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Zoonotic, pathogenic protozoa are a serious public health concern. Three common species,
Cryptosporidium parvum, Giardia enterica, and Toxoplasma gondii have been detected in
commercial oysters. Current methods of detecting protozoa in shellfish are not standardized and
few are able to simultaneously identify multiple species of interest. Here we present a
bioinformatics pipeline to process 18S rRNA amplicons extracted from oyster matrices for the
purpose of detecting protozoan pathogens. The pipeline was successfully applied for detection of
G. enterica cysts and C. parvum and T. gondii oocysts spiked into whole oyster homogenates and
hemolymph. These results indicate that 18S rRNA metabarcoding coupled with the validated
pipeline could be tested for monitoring wild oysters contaminated with protozoan pathogens.
While this study focused on detecting three parasites of interest, the multispecies identification
abilities of this method make it an ideal screening tool for a broad range of protozoan pathogens
in shellfish.
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Chapter 1: Literature Review
1.1 Common zoonotic parasites
Zoonotic protozoan pathogens, parasites that can infect and cause disease in both
vertebrate animals and humans, are a global health concern (Jaffry, Ali, Rasool, Raza, & Gill,
2009). Three of the most frequently reported zoonotic parasites are Cryptosporidium parvum,
Giardia enterica (Giardia duodenalis assemblage B), and Toxoplasma gondii (Ronald Fayer,
Dubey, & Lindsay, 2004). While these parasites differ in many areas including transmission,
life-cycle, and pathophysiological effects, they are often grouped together due to their potential
for widespread dispersal (Robertson, 2007). Infected animals and humans release large numbers
of encysted parasites that can survive in a range of temperatures and salinities, and are resistant
to common disinfectants. An infective dose of these cysts or oocysts (here after called (oo)cysts)
is relatively low. Rainfall plays an important role in the dispersal of these protozoan parasites,
washing (oo)cysts into agriculture, recreation, and drinking waters. These parasites have been
detected in marine shellfish and mammals, suggesting they are also present in coastal waters
(Ronald Fayer et al., 2004).
1.1.1 Cryptosporidium parvum
Cryptosporidium is a genus of parasites that infect the intestinal epithelial cells of vertebrates
(Bones et al., 2019). Traditionally considered obligate intracellular parasites with replication
limited to within a host cell, several recent studies have suggested Cryptosporidium may also
have the ability to multiply extracellularly (Clode, Koh, & Thompson, 2015; Lippuner et al.,
2018). Cryptosporidium species were first described by Tyzer in 1907, but were not considered a
major human health concern until the 1980s when Cryptosporidium was linked to high morbidity
diarrheal infections in AIDS patients (Bones et al., 2019; Clode et al., 2015).
Cryptosporidium infection in humans, cryptosporidiosis, is characterized by severe diarrhea
that can become chronic and potentially fatal in young children and immunocompromised
individuals (Bones et al., 2019; Lippuner et al., 2018). In Canada in 2008, there were 3 reported
cases per 100 000 people per year, though this is considered an underestimation of the true rate
due to underreporting (Willis, McClure, Davidson, McClure, & Greenwood, 2013). The zoonotic
1

species C. parvum has numerous animal hosts, most importantly humans and cattle, and is one of
major causes of cryptosporidiosis worldwide (Dawson, 2005; Thompson & Ash, 2016).
Transmission occurs through fecal-oral ingestion of thick-walled oocysts that are shed into the
environment by infected animals. The ingested oocysts release mobile sporozoites that attach to,
and are subsequently encased by, the outer membrane of host epithelial cells. Replication of C.
parvum occurs within the host cell, resulting in sporulation of thick-walled oocysts that are shed
into the environment, as well as thin-walled oocysts that rupture in the gut and release
sporozoites within the host animal and continue the infection (Bones et al., 2019). The infective
dose of C. parvum is very low and reported between 9-1042 oocysts (Dorny, Praet, Deckers, &
Gabriel, 2009).
1.1.2 Giardia spp.
Giardia duodenalis is an intestinal parasite responsible for over 280 million reported
cases of diarrhea in humans annually worldwide (Ryan, Hijjawi, Feng, & Xiao, 2019). In 2008,
the rate of giardiasis in Canada was 9.6 reported cases per 100 000 people per year, however due
to underreporting the actual rate is believed to be higher (Willis et al., 2013). Giardia duodenalis
was first identified in human stool samples in 1681 by Antonie van Leeuwenhoek (DuPont,
2013). In most healthy individuals, initial exposure to Giardia causes giardiasis which can
manifest as diarrhea, abdominal cramps, and bloating, but subsequent infections are often
asymptomatic. Giardiasis can become chronic in malnourished children that suffer immune
system impairment, leading to further malnutrition, stunting of growth, and cognitive impairment
(DuPont, 2013; Ryan et al., 2019).
Giardia transmission occurs though the fecal-oral ingestion of cysts shed by infected
humans and animals. Infection can be caused by a very small dose of between 25-100 cysts
(Dorny et al., 2009). Infectious trophozoites are released from ingested cysts in the gut. They
attach to intestinal epithelial cells, use host cell machinery and nutrients to replicate, and
eventually induce host cell apoptosis (programmed cellular death). Cysts formed by sexual
multiplication in the host are shed in feces and able to survive for months in cool, moist
environments (Dawson, 2005).
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Giardia duodenalis consists of eight assemblages labeled A through H. Zoonotic
assemblages A and B have over 40 animal hosts, including cattle and dogs, and are the most
common cause of human giardiasis (Ryan et al., 2019). The taxonomy of assemblages A and B is
currently under debate, with some proposing they be reclassified as separate species (Thompson
& Ash, 2016). Assemblage B is also referred to as Giardia intestinalis, Giardia lamblia, and
Giardia enterica.
1.1.3 Toxoplasma gondii
Toxoplasma gondii is a zoonotic, obligate intracellular parasite. A unique feature of T.
gondii is that sexual replication is only possible within the intestinal epithelial cells of felids –
the only animals that can serve as definite hosts for this parasite (Kochanowsky & Koshy, 2018).
While the definitive host range of T. gondii is limited to wild felids and domestic cats, a wide
range of warm-blooded animals (including humans) can serve as intermediate hosts in which the
parasite can replicate asexually. First described in rodents by Nicolle and Manceaux in 1908, T.
gondii was not considered a cause of human disease until the 1950s (Ferguson, 2009).
Toxoplasma gondii infections in healthy individuals are largely asymptomatic, occasionally
causing mild flu-like symptoms (Kochanowsky & Koshy, 2018). Toxoplasmosis in
immunocompromised individuals can lead to encephalitis, severe pneumonia, cardiac
abnormalities, organ failure, and death. Infection in pregnant women can cause abortion or
congenital disease in the newborn. Symptoms may not manifest until later in life and include
microcephalus, congenital impairment, ocular disease, or mental illness (Opsteegh, Kortbeek,
Havelaar, & Van Der Giessen, 2015). In Canada, toxoplasma infection rates vary geographically.
For example, the respective seroprevalence of T. gondii antibodies in Toronto, Ontario and
Nunavik, Quebec is 12.5% and 60% (Ford-Jones et al., 1996; Messier et al., 2009)
Transmission of T. gondii can occur via three primary routes including the ingestion of
undercooked or raw meat containing cysts, ingestion of oocysts through contaminated food or
water, and congenitally from mother to fetus (Opsteegh et al., 2015). An infective dose of
oocysts in murine models is between 1 and 10 (Rousseau et al., 2018). Ingested T. gondii cysts
release slow-replicating bradyzoites in the host intestinal tract (Black & Boothroyd, 2000).
Bradyzoites enter host intestinal epithelial cells and differentiate into faster replicating
3

tachyzoites that spread throughout the body (Zolfaghari Emameh, Purmonen, Sukura, &
Parkkila, 2018). In certain tissues, tachyzoites revert back to bradyzoites to form more cysts
(Kochanowsky & Koshy, 2018).

