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ARTICLE INFO ABSTRACT

Article history: Food and waterborne protozoan pathogens can cause serious disease in people. Three common
Received 8 July 2020 species Cryptosporidium parvum, Giardia enterica and Toxoplasma gondii can contaminate di-
Received in revised form 10 September 2020 verse shellfish species, including commercial oysters. Current methods of protozoan detection

Accepted 17 September 2020 in shellfish are not standardized, and few are able to simultaneously identify multiple species.

Here, we present a novel metabarcoding assay targeting the 18S rRNA gene followed by next
generation sequencing (NGS) for simultaneous detection of Cryptosporidium spp., Giardia spp.
Keywords: and T. gondii spiked into oyster samples. We further developed a bioinformatic pipeline to pro-
185 rRNA . cess and analyze 18S rRNA data for protozoa classification. The ability of the NGS assay to de-
Metabarcoding . .
e tect protozoa was later compared with conventional PCR. Results demonstrated that
Cryptosporidium parvum . . . .
Giardia enterica background amplification of oyster and other eukaryotic DNA competed with that of protozoa
Toxoplasma gondii for obtained sequence reads. Sequences of target protozoans were obtained across all spiking
Oysters levels; however, low numbers of target sequences in negative controls imply that a threshold
for true positives must be defined for assay interpretation. While this study focused on three
target parasites, the ability of this approach to detect numerous known and potentially un-
known protozoan pathogens make it a promising screening tool for monitoring protozoan con-
tamination in food and water.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Protozoan parasites can cause significant human disease worldwide. Three protozoa commonly associated with food- or wa-
terborne illness in people are Cryptosporidium spp. Giardia spp. and Toxoplasma gondii (Bahia-Oliveira et al., 2017; Betancourt,
2019; Boarato-David et al., 2017). Cryptosporidiosis and giardiasis result in gastrointestinal disease that can be self-limiting in im-
munocompetent adults, but may lead to severe gastroenteritis, dehydration and death in young children or immunocompromised
patients (DuPont, 2013; Khalil et al., 2018). Toxoplasma infection is usually asymptomatic or manifests with flu-like symptoms;
however, mortality can occur in immunocompromised individuals, and infections in pregnant women can result in fetal loss,
birth defects, learning deficits, blindness or possibly mental illness later in life (Dubey, 2013). Toxoplasma and certain species of
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Cryptosporidium and Giardia are zoonotic, with transmission occurring from animals to humans. C. parvum and G. enterica have
many animal hosts, whereas the only known definitive hosts for T. gondii are felids. Transmission of protozoan parasite cysts
and oocysts typically occurs through fecal contamination of food and water (Dorny et al., 2009).

C. parvum and T. gondii oocysts, and G. enterica cysts (here after called (0o)cysts collectively) have been detected in bivalve
shellfish worldwide (Koutsoumanis et al., 2018; Ryan et al., 2019; Shapiro et al., 2019b). Bivalves can accumulate biological
and chemical contaminants through filter-feeding. T. gondii and C. parvum oocysts are incredibly robust in the environment and
can survive in seawater for up to six months and a year, respectively (Hohweyer et al., 2013). Further investigation into the lon-
gevity of G. enterica cysts is required; however, the presence of cysts in shellfish and other marine organisms suggests some re-
sistance to salinity (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. Incidence of shellfish-vectored protozoal illnesses is likely
underestimated due to underreporting of mild cases, difficulty determining the source of foodborne illnesses, and lack of stan-
dardized pathogen detection (World Health Organization, 2010).

Presently, there is no standard approach for detection of protozoa in shellfish (Hohweyer et al., 2013; Robertson, 2007). Com-
monly used methods include direct fluorescence antibody (DFA) tests and polymerase chain reaction (PCR). DFA tests use mono-
clonal antibodies specific to protozoan (oo)cysts, but DFA testing can be limited in specificity when there is high degree of (00)
cyst structural similarity between protozoan species. For example, in the case of Cryptosporidium, DFA tests cannot distinguish be-
tween species (Hohweyer et al., 2013). Additionally, DFA cannot be used to identify T. gondii because monoclonal antibodies spe-
cific to its oocyst wall have yet to be optimized (Hohweyer et al.,, 2013). Because of these 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 and sub-genotype determination. However, the number of protozoan species that can be identi-
fied simultaneously with PCR methods is limited (Hohweyer et al., 2013). A single assay that can 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.

