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A B S T R A C T

Cyclospora cayetanensis, a coccidian apicomplexan parasite, causes large outbreaks of foodborne diarrheal disease
globally. Tracking the source of C. cayetanensis oocyst contamination in food items is essential to reduce, even
prevent outbreaks. We previously showed that a genotyping method based on mitochondrial single nucleotide
polymorphism (SNP) profiles had discriminatory power in classifying C. cayetanensis clinical isolates. In food
specimens, low level contamination by oocysts and difficulties in DNA extraction present significant challenges in
genotyping method development. Here, we report the development of a highly sensitive, custom-designed, tar-
geted sequencing method based on the Illumina AmpliSeq platform; our method was capable of consistently
generating near-complete mitochondrial genome sequences of C. cayetanensis from foods with low levels of
contamination. To simulate environmentally observed contamination levels in foods, we seeded various food
matrices, such as fresh produce and prepared dishes, with known quantities of oocysts, and isolated genomic DNA
from washed food samples. Using the Ampliseq Targeted Sequencing method, we obtained near-complete
mitochondrial genome sequences of C. cayetanensis from food samples seeded with as low as five to ten oo-
cysts and used the data in downstream analysis. The flexibility of the AmpliSeq platform could potentially allow
for more genomic targets to be added to achieve higher discriminatory power. This level of sensitivity in capturing
high resolution genome data from contaminated food samples is a critical milestone towards the potential
development of a comprehensive genotyping method for C. cayetanensis.
1. Introduction

Cyclospora cayetanensis, an apicomplexan protozoan parasite, causes a
foodborne and waterborne diarrheal disease called cyclosporiasis; out-
breaks from this organism occur worldwide [1, 2, 3, 4, 5]. Large out-
breaks of cylosporiasis have been reported in the U.S. since the mid
1990's, and are often linked to various types of imported fresh produce
(e.g,. basil, cilantro, mesclun lettuce, raspberries, green onions and snow
peas) [6, 7]. However, microbiological surveillance sampling studies
conducted in the U.S. in 2018 and 2019 by the FDA, which targeted
cilantro, parsley, and basil, identified C. cayetanensis in produce har-
vested in the U.S (https://www.fda.gov/food/sampling-protect-food-
supply/microbiological-surveillance-sampling-fy18-19-fresh-herbs-cila
ntro-basil-parsley-and-processed).
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Sequencing (NGS) technologies, nuclear and organellar genome se-
quences of C. cayetanensis have started to become available [9, 10, 11, 12,
13, 14, 15, 16, 17].

Analytical methods targeting either nuclear [18, 19, 20], organellar
[14, 17, 21], or both nuclear and organellar genomic sequences [22, 23]
of C. cayetanensis, have been published. These methods exhibit a range of
discriminatory power in classifying clinical isolates of C. cayetanensis.
Only one of these methods reported a classification analysis involving
both clinical stool specimens from cyclosporiasis patients and a produce
sample seeded with known concentrations of C.cayetanensis oocysts [17].

Food and environmental samples present unique challenges
regarding the isolation of the C. cayetanensis oocysts and extraction of the
genomic material [24, 25, 26]. DNA extracted from plant-origin food
matrixes is metagenomic in composition and may contain a mixture of
genomicmaterial originating from plant cells, plant microflora, and other
contaminants, such as human DNA, other closely-related coccidia species
not pathogenic to humans such as Eimeria, as well as our detection target,
the C. cayetanensis genome. Another complication is the low level of
contamination in food with C. cayetanensis oocysts. We estimate that the
number of C. cayetanensis oocysts in naturally contaminated produce
items might be low (at 5 to 10 oocysts per 25 g of leafy greens, or per 50 g
of berries), based on comparative signals from recent food surveillance
studies conducted by the FDA (unpublished data). Additionally, data
obtained from samples seeded with less than 10 oocysts [27] further
supports this conclusion. Both the complex nature of the sample DNA and
the low levels of C. cayetanensis contamination in a sample pose a great
challenge by likely missing the sequencing signal from the target or-
ganism due to extreme dilution. Targeted NGS provides an effective so-
lution to increase the sensitivity and may be applied to food and
environmental samples contaminated with C. cayetanensis oocysts.