1.2 Shellfish as a vector for zoonotic protozoa
Marine bivalve molluscs, also called shellfish, are a group of marine and estuarine
organisms characterized by a two valve, hinged shell (Robertson, 2007). They include commonly
eaten species such as Eastern oysters, (Crassostrea virginica), Pacific cupped oyster
(Crassostrea gigas), Mediterranean mussels (Mytilus galloprovincialis), soft-shelled clams (Mya
arenaria), hard clams (Mercenaria mercenaria), and cockles (Cerastoderma edule). Shellfish are
filter-feeders, trapping phytoplankton by pumping water across their gills. They filter 20-100
liters of water a day and are known to accumulate potentially harmful chemicals and
microorganisms, including pathogenic protozoa (Hohweyer, Dumètre, Aubert, Azas, & Villena,
2013; Ligda, Claerebout, Robertson, & Sotiraki, 2019).
Marine water can become contaminated with zoonotic protozoan (oo)cysts through
sewage, non-point source pollution, and agriculture runoff. These (oo)cysts are resistant to a
range of temperature and salinity levels (Hohweyer et al., 2013). Three common protozoan
pathogens, C. parvum, G. enterica, and T. gondii have all been detected in shellfish, including
commercial species that are often eaten undercooked and raw. The likelihood of shellfish
contamination with (oo)cysts depends on many variables including the level of contaminants
entering the marine water, the level of (oo)cyst dilution within the marine waters, and the
species-dependent filtering rate of the shellfish (Hohweyer et al., 2013).
Incidence of disease caused by shellfish-borne protozoan pathogens is thought to be
underestimated due to the complexity of transmission routes, the lack of standardized detection
methods, and the challenge of obtaining and testing shellfish believed to be contaminated
(Robertson, 2007). Additionally, infected individuals or their physicians may not recognize
shellfish as a possible cause of disease, especially if visible symptoms do not manifest soon after
consumption. For these reasons, the true incidence of shellfish-borne protozoan disease is
unknown (Ronald Fayer et al., 2004; Robertson, 2007; Willis et al., 2013). Both the United
4

States and Canada recognize the risk of shellfish-borne disease and have established shellfish
sanitation programs to maintain food safety standards of commercial shellfish (Canadian Food
Inspection Agency, 2019; US Food and Drug Administration, 2017).
1.2.1 North American incidence of zoonotic protozoan parasites in shellfish
In 2010, blue mussels (Mytilus edulis) collected from six communities in Nunavik,
Quebec were tested for Giardia spp. and Cryptosporidium spp. Giardia was detected in 18% and
Cryptosporidium in 73% of eleven pooled whole tissue samples (Lévesque et al., 2010; Willis et
al., 2013). In 2007, Cryptosporidium spp. was detected in 88% of 265 groups of 6 pooled Eastern
oysters (Crassostrea virginica) collected from Chesapeake Bay, Maryland (Graczyk et al.,
2007). In 2006, soft-shelled clams (Mya arenaria) harvested from the estuarine shores of the
Saint Lawrence River, Quebec were analyzed for Giardia spp. and Cryptosporidium spp.
contamination. In clams collected from active harvesting sites, Giardia and Cryptosporidium
were detected in 39% and 77% of samples, respectively. Clams were also collected from
harvesting sites closed due to contamination and Giardia was detected in 75% of samples, while
Cryptosporidium was detected in 68% of samples (Levesque et al., 2006; Willis et al., 2013). A
2003 study reported Cryptosporidium in 19% of Eastern oysters and 16% of clams (unspecified
species) from 37 collection sites along the Atlantic coastline between Florida and New
Brunswick (R. Fayer et al., 2003; Willis et al., 2013).
While there are fewer studies monitoring shellfish for T. gondii, contamination has been
reported. In 2015, T. gondii was detected in 4% and 14% of pooled Eastern oyster samples
collected from two sites along the Gulf of Maine (Marquis, Record, & Fernández Robledo,
2015). It has also been shown that there is a statistical association with eating raw shellfish and
T. gondii infection in the United States (Jones et al., 2009). In Canada, high T. gondii exposure
rates in Inuit communities known to consume high levels of raw shellfish highlight the need for
further investigation into the potential of shellfish as an important transmission route (Lévesque
et al., 2010).
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1.2.2 Current methods of protozoan parasite detection in shellfish
Shellfish tissue sampling
It has previously been established that shellfish hemolymph, gills, and digestive tracts are
the most useful tissues to analyze for C. parvum, G. enterica, and T. gondii detection (Hohweyer
et al., 2013). Hemolymph is a circulatory fluid in shellfish that transports oxygen, nutrients, and
waste throughout the body (Gustafson et al., 2005). Hemocytes within the hemolymph have been
known to phagocytose parasite (oo)cysts (Hohweyer et al., 2013). Parasite (oo)cysts can also
adhere to gill tissue, although they usually pass through to the digestive tract where they
accumulate. Pooling shellfish gill and digestive tract tissues has been shown to improve the
detection of parasites (Hohweyer et al., 2013). Homogenizing the whole shellfish is also a
common method, though it results in a more complex matrix to analyze.
Immunomagnetic separation (IMS)
Immunomagnetic separation (IMS) is a technique by which parasites are separated from
shellfish tissues using magnetic beads coated with antibodies specific to the parasite (oo)cysts of
interest. After an incubation phase, the beads and any captured (oo)cysts are removed from the
shellfish tissue with a magnet. The parasites are then eluted from the beads for further detection
and characterization (Miller et al., 2005). IMS performs best when used on digestive tissue or
whole tissue homogenates. Recovery rates are between 17 and 69% and are species dependent
(Hohweyer et al., 2013). Currently, commercial IMS kits are only available for Cryptosporidium
and Giardia.
Direct immunofluorescence antibody (DFA) assay
Direct immunofluorescence antibody (DFA) tests can be used to identify parasite
(oo)cysts microscopically using fluorochrome labelled monoclonal antibodies specific to
antigens on (oo)cyst walls (Miller et al., 2005). Using an epi-fluorescent microscope, the
parasites are identified based on their size, shape and fluorescent patterns. A significant
limitation to this technique is that it is unable to distinguish different Cryptosporidium species.
DFA is also not normally used to identify T. gondii due to a lack of oocyst specific monoclonal
antibodies (Hohweyer et al., 2013).
6

Polymerase chain reaction (PCR) techniques
Molecular techniques for detecting and identifying parasites in shellfish include nested
PCR and real-time PCR (qPCR) (Adeyemo, Singh, Reddy, & Stenström, 2018; Hohweyer et al.,
2013). PCR-based assays are often used in addition to, or instead of, DFA because they have a
higher specificity and are more time and cost efficient (Hohweyer et al., 2013). PCR techniques,
simplex or multiplex, can be used to determine species and genotype of parasites based on
polymorphisms within a target amplicon sequence. Common genes targeted for detection of
Giardia species include β-giardin, triosephosphate isomerase (tpi), and glutamate dehydrogenase
(GDH) (Adeyemo et al., 2018). Cryptosporidium species are frequently identified using the
Cryptosporidium oocyst wall protein (COWP) gene (Adeyemo et al., 2018). A common target
gene of Toxoplasma oocysts is the B1 gene (Hohweyer et al., 2013). Multiple parasites can also
be simultaneously identified by targeting the ubiquitous 18S ribosomal RNA (rRNA) gene.

