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Abstract

Background: Outbreaks of cyclosporiasis, a diarrheal illness caused by Cyclospora cayetanensis, have been a pub-
lic health issue in the USA since the mid 1990's. In 2018, 2299 domestically acquired cases of cyclosporiasis were
reported in the USA as a result of multiple large outbreaks linked to different fresh produce commodities. Outbreak
investigations are hindered by the absence of standardized molecular epidemiological tools for C. cayetanensis. For
other apicomplexan coccidian parasites, multicopy organellar DNA such as mitochondrial genomes have been used
for detection and molecular typing.

Methods: We developed a workflow to obtain complete mitochondrial genome sequences from cilantro samples
and clinical samples for typing of C. cayetanensis isolates. The 6.3 kb long C. cayetanensis mitochondrial genome was
amplified by PCR in four overlapping amplicons from genomic DNA extracted from cilantro, seeded with oocysts,
and from stool samples positive for C. cayetanensis by diagnostic methods. DNA sequence libraries of pooled ampli-
cons were prepared and sequenced via next-generation sequencing (NGS). Sequence reads were assembled using a
custom bioinformatics pipeline.

Results: This approach allowed us to sequence complete mitochondrial genomes from the samples studied.
Sequence alterations, such as single nucleotide polymorphism (SNP) profiles and insertion and deletions (InDels), in
mitochondrial genomes of 24 stool samples from patients with cyclosporiasis diagnosed in 2014, exhibited discrimi-
natory power. The cluster dendrogram that was created based on distance matrices of the complete mitochondrial
genome sequences, indicated distinct strain-level diversity among the 2014 C. cayetanensis outbreak isolates analyzed
in this study.

Conclusions: Our results suggest that genomic analyses of mitochondrial genome sequences may help to link out-
break cases to the source.
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Background

Cyclospora cayetanensis is an apicomplexan protozoan
parasite that causes the food- and water-borne diarrheal
disease cyclosporiasis worldwide, most commonly in
tropical and subtropical regions [1-4]. Large cyclospo-
riasis outbreaks have been reported in the USA, since
the mid-1990’s linked to various types of imported fresh
produce (e.g. basil, cilantro, mesclun lettuce, raspberries
and snow peas) [5, 6]. Between May and August of 2018,
there were multiple cyclosporiasis outbreaks that affected
2299 persons in 33 states of the USA [7] associated with
the consumption of different fresh produce items. Cyclo-
spora cayetanensis was detected in produce harvested
in the USA for the first time in 2018 using a novel FDA
method validated for the detection of the parasite in fresh
produce [8-10]. A major constraint in outbreak investi-
gations is the lack of molecular epidemiology tools that
would be useful in linking patients to the sources of
infection.

Until recently, only a scarce amount of C. cayetanensis
genome sequence information was available due to lim-
ited accessibility of oocysts for experimental use. Due to
the inability to culture this organism, it has been chal-
lenging to generate sufficient genomic DNA from clini-
cal samples for further analysis [5, 11, 12]. Progress on
the development of molecular epidemiologic tools to
link cases with sources of infection has been hindered
by the limited DNA sequence information. With the
recent advances in sequencing technologies such as next-
generation sequencing (NGS) and availability of efficient
genome assembly programs, whole genome assemblies,
complete mitochondrial and apicoplast genomes of C.
cayetanensis have become available [11-18]. NGS is the
preferred technology for generation of high-throughput
high-resolution data in streamlined fashion for clinical
diagnostics, forensic science, and public health research.
For example, the FDA’s GenomeTrakr represents a
pioneering effort as an open-source whole-genome
sequencing network of state, federal, international and
commercial partners, for use in characterization of
food-borne outbreak pathogens and tracing these back
to the source commodity [19]. Although whole genome
sequencing of bacterial species such as Listeria, Salmo-
nella and E. coli is becoming a mainstream approach
in public health and food safety research, targeted
NGS approaches are needed for organisms with larger
genomes, and/or for unculturable organisms.

Multicopy mitochondrial genomes have been used for
detection and molecular typing in other apicomplexan
parasites [20]. Mitochondrial genomes of most apicom-
plexan species are linear, 6-8 kb in size, with distinct
structural variations [21]. The C. cayetanensis mito-
chondrial genome is organized as a concatemeric linear
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6.3 kb molecule, which is closely related to the mitochon-
drial genomes of Eimeria species [11]. It contains three
protein-coding genes, cytochrome b (cytb), cytochrome ¢
oxidase subunit 1 (cox1) and cytochrome ¢ oxidase sub-
unit 3 (cox3), in addition to 14 large subunit (LSU) and
nine small subunit (SSU) fragmented rRNA genes [11].