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 ribosomal RNA (rRNA)
gene (Allan, 2014). While recent studies have shown that eukaryotic organisms can be similarly characterized by targeting the
18S rRNA gene, it is still an emerging technique. This method has been used mainly to identify protozoa in fecal and water sam-
ples, but it has yet to be applied to shellfish (Marzano et al., 2017; Moreno et al., 2018). Moreover, due to the novelty of
metabarcoding for detection of protozoan pathogens, there is a lack of available bioinformatics resources for processing and clas-
sifying protozoan 18S rRNA amplicons.

In this study, we developed a novel metabarcoding assay targeting the 18S rRNA gene for simultaneous targeted amplification
of Cryptosporidium spp., Giardia spp. and T. gondii in oysters followed by next generation sequencing. We further developed a bio-
informatic pipeline to process and analyze 18S rRNA metabarcode data. We applied and validated these techniques through sys-
tematic spiking of protozoan (0o)cysts in oyster homogenates and hemolymph and compared the ability of metabarcoding to
detect targeted protozoa with conventional multiplexed PCR.

2. Materials and methods
2.1. Metabarcoding assay development

A primer pair was designed to target conserved nucleotide sequences flanking a variable (V4) region within the 18S rRNA
gene of C. parvum, T. gondii, and G. enterica (Table 1). Due to substantive differences in the G. enterica 18S rRNA sequence, an
additional reverse primer was designed to improve amplification of the G. enterica 18S rRNA V4 region. Primers were designed
by aligning the 18S rRNA gene sequences from C. parvum (GenBank: L16996.1), G. lamblia (GenBank: AF473852.1), T. gondii
(GenBank: L37415.1), Saccharomyces cerevisiae (GenBank: Z75578.1), and Crassostrea virginica (GenBank: X60315.1). The in-
clusion of S. cerevisiae was to identify homologous variable regions among different protozoa using pre-defined variable regions
from a characterized eukaryote organism (Hadziavdic et al., 2014); inclusion of C. virginica was to assess the possibility of am-
plification of the host (oyster) 18S rRNA. The V4 region is the longest variable region of the 18S rRNA gene consistently identified
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 (Kearse et al., 2012). Complementation between
the primers and aligned sequences were determined, and the expected amplicon sizes and % GC-content were determined
(Table 1).

Primer validation was completed by assessing DNA amplification using a high-fidelity polymerase, KAPA HiFi polymerase
(KAPA Biosystems/Roche, Basel, Switzerland). Manufacturer recommended reaction mixtures and cycling conditions were used,
as well as the provided PCR reagents. Purified C. parvum, T. gondii and G. enterica stock preparations were used as templates
(see Section 2.6). Primers were tested in singleplex and multiplex with single-species and mixed-species templates, respectively.
PCR amplification was considered successful when bands of expected amplicon sizes for mixed templates were visualized on 2%
agarose gel, stained with RedSafe (FroggaBio; Toronto, ON, Canada). Additionally, mixed-template amplicons from one gel were
isolated using the QIAquick gel extraction kit (Qiagen) and submitted for Sanger sequencing at the University of Guelph's Ad-
vanced Analysis Center (Guelph, ON, Canada) for sequence analysis and molecular confirmation.
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Table 1
Primer sequences used for amplification of the 18S rRNA V4 region of target protozoa (Cryptosporidium parvum, Giardia enterica, and Toxoplasma gondii) or oyster
(Crassostrea virginica), expected amplicon size and GC content for each product.

Primer ID* Sequence (5-3")

General 18S V4 Forward GCC GCG GTAATT CCAGCTC

General 18S V4 Reverse 1 ATY YTT GGC AAA TGC TTT CGC

Giardia 18S V4 Reverse 2 ATA CGG TGG TGT CTG ATC GC

Target Gene-specific PCR Amplicon Size Gene-specific PCR Amplicon Size with overhangs Dual-indexing PCR Amplicon Size Percent

(bp) (bp)* (bp)* GC

T. gondii 385 452 521 42.0%

C. parvum 366 433 502 28.0%

G. enterica 315 382 451 71.4%

C 381 448 517 49.6%
virginica

? Incorporation of overhangs in the gene-specific primer adds 67 bp to the overall fragment length, and incorporation of sequences in dual-indexing PCR adds an-
other 69 bp. However, only the non-overhang, gene-specific amplicon and relevant indices are sequenced.

