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ARTICLE INFO ABSTRACT

Keywords: Human-infecting Cyclospora was recently characterized as three species, two of which (C. cayetanensis and
Cycloqura C. ashfordi) are currently responsible for all known human infections in the USA, yet much remains unknown
POPUI_a“O“ structure about the genetic structure within these two species. Here, we investigate Cyclospora genotyping data from 2018
S;r;jﬁology through 2022 to ascertain if there are temporal patterns in the genetic structure of Cyclospora parasites that cause
Genotyping infections in US residents from year to year. First, we investigate three levels of genetic characterization: species,
Cyclosporiasis subpopulation, and strain, to elucidate annual trends in Cyclospora infections. Next, we determine if shifts in

genetic diversity can be linked to any of the eight loci used in our Cyclospora genotyping approach. We observed
fluctuations in the abundance of Cyclospora types at the species and subpopulation levels, but no significant
temporal trends were identified; however, we found recurrent and sporadic strains within both C. ashfordi and
C. cayetanensis. We also uncovered major shifts in the mitochondrial genotypes in both species, where there was a
universal increase in abundance of a specific mitochondrial genotype that was relatively abundant in 2018 but
reached near fixation (was observed in over 96% of isolates) in C. ashfordi by 2022. Similarly, this allele jumped
from 29% to 82% relative abundance of isolates belonging to C. cayetanensis. Overall, our analysis uncovers
previously unknown temporal-genetic patterns in US Cyclospora types from 2018 through 2022 and is an

important step to presenting a clearer picture of the factors influencing cyclosporiasis outbreaks in the USA.

1. Introduction

Sensitive molecular approaches effectively support epidemiological
investigations of food-borne disease outbreaks of cyclosporiasis, a
gastrointestinal disease caused by apicomplexan parasites of the genus
Cyclospora (Almeria et al., 2019; Barratt et al., 2023). Cyclosporiasis
outbreaks in the USA occur overwhelming in the summer months
(Casillas et al., 2018; Almeria et al., 2019) and are thought to primarily
be caused by contamination of produce that is imported from Cyclo-
spora-endemic regions (Strausbaugh and Herwaldt, 2000; Casillas et al.,
2018). However, Cyclospora spp. have been detected in produce grown
in the USA (Mathison and Pritt, 2021). Additionally, humans are the
only known host for the species that cause cyclosporiasis (Cyclospora
cayetanensis, Cyclospora ashfordi, and Cyclospora henanensis), meaning
animals are not believed to introduce the parasite to new geographical
regions (Almeria et al., 2019). Infected patients may not experience
symptoms for a week, or longer, after ingestion of food or water
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contaminated by sporulated Cyclospora oocysts, which makes it difficult
for individuals to recall specific food exposures that may have caused
their illness. This means cyclosporiasis epidemiological traceback in-
vestigations are often hampered by incomplete knowledge of produce
exposures reported by patients (Barratt et al., 2019; Barratt and Plu-
cinski, 2023). Thus, molecular approaches that complement these in-
vestigations are invaluable. In the context of cyclosporiasis, molecular
tools divide the wider Cyclospora population into subtypes, allowing
source attribution investigations to focus on closely related parasites
that have a high likelihood of being derived from a common source
(Barratt and Plucinski, 2023). Since 2018, the United States Centers for
Disease Control and Prevention (CDC) has used the CYCLONE bio-
informatic workflow to genetically cluster Cyclospora typing data
generated from eight genotyping markers to complement source attri-
bution investigations during US cyclosporiasis peak-periods in
near-real-time (Barratt et al., 2019, 2021, 2022; Barratt and Plucinski,
2023).
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While recent evaluations indicate that CYCLONE can robustly iden-
tify epidemiologically meaningful Cyclospora subtypes (Barratt et al.,
2022; Jacobson and Barratt, 2023) efforts to improve performance in
support of source attribution investigations are ongoing. To this end,
addressing knowledge gaps relating to the genetic population structure
of human-infecting Cyclospora species is paramount. Recently, exami-
nation of Cyclospora typing data generated from US cyclosporiasis pa-
tients between 2018 and 2020 indicated that two-thirds of infections
were caused by C. cayetanensis, while the remainder were attributed to
C. ashfordi, a novel species only recently described (Barratt et al., 2023).
Cyclospora cayetanensis and C. ashfordi are recently diverged and are
therefore closely related (Barratt et al., 2023), yet their distinction was
based on evidence for little to no gene flow between them as supported
by the presence (or absence) of certain allele combinations at two of
eight CYCLONE genotyping markers. A phylogenetic analysis of
randomly selected segments (totaling over 1 million bases) of the
Cyclospora genome also supported the distinction between C. ashfordi
and C. cayetanensis (Barratt et al., 2023). Epidemiologically, a statisti-
cally significant relationship was observed between the geographical
residence of cyclosporiasis patients, the month of infection, and the
causative Cyclospora species; C. ashfordi more frequently infected US
residents in the southern states and later in the summer compared to
C. cayetanensis which more often caused infections in midwestern states
and earlier in the year (Barratt et al., 2023). These taxonomic,
geographical, and temporal trends were uncovered when investigating
outbreak-associated Cyclospora genotypes from 2018 through 2020 as a
single aggregate population (Barratt et al., 2023).