The principle of targeted NGS involves designing sequencing panels
that focus on a specific part of a particular genome instead of sequencing
total DNA, be it homogenous or metagenomic in composition, in a given
sample. For example, to help determine the identity of all organisms
present in a metagenomic sample, targeted NGS aims toward conserved
regions of universal genes for prokaryotes (16S RNA genes) and eu-
karyotes (18S RNA genes) [28, 29, 30]. This approach has also been used
for the identification of specific mutations in cancer marker genes, as a
clinical test for cancer classification, and to individualize treatment de-
cisions by physicians [31, 32, 33, 34].

C. cayetanensis mitochondrial genome is 6.3 kb linear molecule ar-
ranged in concatemeric structure with head-tail configuration. Mito-
chondria genomes from different isolates vary in length due to 15-mer
repeat sequences located at the concatemeric junction region (9–11,15,
21). These unique structural properties along with the SNPs make this
organelle genome a suitable target for genotyping method development.

Here, we report a laboratory workflow based on targeted NGS of
C. cayetanensis mitochondria genome sequences within food samples
with very low contamination levels of C. cayetanensis oocysts. Mito-
chondria genome sequences were chosen as the genomic target based on
our previous work that demonstrated the use of these sequences in
C. cayetanensis genotyping and classification [17]. We used an Illumina
Ampliseq Custom Targeted Panel to enhance sensitivity and obtained
near complete (>90 % of the 6274 bp) mitochondrial genome sequences
directly from fresh or frozen food samples seeded with as low as five to
ten C. cayetanensis oocysts. To our knowledge, this is the first report of
C. cayetanensis genotyping in a variety of food samples with such low
contamination levels.

2. Materials and methods

2.1. Sources of C. cayetanensis samples

C. cayetanensis oocysts used in this study were purified from clinical
stool samples which originated from Indonesia (collection date is un-
known) and Nepal (collected in 2014). We isolated C. cayetanensis
2

oocysts from the human stool samples by a purification method previ-
ously described [10, 14]. Briefly, C. cayetanensis oocysts were recovered
from sieved fecal samples by differential sucrose and cesium chloride
gradient centrifugations. C. cayetanensis oocysts were counted using a
haemocytometer and fluorescent microscopy using a Zeiss Axio Imager
D1 microscope with an HBO mercury short arc lamp and a UV filter (350
nm excitation and 450 nm emission). This study was reviewed and
approved by Institutional Review Board of FDA and identified with the
files RIHSC-ID 10–095F and RIHSC-ID15-039F.

In this study we used the leftover sample DNA from seeded food
samples that were used in our previous detection method development
studies. Since sample DNA was not particularly prepared for this study,
our samples are not in series, but provides data from various food ma-
trixes seeded with different number of oocysts. The methods; including
the ones used to prepare the DNA samples, are described below.
2.2. Seeding of fresh and frozen produce with C. cayetanensis oocysts

Fresh produce (cilantro, mixed salad, shredded carrots, cherry to-
matoes, and blackberries, raspberries), without signs of withering, were
obtained from local grocery stores and stored at 4 �C for no longer than
48 h prior to seeding experiments. Twenty-five grams of commercial
fresh produce and prepared dish (pico de gallo or green sauce) test
samples (total 37 samples) were prepared, with the exception of fresh
berry test samples, which were prepared with 50 g for each (Figure 1), as
described previously [24, 25, 35]. The samples were seeded with 200,
20, 10 or 5 oocysts originating from either Nepal or Indonesia using the
FDA method BAM 19b [24]. Unseeded samples were processed together
with the seeded samples as negative controls (Table 1). Samples were
allowed to air dry uncovered at room temperature for approximately 2 h,
transferred to BagPage filter bags (Interscience Lab Inc., Boston, MA),
sealed with binder clips, and held at 4 �C for 48–72 h before initiating the
produce wash step for fresh samples as described previously [24]. Frozen
samples were seeded in the same manner as fresh samples and after being
air dried, were held at -20 �C for 4 weeks prior to thawing at 4 �C for 24 h
before initiating the produce wash step for frozen samples [26].

