a day. After loading 

into NextSeq550, data can be generated in as little as 12 hours for a 75-cycle sequencing 

run, and approximately 30 hours for paired 150-cycle runs. It also scans microarrays and 

can switch to lower throughput sequencing as needed. Since it does both microarray 

scanning and integrated sequencing, it eliminates the need for multiple additional 

instruments. This platform is designed to be very user-friendly, touting a “load-and-go” 

design, minimizing the need for extensive user training or instrument set-up time. This 

sequencer can sequence between 1-20 transcriptomes per run, and between 9-96 targeted 
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panels. Paired-end read lengths are user-defined, allowing users to set read lengths of up 

to 2x150 bp. The platform uses Illumina SBS (sequencing by synthesis) chemistry. “This 

proprietary, reversible, terminator-based method enables the parallel sequencing of 

millions of DNA fragments, detecting single bases as they are incorporated into growing 

DNA strands.” For data analysis, there are integrated instrument computers that perform 

“base calling and quality scoring”. Sequencing data can be analyzed using a wide range 

of products, to be discussed later. Microarray scanning can be used as a complementary 

method to sequencing and can enable further “exploration or confirmation of copy 

number variants detected through sequencing (NextSeq 550). See Figure 2 below for 

details on the NextSeq550 workflow.  

 

Figure 2: NextSeq 550 System Workflow (Ref: NextSeq 550) 

  

The NovaSeq6000 is a newer platform that offers many of the same features as 

the NextSeq 550 system, with several additions to streamline and add flexibility to the 

sequencing process. This also uses Illumina SBS Chemistry and can be used for a wide 

variety of sequencing applications. The platform offers great flexibility and time saving 

options, such as the ability to individually load each flow cell lane, allowing for the 

inclusion of samples from different libraries if desired. The platform provides the option 

to use one of four unique flow cells depending on sequencing needs and desired output, 
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and any two flow cells can run concurrently. A chart showing output range of the flow 

cells when compared with Illumina’s HiSeq systems is shown below in Figure 3. Figure 4 

below also shows specifications for the flow cells, with options to select between 2x50, 

2x100, or 2x150 bp read lengths. 384 samples can be run in one flow cell each time if the 

optional NovaSeqXp Workflow is selected (NovaSeq 6000).  

 

Figure 3: NoveSeq 6000 System Output Range Comparison for Available Flow Cells 

(Ref: NovaSeq 6000) 
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Figure 4: NovaSeq 6000 System Flow Cell Specifications (Ref: NovaSeq 6000) 
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 After sequencing on one of the available platforms, data can be uploaded 

immediately into Illumina’s BaseSpace Sequence Hub for data management, data 

analysis, and cloud storage. The BaseSpace Sequence Hub Professional Account is free 

for cloud-based storage and offers a wide array of applications for users to analyze their 

data. For metagenomic analysis, there are three main applications that can analyze DNA 

and identify microorganisms. Kraken Metagenomics assigns taxonomic labels to short 

DNA sequences with high sensitivity and speed using exact alignment of k-mers and a 

novel classification algorithm (Kraken Metagenomics). MetPhlAn profiles microbial 

community composition from metagenomic shotgun sequence data. It uses unique clade-

specific marker genes identified from reference genomes to determine taxonomic 

assignments (MetaPhlAn). CosmosID, the newest and most versatile of the three, uses k-

mer based assembly of reads and an extensive database to identify bacteria, viruses, and 

fungi, and parasites, often even down to the strain level in just minutes. This process 

requires no prior assumptions regarding what is present in the sample. Output includes 

name of organism, taxonomic hierarchy, frequency of hits, and estimated relative 

abundance of the organism in the sample (GENIUS). For RNA sequencing, many of the 

Base Space Applications are limited in application, as they contain reference databases 

for exclusively human and a very limited number of other species. The National Institute 

of Health’s National Center for Biotechnology Information, however, hosts the Basic 

Local Alignment Search Tool (BLAST), which is a program that locates similar regions 

between biological sequences and compares nucleotide or protein sequences to databases. 