1.3 DNA metabarcoding
DNA barcoding was a concept introduced by Hebert et al. in 2003, who proposed using a
region of the cytochrome c oxidase I gene (COI) for standardized taxonomic identification of
animals (Hebert, Cywinska, Ball, & DeWaard, 2003). The emergence of next-generation
sequencing (NGS) led to the development of DNA metabarcoding, a technique that employs high
throughput sequencing to simultaneously identify multiple species within a sample (Taberlet,
Coissac, Pompanon, Brochmann, & Willerslev, 2012). Metabarcoding procedures generally
include the following steps: DNA extraction, target marker amplification, library preparation,
high throughput sequencing of the target amplicon, and bioinformatic preprocessing and analysis
(Porter & Hajibabaei, 2018).
1.3.1 Considerations for detecting protists
Marker selection
An ideal DNA barcode marker has high interspecies variability, low intraspecies
variability, and is flanked by highly conserved regions for amplification with universal primers
(Taberlet et al., 2012). While DNA barcode selection and standardization efforts remain ongoing,
a current common marker for protozoan metabarcoding is the variable V4 region of the 18S
7

small subunit ribosomal RNA (18S rRNA) gene (Maritz et al., 2017; Porter & Hajibabaei, 2018).
The 18S rRNA gene is highly conserved, but contains 9 variable regions, V1-V9. In eukaryotes,
V4 is the longest (350-400 bp) variable region and contains a hypervariable region of 120bp
(Hadziavdic et al., 2014).
Reference libraries
A high-quality reference database is crucial for taxonomic assignment (Porter &
Hajibabaei, 2018). Unfortunately the majority of available metabarcoding databases are focused
on, or specific to, prokaryotic sequences (Balvočiute & Huson, 2017). For taxonomic assignment
of protozoa, the databases most commonly used are SILVA and the Protist Ribosomal Reference
(PR2) database (Guillou et al., 2013; Quast et al., 2013). Both databases are partnered with
UniEuk, a project that aims to create universal taxonomic framework for eukaryotes (Berney et
al., 2017). SILVA includes prokaryotic and eukaryotic sequences that are aligned, undergo
regular quality checks, and have manually curated taxonomic assignments (Balvočiute & Huson,
2017; Quast et al., 2013). PR2 sequences are unaligned and curated to include mostly protozoan
entries (Guillou et al., 2013). SILVA can be used for taxonomic assignment up to the genus
level, while PR2 contains species-level taxonomic references (Guillou et al., 2013; Quast et al.,
2013).
Taxonomic assignment methods
Taxonomy can be assigned using a variety of methods. One of the most popular and
simplest methods is using the similarity-based Basic Local Alignment Search Tool (BLAST),
however studies have shown that top BLAST hit results have a relatively high level of falsepositives (Porter & Hajibabaei, 2018). Another popular method is the Ribosomal Database
Project (RDP) Naïve Bayesian Classifier, a composition-based approach that divides query and
reference sequences into smaller “k-mers” and compares their frequency. This method also
includes a bootstrapping algorithm to determine an assignment confidence score at each
taxonomic level, allowing for easy removal of low-confidence assignments (Wang, Garrity,
Tiedje, & Cole, 2007). The RDP Classifier method is also relatively fast, making it an ideal
choice for bioinformatic pipelines that include large datasets (Porter & Hajibabaei, 2018).
8

Current and future applications
The concept of metabarcoding-based identification of protozoa is relatively novel,
however the high level of simultaneous species identification presents an attractive complement
or alternative to traditional methods (Hino, Maruyama, & Kikuchi, 2016; Moreno et al., 2018).
One of the first applications of this method was to detect protozoan parasites in rat feces (Hino et
al., 2016). Another study used 18S rRNA metabarcoding to identify prominent waterborne
protozoan pathogens in irrigation water (Moreno et al., 2018). To the extent of our knowledge,
this method has yet to be applied to identifying protozoan pathogens in shellfish.
Chapter 2 presents a novel bioinformatics pipeline to process 18S rRNA amplicons for
the purpose of detecting protozoan pathogens in shellfish. It has been written in a manuscript
format for a future journal submission.
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Chapter 2: A bioinformatics pipeline for 18S rRNA amplicon-based
detection of protozoan parasites in shellfish
2.1 Abstract
Zoonotic, pathogenic protozoa are a serious public health concern. Three common species,
Cryptosporidium parvum, Giardia enterica, and Toxoplasma gondii have been detected in
commercial oysters. Current methods of detecting protozoa in shellfish are not standardized and
few are able to simultaneously identify multiple species of interest. Here we present a
bioinformatics pipeline to process 18S rRNA amplicons extracted from oyster matrices for the
purpose of detecting protozoan pathogens. The pipeline was successfully applied for detection of
G. enterica cysts and C. parvum and T. gondii oocysts spiked into whole oyster homogenates and
hemolymph. These results indicate that 18S rRNA metabarcoding coupled with the validated
pipeline could be tested for monitoring wild oysters contaminated with protozoan pathogens.
While this study focused on detecting three parasites of interest, the multispecies identification
abilities of this method make it an ideal screening tool for a broad range of protozoan pathogens
in shellfish.

2.2 Introduction
Protozoan parasites have been identified as a significant cause of human disease worldwide.
Three species commonly associated with illness in people are Cryptosporidium parvum, Giardia
enterica (Giardia duodenalis assemblage B), and Toxoplasma gondii (Palos Ladeiro et al.,
2013). Cryptosporidiosis and giardiasis can cause severe gastroenteritis, dehydration and death.
Toxoplasma infection in healthy people is usually asymptomatic, however there is high
morbidity in immunocompromised individuals, and infections in pregnant women can result in
fetal loss, birth defects, mental retardation, blindness or mental illness later in life (Torgerson &
Macpherson, 2011). These three protozoan parasites are zoonotic, which implies that infections
can occur in both animals and humans. Cryptosporidium parvum and G. enterica have many
animal hosts, whereas the only known definitive hosts for T. gondii are felids. Zoonotic
transmission with protozoan parasites typically occurs through fecal contamination of food and
water (Dorny et al., 2009).
10

Cryptosporidium parvum and T. gondii oocysts, and G. enterica cysts (here after called
(oo)cysts) have been detected in bivalve shellfish worldwide (Esmerini, Gennari, & Pena, 2010;
Palos Ladeiro et al., 2013). Bivalves can accumulate biological and chemical contaminants
through filter-feeding. Cryptosporidium parvum and T. gondii oocysts can survive in seawater
for up to a year and 2 years, respectively (Hohweyer et al., 2013). Further investigation into the
longevity of G. enterica cysts is required, however the presence of cysts in shellfish and other
marine organisms suggests some resistance to salinity (Ronald Fayer et al., 2004). Contaminated
commercial shellfish, such as oysters, are a particularly notable health concern due to their
tendency to be eaten undercooked or raw.
The burden of food and waterborne protozoan zoonoses are likely underestimated due to the
complexity of transmission routes and insufficient detection and surveillance tools (Dawson,
2005; Dorny et al., 2009). While some strides have been made already, the improvement of
existing diagnostic tools or development of novel methods would contribute to a clearer
understanding of foodborne protozoan infection rates and their potential sources (Broglia &
Kapel, 2011).
Presently, there is no standard approach for detection of protozoa in shellfish (Ligda et al.,
2019). Commonly used methods include direct fluorescence antibody (DFA) tests, and
polymerase chain reaction (PCR). DFA tests use monoclonal antibodies specific to protozoan
(oo)cysts, however they are limited in specificity when there is high (oo)cyst structural
similarities between protozoan species. For example, DFA tests can be used to identify protozoa
in the Cryptosporidium genus, but cannot be used to distinguish species (Hohweyer et al., 2013).
Additionally, DFA cannot be used to identify T. gondii because monoclonal antibodies specific
to its (oo)cyst walls have yet to be optimized (Hohweyer et al., 2013). Because of its limitations,
DFA is often supplemented with faster, more specific PCR methods. Simplex or multiplex PCR
can amplify target protozoan gene(s) in order to identify the species, as well as for genotype
determination. Unfortunately, the number of protozoan species that can be identified
simultaneously with PCR methods is limited (Hohweyer et al., 2013). A single assay able to
target and identify all pathogenic protozoa within a shellfish matrix would be a vastly more
efficient diagnostic and surveillance tool for food safety and public health applications.
11