Here we report an experimental workflow that starts
with a laboratory component followed by bioinformatic
analytical steps, to obtain whole mitochondrial genome
sequences from C. cayetanensis samples. The steps of our
method from the sample DNA preparation to the identi-
fication of underlying genetic variation are described in
Fig. 1. To implement the method, we first amplified the
mitochondrial genome of C. cayetanensis in four partially
overlapping PCR amplicons from the extracted genomic
DNA. DNA sequence libraries of pooled amplicons were
used to generate NGS datasets. Using established bioin-
formatics tools, the raw sequence reads were assembled
to generate de novo mitochondrial genome assemblies. A
detailed comparative analysis of these genomic datasets
with the reference mitochondrial genome KP231180 was
carried out to identify potential genomic markers such
as single nucleotide polymorphisms (SNP) and inser-
tion-deletions (InDels) that could potentially be used for
detection and sub-typing. SNP profiles from stool sam-
ples from cyclosporiasis cases exhibited discriminatory
power. With this approach, we were able to sequence
complete mitochondrial genomes not only from patient
stool samples, but also from cilantro samples, spiked with
C. cayetanensis oocysts to simulate contaminated food.
Our results suggest that genomic analyses of mitochon-
drial genomes may reveal intraspecies diversity of C. cay-
etanensis that could be applied to link outbreak cases to
sources of infection.

Methods

Sources of C. cayetanensis samples

Twenty-four stool samples used in this study had been
collected in Zn-PVA, TotalFix, AlphaTec, Cu-PVA or
Carey Blair medium and submitted to Centers for Dis-
ease Control and Prevention (CDC) for either reference
diagnosis or as part of outbreak investigations. One stool
sample positive for C. cayetanensis, labeled C5, origi-
nated from Nepal and was generously supplied by Profes-
sor Jeevan Sherchand, (Microbiology and Public Health
Research Laboratory at Tribhuvan, University Teaching
Hospital in Kathmandu, Nepal) and Ynes Ortega (The
University of Georgia in Athens, Georgia, USA).

Generation of oocyst spiked food samples

We obtained C. cayetanensis oocysts from a known clini-
cal sample C5 by a purification method described pre-
viously [11, 17]. Briefly, C. cayetanensis oocysts were
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recovered from sieved fecal samples by differential
sucrose and cesium chloride gradient centrifugations.
Cyclospora cayetanensis oocysts were counted using a
haemocytometer and fluorescent microscopy using a
Zeiss Axio Imager D1 microscope (Zeiss, Oberkochen,
Germany) with an HBO mercury short arc lamp and a
UV filter (350 nm excitation and 450 nm emission). Then,
known numbers of purified oocysts were added onto
cilantro. DNA was extracted from this spiked cilantro
sample as described in Murphy et al. [9]. Briefly, 25 g of
cilantro sample were spiked with 200 oocysts, incubated
at 4 °C for 48 h and washed with 0.1% Alconox (Alconox
Inc., NY, USA). After centrifugation of the produce
wash, debris pellets were collected, and DNA extracted
using the FastDNA SPIN Kit for soil (MP Bio, Santa Ana,
California).

Microscopical and molecular analysis of stool specimens
Stool specimens from CDC were analyzed for the pres-
ence of C. cayetanensis by UV fluorescence microscopy.
DNA was extracted directly from these samples and ana-
lyzed using a real-time PCR (qPCR) method targeting
the C. cayetanensis 185 rRNA gene following protocols
and conditions described elsewhere [22, 23]. DNA from
samples that were positive for C. cayetanensis by micros-
copy and/or qPCR was selected for this study. Samples
were classified in different categories of positivity (high,
medium and low) for C. cayetanensis based on the oocyst
load and qPCR cycle threshold (Cq) values. Samples that
had more than 10 oocysts in 1 to 10 microcopy fields and
had qPCR Cqs below 29 were classified as having high
positivity, samples that had between 1-10 oocysts in 10
microscopic fields with qPCR Cgs between 30-33 were
classified as medium positivity, and samples that had <1
oocyst within 10 microscopic fields and had qPCR Cqs
above 33 were classified as low positivity.