The program is used to infer functional and evolutionary relationships between sequences 

or to identify members of gene families and calculated statistical significance on all 

matches. This is not, however, an application that can be used through BaseSpace. Data 

would have to be uploaded to BLAST and analyzed outside of BaseSpace. Culley et al. 

(2006) used BLAST to identify RNA viruses in coastal samples. BLAST contains human, 

mouse, rat, and microbial genome reference databases (Basic Local Alignment Search 

Tool). 

 ThermoFisher is another large company providing products for the entire 

sequencing workflow. For shotgun metagemonics, users can start with the Ion Xpress 

Plus library prep kit. This library prep kit fragments either enzymatically or 
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mechanically, then end repairs the fragments. Adapters are attached, and users can select 

between barcoded and non-barcoded. Size selection is then carried out, followed by 

amplification steps. This library prep kit requires low input of DNA (50-100 ng if more 

reactions out of the kit are desired, or 1 µg otherwise) (Ion Xpress Plus). The below 

graphic shows the IonXpress Plus Library prep kit workflow.  

 

 

 

Figure 5: IonXpress Library Prep Kit Workflow (Ref: Ion Xpress User Guide) 

 For metatranscriptomics, users can start with the Ion Total RNA-Seq v2 library 

prep kit. This kit creates whole transcriptome libraries while preserving strand 

information. 100 ng total RNA is required. This kit fragments the RNA and attaches a 3’ 

and 5’ adapter. The sequences undergo ligation and reverse transcription, followed by 
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amplification of cDNA and the addition of barcoded adaptors. Beads are used for cleanup 

and size selection (Ion Total RNA-Seq). 

Following library preparation, template preparation is required, and the Ion Chef 

system can be used. During amplification, amplified products bind to B’ capture primer. 

Polymerase extends from B’. A complementary sequence is extended, and the amplified 

product dissociates from the bead (ThermoFisher 2015). See Figure 6 for a visual 

representation of this process.  

 

Figure 6: Ion Chef Template Preparation (ThermoFisher 2015) 

The products are then placed on a chip to be run and sequenced the one of the Ion 

S5 system platforms (see Figure 7 for a summary of the three S5 options). The principle 

behind the flexibility of these sequencing platforms are the 5 different types of chips.  

They use Ion Torrent semiconductor sequencing technology to deliver fast sequencing 

results. The sequencer floods the chip with one nucleotide after another. When a 

nucleotide is incorporated into a strand of DNA on the chip, a hydrogen ion is released, 

changing the pH of the solution surrounding the chip. If a nucleotide is not incorporated, 

there will be no pH change detected. Readings are recorded instantly as nucleotides are 

incorporated into DNA strands (Ion Torrent NGS Technology).  

If deciding between the Ion S5 or the S5 Plus/ Prime, it is helpful to know that the 

S5 takes 510-540 chips, whereas the S5 Plus/ Prime can take the 550 chip. Specifications 

should be carefully reviewed prior to making this determination. See Figures 8 and 9 for 

chip specifications and for guidance on chip selection by application (Ion GeneStudio 

Spec Sheet). 
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Figure 7: Ion GeneStudio Series Comparison (Ref: Ion GeneStudio Spec Sheet) 

 

Figure 8: Ion Chip Comparison (Ref: Ion GeneStudio Spec Sheet) 
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From a bioinformatics perspective, the company offers access to the MicroSeq ID 

database and the GreenGenes database. The MicroSeq ID database is a database created 

for use with 16S sequencing but can also be used for WGS applications. This will provide 

data on bacteria in the sample but will not reflect presence of viruses and fungi. This 

database has data on around 9000 organisms (MicroSEQ). Users can run sequences 

through this database, and if it there is no good alignment, then through the GreenGenes 

database which has data on 400,000 organisms (also designed for use with 16s methods) 

Figure 9: Ion Chip Selection Guide (Ref: Introducing GeneStudio) 
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(GreenGenes; Dutken 2018a). COSMOS ID also has a plug-in through Thermo Fisher’s 

cloud, which would identify bacteria, viruses, and fungi (Dutken 2018a).   