2.2. 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.
(Coralville, 1A) by creating synthetic sequences that shared identical GC content and nucleotide length for the expected 18S rRNA
amplicons of each parasite (Figs. S1.1-3). Sufficient random nucleotide variation was inserted into the gBlock products (internal to
the conserved 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.

2.3. Library preparation and next generation sequencing

The library preparation protocol was adapted from the Illumina 16S Metagenomic Sequencing Library Preparation guide
(Illumina, 2013). Library preparation consisted of 2 PCR steps: a multiplex PCR using the three newly designed primers targeting
the 18S rRNA gene that were modified with prescribed overhang sequences (Table 1), followed by a dual-indexing PCR using
Nextera XT v2 Index 1 and 2 primers. PCR was performed using the KAPA HiFi polymerase as described above. Products were pu-
rified after each PCR step with Mag-Bind RxnPure Plus (Omega Bio-Tek; Norcross, GA) using modified manufacturer protocols
with a product:bead volume ratio of 1:1.2 to select for amplicons >200 bp in the initial PCR, and a volume ratio of 1:0.8 to select
amplicons >250 bp from the second PCR.

Quantification, normalization, and library 2 x 250 bp sequencing using the Illumina MiSeq (v2 kit, PE500; Illumina) were per-
formed by the University of Guelph's Agriculture and Food Laboratory (Guelph, ON, Canada). The DNA concentrations of the sam-
ples were measured using a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). To equalize sample read
distribution the library was normalized by diluting samples to a standard concentration (20 nM) prior to pooling for sequencing.
Normalization dilution factors were provided for each sample to correct for the absolute read counts for target protozoa and oys-
ter sequences as described below.

24. Bioinformatic analysis

A novel bioinformatics pipeline was developed to preprocess the 18S rRNA 2 x 250 bp sequencing data produced by the
[llumina MiSeq platform (Fig. 1A).

24.1. Contig assembly and gBlock detection

The forward and reverse reads for each sample were assembled to form contigs using Paired End reAd mergeR (PEAR) (Zhang
et al,, 2014). The assembled contigs 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 and their quality assessed using FastQC (Andrews, 2010).

The synthetic gBlock reads were identified via a localized BLASTn search and separated from the rest of the sequences before
further processing and classification in mothur (Altschup et al., 1990).

24.2. Sequence preprocessing

The remaining sequences were further processed and primers were trimmed from the contigs using mothur. These steps were
modifications of the Illumina MiSeq 16S rRNA standard operation procedure (SOP) (Kozich et al., 2013). To streamline contig
alignment, a custom 18S V4 alignment database was adapted from 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
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Fig. 1. Flow diagrams depicting the bioinformatics pipeline (A) and oyster spiking experiment (B). Whole oyster tissue homogenates and hemolymph samples
were spiked (in triplicate) with mixtures of protozoan (oo)cysts for metabarcoding assay validation.

SILVA (release 132) was pared down to only the 18S V4 region. Contigs were preclustered and chimeric sequences were removed
using VSEARCH (Rognes et al., 2016).

2.4.3. Taxonomic classification and read count adjustments

Taxonomic assignments were achieved using the RDP Naive Bayesian Classifier method (Wang et al., 2007) using a bootstrap
confidence score of 80%. The custom 18S V4 SILVA database was used as the reference database for taxonomic classification to the
genus level (Quast et al., 2013). The raw contig counts for each target protozoan parasite and oyster reads were corrected for di-
lution during the normalization step prior to MiSeq sequencing. To account for possible amplification bias, the gBlocks counts for
each sample were also used to correct parasite reads based on the known copy number of starting gBlocks (500 copies).

2.5. Pilot trials for reducing oyster (background) DNA amplification

Two reagents, bleach and pepsin-HCl, were assessed for their ability to reduce downstream amplification of oyster DNA that
could limit the sequencing assay's ability to detect target protozoa accurately.

In the first bleach trial, 10,000 heat-inactivated parasites (C. parvum, G. enterica, and T. gondii (oo)cyst in PBS) were incubated
in duplicate at room temperature with 10% household bleach (6% sodium hypochlorite) for 20 min. Due to preliminary results
showing a negative impact on Giardia amplification, a second trial included 10,000 live G. enterica cysts incubated in duplicate
at room temperature in 10%, 5%, 1%, 0.1%, or 0% bleach at a volume ratio of 1:9 for 5 min. This second trial was performed to con-
firm that bleach was responsible for impeding both live and heat-inactivated Giardia cyst DNA amplification.