PCR amplification of the whole C. cayetanensis
mitochondrial genome

PCR reactions were performed using the Platinum PCR
SuperMix High Fidelity Kit (Invitrogen, Grant Island,
NY, USA) according to the manufacturer’s instructions
on an AB 2720 thermal cycler (Applied Biosystems,
Waltham, Massachusetts, USA). DNA extracted from
stool samples and spiked cilantro samples was used as
a template. The PCR primers (Table 1) were designed
to amplify the whole mitochondrial genome (6.3 kb)
in four overlapping amplicons. PCR was performed
in a 50 pl volume reaction containing 2 pl of template
DNA, 1 pl each primer (final concentration 400 nM
each) and 46 pl Platinum PCR SuperMix (Invitrogen).
PCR conditions for amplification of the four fragments
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were as follows: amplicon 1 (95 °C for 3 min followed
by 40 cycles of denaturation at 95 °C for 30 s, annealing
at 50 °C for 30 s and extension at 65 °C for 3 min, with
a final extension step at 65 °C for 10 min); amplicon 2
and 3 (95 °C for 3 min followed by 40 cycles of dena-
turation at 95 °C for 30 s, annealing at 55 °C for 30 s
and extension at 65 °C for 3 min, with a final extension
step at 65 °C for 10 min); amplicon 4 (95 °C for 3 min
followed by 40 cycles of denaturation at 95 °C for 30 s,
annealing at 52 °C for 30 s and extension at 65 °C for
3 min, with a final extension step at 65 °C for 10 min).

Next-generation sequencing of PCR amplicons

For each sample, PCR products from the four amplicons
were pooled into one tube and quantified using a Qubit
1.0 and the Qubit dsDNA BR Assay Kit (Life Technolo-
gies, Grand Island, NY, USA). One hundred ng of total
DNA was used to prepare NGS libraries using Ovation
Ultralow System V1 Library Preparation Kit (NuGEN,
San Carlos, CA, USA). Approximately 10-16 pmol of
each library was paired-end sequenced on the MiSeq
platform (Illumina) following the manufacturer’s manual.

Generation of mitochondrial genome assemblies

The CLC Genome Workbench Toolkit 9.0 (Qiagen,
Hilden, Germany) was used for trimming the raw
NGS reads based on quality and to remove the adap-
tor sequences as recommended. Assembly and analysis
of the reads were carried out in multiple steps follow-
ing a combination of methods reported earlier [11, 18].
Briefly, the reads were first mapped to the reference
genome KP23180 on Geneious 9. A reference-guided
consensus sequence ‘consensus assembly’ was then
exported as a fasta sequence file for each dataset that
corresponded to the mitochondrial genome assem-
bly. In parallel, CLC workbench 9.0 was used to gen-
erate a de novo assembly for each sample. First, the
reads mapping to KP231180 were collected as ‘mapped
reads’ which were trimmed to remove adaptors and
low-quality reads. De novo assemblies were generated
from mapped, trimmed reads using default condi-
tions. Manual curation of each de novo assembly was
carried out to re-shuffle the genomic start-stop posi-
tions to align with that of the reference mitochondrial
genome KP231180. Congruency of the reference and
sample genome assemblies was obtained by re-aligning
terminal fragments and smaller contigs and manually
‘stitching’ them together when necessary to obtain a
single-molecule assembly [18]. Each curated assembly
was verified for integrity by re-mapping to KP231180.
Twenty-four of this curated set of 25 de novo assemblies
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Fig. 1 Workflow to generate and analyze mitochondrial genome assemblies from food and clinical isolates of C. cayetanensis. Wet-laboratory

clinical sample

Stool sample with various
levels of oocyst load

were used for downstream bioinformatic analysis. NGS
datasets from spiked cilantro sample were processed as
above and compared with the mitochondrial genome
of the source (C. cayetanensis C5 isolate from Nepal;
GenBank: MG831586) and the reference genome
KP231180.