For whole transcriptome data analysis, users can make use of the Ion Torrent 

RNA-sequence workflow, which allows for efficient sequencing and analysis of data. 

BLAST can be used to analyze data once sequenced (RNA Sequencing).  

Storage in the Ion Reporter cloud is free if users store under 1 TB of data. If 

network agreements cannot be reached through facilities to allow for cloud storage from 

government or university labs, then local Ion Reporter software can be purchased for 

$30K. Applications are built into or linked to the Ion Reporter software (Dutken 2018a). 

Qiagen is another company with a great number of products for sequencing, 

however it is helpful more for sample and library preparation than anything else. They 

have a sequencer, but only for clinical applications. Their primary utility for water quality 

analysis purposes would be preparation for sequencing on Illumina or Ion Torrent 

sequencers. They have a homogenizer called the Powerlyser 24 that homogenizes 

samples (PowerLyzer 24). They offer the QIACube for automation of nucleic acid 

extraction and library preparation. They offer spectrophotometers for quantitation of 

DNA. They have the RotorGene Q for real-time PCR, and a Pathways Analysis option 

that maps data back to published data (RotorGene Q). For sample preparation, the 

QIACube is available, and automates the process. Some kits for use with the QIACube 

are specific for DNA, and others for RNA. The QIAcube purifies DNA, RNA and 

proteins, and automates the use of QIAGEN spin-column kits (purchased separately) and 

eliminates manual processing steps. This can purify and prepare up to 12 samples per run. 

DNA purified using QIACube performs well in sensitive PCR even with the use of large 

amounts of eluate. The platform offers ease of use by eliminating the need for standalone 

computers. A touch screen allows users to easily change settings on the machine. Kits are 

available for the purification of RNA, genomic DNA, and viral RNA (QIACube). 

Qiagen offers very specific library prep kits, including the DNeasy Power Water 

Kit and the RNeasy Power Water Kit. These kits isolate DNA and RNA (respectively) 

from filtered water samples. High quality DNA or RNA can be extracted even from 

highly contaminated water samples. The extracted DNA can then be used for any 

downstream application, including Sanger, qPCR, and WGS. The DNA is ready to use in 
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a final 100 µl volume. The RNeasy Power Water Kit isolates RNA from bacteria (Gram 

+ or -), algae, and fungi. Processing is complete in 40 minutes. The extracted RNA can be 

used in RT-PCR, qPCR, RNA-seq, and other downstream applications (DNeasy; 

RNeasy).  

Like ThermoFisher and Illumina, Qiagen also has a relationship with CosmosID 

and has incorporated an optional Plugin for the CLC Genomics Workbench (Qiagen’s 

cloud-based bioinformatics workbench). The CosmosID plugin uses novel techniques to 

detect pathogens, antimicrobial resistance genes, or track microbial community changes. 

This plugin is great for microbiome studies using shotgun metagenomic data. It can 

discriminate pathogens and near neighbors with no prior assumptions about the sample. 

CosmosID takes raw, unassembled reads and matches the sequences against their 

reference database (GenBook) of bacteria, fungi, parasites, and antibiotic resistance and 

virulence factors. GenBook draws from private and public databases of assembled 

genomes “and constitutes hundreds of millions of marker sequences representing both 

coding and non-coding sequences that are shared or uniquely identified across taxonomic 

or phylogenetic levels.” Results are returned in minutes, and since CosmosID is 

incorporated into the CLC Workbenches and the QIAGEN Microbial Genomics Pro 

Suite, users have direct access to powerful statistical analyses, interactive visualizations, 

and other NGS tools for microbiology. The plugin completes phylogenetic placement for 

identification, community resistome and virulome characterization, and identification at 

sub-species and strain level (CosmosID Plugin).  
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Pricing for Sequencing 

 

Table 2: Illumina Pricing Information (Ref: BaseSpace, Nextera, TruSeq, Kolas, 2018) 

Illumina 

Step Product Pricing for Purchase 

Library Preparation [DNA] Nextera XT DNA Library 

Prep Kit 

For 24 Samples: $798 

For 96 Samples: 3030 

  Index Kit 96 Samples: 