Pepsin-HCl is a method that is often used to digest shellfish samples for pathogen detection. Preliminary findings suggested a
potential reduction of oyster DNA amplification by this digest solution treatment. To further evaluate this effect, hemolymph (oys-
ter circulatory fluid) was collected through aspiration with a needle and treated using a modified pepsin-HCl digestion protocol as
described for whole oyster tissue homogenates (Willis et al., 2014). Both pepsin-HCl treated and untreated hemolymph and ho-
mogenate samples were spiked with 5 pl of parasite stock DNA solutions (50 uL of eluted DNA from 10,000 oocysts) and sub-
jected to nucleic acid extraction, multiplex PCR and gel electrophoresis as described above.

Qualitative assessment for amplification of protozoa and oyster DNA following bleach or pepsin-HCl treatment was achieved
via multiplex PCR followed by gel electrophoresis, as described above. Quantitative data on oyster and target protozoa sequence
reads were subsequently obtained by applying the newly developed 18S metabarcoding assay and bioinformatics pipeline.

2.6. Metabarcoding assay validation: Oyster sample preparation and parasite spiking

Eastern oysters (Crassostrea virginica) (N = 36) were obtained from commercial grocery stores. Hemolymph (n = 18) was
aspirated from oysters using a sterile needle and syringe inserted into the adductor muscle. Individual hemolymph samples
were pooled, and 1 ml aliquots were placed into 2-ml microcentrifuge tubes. Whole oyster tissue from one individual (n =
18) were shucked and placed in separate 50-ml conical tubes followed by brief homogenization using the Omni-homogenizer
(Omni International Inc., GA, USA) to slightly open the tissue before protozoa spiking. Hemolymph and whole tissue samples
were spiked with different dilutions of C. parvum, T. gondii and G. enterica (0o)cyst mixtures (Fig. 1B). C. parvum (lowa isolate)
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and G. enterica (H3 isolate) (oo)cysts were obtained from the Sterling Parasitology Laboratory at University of Arizona (Tucson,
AZ, USA) and Waterborne™ Inc. (New Orleans, LA, USA), respectively. T. gondii oocysts were produced as previously described
(Fritz et al.,, 2012) and generously provided by David Arranz-Solis at University of California, Davis, USA.

Following parasite spiking, samples were stored at 4 °C overnight, and whole tissue homogenates were prepared following
mechanical homogenization and a pepsin-HCl digestion procedure as previously described (Willis et al., 2014). After pepsin-HCl
digestion, pellets were washed with water, PBS eluting fluid and again with water. The final pellet was resuspended in 100 pl
water for nucleic acid extraction. The spiked hemolymph samples (1 ml) were mixed with 0.5 ml of pepsin-HCl solution and
treated in the same manner as whole tissues. In addition to the spiked oyster samples, reagent negative controls were also pre-
pared for PCR and sequencing (in duplicate). Hemolymph and homogenate samples without protozoa spike were included to as-
sess for presence of background protozoan pathogen contamination in the oysters.

DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, CA, USA) as previously described (Shapiro et al., 2019a). In
brief, 180 l of ATL buffer was added to 100 pl sample and subjected to a single freeze and thaw cycle (4 min each in liquid ni-
trogen and in boiling water). The sample was mixed with 40 pl proteinase K and incubated overnight at 56 °C. The nucleic acids
were eluted with 50 pl 10% AE buffer and then used for protozoan parasite detection via either, metabarcoding and bioinformatic
analysis or by conventional PCR as described below. For metabarcoding, a positive control was included that consisted of a par-
asite cocktail of 1000 T. gondii and Giardia (0o)cysts and 100,000C. parvum oocysts (higher concentrations of C. parvum were
needed to produce a clearly visible band on gel electrophoresis). Five hundred copies of each gBlock were also added to all sam-
ples except for the negative reagent PCR controls.

2.7. Conventional PCR

To compare the results of the next generation sequencing assay with more conventional pathogen detection techniques, pro-
tozoa DNA was also targeted for amplification using a nested, multiplexed conventional PCR approach as previously described
(Shapiro et al,, 2019a). Detection of protozoan parasites were evaluated through visualization of PCR product at target bp size
by gel electrophoresis.