Phylogenetic analysis of mitochondrial genomes

Twenty-four genome assemblies obtained from stool
samples (this study) and three genomes (MG831586,
MG831587 and MG831588) reported by Gopinath et al.
[18] were aligned with KP231180 using the Muscle
algorithm implemented in MEGA 7 [24] to identify the
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Table 1 Primer sequences used for PCR amplification of C
cayetanensis complete mitochondrial genome

Primer Sequence (5’-3")

1F (2F-begin2) ATGTTTTTAATGTCTCAAGTGAGATCTCAT
1R (Fragment 1-R-2) GGTTTGCAGCAGTTAGAATACTAGAATTAG
2F (Fragment 2-F-1) GTTGGAGCTCAATTACCTCAAGAAGTATTC
2R (3Rb) TTTGTATGGATTTCACGGTCAACTC

3F (F3-Frag3-of-4) GTAACTCCGCTCTAGATGTTGCTTTACACG
3R (R2-Frag3-of-4) CCTCAGTTGGACTTACTAGGGTGGAGTCTG
4F (Fragment1-F-4) GGTTTCATCAATTTGTTTAGGTGTTATTAG
4R (End6R) CACATGATGCT CAGTAGCATGTAGG

distribution of 15 bp repeats in the distal repeat region
and nucleotide variation profiles spanning the genomes.
The respective positions for SNPs and InDels were calcu-
lated based on KP231180 sequence. First, SNP positions
and InDels were identified in the distal ‘repeat-region’
[18, 25], by manual curation using both programs. To
avoid alignment-based errors for detecting InDels, mul-
tiple alignment analysis was independently carried out
using the same dataset applying ClustalW and Muscle
algorithms implemented in Geneious and MEGA soft-
ware suites, and separately on MAFFT (https://mafft
.cbrc.jp/alignment/server) and ClustalW (https://www.
ebi.ac.uk/Tools/msa) tools. The mapped reads were ana-
lyzed using CFSAN SNP-Pipeline to verify the curated
SNPs using the program’s default configuration. The
stringent configuration of the pipeline is intolerant to
reads with lower read quality, which is essential to main-
tain high confidence SNP calls during the analysis of
genomes from samples implicated in food contamination
and associated clinical samples during outbreak events
[25]. SNPs and InDels in the reads mapped to KP231180
from each sample were verified independently by visu-
alization in Geneious to confirm the observations from
genome alignments and SNP calling software. All base
positions indicated in this report are based on the refer-
ence genome KP231180 unless specifically noted.

For clustering, a pairwise distance matrix was com-
puted using Maximum Composite Likelihood method
implemented in MEGA7. The distance matrix used
for cluster analysis is available in the Additional file 1:
Table S1. An optimal dendrogram illustrating clusters
of isolates each sharing similar genotype was generated
using Maximum Likelihood statistical method and visu-
alized as a circular tree. The pairwise-distance was tested
by re-sampling the cluster generation 1000 times and
independently with in-built clustering tools in Geneious
(data not shown) for validating the resulting clusters.

Page 5 of 12

Submission of genome datasets to NCBI

Metadata, sequencing reads and genome assemblies from
the 24 USA samples were submitted to Bioproject under
CycloTrakr Database (accession PRINA357477) at NCBI
(www.ncbi.nih.gov) (Additional file 2: Table S2).

Results

PCR amplification of complete mitochondrial genomes
from fresh produce and stool samples

To identify and type the C. cayetanensis isolates based
on the sequence diversity, we amplified the 6.3 kb long C.
cayetanensis mitochondrial genome from genomic DNA
extracted from cilantro spiked with oocysts and from
stool samples (see “Methods”). The definitions of the four
sets of PCR primers and the experimental results of four
overlapping fragments are described in Tables 1, 2 and
Fig. 2. Due to the AT-rich nature of the C. cayetanensis
mitochondrial genome (67% AT), primers 25 bp to 30 bp
in length were used to achieve melting temperatures
(Tm) from 55 °C to 62 °C, to increase amplification effi-
ciency. A lower extension temperature (65 °C) was used
to prevent DNA melting, which may hinder extension of
AT-rich sequences [26].

Stool samples were classified in levels of positivity for
C. cayetanensis based on the oocyst load evaluated via
microscopy and qPCR Cq values (see “Methods”). Total
DNA extracted directly from stool samples with vari-
ous oocyst loads was used to generate complete mito-
chondrial genomes of C. cayetanensis (Table 3). We were
able to obtain complete mitochondrial genomes even
from the stool samples with low positivity (<1 oocyst
within 10 microscopic fields and qPCR Cq values above
33). In addition, we were able to amplify the complete
mitochondrial genome of C. cayetanensis from a pro-
duce sample seeded with 200 oocysts using this method,
exhibiting the viability of the method in food samples as a
proof of principle. Our results demonstrate the feasibility
of using any type of sample that could be gathered either
from patients or food in an outbreak to assess the genetic
variation of C. cayetanensis as the disease-causing and/or
contaminating agent.