2.3. Oocyst recovery and molecular detection of C. cayetanensis in food
samples

The washing and molecular detection steps for both fresh and frozen
berries followed the FDA's BAM Chapter 19b method [24, 35]. This
method includes: 1) produce washing to recover C. cayetanensis oocysts,
2) DNA extraction from wash pellets containing concentrated oocysts,
and 3) real time PCR analysis using a dual TaqMan™ method targeting
the C. cayetanensis 18SrRNA, together with amplification of an internal
amplification control (IAC) to monitor for reaction failure due to food
matrix derived PCR inhibitors [35]. Produce wash debris pellets were
stored at 4 �C for up to 24 h or frozen at -20 �C prior to DNA isolation. The
DNA extraction procedure was performed using the FastDNA SPIN Kit for
Soil in conjunction with a FastPrep-24 Instrument (MP Biomedicals,
Santa Ana, California). The qPCR for C. cayetanensiswas performed on an
Applied Biosystems 7500 Fast Real time PCR System (ThermoFisher
Scientific, Waltham, MA).
2.4. Targeted NGS of mitochondria genomes

A Custom AmpliSeq Panel based on the C. cayetanensis mitochondria
genome (KP231180) was designed and developed by Illumina upon our
request. This panel contained 35 primer sets in two primer pools to cover
the mitochondria genome between 6 bp and 6266 bp (suppl. Table 1).
AmpliSeq custom libraries were prepared following the protocol pro-
vided by the company (AmpliSeq for Illumina On-Demand, Custom and
Community Panels Reference Guide, Document # 1000000036408 v05
October 2018) with some modifications. To quantify total DNA extracted



Figure 1. Workflow to generate and analyze mitochondria genome assemblies from food and clinical isolates of C. cayetanensis. Wet-lab procedures and bioinfor-
matics analysis steps are summarized in the figure.
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Table 1. Sample type, seeding and qPCR data.

sample ID number
oocysts

food matrix oocyst
source

mean CT
value (Std)

1_6 0 pico de gallo N/A und

2 0 shredded carrots N/A und

2_10 0 cherry tomato N/A und

3_11 0 cilantro N/A und

B2 5 blackberries Indonesia 37.6 (0.1)

b1 5 blackberries Indonesia 36.4 (1.4)

b2b (2) 5 blackberries Indonesia 37.3 (*)

7 5 pico de gallo Nepal und

L1 5 mix salad 1- Indonesia 37.1 (*)

L6 5 mix salad 1- Indonesia und

GS2-5 5 frozen green sauce Indonesia 37.1 (*)

R1 (2)-5 5 raspberries Indonesia 37.2 (1)

B4 (2) 10 blackberries Indonesia 37.2 (0.7)

PG6 10 frozen pico de gallo Indonesia 36.2 (0.5)

GS1a 10 green sauce Indonesia 37.6 (0.03)

GS1b(2) 10 green sauce Indonesia 37.2 (0.35)

1 10 shredded carrots Nepal 37.9 (*)

5 10 shredded carrots Nepal und

GS5 10 frozen green sauce Indonesia 37.7 (2.11)

R1-10 10 radish Indonesia 36.7 (0.53)

R2 10 radish Indonesia 35.3 (1)

C3 10 cilantro Indonesia 37 (0.8)

C4 10 cilantro Indonesia 36.3 (0.4)

8 20 pico de gallo Nepal 37.3 (*)