Metabarcoding is used for high throughput taxonomic identification of multiple species
within a sample (Peters et al., 2018). It is a widely used method for characterizing bacterial
populations, targeting the ubiquitous bacterial 16S rRNA gene (Allan, 2014). While recent
studies have shown eukaryotic organisms can be similarly characterized by targeting the 18S
rRNA gene, it is still an emerging technique. Hino et al. (2016) proposed using 18S
metabarcoding to identify protozoan parasites in rat intestinal tracts. This method has since been
used in other studies, mainly to identify protozoa in fecal and water samples, but it has yet to be
applied to shellfish (Marzano et al., 2017; Moreno et al., 2018).
Due to the novelty of this application, there is a lack of available bioinformatics resources for
processing and classifying protozoan 18S rRNA amplicons. In this study we assembled a novel
bioinformatic pipeline to process and analyze 18S rRNA metabarcode data and validated the
pipeline by detecting Cryptosporidium spp., Giardia spp. and Toxoplasma spp. among other
eukaryotes in an oyster matrix.

2.3 Materials and Methods
A novel pipeline was developed to preprocess the 18S rRNA 2 x 250 bp sequencing data
produce by Illumina MiSeq platform. The pipeline consists of the following steps: contig
assembly, filtering, quality control (trimming), aligning contigs to the reference genome, and
taxonomic classification. Figure 2.1 is a visual overview of the main steps in the pipeline.
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Contig assembly and quality control
gBlock identification and removal
Primer removal and contig trimming
Contig alignment with SILVA reference database
Sequence preclustering
Chimera identification and removal
Taxonomic classification of contigs with SILVA reference database
Sample read count adjustments

Figure 2.1 Flow diagram depicting the major steps in the 18S rRNA metabarcoding bioinformatics analysis
pipeline

2.3.1 Sample and library preparation
Oyster sample preparation and protozoan parasite spiking
Commercial oysters (Crassostrea virginica) (N=36) were obtained from a food retail
store and spiked with different dilutions of C. parvum, T. gondii and G. enterica (oo)cysts. Live
C. parvum (oo)cysts were obtained from the Sterling Parasitology Laboratory at University of
Arizona (Tucson, AZ, USA); T. gondii oocysts were generously provided by David Arranz Solís
at University of California, Davis, USA; and G. enterica cysts were purchased from
Waterborne™ Inc. (New Orleans, LA, USA). The (oo)cysts were heat inactivated as previously
described (K. Shapiro et al., 2019). A flowchart summarizing spiked oyster sample preparation is
depicted in Figure 2.2. Hemolymph was aspirated from single oysters using a sterile needle and
syringe and a 100 uL pellet was obtained via centrifugation for nucleic acid extraction and PCR.
A whole tissue homogenate was prepared for each individual oyster following a pepsin digestion
and mechanical homogenization procedure as previously described (Willis et al., 2014). Nucleic
acid extraction was performed using the Qiagen DNeasy Blood and Tissue kit as previously
described (Karen Shapiro, Vanwormer, Aguilar, & Conrad, 2015).
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In addition to the spiked hemolymph and whole tissue samples, reagent controls were
also prepared for sequencing (in duplicate). The negative control was a master mix of PCR
reagents, and the positive control was a cocktail consisting of 1 000 (oo)cysts for each parasite
and 500 copies of each gBlock (described below).

Whole tissue (1 oyster)
10 000

1 000

100

10

5

1-day incubation

0

# of spiked
C. parvum,
G. enterica,
and T. gondii
(oo)cysts
(done in triplicate)

Homogenization

Hemolymph

10 000

1 000

100

10

5

0

1-day incubation

Homogenization

Pepsin digestion
Centrifugation
Centrifugation
PBS wash
PBS wash
DNA extraction

DNA extraction
V4 18S rDNA amplification

V4 18S rDNA amplification

Illumina MiSeq library preparation

Illumina MiSeq library preparation

Figure 2.2 Flow diagram depicting the experimental design for spiking whole oyster tissue homogenates and
hemolymph with protozoan (oo)cysts

Primer design and validation
A primer pair was designed to target conserved nucleotide sequences flanking a variable
(V4) region within the 18S small subunit ribosomal RNA (rRNA) gene of C. parvum, T. gondii,
and G. enterica (Table 2.1). An additional reverse primer was designed to improve amplification
of the G. enterica 18S rRNA V4 region. The 18S sequences from the three protozoa of interest
and the host oyster (Crassostrea virginica) were aligned with the model organism
Saccharomyces cerevisiae to identify the V4 hypervariable region. The V4 region is the longest
variable region of the 18S rRNA gene in eukaryotes and was chosen as the target amplicon to
maximize taxonomic resolution (Hadziavdic et al., 2014). Sequence alignment and digital primer
validation was performed using Geneious 11.0.5. The expected amplicon sizes and GC content
for each parasite was also determined (Table 2.2)
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Table 2.1 Primer names and sequences used for amplification of the target 18S rRNA V4 region

Primer ID

Sequence (5’-3’)

General 18S V4 Forward

GCC GCG GTA ATT CCA GCT C

General 18S V4 Reverse

ATY YTT GGC AAA TGC TTT CGC

Giardia 18S V4 Reverse

ATA CGG TGG TGT CTG ATC GC

Table 2.2 Target protozoa amplicon size and GC content

Protozoa

Amplicon Size (bp)