Table 2 Primer set and PCR fragment information

Amplicon Forward primer Reverse primer Amplicon
size (bp)

Al 1F (2F-Begin2) 1R (Fragment 1-R-2) 1160

A2 2F (Fragment 2-F-1) 2R (3Rb) 1609

A3 3F (F3-Frag3-of-4) 3R (R2-Frag3-of-4) 2219

A4 4F (Fragment1-F-4) 4R (End6R) 2652
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Next-generation sequencing and assembly

of mitochondrial genomes

For each sample, NGS reads resulting from libraries of
pooled amplicons were mapped to mitochondrial refer-
ence genome KP231180 to gather mitochondrion spe-
cific reads. We achieved very high average read coverage;
between 8961 X and 92691 X, which provided high con-
fidence for calling SNPs and other sequence variations
(Additional file 2: Table S2). The ratios of the reads from
different samples mapping to the reference sequence
varied within the range of 66-99% (Additional file 2:
Table S3), presumably due to the inherent differences
in the PCR amplification and varying read qualities of
the associated NGS datasets. Mapping to the reference
sequence led to a consensus assembly representing the
entire C. cayetanensis mitochondrial genome sequence
specific for each sample. Additionally, the mapped reads
were extracted and assembled individually to generate
24 de novo assemblies for cluster analysis of mitochon-
drial genomes. The consensus assemblies were manually
curated using the visualized mapping of reads and com-
pared with the de novo assemblies to remove anoma-
lous base-calling. This resulted in identical sequences in
both consensus and de novo assemblies for each sample.
In the workflow outlined in Fig. 1, consensus assembly
was used as the starting point for subsequent multiple
alignment.

Identification of SNPs and InDels in the mitochondrial
genomes of different samples

We identified 12 single nucleotide polymorphisms
(SNPs) across the mitochondrial genome (Fig. 3a,
Table 4) by manually curating the multiple alignment
of 24 genomes from this study and three from earlier
work [18] with the reference genome KP231180. These
12 ‘hot spot’ positions were enumerated based their
positions on the KP231180 sequence. Curation of mul-
tiple alignment data by different methods as described
earlier identified insertions and deletions (InDels)
in the terminal repeat region. The nucleotide poly-
morphisms observed in the 12 ‘allelic hotspots’ and
the InDels were consolidated as a Variome matrix of
mitochondrial genome (Additional file 2: Table S4). All
24 genomes from this study contained a SNP at base
4415 of the reference genome. One sample, MT_14_
CL_5 was identical to the published Nepalese samples
except for a deletion. Twenty out of 24 query samples
contained at least one insertion (‘') or a deletion (‘D’)
(Additional file 2: Table S4). CFSAN-SNP pipeline con-
firmed the 12 SNPs among 22 of 24 samples (Table 4).
The stringent configuration of the pipeline is intoler-
ant to reads with lower read quality, which is essen-
tial to maintain high confidence SNP calls during the
analysis of genomes from samples implicated in food
contamination and associated clinical samples during
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Table 3 Stool specimens used in this study