3. Results
3.1. Reduction of oyster DNA amplification

Pepsin-HCl digested oyster homogenates did not yield any oyster DNA amplification following treatment with any of the
tested bleach concentrations, including homogenates not treated with bleach (0% control) (Fig. S2). In contrast, an amplicon
was visualized for hemolymph-derived DNA at all added concentrations of bleach, although the intensity of the visualized band
did decrease with increasing concentrations of bleach (Fig. S2).

When testing the effect of bleach on heat-inactivated protozoan oocyst DNA amplification, treatment with 10% bleach for
20 min did not inhibit C. parvum or T. gondii amplification via PCR; however, DNA from G. enterica cysts was not amplified. In
a subsequent experiment with different bleach concentrations (0.1%, 1%, 5%, 10%) and shorter contact time (5 min) with live
G. enterica cysts, DNA amplification was still absent across all testing conditions (Table S1). Due to the inhibitory effect of bleach
on G. enterica amplification, this reagent was not considered further for reducing oyster DNA amplification in metabarcoding ex-
periments. Protozoan DNA was not negatively impacted by the pepsin-HCl treatment, with amplification products still visible on
gel electrophoresis.

3.2. Metabarcoding assay validation: application in spiked oyster samples
3.2.1. Next generation sequencing — bioinformatics results

3.2.1.1. Sequence preprocessing. Quality control metrics for spiked hemolymph and homogenate NGS results were obtained from
[llumina Basespace. 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%. Approximately 9.5 million contigs from a total of 54 samples were successfully
assembled and trimmed with PEAR, with a mean contig length of 369 bp. Of the obtained contigs, 7.8 million contigs were suc-
cessfully classified into eukaryotic taxa. The most abundant taxon was the Ostreidae (edible oyster) family, consisting of 64% of the
total classified reads. For target protozoa, 10.6% of reads were classified as Toxoplasma, 10.0% of reads were classified as Giardia
and 7.2% of reads were classified as Cryptosporidium. The remaining reads were classified into 400 other eukaryotic genera.

A low level of each of the three protozoa (<10 reads) were detected in the negative PCR reagent control (Fig. S9). Approxi-
mately 95% of the positive control reads were classified as the expected spiked protozoa (Fig. S9).

3.2.1.2. Spiked oyster hemolymph. The most abundant taxon for all the hemolymph samples was the oyster (Fig. 2A). Less than 1% of
the classified reads for the hemolymph samples spiked with 0, 5, 10, and 100 (oo)cysts consisted of the spiked protozoan para-
sites. The three protozoa were detected in all hemolymph samples, including unspiked oysters (Fig. 2B). 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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Fig. 2. Relative abundance (A) and total number (B) of sequence reads obtained from oyster hemolymph samples spiked with increasing numbers of
Cryptosporidium parvum, Toxoplasma gondii, and Giardia enterica (oo)cysts (performed in triplicate). Error bars represent one standard deviation from the mean.

3.2.1.3. Spiked oyster homogenate. Similar to the results in hemolymph, oyster was the most abundant taxon for all homogenate
samples (Fig. 3A). Spiked protozoan reads consisted of less than 1% of the total classified reads for the unspiked and 5 (0o)cyst
homogenate samples. Toxoplasma and Cryptosporidium were detected in all homogenate samples, while Giardia was detected in
all but the unspiked homogenate (Fig. 3B). Unlike the spiked hemolymph, the protozoa read counts in the homogenate samples
did not show a general trend of increasing along with the number of spiked (oo)cysts.

3.2.2. Conventional PCR results

When nested PCR was applied on pepsin-HCl treated hemolymph, C. parvum and T. gondii could be detected at a concentration
of 5 (00)cysts per hemolymph, whereas the lowest detection limit for G. enterica was 100 (oo)cysts per hemolymph (Table 2). In
pepsin-HCI treated homogenate samples, the amplification of parasites via nested PCR was observed at spiking levels of 5, 100 and
1000 (oo0)cysts per sample for T. gondii, C. parvum and G. enterica, respectively (Table 2).
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Fig. 3. Relative abundance (A) and total number (B) of sequence reads obtained from oyster whole tissue homogenate samples spiked with increasing numbers of
Cryptosporidium parvum, Toxoplasma gondii, and Giardia enterica (0o)cysts (performed in triplicate). Error bars represent one standard deviation from the mean.
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Table 2
Detection of parasites by conventional multiplex PCR (mPCR) assay in hemolymph and whole tissue pepsin-HCI digestion spiking experiments. The lowest level of de-
tection is indicated in bold. Each hemolymph or homogenate replicate is comprised of matrix from one oyster.