A limitation of this earlier aggregate analysis is that it failed to
highlight shifts in the population structure that occur from year to year.
By examining outbreak-associated subtypes that emerge and/or dissi-
pate on an annual basis we might be able to differentiate between
recurrent subtypes (i.e. those causing outbreaks on a regular basis)
versus those that occur sporadically. If the majority of cyclosporiasis
infections are caused by recurrent types, this could indicate cyclo-
sporiasis infections are originating from the same localities year after
year, or, alternatively, that there are a few widespread, dominant
Cyclospora clades across produce growing regions. Observation of many
sporadic types may suggest outbreaks are often isolated and not genet-
ically related on an annual basis, which could result from produce im-
ported from diverse geographical areas. Each scenario has valuable
takeaways for how epidemiologists approach cyclosporiasis traceback
investigations. Additionally, a yearly analysis will facilitate discernment
of annual trends at different levels of genetic classification (e.g. alleles,
strains, subpopulations, and species), which could yield important in-
sights about Cyclospora population dynamics. For instance, selection of
specific alleles at a given locus in both C. ashfordi and C. cayetanensis
would indicate broad selective pressure, while trends limited to one
species, or even within a subpopulation, might reflect an isolated tem-
poral/geographical phenomenon or even random genetic drift. From an
epidemiological and biological standpoint, such knowledge can eluci-
date how outbreaks occurring in different years relate to one another.

The present study sought to address the paucity of knowledge on
Cyclospora genetic population dynamics and how this relates to the
epidemiology of cyclosporiasis in the USA. We establish a detailed ge-
netic and epidemiological profile of the Cyclospora parasites that infec-
ted US residents annually from 2018 through 2022. While our study is
limited only to clinical cases in the USA and thus does encompass the full
breadth of Cyclospora genetic diversity (i.e. environmental/produce
sampling, endemic region sampling), our detailed description of these
clinical Cyclospora genotypes at the species, subpopulation, strain, and
the allelic levels, reveals valuable insights about the genetic types of
Cyclospora that cause annual cyclosporiasis outbreaks in US residents.
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2. Materials and methods
2.1. Genotypes

This study utilized publicly available Illumina sequence data
generated from all clinical Cyclospora isolates sequenced as part of
routine US outbreak surveillance performed from 2018 through 2022 (n
= 5258). This initial sample set is the largest clinical Cyclospora dataset
available and includes all samples sequenced from patients whose illness
was linked to cyclosporiasis outbreaks occurring from 2018 through
2022, as well as all sporadic cases identified during this period, where a
link to a specific outbreak could not be identified. Thus, this dataset is
not limited to only a select few, widespread cyclosporiasis outbreaks.
One limitation of this dataset is that it does not include sampling from
environmental sources or Cyclospora-endemic regions. Raw data were
accessed under NCBI BioProject Number PRINA578931 and the geno-
type of each isolate was elucidated using the CYCLONE bioinformatic
workflow which is described in detail elsewhere (Barratt et al., 2021).
After genotype elucidation, the 5258 resultant genotypes were filtered
to exclude isolates with a sequence available for fewer than 7 of the 8
CYCLONE markers. If an isolate was genotyped multiple times, only the
most complete genotype was retained. After applying these filtering
criteria, 2841 genotyped isolates remained for downstream analysis
(Supplementary file S1, Table A). The breakdown of the 2841 isolates
according to year detected is as follows: 2018: n = 398 (14.0% of total);
2019: n = 585 (20.6%); 2020: n = 587 (20.7%); 2021: n = 583 (20.5%);
and 2022: n = 688 (24.2%). In total, 452 (15.9%) isolates belonged to an
epidemiological cluster and the remainder were from sporadic cases
with no known endemiological link (Supplementary file S1, Table A).
Isolates originated from 29 US states plus the District of Columbia
(Supplementary file S1, Table A), with the majority of isolates coming
from New York (n = 741, 26.1%), Texas (n = 531, 18.7%), and Florida
(n = 390, 13.7%).