Sample name  State  Year  Sample Preservative  Positivity
for C.
cayetanensis

TX_ 14 CL17  TX 2014 Stool Zn-PVA High

TX_14_CL_21  TX 2014 Stool Zn-PVA High

TX_14_CL_6 X 2014 Stool Zn-PVA Low

TX_14_CL_22 TX 2014 Stool Zn-PVA High

TX_14_CL_23 TX 2014 Stool Total fix High

MA_14_CL_2 MA 2014 Stool Total fix Medium

ME_14 CL 24 ME 2014 Stool Total fix Medium

ME_14_CL_25 ME 2014 Stool Total fix Medium

TX_14_CL_19  TX 2014 Stool Zn-PVA High

TX_14_CL_18 TX 2014 Stool Zn-PVA Medium

TX_14_CL15  TX 2014 Stool Zn-PVA Low

TX_14_CL_14 TX 2014 Stool Zn-PVA Medium

TX_14_CL_13  TX 2014 Stool Zn-PVA Medium

MA_14_CL_11  MA 2014 Stool Total fix Medium

TX_14_CL_16  TX 2014 Stool Zn-PVA Medium

MT_14_CL_5 MT 2014 Stool AlphaTec Low

OH_14_CL_1 OH 2014 Stool Cu-PVA High

MA_14_CL_3 MA 2014 Stool Total fix Medium

MA_14_CL 4 MA 2014  Stool Total fix Medium

MA_14_CL_10 MA 2014 Stool Total fix Medium

MA_14_CL_7 MA 2014 Stool Total fix Low

MA_14_CL_9 MA 2014 Stool Total fix Medium

SC_14_CL_26  SC 2014 Stool Carey Blair NPF

TX_14_CL.20  TX 2014 Stool Zn-PVA Low

F200 Nepal 2014 Food® na na

2 Cilantro sample seeded with 200 C. cayetanensis oocyts
Abbreviations: na, not available; npf; no parasite found

outbreak events [27]. Variations in the occurrence of
15-bp repeats in the distal region were observed (ter-
minal end, Fig. 3b) in the samples used in this study.
The variations in this region, initially observed in
MEGA 7 alignment and Geneious mapping, were veri-
fied by multiple alignments with MAFFT (Fig. 3b).
An insertion of ‘AAT AGT ATT ATT TA’ in sample
TX_14_CL_16, ‘AAT AGT ATT ATT TAT in MA_14_
CL_4, MA_14_CL_7, and ME_14_CL_24 and a unique
insertion of tandem repeat AAT AGT ATT ATT TTT
AAT AGT ATT ATT TAT’ in sample MA_14_CL_2
(Fig. 3b). A deletion of 14 bases from 6156 to 6170
consisting of AAT AGT ATT ATT TAT’ was observed
in 50% of the samples tested (Fig. 3a). All these obser-
vations point to hypervariability in the sequences
of this ‘distal region! Cyclospora cayetanensis mito-
chondrial genome sequences obtained from cilantro
samples seeded with the Nepalese isolate C5 (NCBI
BioSample SAMNO04870148) were found to be iden-
tical to mitochondrial genome MG831586 (data not
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shown), which was originally sequenced directly from
oocysts from the same stool sample [18]. All the steps
from sample DNA preparation to the identification of
SNPs and InDels were consolidated to a workflow for
routine (Fig. 1). This workflow could be implemented
as part of any bioinformatic pipeline for routine use. It
conveniently uses the mapping of reads for generating
‘consensus assembly’ verified by de novo assemblies
from the read datasets, and SNP and InDel calling
independently confirmed by multiple alignment and
SNP calling as shown above.

Phylogenetic analysis of C. cayetanensis mitochondrial
genomes

A phylogenetic analysis of 28 mitochondrial genomes
including the reference genome KP231180 resulted in a
dendrogram (Fig. 4), which illustrates the grouping of the
samples from different geographical areas of the USA and
Nepal based on their mitochondrial genome profiles. The
28 samples from the different USA states and Nepal fell
into several distinct groups. We observed a trend where
samples originating from the same geographical locale
are clustering together (Fig. 4). The samples from out-
breaks in geographical areas coded as Montana (MT),
Maine (ME), South Carolina (SC) and Ohio (OH) were
clustered together with samples originating from other
geographical regions, presumably due a lack of similar
samples causing low resolving power. In sum, our anal-
ysis resulted in an allele-based classification scheme for
outbreak samples which may generate new hypotheses
regarding the sources of infection.

Discussion
To facilitate molecular typing in outbreak investigations,
we developed a method to generate the sequence diver-
sity information about the C. cayetanensis mitochondrial
genomes from patient and food samples (Fig. 1). The
method has laboratory and bioinformatic components.
The laboratory steps of this method include sample DNA
preparation, targeted amplification of mitochondrial
genomes, and next-generation sequencing of the pooled
amplicons. The bioinformatic steps involve the identifi-
cation of the scope of individual sequence variation in a
given set of samples, and the classification of each sam-
ple into groups according to the underlying sequence
differences. To our knowledge, this is the first report of
a molecular typing method for C. cayetanensis applied
to both clinical stool samples and to produce (cilantro)
seeded with a known number of C. cayetanensis oocysts.
Historically, only a limited number of outbreak cases
of cyclosporiasis have been linked to specific food expo-
sures due to the complex nature of the epidemiological



Cinar et al. Parasites Vectors (2020) 13:122

Page 8 of 12

a

)
KP231180 L
L.