GS10 200 frozen green sauce Indonesia 25.6 (0.3)

L11 200 mix salad1- Indonesia 31 (0.2)

L12 200 mix salad1- Indonesia 31.7 (0.2)

C1 200 cilantro Indonesia 32.9 (0.3)

C2 200 cilantro Indonesia 33.2 (0.1)

B8 (2) 200 blackberries Indonesia 32.3 (0.3)

PG8 200 frozen pico de gallo Indonesia 32.3 (0.1)

9 200 pico de gallo Nepal 35.2 (0.2)

GS1 200 green sauce Indonesia 32.9 (0.2)

GS2 (2)-200 200 green sauce Indonesia 32 (0.4)

3 200 shredded carrots Nepal 36.6 (0.8)

control S1 N/A dd H20 N/A N/A

neg-control ddH2O N/A dd H20 N/A N/A

Und: Undetermined CT value after 45.
*No standard deviation. One of the triplicates was positive in the qPCR reaction.
N/A: Not applicable.
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from washed food pellets, we used the Qubit dsDNA Assay kits (Broad
Range [BR] and High Sensitivity [HS]) before library construction.

Since these quantifications do not provide the actual C. cayetanensis
DNA concentration due to the presence of plant and plant microbiome
contamination, we used themaximum volume of DNA (7.5 μl per sample)
in subsequent steps in an effort to maximize the C. cayetanensis DNA in
any given sample. Sample DNA was amplified using the Amp_DNA PCR
program: denaturation at 99 �C for 2 min, followed by 24 cycles of 99 �C
for 15 s and 60 �C for 4 min, with a final hold at 10 �C. The primers were
partially digested and phosphorylated for adapter ligation using 2 μl of
the FuPa enzyme per sample at 50 �C for 10 min, 55 �C for 10 min, fol-
lowed by enzyme inactivation at 62 �C for 20 min, and a final hold at 10
�C. AmpliSeq CD indexes were ligated to each sample using the Index
adapter pooling guide of 2 μl of DNA Ligase at 22 �C for 30 min; this was
followed by ligase inactivation at 68 �C for 5 min, and 72 �C for 5 min.
The resulting library was purified using 30 μl Agencourt AMPure XP
beads (Beckman Coulter, Brea, CA, USA), followed by a wash using 150
μl freshly prepared 70% ethanol. After purification, 5 μl of 10X library
4

amplification primers and 45 μls of library amplification mix were added
to the dried AMPure XP beads, and library amplification was performed
at 98 �C for 2 min, followed by 7 cycles at 98 �C for 15 s and 64 �C for 1
min, with a final hold at 10 �C. The amplified amplicon library was pu-
rified using 25 μl of AMPure XP beads, to remove high-molecular weight
DNA, and a second round of purification was performed with 60 μl of
AMPure XP beads to remove small DNA fragments such as primers.
Quantification of resulting libraries was accomplished by using the Qubit
dsDNA Broad Range (BR) Assay kit. To determine the size distribution of
libraries, a TapeStation 4200 D1000 chip (Agilent Technologies) was
used according to manufacturer's instructions. Approximately 10–16
pmol of each library was paired-end sequenced on the MiSeq platform
(Illumina) following the manufacturer's manual.

2.5. Organelle genome and 18S RNA gene copy number estimations

Copy number estimations were performed based on a comparison of
NGS read coverages between a single copy nuclear gene hsp-70
(HQ216220.1) and the C. cayetanensis mitochondrial genome
(KP231180), the apicoplast genome (KX189066) and the 18S RNA gene
(AF111183). Raw NGS reads from sample C10 (Nepal #10) mapped to
the sequences mentioned above using Geneious Prime (http://www.gene
ious.com/).