$258 

Library Preparation [RNA] TruSeq RNA Library Prep 

Kit v2 

$3880 for 48 samples 

   

Sequencing NextSeq550 $275000 

 NovaSeq 6000 $985000 

Bioinformatics BaseSpace Sequence Hub Free for Cloud Storage/ 

Free Professional Account 

[Apps charge per use-1 

iCredit=$1) 

 CosmosID (metagenomics-

bacterial ID) 

3 iCredits per node/ hr  

No license cost 

 Kraken Metagenomics 

(shotgun metagenomics-

taxonomic classification) 

3 iCredits per node/hr 

No license cost 

 MetPhIAn (metagenomics-

phylogenetic analysis) 

3 iCredits per node/hr 

No license cost 

 RNA-Seq Translator 

(RNA-seq/ generates 

protein sequences) 

3 iCredits per node/hr 

No license cost 

 

Table 3: Thermo Fisher Pricing Information (Ref: IonXpress Plus Fragment, Ion Total 

RNA, Ion 16S, Ion 530 Chip, Ion 530 Chip, Ion 540 Chip, GreenGenes, MicroSeqID, 

Dutken 2018a) 

Thermo Fisher Whole Genome and Whole Transcriptome Sequencing 

Step Product Pricing for Purchase 

Library Preparation [DNA] Ion Xpress Plus $906 for 10 reactions 

Library Preparation [RNA] Ion Total RNA Seq v2 $1538 for 12 reactions 

Template Preparation [Ion 

Chef] 

Ion Chef $55000 

Ion Chip Ion 520 Chip $3120/ 8 chips 

 Ion 530 Chip $4495/ 8 chips 

 Ion 540 Chip $5350/ 8 chips 

Sequencing Ion Gene Studio S5 $65000 

 Ion Gene Studio S5 Plus  $120000 
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 Ion Gene Studio S5 Prime $150000 

   

Bioinformatics Ion Reporter Software (Free for cloud/ $30000 for 

software purchase) 

 CosmosID Recently Added Plug-In 

 GreenGenes Database Component of Ion 

Reporter Software 

 MicroSeq ID Database Component of Ion 

Reporter Software 

 

Table 4: Qiagen Pricing Information (Ref: PowerLyzer 24, DNeasy, RNeasy, QIAseq FX, 

Wright 2018.) 

Qiagen 

Step Product Pricing for Purchase 

Sample Preparation Powerlyzer 24 $10305 

 DNeasy Power Water Kit $501 for 50 samples 

 RNeasy Power Water Kit $501 for 50 samples 

Library Preparation QIACube (automation) $20.7 K 

 QIAseq FX DNA Library 

Kit 

$828 for 24 samples 

$3280 for 96 samples 
 

ThermoFisher and Illumina also provided cost-per-sample analyses for some of their 

most effective sequencing workflows.  

Sample Illumina Sequencing Costs 

 

Table 5: Illumina 16S Sequencing Costs (Schellhaas 2018) 

SAMPLE ILLUMINA 16S SEQUENCING COSTS 

Estimated Costs Per Sample 

  
 

  

MiSeq ~ 250 spls/run   

Sequencing $6.32   

Library Prep Indexes $2.66   

  $8.98 per sample 

  
 

  

NextSeq Mid-Output v2 Kit ~ 384 spls/run   

Sequencing $4.66   

Library Prep Indexes $2.66   

  $7.32 per sample 
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NovaSeq S1 Flow Cell (300 cycle) ~ 2x384 

spls/run 

  

Sequencing $11.72   

Library Prep Indexes $2.66   

  $14.38 per sample 

 

Table 6: Illumina Shotgun Sequencing Costs (Schellhaas 2018) 

SAMPLE ILLUMINA SHOTGUN SEQUENCING COSTS 

Estimated Costs Per Sample   

  
  

  

NextSeq 4 spls/run (100M reads) 8 spls/run (50M reads)   

Sequencing $1,170.00 $585.00   

Library Prep 

Indexes 

$5.00 $5.00   

Library Prep $42 $42 per sample 

  $1,217.00 $632.00   

NovaSeq S4 Flow Cell ~ 96 spls/run 
 

  