(Oo)cysts/sample (Oo)cysts/reaction Amplification/replicates tested
Cryptosporidium Giardia Toxoplasma
Hemolymph 10,000 1000 3/3 3/3 3/3
1000 100 3/3 3/3 3/3
100 10 2/3 1/3 3/3
10 1 1/3 0/3 3/3
5 0.5 2/3 0/3 3/3
0 0 0/3 0/3 1/3*
Whole tissue homogenate 10,000 1000 3/3 1/3 3/3
1000 100 1/3 1/3 3/3
100 10 1/3 0/3 3/3
10 1 0/3 0/3 2/3
5 0.5 0/3 0/3 3/3
0 0 0/3 0/3 0/3

@ T. gondii amplification was found in one of three un-spiked hemolymph samples by mPCR targeting the 18S rRNA gene. A different PCR analysis targeting the B1
gene was attempted to evaluate the polymorphism of T. gondii target bands in spiked and un-spiked samples (Grigg and Boothroyd, 2001); however, T. gondii was not
amplified in the B1 assay.

4. Discussion

All three protozoan parasites, C. parvum, G. enterica, and T. gondii were successfully detected in the spiked oyster hemolymph
and homogenate matrices using the novel NGS assay and bioinformatics pipeline. While metabarcoding should not yet be used as
a quantitative tool due to variables including primer bias, multitemplate PCR bias, and varying copy numbers, studies have shown
that the read abundance of fungi and zooplankton can reflect relative estimated biomass (Peters et al., 2018; Porter and
Hajibabaei, 2018). A similar result was seen with the hemolymph samples, with protozoan counts increasing with the number
of spiked (o0o)cysts (Fig. 2B). However, for the homogenate samples, there was not an easily discernable trend between the num-
bers of (00)cysts spiked and the resulting parasite counts (Fig. 3B). Results for both hemolymph and homogenate samples showed
target protozoan reads were dominated by host oyster and other eukaryotic reads.

When developing our metabarcoding assay, we anticipated that high levels of oyster DNA could impede amplification and
obtaining sequence reads of target protozoan sequences. Oyster DNA that can be amplified by the 18S V4 targeted PCR could re-
duce the availability of primers and other PCR reagents required to amplify the spiked protozoa DNA; subsequently, oyster 18S V4
amplicons that undergo library preparation can compete with protozoan 18S V4 amplicons for sequencing reagents and sequence
reads, possibly requiring greater sequencing depth to adequately detect lower ranges of (00)cyst or protozoan spike-ins. A pepsin-
HCI digestion step was incorporated into the sample preparation prior to DNA extraction in an effort to degrade oyster tissue/DNA
and maximize target amplification (Fig. 1B). Digestion of shellfish tissue has been reported as an effective tool for improving de-
tection of Cryptosporidium and Giardia species with DFA (Robertson and Gjerde, 2008). Unfortunately, this method yielded incon-
sistent results when used for reducing the amplification of oyster DNA in this study. Our small-scale oyster hemolymph and
homogenate pepsin-HCl digestion experiments initially showed promise, with pepsin-HCl treated samples yielding no visible am-
plification oyster products on gel electrophoresis and reduced oyster sequence reads via NGS (Figs. S3 and S4); however, in the
full-scale spiking studies, oyster reads were overwhelmingly abundant. These discrepancies in results between the pilot study and
the validation experiment are not clear; it is possible that the oyster matrix is sufficiently different among the oysters we used
(e.g. size, reproductive status, etc.) that the effect of pepsin-HCl on host DNA integrity is not consistent. Our attempts to use
bleach for reduction of oyster DNA amplification were also unsuccessful, as even very low concentrations and a short contact
time led to significant inhibition of G. enterica amplification.

Additional steps to minimize the currently overwhelming presence of host oyster DNA and maximize detection of target pro-
tozoa could improve the sensitivity of this assay. Depletion of Abundant Sequences by Hybridization (DASH) is a method of re-
ducing 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 se-
quences for cleavage (Gu et al., 2016). Another possible technique could be the use of “blocking primers”, DNA oligos that target
and bind to an unwanted sequence and prevent amplification (Vestheim and Jarman, 2008).