2.2. Genetic distance computation

A pairwise genetic distance matrix was computed from the
remaining 2841 genotypes using Barratt’s heuristic definition of
genetic distance (https://github.com/Joel-Barratt/Eukaryotpying-Pyth
on) (Jacobson et al., 2022). Note that this genetic distance computa-
tion method is utilized as part of the CYCLONE method as it includes
imputation steps that can predict missing values when a partial genotype
(e.g. possessing 7 of our 8 CYCLONE markers) is encountered (Nasci-
mento et al., 2020; Jacobson et al., 2022). The resultant genetic distance
matrix was clustered using Wards clustering method which is available
with the cluster R package (Maechler, 2018). The hierarchical tree was
then rendered using the ggtree package in R (Yu et al., 2017).

2.3. Species assignment

As per Barratt et al. (2023) the 360i2 locus is the key marker from
among the CYCLONE 8-marker genotyping panel for distinguishing
C. cayetanensis and C. ashfordi. Cyclospora genotypes meeting the pre-
vious filtering step (n = 2841) were designated as either C. cayetanensis,
C. ashfordi, mixed species (i.e. genotype possesses a mix of
C. cayetanensis and C. ashfordi alleles), or unknown species (i.e. no 360i2
sequence available) as per Barratt et al. (2023).

2.4. Defining major subpopulations

The cutreeHybrid function in the dynamicTreeCut R package (Lang-
felder et al., 2008) was previously used to detect several Cyclospora
populations below the species level designations described above (i.e.
subpopulations) (Jacobson et al., 2023). The cutreeHybrid approach is
advantageous because hierarchical trees are split dynamically (i.e. not at
a constant height across the tree) by accounting for the shape of
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branching, as well as dissimilarity between isolates (Langfelder et al.,
2008). This approach can yield biologically informative clusters (Bailey
et al., 2016; Rosato et al., 2018) and here, we applied the default pa-
rameters of cutreeHybrid to the hierarchically clustered genetic distance
matrix of 2841 genotypes to identify Cyclospora subpopulations from
2018 through 2022.

2.5. Defining strains via the CYCLONE approach

For the purposes of the present study, a Cyclospora ‘strain’ was
defined as the set of genotypes assigned to a given partition that was
identified using a recently described statistical framework for dissecting
hierarchical trees (Barratt and Plucinski, 2023). Briefly, a stringency
parameter is selected by the user to determine the percent of genotypes
within a partition that must fall under an empirically calculated genetic
distance. A stringency setting of 96.5%, which is optimized for the
CYCLONE genotyping process and yields epidemiologically meaningful
partitions, see (Jacobson and Barratt, 2023), was used to identify strains
from the hierarchically clustered genetic distance matrix of 2841
genotypes.

2.6. Mitochondrial genotype abundance

Currently, two mitochondrial (Mt) loci are captured by the CYCLONE
process: the ‘MSR’ locus comprising part of the SSU rDNA gene (Barratt
et al., 2021) and the mitochondrial junction sequence (Nascimento
et al., 2019). CYCLONE bioinformatically splits the MSR locus into 6
segments (parts A through F) and variation (single nucleotide poly-
morphisms - SNPs) have thus far only been detected at parts A and F. For
this analysis, the 2841-genotype dataset was filtered to retain isolates
possessing a single haplotype for the Mt Junction, Mt_MSR Part A, and
Mt_MSR Part F (i.e. genotypes with either multiple alleles at any of these
markers, or no alleles at any of these markers, were excluded). After
these filters were applied, 2003 genotypes remained for subsequent Mt
genotype analysis.

Next, genotypes were binarily classified into those possessing either
short or long Mt Junction haplotypes. The mitochondrial genome of
Cyclospora has a linear concatemeric structure, where one genome copy
is linked to another via a repetitive junction region (Cinar et al., 2015;
Gopinath et al., 2018). This junction region contains a variable combi-
nation of three different 15 base pair (bp) repeats (Gopinath et al., 2018;
Nascimento et al., 2019). Historically, Cyclospora samples from the USA
have between one and six repeats (Nascimento et al., 2019; Barratt et al.,
2023), while a sample from China (strain CHN_HENO1; an isolate of
Cyclospora henanensis) had zero repeats (Barratt et al., 2023). In our
analysis, isolates possessing two or fewer 15 bp repeats were categorized
as Short and isolates with three or more 15 bp repeats were categorized
as Long.