Distal repeat region sequence alignment

KP231180 TTA---——--- ——=—-
MG831588 TTA-----=-= —=—--
MA 14 CL 3 TTA--—---— ——=—-
TX 14 CL 16 TTA-----—— -----
MA 14 CL 4 TTA----——— —--—-

—————————————————— AATAGTA TTATTTATAA
------------------ AATAGTA TTATTTATAA
—————————————————— AATAGTA TTATTTATAA
---AA TAGTATTATT TTAAATAGTA TTATTTATAA
. 14 CL ---AA TAGTATTATT TATAATAGTA TTATTTTTAA
MA 14 CL 2 TTAAATAGTA TTATTTTTAA TAGTATTATT TATAATAGTA TTATTTTTAA
TX 14 CL 18 TTA-—————= —==--

Fig. 3 Sequence variations identified in the present study. a Single nucleotide polymorphisms and InDels shown in Geneious visualization panel. b

Table 4 Allelic hot spots identified in the reference genome
from this study

Reference
genome
position

# Allele Variants

1898
3404
3910
3973
4055
4415
5371
5616
6126
6141
6170
6172

o N O 1AW N —

- O
o

—A 4 > > > "N 4 4 > 40

> > 4 4 4 4 >0 06000 >

N

trace back and lack of molecular epidemiology tools. In
the cyclosporiasis outbreaks that occurred in 2018, 68%
of the laboratory-confirmed domestically acquired cases
were not linked to definitive types of food exposure [7].
Hence, obtaining sequence information from clinical and
food isolates and developing molecular epidemiology
tools to track the source of C. cayetanensis contamina-
tion in food are of major public health interest. Despite

the significant clinical and public health importance of
C. cayetanensis, genetic information was sparse (limited
to ribosomal complex and heat-shock protein sequences)
due to technical difficulties and limited accessibility of C.
cayetanensis samples. Since 2014, FDA and CDC in col-
laboration with academia developed methods and strat-
egies to sequence C. cayetanensis genomes, including
complete mitochondrial and apicoplast genomes, and
high quality whole genome assemblies using NGS tech-
nologies [11-18].

With the advances in NGS technologies, whole genome
sequencing (WGS)-based typing has become a preferred
approach in clinical and public health microbiology in
the recent years [28]. There are several examples of out-
break assessments using WGS typing for the tracking and
identification of prokaryotic microorganisms, such as
bacteria [29-31]. This is currently not a viable approach
for C. cayetanensis, an unculturable eukaryotic parasite
having a much larger genome (~45 Mb) compared to
bacteria. Another complicating factor is the degree of
variations due to genetic recombination events in sub-
populations of this parasite, which may result in high
genome heterozygosity and disruption of the multi-locus
SNP associations.

Following the generation of C. cayetanensis whole
genome assemblies, several studies aimed at the devel-
opment of typing tools have been published. Guo
et al. [32] reported the development of a multi-locus
sequence typing (MLST) tool based on microsatellite
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and minisatellite sequences found in the C. cayetanensis
genome. A total of 34 isolates with complete sequence
data at five loci, formed 25 MLST types. The authors
reported several challenges such as failure of nested
PCR reactions and failure of Sanger sequencing reac-
tions presumably due to mixed C. cayetanensis popu-
lations, which may lead to unreadable sequences [32].
Another problem reported by the authors was that the
geographical clustering pattern of specimens from the
same country at one locus did not confirm to patterns
at other loci, presumably because of genetic recom-
bination events [32, 33]. In another study, the MLST
method was applied to 76 C. cayetanensis-positive sam-
ples from China. Forty-five specimens were positive for
all five C. cayetanensis microsatellite loci and 29 MLST
types were detected three distinct clusters were defined.
The C. cayetanensis isolates from China formed two
main clusters, and these clusters were significantly dif-
ferent from a third cluster, which was mainly formed by

the isolates from the USA, Peru and Nepal. The authors
concluded that presence of strong linkage disequilib-
rium (LD) supports a significant clonal structure in C.
cayetanensis in China. In a recent study by Hofstetter
et al. [34], the authors used the same MLST method to
analyze C. cayetanensis positive stool samples collected
during 1996-2016 from 54 patients in the USA. They
reported that the original MLST technique failed to
assign a type to a high proportion of specimens due to
unreadable sequences and that a revised method based
on the two loci with the best sequencing results had
better performance but could not reliably differentiate
unrelated specimens. In a recent publication, Barratt
et al. [35] reported an ensemble of two similarity-based
classification algorithms, including a Bayesian and heu-
ristic component to evaluate the relatedness of C. cay-
etanensis infections. The analysis method described
in the paper was designed to address the issue of
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heterozygosity which is stemming from the eukaryotic
nature of the organism. This approach requires a set
of haplotypes as input and assigns distances based on
probabilities to specimen pairs to define their relation-
ships. When this classification algorithm was applied to
the sequence data generated from 88 human stool sam-
ples containing C. cayetanensis, it generated plausible
clusters of genetically related infections with some con-
cordance with epidemiologically defined outbreak clus-
ters of cyclosporiasis.