%GC

T. gondii

385

42.0

C. parvum

366

28.0

G. enterica

315

71.4

Synthetic template (gBlock) design
To address possible PCR amplification bias, we implemented the addition of known copy
numbers of synthetic DNA templates (gBlocks) for each of the protozoan parasites. gBlocks
were designed with assistance from Integrated DNA Technologies (IDT) Inc. by creating
synthetic sequences that shared identical GC content and nucleotide length for the expected 18S
amplicons of each parasite (Figures S2.1-3). Sufficient random nucleotide variation was inserted
into the gBlock products (in the region internal to the conservative primer binding sites) that
allowed their differentiation from target protozoa. Addition of the gBlocks was intended to
provide insight into template amplification biases by comparing the starting copy number (500
copies each) to the number of gBlocks detected.
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Library preparation and sequencing
Library quantification, normalization and 2 x 250 bp sequencing with the Illumina MiSeq
platform was performed at the Agriculture and Food Laboratory (AFL) at the University of
Guelph. The library was normalized by diluting samples to a standard concentration (20 nM)
prior to pooling them together for sequencing. This was done to equalize sample read
distribution. Sequence results were provided by AFL through the Illumina BaseSpace Sequence
Hub in FASTQ format. A list of normalization dilutions was also provided by AFL upon request.
2.3.2 Paired-end sequence assembly
The forward and reverse reads for each sample were assembled to form contigs using
Paired End read merger (PEAR) (Zhang, Kobert, Flouri, & Stamatakis, 2014). While mothur, the
program used for processing downstream, has contig formation capabilities, the options for
quality trimming are limited. PEAR was chosen as an alternative program for this reason.
Contigs assembled in PEAR had a maximum length of 500 bp, a minimum length of 50 bp, and a
minimum overlap of 10 bp. To avoid low quality pairs, the contig ends were trimmed following
two consecutive bases with a Phred+33 score of below Q30. Read assembly was scored by
assigning +1 for a match and -1 for a mismatch, multiplied by Phred+33 quality scores. Quality
of the paired reads was assessed using FastQC (Andrews, 2010). A custom Bash wrapper script
was created to reformat the assembled FASTQ files for downstream applications. Contigs were
amalgamated into a single, comprehensive FASTA file. A separate file listing each read’s
accession ID and its respective sample ID was also generated.
2.3.3 gBlock detection
The synthetic gBlock reads were identified and separated from the rest of the sequences
before further processing and classification in mothur. The gBlocks were detected through a
localized BLASTn search of the complete FASTA file using the known gBlock sequences
(Altschup, Gish, Pennsylvania, & Park, 1990). BLASTn returned reads with maximum e values
of 0.05 and minimum percent identities of 95%. A custom Bash script was written to perform the
BLASTn search and generate a text file listing the accession IDs for each of the gBlocks. Using
the accession IDs, the gBlocks were removed from the comprehensive FASTA with the
remove.seqs command in mothur.
16

2.3.4 Sequence processing and classification
Following contig assembly and the removal of the gBlocks, the remaining sequences
were further processed using the software, mothur. These steps were modifications of the
Illumina MiSeq 16S rRNA standard operation procedure (SOP) (Kozich, Westcott, Baxter,
Highlander, & Schloss, 2013) and were used to preprocess the 18s rRNA sequencing data.
Primer trimming
Primers were trimmed using the pcr.seqs function. The unique.seqs and count.seqs
functions removed duplicate sequences from the FASTA, while preserving the read counts in a
separate file. This step reduced the size of the working FASTA file, thus reducing downstream
processing power and time cost requirements.
Contig alignment
To streamline contig alignment, a custom 18S V4 alignment database was adapted by
modifying the rRNA database, SILVA (Quast et al., 2013). Using the V4 region of the model
organism S. cerevisiae (GenBank: Z75578) as an alignment reference, a mothur-compatible
version of SILVA (release 132) was pared down to only the V4 region. Contig alignment was
performed using the align.seqs function in mothur. Improperly aligned contigs were removed
using the screen.seqs function. Any gaps that spanned the entire alignment were deleted using
the filter.seqs function.
Preclustering and chimera removal
Contigs were “preclustered” with the pre.cluster function, which employed a pseudosingle linkage clustering algorithm developed by Huse et al. to minimize sequencing errors
(Huse, Welch, Morrison, & Sogin, 2010). Chimeric sequences were removed using the
chimera.vsearch function. This function incorporates the open source de novo and reference
based chimera detection software, VSEARCH (Rognes, Flouri, Nichols, Quince, & Mahé, 2016).
Taxonomic classification and read count adjustments
Contigs were taxonomically classified using the classify.seqs command. Classification
was achieved using the RDP Naïve Bayesian Classifier method (Wang et al., 2007). Taxonomic
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assignments were cut off at a bootstrap confidence score of 80%, as is recommended for this
classification method. A custom SILVA v. 132 database (described above) was used as the
reference database for taxonomic classification of the contigs to the genus level (Quast et al.,
2013).
The raw contig counts for each sample were readjusted to remove any dilutions applied
during the normalization step prior to Illumina MiSeq sequencing. The gBlocks counts for each
sample were also used for standardizing parasite read counts by accounting for differential
amplification rates. The amplification rate for each parasite was determined based on the known
copy number of starting gBlocks (500 copies) added to each sample.

2.4

Results

2.4.1 Sequence preprocessing
Illumina quality metrics
The library sequencing results passed Illumina MiSeq standard quality control
assessments. The percent of clusters passing Illumina’s chastity filter (%PF) was 89.30±0.55%,
and the percentage of base calls greater than or equal to Q30 was 83.3%.
Contig assembly and preprocessing
Approximately 9.8 million contigs were successfully assembled and trimmed with PEAR.
The mean contig length was 369 bp. About 300 000 contigs were identified as gBlocks and
removed from the remaining reads before further preprocessing. Prior to processing with mothur,
all contigs were merged into a single .FASTA file and the respective sample information for each
sequence was retained in a separate text file. Primers were trimmed from the contigs and
identical sequences were merged, resulting in ~1.5 million unique sequences with a mean length
of 333 bp. After contig alignment to the custom SILVA 18S V4 database, ~ 7.9 million (1.3
million unique) sequences remained with a mean length of 335 bp. Approximately 1 million
contigs were merged when preclustered. About 13 000 chimeric sequences were identified and
removed.
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Sequence Classification
The majority of the ~7.8 million processed contigs were successfully classified into
eukaryotic taxa. The most abundant taxon was the Ostreidae (edible oyster) family, consisting of
64% of the total classified reads. Approximately 836 000 reads were classified as Toxoplasma,
~790,000 reads were classified as Giardia, and ~564 000 reads were classified as
Cryptosporidium. The remaining reads were classified as over 400 other eukaryotic genera.
Among other abundant taxa were Picochlorum (green algae), Pinophyta (coniferous plant),
Mammalia (mammal), Spongillida (freshwater sponge), and Candida (yeast). Additionally, 62
contigs were classified as ‘unknown’ and about 100 000 contigs were classified as ‘Eukaryota
unclassified”.
A low level of each of the three protozoa (<10 reads) were detected in the negative PCR
reagent control (Figure S2.6). Approximately 95% of the positive control reads were classified as
the spiked protozoa (Figure S2.6).
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2.4.2 Spiked hemolymph
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Figure 2.3 Relative abundance of read counts from oyster hemolymph spiked with protozoan (oo)cysts.
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The most abundant taxon for all the hemolymph samples was the host oyster (Figure 2.3).
Reads classified as something other than oyster or the spiked protozoa made up less than 5% of
the detected reads for all hemolymph samples. The spiked protozoan reads were less than 1% of
the classified reads for the hemolymph samples spiked with 0, 5, 10, and 100 (oo)cysts.
Toxoplasma had the most abundant read numbers of the spiked protists in all hemolymph
samples except for the unspiked sample, where there were more reads classified as
Cryptosporidium. The percentage of reads classified as the spiked protozoa increased with the
number of spiked (oo)cysts.
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Cryptosporidium
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Figure 2.4 Read counts for three protozoan parasites spiked into oyster hemolymph.

The three protozoa were detected in all hemolymph samples, including unspiked oysters
(Figure 2.4). In general, the read counts for all three protozoa increased with the number of
spiked (oo)cysts, however the read counts for both Cryptosporidium and Giardia were higher in
the unspiked hemolymph than the 5 and 10 (oo)cyst spiked samples.
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2.4.3 Spiked whole tissue
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Figure 2.5 Relative abundance of read counts from oyster whole tissue homogenate spiked with protozoan (oo)cysts.