Combining the Mt Junction length with the MSR A and MSR F
haplotypes yields the full mitochondrial genotype as defined by the
CYCLONE process. A total of 10 unique mitochondrial genotype com-
binations (i.e. of haplotypes observed at MSR Part A, and MSR Part F,
and the junction length category) were identified via this process. Next,
mitochondrial genotype diversity within each year was evaluated using
Hill numbers, an established framework for analyzing diversity in a
biological dataset (Hill, 1973; Chao et al., 2014; Alberdi and Gilbert,
2019). Briefly, Hill numbers assist in quantifying the diversity profile of
a community at different orders of the parameter q: at ¢ = O, the
returned Hill number value represents the number of unique types (i.e.
richness), as q approaches 1, the Hill number value is the Shannon index,
and at q = 2, the calculated value is the Simpson index (Hill, 1973; Chao
et al., 2014; Alberdi and Gilbert, 2019). At each order g, higher values
indicate greater diversity, and in this study, q assesses the diversity of
mitochondrial types found in each year. Hill numbers were calculated
using the vegan package in R (Dixon, 2003).
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2.7. Identification of temporal trends

We calculated the proportion of genotypes sequenced from 2018
through 2022, falling into a given classification category at three levels
of our genetic hierarchy (i.e. the percentage of isolates falling into any of
the two species categories, the six subpopulation categories, and pos-
sessing any of the ten mitochondrial genotype combinations identified
previously). Proportional data were used since there was an unequal
number of specimens analyzed in each year. We used the Mann-Kendall
(MK) test statistic to test for the presence of a monotonic trend in pro-
portional abundance of species, subpopulations, and mitochondrial ge-
notypes between 2018 and 2022. The non-parametric MK test was
chosen because proportional abundance data is not normally distrib-
uted, and available data were limited to five years. MK’s test statistic
(tau) was calculated in R using mk.test from the trend package (Pohlert,
2016); we report tau, z-score, and P-value for each test performed.
One-sided P-values are reported for categories where a monotonic
downward/upward trend is apparent after plotting the values, while
two-sided P-values are reported where no monotonic trend is immedi-
ately obvious.

At the strain level, the MK approach was not used for temporal trends
due to the small size of the majority of the clusters. Rather, we assessed
temporal trends by defining recurrent, sporadic, and indeterminant
pattern strains across the 5-year period. A strain was considered recur-
rent if there were 30 or more genotypes assigned to the strain every year;
this value was chosen so that the yearly genotype prevalence in recur-
rent strains would exceed 1% of total specimens analyzed (i.e. 1% of
2841 is 28.41). A sporadic strain was defined where > 75% of all ge-
notypes assigned to this strain were observed in a single year. Sporadic
strains are not required to contain genotyped isolates from each year
analyzed. Strains that fit neither of these criteria were classified as
indeterminant pattern strains.

2.8. Alternative bead-to-sample ratio evaluation

Minor modifications have been made to the Cyclospora laboratory
workflow over time, including changes to the library preparation
method, as commercially available kit protocols have changed. This
includes changes to the bead-based DNA purification/cleanup protocols
recommended by Illumina, which is the sequencing chemistry used to
sequence all Cyclospora genotypes. We selected 11 samples from CDC’s
archive of Cyclospora-positive samples to evaluate how purification bead
ratios used in the clean-up step of library preparation impacts the length
of the Mt_Junction marker recovered. These 11 samples were processed
in duplicate at a purification bead:library ratio of 0.8 x , 1.0x , and 1.8x
. These ratios were chosen because the 1.8x ratio of Ampure Beads
(Beckman Coulter, Brea, California, USA) was used on samples pro-
cessed at CDC between 2018 and 2020 in accordance with the Illumina
Nextera XT kit (Illumina, San Diego, California, USA). In 2021 CDC
switched to the Illumina DNA Prep kit which uses a different bead
chemistry and a 1.0x ratio was used in 2021 and 2022 after optimiza-
tion for recovering Cyclospora amplicons using the Illumina DNA Prep
Kit. Finally, we ran these 11 samples with a 0.8x ratio to further test
how purification bead:library ratio impacts Mt_Junction marker detec-
tion. We compared the Mt_Junction haplotype detected for each repli-
cate of each bead:library ratio to the Mt_Junction haplotype detected in
the sample when it was originally processed at CDC (all of the original
processing was done with a 1.0x bead:library ratio). Other than the
modifications to bead:library ratio described above, the library prepa-
ration and sequencing methods used here are the same as those
described previously (Barratt et al., 2021). Illumina MiSeq data from
this experiment were deposited under BioProject PRINA578931.
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3. Results
3.1. Species level trends