An important finding from our metabarcoding data was that target protozoa sequence reads were detected in the negative
controls (PCR reagents with no added oyster or protozoa templates) as well as oyster samples that were not spiked. While the
latter finding may be due to laboratory contamination, it is also possible that these oysters naturally accumulated protozoan
(00)cysts in the wild. The acute sensitivity of NGS methods illustrates a need for this approach to implement a minimum thresh-
old of protozoan read numbers to reliably conclude presence of pathogen contamination. For example, the chosen cutoff can be
based on a multiplier (for example 10x or 100x) of background protozoa read levels detected in the negative PCR reagent con-
trols. Determining a positive protozoan detection cutoff depends on the desired diagnostic specificity and sensitivity for the assay.
A higher cutoff will minimize false positives (clean oysters falsely deemed contaminated); however, some true positives (contam-
inated oysters) could be missed. A lower cutoff may increase the number of false positives but will minimize false negatives. In
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terms of protecting public health, an assay erring on the side of caution with a lower cutoff will maximize contamination
detection.

To compare the detection of protozoa in spiked oyster samples between metabarcoding and conventional nested PCR, a cutoff
of 100 reads was chosen as ‘positive’ detection using NGS. This cutoff was based on approximately 10 X the highest protozoan
read count (9.5) detected in the negative PCR reagent control (Fig. S9). Using this approach, nested PCR appeared to be more sen-
sitive than the NGS assay for detection of all three protozoan (oo)cysts spiked into oyster hemolymph (Table 2, Fig. 2B). The NGS
assay results for spiked homogenate suggest it was more sensitive than PCR for detection of Cryptosporidium and Giardia, and
equivalently sensitive for detection of Toxoplasma (Table 2, Fig. 3B). While our data suggest that the NGS-based assay is not de-
finitively more sensitive than mPCR, its powerful multispecies detection may provide additional analytical advantages. In addition
to conventional PCR which was used to compare parasite detection in this study, molecular tools such as digital droplet PCR
(ddPCR) and real time PCR (qPCR) have been reported (Yang et al., 2014) and should be systematically evaluated in parallel
with NGS for protozoa detection in shellfish.

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 quantitatively reflect the composition of the original sample (Amend et al., 2010; Porter and
Hajibabaei, 2018). Adjustment steps were taken to minimize the effect of such biases on the number of total calculated reads
for target protozoans. The Illumina MiSeq protocol includes a library normalization step to equalize read distribution during se-
quencing; as a result, the relative number of sequenced reads per sample may no longer reflect the relative protozoan (00)cyst
spike-in for the same samples. To correct for this, the normalization dilution coefficients were used to adjust raw read counts fol-
lowing taxonomic classification. Further, to address possible primer and amplification bias, a consistent number of three gBlocks
(500 copies, corresponding with each targeted protozoan) was added to all samples except for the negative reagent controls. The
ratio of the initial gBlock copy number to the final gBlock sequence read counts 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 and Marchetti, 2019). The estimated 18S rRNA gene copy numbers for C. parvum (4 sporozoites per oocyst),
G. enterica (2 trophozoites per cyst), and T. gondii (8 sporozoites per oocyst) are ~5, ~120, and ~ 880, respectively (Guay et al.,
1992; Le Blancq et al., 1991; Taghi-Kilani et al.,, 1994). The high 18S rRNA gene copy number for Toxoplasma may have contributed
to its high read counts in the spiked hemolymph samples (Fig. 2B). It should be noted that the G. enterica amplicon had a con-
siderably higher GC content (71%), which is a factor known to influence PCR amplification rate (Kumar and Kaur, 2014). High
%GC templates can form dimers and secondary structures that hinder amplification. A separate G. enterica 18S V4 region-
specific reverse primer was included in the nested PCRs to improve amplification, and a GC stabilizing buffer was also included.

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. G. 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 using DFA (Moreno et al.,
2018). Due to the very low pathogen read counts detected by Moreno et al. (2018), additional control samples would have been
useful for discerning between true presence of parasites in the water samples and laboratory contamination.

5. Conclusion

Of the few published examples of metabarcoding-based identification of protozoan pathogens, this study represents the first
time this technique had been applied on a complex food matrix. The newly developed metabarcoding method offers a promising
approach for protozoan pathogen surveillance in shellfish; however, developing additional steps to reduce oyster DNA amplifica-
tion would be advantageous. Due to the highly sensitive nature of NGS and prevalent nature of DNA in laboratory environments
that routinely work with the targeted pathogens, a threshold ‘positive’ level of parasite reads should also be considered for result
interpretation if this method is adapted for food safety monitoring purposes.
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