2.6. Generation of mitochondria genome assemblies

The CLC Genome Workbench toolkit 9.0 (Qiagen) was used for
trimming the raw NGS reads based on quality and to remove the adaptor
sequences as recommended. Assembly and analysis of reads were carried
out in multiple steps following a combination of methods reported earlier
[10, 15]. Briefly, trimmed reads were first mapped to the reference
genome KP23180 using Geneious Prime. Maximum mismatch per read
was set as 2%. To achieve good quality mitochondria genome assemblies
with high confidence for SNP calling, a threshold of 30X was set up for
mean read coverage. A reference-guided consensus sequence (‘consensus
assembly’) was then extracted for the datasets, which met the read
coverage threshold.

2.7. Identification of genomic variants

Each of the 27 consensus assemblies was mapped and compared with
the KP231180 genome in Geneious Prime to determine SNPs.

3. Results

3.1. Framework for detection and quantification of C. cayetanensis in the
seeded food samples

We designed this study to develop a genotyping method for
C. cayetanensis that is applicable to produce samples collected by FDA or
other regulatory bodies in the U.S. This method can be applied down-
stream of the FDA detection method described in BAM Chapter 19b,
which is widely used in C. cayetanensis outbreak investigations, and in
recent food surveillance activities performed by the FDA (Figure 1).

To simulate natural contamination events, several types of foods
previously linked to C. cayetanensis outbreaks, were seeded with 5, 10, 20
and/or 200 with C. cayetanensis oocysts purified from clinical stool
specimens. To establish a framework to evaluate the analytic sensitivity
of the novel AmpliSeq targeted sequencing, we employed the qPCR
protocol from BAM Chapter 19b. Following this protocol, samples seeded
with 200 oocysts are expected to have 100% positivity by qPCR, while
samples seeded with lower numbers are expected to provide fractional
recoveries (ranging from 25-75% positivity for the samples seeded), a
requirement for FDA validated methods [25, 35]. In the present study,
this method identified all samples seeded with 200 oocysts as positive
and all the unseeded samples as negative for C. cayetanensis. The samples

http://www.geneious.com/
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seeded with 5 and 10 oocysts indicated the threshold level of detection
for this method, and as expected, a few of the seeded samples with those
oocyst numbers were negative (Table 1).

3.2. Design and application of Illumina Ampliseq C. cayetanensis
mitochondria genome custom panel in targeted NGS

A custom panel targeting the complete mitochondrial genome of
C. cayetanensis was designed and developed by Illumina (Methods and
Suppl. File 1). We quantified the final amplification product of the li-
braries (Table 2) and evaluated the quality control measures of library
construction (Suppl.file 2). Altogether, we were able to produce targeted
AmpliSeq libraries meeting quality and quantity threshold required for
Illumina NGS run protocols.

The AmpliSeq targeted library protocol calls for 10 ng target DNA
(~3000 copies calculated based on human genome) which may be
decreased down to 1ng target DNA (~300 copies calculated based on
Table 2. Targeted sequencing library and NGS data

sample ID Number
oocysts

sample DNA
(ng/μl)

library DNA
(ng/μl)

size of raw
sequence
data (Mb)