Oyster was the most abundant taxon for all whole tissue samples (Figure 2.5). Reads
classified as something other than oyster or the spiked protozoa made up close to 35% of the
total classified reads for the unspiked whole tissue sample. The percentage of “other eukaryote”
reads had an overall decrease as the number of spiked (oo)cysts increased. Spiked protozoan
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reads were less than 1% of the total classified reads for the unspiked and 5 (oo)cyst whole tissue
samples. Of the spiked protozoa, Giardia had the least reads for all whole tissue samples.
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Figure 2.6 Read counts for three protozoan parasites spiked into oyster whole tissue homogenate.

Toxoplasma and Cryptosporidium were detected in all whole tissue samples, while
Giardia was detected in all but the unspiked whole tissue (Figure 2.6). Unlike the spiked
hemolymph, the protozoa read counts in the whole tissue samples did not show a general trend of
increasing along with the number of spiked (oo)cysts. Toxoplasma had the highest number of
detected reads for all whole tissue samples except for the unspiked and 10 (oo)cyst spike, where
Cryptosporidium read numbers were higher.
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2.5 Discussion
All three protozoan parasites, C. parvum, G. enterica, and T. gondii, were successfully
detected in the spiked oyster hemolymph and whole tissue matrices using the novel
bioinformatics pipeline. The type of oyster sample, hemolymph or homogenized whole tissue,
appeared to influence the counts of the protozoa across different spiking levels. While
metabarcoding should not be used as a quantitative tool, studies have shown that the read
abundance of fungi and zooplankton can reflect estimated biomass (Peters et al., 2018; Porter &
Hajibabaei, 2018). A similar result was seen with the hemolymph samples: the detected
protozoan counts generally increased with the number of spiked (oo)cysts (Figure 2.6). For the
whole tissue samples, however, there was not an easily discernable trend between the amount of
(oo)cysts spiked and the resulting parasite counts (Figure 2.4). The whole tissue samples had an
overall greater level of “other eukaryotes” reads which were successfully classified as taxa other
than the host oyster or spiked protists. This indicates that there is a higher level of other
eukaryotic genes in the whole tissue homogenate being amplified by the 18S V4 targeted PCR,
likely lowering the number of primers available to amplify the spiked protist rDNA.
Protozoa were detected in the negative reagent control as well as oyster samples that were
not spiked (Figures 2.4, 2.6 and S2.6). While this is likely due in part to laboratory
contamination, it is also possible that the oysters naturally accumulated protozoan (oo)cysts in
the wild as they were not checked for contamination prior to metabarcoding analysis. This
uncertainty illustrates a need for this methodological approach to have a minimum threshold of
protozoan read numbers to reliably conclude presence of pathogen contamination. This cutoff
should be based on an average of background protozoa read levels detected in unspiked,
uncontaminated oysters. Determining a positive protist detection cutoff depends on the desired
specificity and sensitivity of the assay. A higher cut off will minimize false positives, clean
oysters falsely deemed contaminated, however some true positives, oysters that are contaminated
and should be detected, could be missed. A lower cut off may potentially increase the number of
false positives, but more true positives will be included. In terms of public health, an assay
detecting pathogens in commercial oysters erring on the side of caution with a lower cutoff in
order to maximize contamination detection may be preferable. While the purpose of this study
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was centered on assay validation by detecting protozoa in spiked samples and a baseline
background contamination level was not established, this will be a necessary step when applying
this approach for detection of natural contamination.
Previous studies have revealed that because NGS-based methods have variations and biases
in the PCR and sequencing steps, the final read counts do not necessarily reflect the composition
of the original sample (Amend, Seifert, & Bruns, 2010; Porter & Hajibabaei, 2018). Adjustment
steps were taken to minimize the effect of such biases on the number of recovered reads. The
Illumina MiSeq protocol includes a library normalization step where all samples are diluted to 20
nM before pooling for sequencing. While this is done to equalize read distribution during
sequencing, it may possibly artificially lower the final read counts of high-concentration
samples. The normalization dilutions were used to adjust raw read counts following taxonomic
classification. Further, to address possible primer bias and differences in amplification, three
different synthetic templates (gBlocks) were designed to have amplicon lengths, primer binding
sites and GC content identical to each of the target amplicons of the three spiked protozoa. A
consistent number of each gBlock (500 copies) was added to all samples to assess amplification
bias during the nested PCR steps performed for NGS library preparation. The ratio of the initial
synthetic template copy number and the final detected synthetic template number was calculated
and used to adjust the final read counts for the equivalent protozoan amplicons.
It is likely that the differences in 18S rRNA gene copy numbers between the parasites also
had an impact on the final read counts (Gong & Marchetti, 2019). The estimated 18S rRNA gene
copy number for C. parvum, G. enterica, and T. gondii (oo)cysts are ~5, ~120, and ~880,
respectively (Guay et al., 1992; Le Blancq, Korman, & van Der Ploeg, 1991; Taghi-Kilani,
Remacha-Moreno, & Wenman, 1994). Toxoplasma’s high 18S rRNA gene copy number may
have contributed to its high read counts in the spiked hemolymph samples (Figure 2.6). It should
be noted that the G. enterica target 18S rRNA amplicon had a considerably high GC content
(71%), which is factor known to influence PCR amplification rate (Kumar & Kaur, 2014). High
%GC templates can form dimers and secondary structures that hinder replication. Two steps
were taken to minimize these effects. A separate G. enterica 18S V4 region-specific reverse
primer was included in the nested PCRs to improve amplification. The amplification rate of the
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G. enterica template was also adjusted based on the experimental amplification rate of its
respective gBlock synthetic template (as described above).
As with all metabarcoding studies, final taxonomic results depend on the quality of the
databases used for the contig alignment and classification steps. Our proposed pipeline uses
SILVA, a comprehensive rRNA database that is aligned, quality-checked, and taxonomic
assignment is manually curated (Balvočiute & Huson, 2017; Quast et al., 2013). Contigs can be
classified with SILVA up the genus level. Ideally taxonomic classification performed by this
pipeline would use a reference database specific to protozoan 18S rRNA such as the Protist
Ribosomal Reference (PR2) database (Guillou et al., 2013). While PR2 has been used as a
reference database in recent metagenomic and metabarcoding studies and will likely be an
invaluable resource in the future, it is still being developed and curated (Berney et al., 2017;
Moreno et al., 2018). Unlike SILVA, the PR2 database is unaligned and therefore cannot be used
as a reference for contig alignment in mothur.
Metabarcoding-based identification of protozoan pathogens remains a relatively novel
method for monitoring food or water-borne pathogens (Hino et al., 2016; Moreno et al., 2018). In
2018, Moreno et al. used 18S rRNA metabarcoding to identify several waterborne protozoan
pathogens in irrigation water samples. Giardia enterica and T. gondii were both detected at very
low levels (<5 reads). C. parvum was not identified in the water samples using metabarcoding,
despite being detectable with DFA (Moreno et al., 2018). While not specific to protozoa, an 18S
rRNA metabarcoding approach was used by Peters et al. in 2018 to detect salmonid aquaculture
pathogens. They discuss the challenges of quantifying metabarcoding abundances but reported
the relative abundance of the pathogen reads increasing with higher levels of pathogens in the
original sample (Peters et al., 2018). Both studies state 18S rRNA-based metabarcoding appears
to be a promising method for multispecies identification but they suggest pairing the technique
with standard identification methods like qPCR (Moreno et al., 2018; Peters et al., 2018).
Overall, 18S rRNA metabarcoding paired with the novel bioinformatics pipeline proved to be
a promising method of protozoan pathogen detection in oyster. The complex oyster whole tissue
and hemolymph matrices likely hindered target protozoa amplification and additional steps to
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reduce oyster DNA could be advantageous. Protozoan reads were detected in not only the
unspiked oyster samples, but the negative control as well, suggesting a consistent base level of
contamination that should be considered if this method is adapted for food safety monitoring
purposes.