Sequencing $320.63 
 

  

Library Prep 

Indexes 

$5.00 
 

  

Library Prep $42.00 per sample   

  $367.63     

 

Sample ThermoFisher Sequencing Costs 

 

Table 7: ThermoFisher 16S Sample Sequencing Costs (Dutken 2018b) 
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Table 8: Illumina Shotgun Sequencing Sample Cost Per Sample Analysis (2M reads) 
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As can be observed from the cost differences between 16S sequencing and 

shotgun sequencing by Illumina and ThermoFisher, the latter costs significantly more. 

This cost difference, however, is worth the expenditure in many applications as the 

wealth of information gathered through WGS increases dramatically. As will be shown in 

the Quantitative Analysis portion of this capstone, shotgun sequencing methods in 

conjunction with k-mer based species identification allows for identification of bacterial, 

viral, and fungal microorganisms, as well as antibiotic resistance genes and virulence 

factors. 16S sequencing allows for bacterial identification exclusively.  

 

Quantitative Analysis 

 

 Data from 3 separate storm water catchment areas and 1 municipal tap water 

source were provided by this capstone committee. COSMOS ID was used to analyze 

shotgun sequencing data from the samples. The same samples had previously been 

analyzed using traditional culture-based techniques to identify fecal coliform bacteria as 

well as enterococci bacteria (See Figure 10). Samples 1004, 1003, and 1002 were from 

stormwater catchments, and 1001 was from a municipal tap water source (McCorquodale 

and Duncan 2018).  

 

 

Figure 10: Capstone committee-provided culture results for samples 



 Iskrenko 40 
 

 
 

 Figure 10 demonstrates the utility of utilizing traditional culture-based techniques 

to identify the presence or absence of indicator bacteria in water samples. Fecal coliforms 

as well as enterococci bacteria were detected in all three catchment samples. However, it 

is not apparent from this data whether the specific strains found originate from human or 

environmental sources, or whether they pose a risk to human health. Traditional culture 

techniques greatly limit scope as researchers and managers can only draw information on 

a small number of indicator bacteria. The utility is limited greatly by this. More recent 

techniques, in particular shotgun sequencing combined with k-mer based microbial 

identification procedures, provide researchers with a broad expanse of information that 

helps to determine source as well as antibiotic resistance and virulence. Figure 11 shows 

the number of species of bacteria, viruses, fungi, and protists detected by COSMOS ID. 

Hundreds of species were identified in the catchment samples, providing a much larger 

scope of information.  

 

Figure 11: Number of Species Per Sample  
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 Beyond simply identifying hundreds of species, COSMOS ID allows for the 

analysis of enteric pathogens in the samples. Nine common enteric pathogens were 

selected, and their relative abundance in each sample identified. Figure 12 shows these 

relative abundances. Each sample contains one or more of these enteric pathogens, with 

each sample containing widely varying abundances of these pathogens. Sample 1002 

showed a dominance of Bacteroidetes spp. and Enterobacter spp., while sample 1003 

showed a split between Enterobacter spp., Pseudomonas aeruginosa, and Staphylococcus 

spp. Within sample 1001, there were essentially no bacteria found; but one enteric 

species (Pseudomonas aeruginosa) appeared in low abundance. It's relative abundance 

within the sample was therefore very high, since only six bacterial species were found in 

total. These data show that within the samples, most of the bacteria found are not 

traditional enteric pathogens. However, these pathogens were found in high enough 

abundance to be of great interest. Further analysis of the virulence factors and antibiotic 

resistance genes provide more insight into whether the sources of these pathogens are 

environmental or have the potential to infect humans.   