1_6 0 8.08 14.5 243.5

2 0 2.95 3.06 0.6

2_10 0 0.037 0.09 45.7

3_11 0 7.74 17.50 343.2

B2 5 22.8 0.67 296

b1 5 28.4 1.21 20

b2b (2) 5 7.98 0.21 1.4

7 5 50 0.18 36.4

L1 5 105 5.19 10.4

L6 5 165 7.75 5.4

GS2-5 5 1.04 0.16 13

R1 (2)-5 5 32.1 9.12 3.9

B4 (2) 10 4.79 0.74 3.8

PG6 10 39.1 5.70 193

GS1a 10 0.478 0.94 76

GS1b(2) 10 0.36 0.19 2.8

1 10 25.4 UDT 9

5 10 3.1 8.23 2.2

GS5 10 1.91 0.11 12.1

R1-10 10 5.96 1.2 556.6

R2 10 6.27 1.45 749.6

C3 10 99.1 8.06 47

C4 10 115 2.98 67.5

8 20 56 0.54 34.7

GS10 200 0.535 18.6 867.9

L11 200 280 24.6 419.1

L12 200 35.8 7.38 388.9

C1 200 85 5.07 47.5

C2 200 92.8 9.32 103.2

B8 (2) 200 3.3 8.44 13.9

PG8 200 34.8 7.2 173

9 200 60 0.787 95

GS1 200 0.125 0.918 300

GS2 (2)-200 200 0.143 6.42 14

3 200 12.5 2.05 4.2

control S1 N/A N/A 0.063 35

neg-control ddH2O N/A N/A 0.06 1.111

UDT: Under detection limit of Qubit HS assay.
N/A: Not applicable.
ND: Not done.
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human genome) with suggested protocol adjustments. The total amount
of DNA extracted from the wash pellet of food samples seeded with
C. cayetanensis oocysts demonstrated a wide range in quantity, suggesting
a variability in the amount of plant tissue in food wash pellets (Table 2).
There is no feasible way to measure the exact amount of DNA coming
from the oocysts spiked into the sample. However, we can estimate the
number of target sequences based on the number of oocysts added to the
sample. We estimated the number of mitochondria genomes in
C. cayetanensis oocysts using the number of hits of NGS reads for mito-
chondria genomes versus the single copy gene hsp 70, used as a marker
for the nuclear genome, and determined that there are approximately 67
mitochondria genome copies per haploid genome of C. cayetanensis
(Suppl. file 3). Unsporulated oocyts of C. cayetanensis have two haploid
genomes, while sporulated oocysts have four haploid genomes in four
sporozoids. Hence, the seeding of at least 5 oocysts into food samplesmay
represent a recoverable range of 10–20 haploid genomes in addition to
670 (67X10) to 1340 (67X20) recoverable copies of mitochondria
total # of
sequence reads

read
coverage (mean)

% of mit.
genome assembled

bp of mit.genome
(total 6274 bp)
assembled

4 0 ND* ND

24 1 ND ND

6 0 ND ND

6 0 ND ND

657175 17627 99.20% 6224

70709 1971 98.80% 6198

1227 21 ND ND

64 2 ND ND

13385 241 98.30% 6170

439 14 ND ND

31658 718 89.80% 5634

1350 39 98.60% 6184

8046 240 98.80% 6197

126572 3572 98.90% 6208

309101 8266 99.20% 6225

7245 204 98.50% 6183

12900 381 89.50% 5617

191 6 ND ND

38712 666 98.30% 6164

1101367 31502 99.40% 6237

1592781 44675 99.80% 6263

52524 1480 99.10% 6215

82868 2271 99.10% 6220

8956 265 98.80% 6197

1830068 50030 99.70% 6258

865030 24784 99.30% 6232

994458 22618 99.60% 6249

96695 1869 99.10% 6219

224478 4890 99.20% 6225

37585 1083 98.80% 6179

487272 13392 99.30% 6228

81239 2355 99.00% 6211

1671319 45214 99.40% 6238

37810 1092 99.00% 6211

5854 157 98.80% 6197

57 1 ND ND

381 4 ND ND



Figure 2. C. cayetanensis mitochondria genome recovery at different seeding levels. Percent coverage of mitochondrial genome sequences obtained from
samples seeded with 5, 10 and 200 oocysts.

Table 3. Single nucleotide polymorphisms (SNPs) identified in the reference
genome from this study.

# Allele Variants Reference genome position

1 A C 2687

2 T G 3404

3 A C 3910

4 T G 3973

5 C A 4415

H.N. Cinar et al. Heliyon 8 (2022) e11575
genomes, depending on the sporulation stage of the oocysts. Although,
actual copy numbers in the DNA samples are expected to be lower than
these calculations, which are based on full recovery of 5 seeded oocysts,
the expected range of mitochondrial genome copy numbers suggest that
they may be within the detection range of targeted NGS.