Chapter 3: Conclusions and future work
Using a novel 18S rRNA metabarcoding pipeline, spiked C. parvum, G. enterica, and T.
gondii were detected in oyster whole tissue homogenates and hemolymph samples. Of the few
published examples of metabarcoding-based identification of protozoa, to our knowledge this
study represents the first time this technique had been applied to a complex matrix such as
shellfish tissue. The success of this assay reinforces metabarcoding as a promising technique for
monitoring foodborne zoonotic pathogens.
While metabarcode read counts cannot be used to determine original sample composition,
the pipeline results revealed a general protozoan read increase linked to an increase in spiked
(oo)cysts in hemolymph. These results, in addition to the apparent baseline laboratory
contamination of unspiked samples, suggests a need for a protozoan read number threshold that
would help delineate low numbers of reads as false positives. This positive detection threshold
should be based on average protozoan read levels detected in replicates of oysters confirmed to
be uncontaminated.
In addition, improvements to protozoan-focused metabarcoding relies on the continued
development of 18S rRNA databases such as SILVA and PR2. A high-quality database is crucial
for effective taxonomic assignment.
Pathogen selection
Additional pathogen selection steps to minimize the currently overwhelming presence of
host oyster DNA and maximize detection of target protozoa could improve the sensitivity of this
assay. Pepsin digestion of shellfish tissue has been reported as an effective tool for improving
detection of Cryptosporidium and Giardia species with DFA (Robertson & Gjerde, 2008).
Unfortunately, this method yielded inconsistent results when used for oyster sample preparation
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in this study. Our small-scale oyster hemolymph and whole tissue pepsin digestion studies
showed no replicable improvement in increasing target protozoa amplification levels.
Depletion of Abundant Sequences by Hybridization (DASH) is another method of
reducing unwanted background amplification from competing species. In this approach,
clustered regularly interspaced short palindromic repeats (CRISPR) associated (Cas)9 nucleases
complexed with single guide RNAs (sgRNAs) target the unwanted sequences for cleavage (Gu et
al., 2016). This method has yet to be used protozoan pathogen detection purposes.
Monitoring shellfish field samples
Following the successful results of the whole tissue and hemolymph spiking assays, this
novel 18S rRNA metabarcoding pipeline will be employed in a large-scale study to detect
naturally occurring protozoan contamination in wild oysters collected off the coast of Prince
Edward Island.
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APPENDIX
S1 18S rRNA processing pipeline
S1.1

Contig assembly

1
#!/bin/bash
2
#
3
#contigmaker.sh
4
#a script to form contigs using PEAR, sequence files should be in
fastq.gz format separated into subfolders for
5
#every sample (this is the default format provided by Basespace)
6
#script must be launched in the directory containing the sample
subfolders
7
8
#assembles contigs from each subfolder (sample)
9
for f in *; do
10
#checks if f is a directory
11
if [ -d ${f} ]; then
12
13
#states current subfolder
14
echo $f
15
16
#replaces - with _ (necessary reformatting for use in mothur)
17
sample=$(ls ./${f}/ | head -1 | cut -d "_" -f 1 | sed s/"-"/"_"/g
)
18
19
#states new sample name
20
echo $sample
21
22
#forms contigs with max length 500bp and a mininum Phred+33
quality score of of 30
23
#outputs screen log to a text file (will be appended if file
already exists)
24
pear -f ./${f}/*_R1_001.fastq.gz -r ./${f}/*_R2_001.fastq.gz -o
$sample -m 500 -q 30 -e| tee -a PEARlog.txt
25
fi
26 done
27
28 #makes a new subfolder for the correctly assembled contigs
29 mkdir Assembled/
30 mv *assembled.fastq Assembled/
31
32 exit

S1.2
36
37

FASTQ conversion to FASTA
#!/bin/bash
#

36

38 #fastq2fasta.sh
39 #a script to convert assembled contig fastq files into fasta files using
mothur
40
41 #loop through every fastq file
42 for f in *.fastq; do
43
44
#states fastq file name
45
echo $f
46
47
#converts .fastq file into .fasta and .qual files
48
mothur "#fastq.info(fastq=$f)"
49 done
50 exit

S1.3

FASTA merging and reformatting for processing in mothur

54 #!/bin/bash
55
56 #fastamerger.sh
57 #a script to merge contig fasta files and create a "group" file to retain
sample name information
58 #both .fasta and.groups files are formatted for use with mothur
59
60 #repeat for all contig fasta files
61 for f in *.fasta; do
62
63
#state sample name
64
echo $f
65
66
#creates two variables for all fasta and group names, each sample is
separated by "-"
67
fasta=$fasta$f68
groups=$groups$(echo -n $f | cut -d '.' -f 1)69 done
70
71 #removes final "-" character from each string
72 fasta=$(echo $fasta | sed 's/.$//')
73 groups=$(echo $groups | sed 's/.$//')
74 echo $fasta
75 echo $groups
76
77 #merges fasta files using mothur
78 #"merge.fasta" contains a fasta file containing all sequences from all
samples
79 #"merge.groups" contains an index to retain accession numbers and their
respective sample names (necessary for processing in monthur)
80 mothur "#make.group(fasta=$fasta,
groups=$groups);merge.files(input=$fasta,
output=merge.fasta);summary.seqs(fasta=merge.fasta);quit()"
81
82 exit
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S1.4