Organelle genomes, such as genomes of the mito-
chondria and apicoplasts, are particularly informative in
tracing population dynamics due to their non-recom-
bining nature [20]. We reported the complete apicoplast
genome of C. cayetanensis, and performed an intraspe-
cies comparative sequence analysis of genomes from
samples collected in Nepal, New York, Texas and Indo-
nesia, and concluded that SNPs and sequence repeats
identified in this study may be useful as genetic markers
for geo-genomic identification and classification of C.
cayetanensis [17]. Mitochondrial DNA has been widely
used in phylogenetics [36—38], evolutionary biology [38],
forensic sciences [39, 40] and anthropology [41] due to its
unique attributes, such as maternal inheritance without
recombination events [42, 43] and relatively higher muta-
tion rate compared to nuclear DNA [44, 45]. Although
it may not be as discriminating as nuclear genome loci,
mitochondrial genome analysis may be used to identify
groups that descended from a single source and distin-
guish between populations from diverse geographical
regions. Nuclear genome loci, although with its potential
for higher discriminatory power, may have limited use in
typing due to recombination events during meiosis that
could introduce substantial genetic variations within
related populations. Therefore, mitochondrial genomes
may serve as important tools for outbreak investigations
where back-tracking from individual cases to the out-
break source is crucial [40]. Furthermore, the multi-copy
nature of mitochondrial genomes in cells provides higher
target sequence concentration than nuclear sequences
for molecular methods, such as PCR and NGS. Alto-
gether these characteristics make mitochondrial DNA an
excellent target for the development of the molecular epi-
demiology methods for C. cayetanensis.

Two recent studies, Guo et al. [25] and Nascimento
et al. [46], reported usage of the 300 bp region contain-
ing the distal repeat sequences of the mitochondrial
genome of C. cayetanensis as a target to assess genetic
heterogeneity among clinical isolates of this organism.
Based on qPCR melt curve, electrophoresis analysis,
and DNA sequence analysis of qPCR products, Guo
et al. [25] were able to rapidly assess genetic heteroge-
neity among C. cayetanensis isolates but they did not
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assess typing resolution and source tracking ability of
this approach. Nascimento et al. [46] used deep ampli-
con sequencing to analyze samples linked to case clus-
ters and compared genetic data with epidemiological
information obtained during outbreak investigations.
Although 14 genotypes of this distal repeat region were
identified, it was not sufficient to resolve all outbreak
clusters included in the study.

Conclusions

The present study describes a method to sequence the
complete mitochondrial genomes of C. cayetanensis
to capture informative SNPs (allelic hot spots) and the
hypervariable distal repeat region. The approach pre-
sented here circumvents the problem of genetic recom-
bination by using sequences from an organellar genome.
As far as we are aware, this is the first study highlighting
the underlying possible diversity of C. cayetanensis sub-
populations exclusively based on mitochondrial genome
sequence variations. The method was successfully used
on stool samples, including those with low positivity, as
well as a food matrix (cilantro) spiked with 200 oocysts.
The present method performs well in situations where
a food commodity is contaminated with one isolate of
C. cayetanensis. If a food sample is contaminated with
more than one isolate, accurate assembly of individual
genotypes and determination of the SNPs in each dis-
tinct isolate may not be possible using this method. The
resolution and the accuracy of identification of nucleo-
tide polymorphisms using this approach will be signifi-
cantly affected in the presence of more than one source
of contamination in any given sample. We propose that
the described method could facilitate the public health
response to C. cayetanensis outbreaks by providing a
genomics tool linking C. cayetanensis in clinical and
food samples during outbreak investigations. Mitochon-
drial genomes generated by this and similar methods
can be uploaded to the publicly accessible C. cayetanen-
sis genome database CycloTrakr (on NCBI) within the
GenomeTrakr network and thus be available for future
epidemiological investigations of food-borne outbreaks
of this organism.
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