Two different oocyst sources (from Nepal, and Indonesia) were used
to seed the food samples. Although themain objective of this study was to
obtain near-complete mitochondrial genome sequences of C. cayetanensis
from seeded food samples, using the Ampliseq targeted sequencing
method, and we would be able to achieve this objective using a single
source, by using two sources we were able to show that method can be
used to differentiate contamination sources. Also, we were able to show
the performance of the method on different oocysts, since physical con-
ditions and sporulation stages of oocysts might differ and might affect the
performance of the method. Sporulation levels of these two oocyst pools
were different. Oocysts originating from the Nepalese sample, Nepal 9,
were mostly unsporulated, while approximately 50% of the oocysts were
sporulated in the sample originated from the Indonesian sample, Indo 31.
We found that performance of both qPCR and Ampliseq sequencing was
lower in the samples seeded with Nepal 9 oocysts in comparison with the
samples seeded with Indo 31 (Table 2); this can be explained by the
presence of lower genome copies in unsporulated oocysts.

3.3. Next generation sequencing and assembly of mitochondrion genomes

When we sequenced the Illumina Ampliseq libraries on the MiSeq
(Illumina) platform, we found that size of the raw sequence data showed
high variability, ranging between 0.6 Mb to 867.9 Mb, among samples.
There was no correlation between the size of the raw sequence data and
other factors such as the number of oocysts used, the DNA concentration
of the food wash pellet, or the DNA concentration of the AmpliSeq library
(Table 2). Raw sequence reads were mapped to the mitochondrial
reference genome KP231180. The number of reads that mapped was
between 0 and 4 among unseeded control samples, and between 2 and
50030 in seeded samples (Table 2). To achieve optimal quality mito-
chondria genome assemblies with high confidence for SNP calling, we set
an average threshold of 30 X for read coverage. None of the unseeded
controls and experimental negative controls were above the coverage
threshold (Table 2). Among the samples seeded with 5 oocysts, the read
coverage in 5 out of 8 samples were above the threshold. Of the 3 samples
under the threshold, two samples were already undetermined by qPCR,
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and one showed a Ct value very close to the cut-off value (38.0). We were
able to obtain mitochondria genome assemblies, the completeness of
which ranged from 89.8 % to 99.2 %, in samples seeded with 5 oocysts
that were above the threshold. Among the samples seeded with 10 oo-
cysts, 10 out of 11 were above the coverage threshold and these samples
yield mitochondrial genome assemblies with 89.5–99.8 % completeness.
The only sample seeded with 10 oocysts below the coverage threshold
was also undetermined by qPCR. We only ran one sample for the con-
dition of 20 oocyst seeding. This sample with 20 oocysts yielded a
genome assembly with 98.8 % completeness. Among the samples seeded
with 200 oocysts, all 11 samples were above the coverage threshold. In
these 11 samples, we were able to obtain mitochondria genome assem-
blies ranging between 99.0 % to 99.8 % completeness (Figure 2, Table 2).
Overall, we were able to obtain mitochondria genome assemblies from
27 samples (out of 32 seeded samples) that meet the coverage threshold.
3.4. Identification of SNPs in the mitochondria genomes of different
samples

We determined distinct SNPs in 5 positions across the genome
(Figure 2, Table 3). Four of these SNPs were already identified and re-
ported [17], while a new SNP was discovered in this study. All Indone-
sian isolates, with the exceptions of GS2-5 and R1-5, exhibited all 5 SNPs.
Although both GS2-5 and R1-5 have 4 of the 5 SNPs, low sequence
coverage at the remaining SNP site did not allow reliable SNP identifi-
cation. All Nepalese isolates, except sample 1, had a single SNP, which is
common between the Indonesian and Nepalese isolates. Again, low read
coverage at this SNP position in sample 1 prevented SNP calling
(Figure 3). There was no difference identified at the15-mer repeat region
between the samples seeded with Indonesian and Nepalese isolates.