gBlock detection

84 #!/bin/bash
85 #
86 #gblockcounter.sh
87 #a script that performs a localized blastn search of the merged sequences
(merge.fasta) for the 3 gBlock sequences and writes the results to files
88
89 #create an associative array containing the 3 gblock sequences (each
gBlock variable is named after the equivalent protozoan sequence with the
same binding sites/%GC/length)
90 declare -A gblocks=(
91
92
["toxo"]="AGATCCGATGCGTAACCGTTGCCGCGGTAATTCCAGCTCGTTGCGTAAGATTCAAACATTCCTGCAT
GTGGTCCATAACAGCTTTCCGATTAAGGCGTTTTTATGTTGGGGGCAACACGGCTACGCTATTAACCACGGAGATCA
TGTTAATAAAGCCCTTTAATTCCGAAGTCATAACGTTGGTTATAACAAGTTAAAGGTGTGTAAGCCATTCATATTCC
TCCTCAATAACGCATACCGTGTTTTCAACAACGGTGTTTATCGTTAATTGACTTAATCGAAGATGGCGCACAATATA
AAGTGTTTCGTCATGGGCGATTTTCGACCAAAAGATTGCGCCCGGTTATACAGAGCATGTATAGTGTCAATGGCGCA
TTAACTCCTGCGAAAGCATTTGCCAAAGATTACTAATGCCACGGTCTAGG"
93
94
["giardia"]="TATGCCTTAGAGCAGCTGACGCCGCGGTAATTCCAGCTCCTTGGTGTAGGTCCCGACCGACCCG
CGCCTCGTCGAGAACCCACATTCTAACAACAGCGGACATGCGCCCTACCCCCGTGATCTACTGGCGTCCCTGAGGCC
GCAGTCCATGTGGTGGGGCGGCACCCGCGGCGAGCCCTGGCGCAATGGCGGTTTCCCGCCCCCGTTCCGAGGAAGAG
GCGGCGCGGGTGCGGCCATCGCTAGTGCGGAAACTGGGGAGGCTCCCGGGCCTCCGCCTTTAGGCGGTGCCTGCCCC
TTCGTAGAGGGGCTGCCAGTGCGATCAGACACCACCGTATATAGCTTCTTGCGAGCACGA"
95
96
["crypto"]="CACAATGCGTTTGTCACGAGGCCGCGGTAATTCCAGCTCAATATAATTATAGTTACTATTCATTA
TAAGATTGCTCATTTGTTGGTTGGTGTTAATGATAAACATATTAAGCTGCTTCTGCTAGAATTTATAATTTATCACT
TAAAAATGTTTTTGGATCTCATAACTTATTTGCAATCTCAAACTTCTTATTATAAAATTATAAATACATAACAAGAC
CATTTTGCATCCTTGTTAAATAAGTTGTTCTTTTGATACTTATTGAGATCTAGAAGACATCATTATGTTTATGCTAG
AGGTAATTTACTATCTTTGTTTGACTCCAAAATTATGTTAGTTGAACCATCTTAAGTATCCACATCATTGCGAAAGC
ATTTGCCAAGGATGCATCAGGCTATTCGGACTA")
97
98 #loop through 3 gblocks and blastn search merge.fasta
99 for f in "${!gblocks[@]}"; do
100
101
echo $f
102
103
104
#performs a blastn search of the merged contigs fasta and outputs a
textfile with the resulting accession numbers, percent identitity and evalue
105
#the maximum evalue is 0.05
106
blastn -query <(printf '%s\n' "${gblocks[$f]}") -subject merge.fasta evalue 5e-2 -out ${f}blast.txt -max_target_seqs 1000000 -outfmt "6 sacc
evalue pident"
107
108
#appends the accessions of all hits with over 95% indentity to file
109
awk '$3>=95.000' ${f}blast.txt | cut -f 1 | tee -a ${f}.accnos
gblock.accnos
110

38

111
#appends the gBlock name information to a taxonomy file for use by
mothur
112
awk '{print $0 "\t" "'${f}';"}' ${f}.accnos | tee -a gblock.tax
>/dev/null
113
114 done
115
116 #removes duplicate accessions
117 sort gblock.accnos | uniq > uniquegblock.accnos
118 sort gblock.tax | uniq > uniquegblock.tax
119
120 #removes gBlock sequences from the merge.fasta and merge.groups files
prior to downstream processing
121 mothur "#get.seqs(accnos=uniquegblock.accnos,
group=merge.groups);get.seqs(accnos=uniquegblock.accnos,
taxonomy=uniquegblock.tax);summary.tax(taxonomy=uniquegblock.pick.tax,
group=merge.pick.groups);quit()"
122
123 exit
124

S1.5

Processing in mothur

1 #full mothur portion of 18S rRNA processing pipeline
2 #merge.fasta contains sequences for all contigs
3 #merge.groups is a text file that retains sample information for each
contig accession
4 #"current" in place of a file name refers to the most recent output of
that file type
5
6 #remove gBlocks from fasta
7 remove.seqs(fasta=merge.fasta, group=merge.groups,
accnos=uniquegblock.accnos)
8
9 #summarize modified fasta file, summary.seqs will be run after each
processing step to track changes
10 summary.seqs(fasta=current)
11
12 #trim primers, primer sequences are listed in a .oligos file
13 pcr.seqs(fasta=current, group=current, oligos=primers.oligos,
nomatch=keep)
14
15 summary.seqs(fasta=current)
16
17 #merge identical sequences, duplicate sequence information is stored in a
.names file
18 unique.seqs(fasta=current)
19
20 #count how many sequences are in each group (sample)
21 count.seqs(name=current, group=current)
22
23 summary.seqs(fasta=current, count=current)
24
25 #align contigs to custom SILVA database

39

26 align.seqs(fasta=current, reference=silva.v4.align)
27
28 summary.seqs(fasta=current, count=current)
29
30 #remove overly long homopolymers and poorly aligned contigs
31 screen.seqs(fasta=current, count=current, start=741, end=8911, maxhomop=9)
32
33 summary.seqs(fasta=current, count=current)
34
35 #remove blank columns from alignment
36 filter.seqs(fasta=current, vertical=T, trump=.)
37
38 summary.seqs(fasta=current, count=current)
39
40 #merge identical sequences again in case new ones have appeared during
processing
41 unique.seqs(fasta=current, count=current)
42
43 summary.seqs(fasta=current, count=current)
44
45 #precluster similar contigs via pseudo-single linkage algorithm by Huse et
al. (2010)
46 #this step is designed to remove sequencing errors and reduce the size of
merge.fasta prior to classification
47 pre.cluster(fasta=current, count=current, diffs=2)
48
49 #identify and remove chimeras using VSEARCH
50 chimera.vsearch(fasta=current, count=current, dereplicate=t)
51
52 #remove chimera sequences from fasta
53 remove.seqs(fasta=current, accnos=current)
54
55 summary.seqs(fasta=current, count=current)
56
57 #classify contigs the RDP Naive Bayesian Classifier method by Wang et al.
(2007)
58 #a custom SILVA database is used as a reference
59 #'cutoff' refers to the bootstrap taxonomic assignment confidence score
(80% is the recommended value)
60 classify.seqs(fasta=current, count=current, reference=silva.v4.align,
taxonomy=silva.v4.tax, cutoff=80)
61
62 quit()
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S2 Controls and gBlocks
PCR bias was minimized using three synthetic templates (gBlocks) that were designed to
have the same primer binding sites, length, and %GC of C. parvum, G. enterica, and T. gondii.
The gBlock regions between the primer binding sites were designed to be unlike any naturally
occurring sequences. The alignments of each gBlock with their respective protozoan amplicon
are shown in Figures 2.1, 2.2 and 2.3.

Figure S2.1 Pairwise alignment of T. gondii with the T. gondii gBlock.

Figure S2.2 Pairwise alignment of G. enterica (synonymous with G. lamblia) with the G. enterica gBlock.
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Figure S2.3 Pairwise alignment of C. parvum with the C. parvum gBlock.

500 copies of each gBlock, a synthetic template with the same primer binding sites,
length and %GC as their respective protozoan template, were added to all samples (except for the
negative control) prior to targeted 18S rDNA PCR amplification. Figure S2.1 and Figure S2.2
represent the gBlock reads detected in oyster hemolymph and whole tissue homogenate,
respectively. Figure 2.3 displays the experimental control read counts for parasite, oyster and
“other” taxa. The negative controls (-C) for both experiments was a master mix of PCR reagents
used for targeted 18S rDNA amplification. The positive control (+C) for both hemolymph and
whole tissue experiments was a cocktail consisting of 1000 (oo)cysts from each parasite and 500
copies of each gBlock.
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Figure S2.4 Read counts for synthetic template (gBlocks) added to oyster hemolymph spiked with
protozoan parasites.
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Figure S2.5 Read counts for synthetic template (gBlocks) added to oyster whole tissue homogenate spiked
with protozoan parasites.
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Figure S2.6 Experimental control read counts for oyster hemolymph and whole tissue homogenate spiked
with protozoan (oo)cysts. The negative control (-C) is a master mix of PCR reagents, and the positive
control (+C) is a cocktail of 1 000 C. parvum, G. enterica, and T. gondii (oo)cysts, and 500 copies each of the
three gBlocks.
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