 

Figure 12: Relative Abundance of Enteric Pathogens 
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Observing the virulence factors and antibiotic resistance gene heat maps (Figures 

13 and 14), it can be observed that all samples contain both. Samples 1003 and 1004 

contain the highest numbers of virulence factors, and 1003 contain substantial antibiotic 

resistance genes. Antibiotic resistance genes do not exist if antibiotic treatments have not 

been utilized to treat infection, and virulence factors indicate the potential of a given 

microorganism to infect humans. This data therefore demonstrates that within all the 

samples, there exist pathogens with human sources that have the potential to infect 

humans. In summary, through next generation sequencing, we can discern the origin and 

infection potential of species found in samples, as opposed to traditional culture-based 

techniques that provide no such clarity.  

 To provide an example, a virulence factor for Salmonella Typhimurium (S. 

Typhimurium) was identified in sample 1003. According to Gart et al. (2016), S. 

Typhimurium is a foodborne pathogen that alters the gastrointestinal environment. It 

competes with existing microbes for nutrient needs and overcomes resistance to 

colonization, making it a potent infection risk. It also uses its own unique chemical 

signaling methods which can impact or even regulate host hormone metabolism (Gart et 

al. 2016). This data provides valuable information on the presence of an organism that is 

not commonly monitored, but that has the potential to alter the human gastrointestinal 

environment.  
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Figure 13: Virulence Factors by Sample 
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Figure 14: Antibiotic Resistance Genes by Sample 
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Next generation sequencing techniques also allow for valuable diversity 

calculations. Data from traditional culture-based techniques do not provide enough 

information to carry out the same types of calculations, as only a small number of bacterial 

species are cultured. Figure 15 shows the Alpha Diversity of each sample. Within all 4 

samples, it is apparent that bacterial diversity is greatest, and that while viruses, fungi, and 

protists are present, they represent a much smaller contribution to overall diversity. 

Bacteria, therefore, are of greatest concern in these samples. Between samples, bacteria 

contribute to diversity in varying degrees; but regardless, in each sample they represent the 

greatest contributor to overall diversity.  

 

Figure 15: Species Alpha Diversity by Sample 

 

Conclusions 

 

 The detection and monitoring of pathogenic species in coastal water samples is 

essential for the protection of human health. The same culture-based methods to detect 

fecal indicator bacteria have been in use for decades and provide researchers and water 
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quality managers with incredibly limited data. With these methods, the full spectrum of 

bacterial, viral, and fungal species cannot be identified, nor can sources be directly 

tracked to determine human versus environmental origin. More modern sequencing-based 

techniques are proving their worth and gaining the interest of researchers worldwide, and 

their uses are expanding rapidly. In the coastal zone management context, DNA 

sequencing, RNA sequencing, 16s rDNA sequencing, and qPCR for biomarker methods 

have all been used with great success. The method that seems to show the most promise 

due to the scope and wealth of information it provides is whole genome shotgun 

sequencing paired with k-mer based identification of species. Illumina and ThermoFisher 

both offer excellent sequencing platforms for shotgun sequencing, and sequences can be 

sent to COSMOS ID for species identification. This combination identifies bacteria, 

viruses, and fungi in samples, as well as virulence factors and antibiotic resistance genes, 

and is the only combination that will provide this wealth of data. In the past, managers 

had to rely on culture-based methods to detect the presence of fecal indicator bacteria and 

would base decisions from that data. If high levels of fecal indicator bacteria were present 

on a beach and the source was not readily known, the assumption was often made that the 

area posed a risk to human health whether or not this was the case. The bacteria could 

have originated from an environmental source and thus would not infect humans, but 

without this knowledge risks could not be taken. With modern techniques, these same 

managers can determine not only the whole scope of microorganisms present in a given 

sample, but also can infer source and risk to human health from antibiotic resistance 

genes and virulence factors. Quantitative analysis of data in this capstone showed a 

dramatic difference between traditional culture-based techniques and shotgun sequencing 

techniques, demonstrating the true value of considering modern methods. While the costs 

of sequencing techniques are significantly higher than culture-based techniques at 

present, costs continue to drop making them more accessible to would-be users. If users 

desire more information than can be obtained from culture-based techniques but cannot 

afford shotgun sequencing, an intermediate-cost method such as 16s rDNA sequencing 

can provide much more information for decision making Users must determine their 

organizational needs, scrutinize each method, analyze resources, and move forward with 

a procedure that best meets their end needs. 
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