Figure 3. Sequence variations identified in this study. Multiple genome alignments with SNPs shown in Geneious visualization panel.
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4. Discussion

We developed a highly sensitive targeted NGS method to obtain near
complete mitochondrial genome sequences of C. cayetanensis from
contaminated food matrices (Figure 1). Our method can be used in food
samples ranging from fresh produce to prepared dishes with multiple
ingredients, and frozen dishes. This method potentially opens a way to
epidemiologically analyze the food items in C. cayetanensis-related
outbreaks.

Analyses involving mitochondrial DNA sequences have been widely
used in phylogenetics [36, 37, 38], forensic sciences [39, 40], and an-
thropology [41]. As genotyping targets, mitochondrial DNA has unique
attributes in comparison to nuclear DNA such as maternal inheritance
without recombination events, and relatively higher mutation rates [42,
43, 44, 45]. Moreover, the power of mitochondrial genome analysis
builds on its ability to identify groups that descended from single source.
Therefore, methods based on the mitochondrial genome sequence anal-
ysis may serve as important tools for outbreak investigations where
back-tracking from individual case to outbreak source is crucial [17, 40].
Furthermore, the multi-copy nature of mitochondrial genomes in cells
provides an advantage over unit-copy of nuclear sequences for
amplification-based molecular detection methods such as PCR and NGS.
These characteristics suggest that mitochondrial DNA sequences might
be a suitable target for the development of the genotyping methods for
C. cayetanensis [17].

Several methods have been developed for C. cayetanensis genotyping.
Currently available methods applying Multi Locus Sequence Typing
(MLST) have only been tested in clinical stool samples that contain much
larger quantities of oocysts in comparison to contaminated food samples
[18, 19, 20, 22, 23]. These PCR based methods might not be suitable for
food samples contaminated with a few oocysts.

Conventional PCR based genotyping approaches, which were not
readily applicable to food samples with low contamination levels, pose
an integration problem for data from clinical isolates and food sources. As
a first step to confront this problem, we previously reported a method
that brings together the NGS of complete mitochondria genomes of
C. cayetanensis from clinical stool samples and cilantro samples in a
common platform [17]. In that paper, we were able to perform an
allele-based classification scheme for clinical isolates; additionally, were
able to include in the analysis the complete mitochondria genome of
C. cayetanensis obtained from a cilantro sample seeded with 200 oocysts,
but not at lower contamination levels. Our new method using targeted
NGS sequencing brings the sensitivity level down to 5–10 oocysts per
regulatory sampling for produce and prepared dish samples and provides
a universal platform where both patient and food samples can be pro-
cessed. This approach also opens an opportunity to integrate various
genomic targets currently tested by different groups to generate infor-
mative sequence variance data from food, environmental and possibly
clinical samples; the variety and number of targets should be sufficient
enough to contribute to a comprehensive genotyping schema for
C. cayetanensis for trace-back investigations.
7

Our study supports the applicability of targeted NGS technology to
food samples with low level C. cayetanensis contamination. In addition to
the epidemiologic analysis of food samples, this methodology (targeted
NGS) could potentially be used for the surveillance and epidemiologic
study of environmental samples such as water and soil, and clinical
specimens. Our results re-emphasize the need for further generation of
genome sequence data from clinical food and environmental samples that
will clarify the course of environmental dissemination of the alleles over
time and space. FDA is continuously improving any and all methodolo-
gies associated with the detection, identification, and potential geno-
typing of the pathogen and is currently testing additional panels
containing genomic as well as mitochondrial sequences to improve
sensitivity for detecting C. cayetanensis in both clinical and environ-
mental samples. The Illumina AmpliSeq targeted sequencing approach
can also be extended to other food-borne agents such as viruses, where
levels are low and laboratory culture methods are limited and contami-
nation levels in food poses difficulty in detection.
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