Following the approach outlined in Section 2.3, 2692 of the 2841
genotypes were definitively assigned to a species while the remainder
were assigned to the categories of “unknown species” (n = 91) or “mixed
species genotype” (n = 57). Cyclospora cayetanensis was the most
abundant species of Cyclospora infecting US residents annually; how-
ever, there was some fluctuation in the proportions of Cyclospora species
in the samples that were sequenced between 2018 and 2022 (Fig. 1A,
tau = —0.20, z = 0.24, two-sided P-value = 0.81). Cyclospora cayeta-
nensis was responsible for approximately 75% of cyclosporiasis in-
fections we sampled in the USA in both 2018 and 2021, while in 2019,
2020, and 2022 between 50% and 60% of infections were caused by
C. cayetanensis. The percent of specimens with an undetermined species
assignment (i.e. mixed or unknown) ranged from a high of 8.7% (4.3%
mixed; 4.4% unknown) of isolates in 2019 to a low of 3.3% (1.9% mixed;
1.5% unknown) of isolates in 2022 (Fig. 1A; Supplementary file S1,
Tables A and B). Interestingly, the percent of isolates with an unknown
species assignment significantly decreased from 2018 through 2022
(tau = —1.0, z = —2.21, one-sided P-value = 0.01), which is likely
related to the introduction of qPCR screening of samples prior to Illu-
mina sequencing as part of the CYCLONE process. This was introduced
in an attempt to exclude samples with a low parasite load (i.e. a high
Cycle Threshold value) that may fail to yield a complete genotype.

3.2. Subpopulation-level trends

Cyclospora cayetanensis and C. ashfordi were split into six different
subpopulations using cutreeHybrid: subpopulations A, B, D, E belonged
to C. cayetanensis and subpopulations C and F belonged to C. ashfordi
(Figs. 1B and 2). Overall, there were no significant temporal trends
identified for any subpopulation (Supplementary file S1, Table B);
however, we did observe some fluctuations in the subpopulation abun-
dance in C. cayetanensis from year to year (Fig. 1B). For example, each of
the four C. cayetannsis subpopulations was the most abundant subpop-
ulation for that species at least once across the five years we analyzed.
On the other hand, Subpopulation C was found to be the most abundant
subpopulation for C. ashfordi every year. Across the full dataset, there
were two subpopulations (A and C) with relatively high abundance each
year (i.e. > 10% annual abundance); yet neither of these sub-
populations, nor any other subpopulation, ever exceeded more than
40% of infections (Fig. 1).
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3.3. Strain-level trends

Thirty strains were detected using a previously described statistical
framework for dissecting hierarchical trees (Jacobson and Barratt,
2023). The five most prevalent strains each belonged to distinct sub-
populations (Fig. 3, Supplementary file S1, Table A) and each of these
strains accounted for greater than 45% of all isolates within the
respective subpopulation. However, Subpopulation F did not follow this
description, as the three strains (Strain 14, Strain 15, Strain 23) each
made up roughly one third of the total isolates within Subpopulation F
(Supplementary file S1, Table A). Using the recurrent/spor-
adic/indeterminant categorization scheme described in Section 2.7, two
strains qualified as recurring, while another six strains were classified as
sporadic, and the remaining 22 strains were neither recurring nor spo-
radic (Fig. 3). Unsurprisingly, the two most prevalent strains were both
recurring, with Strain 3 (n = 549 of 2841) belonging to Subpopulation C,
and Strain 1 (n = 330 of 2841) being a member of Subpopulation A.
There were distinct epidemiological outbreaks from multiple years
found in both Strain 1 and Strain 3 (Supplementary file S1, Table C).
Sporadically occurring strains of C. cayetanensis and C. ashfordi were
typically observed in association with a single previously described
epidemiological outbreak in each strain. For C. cayetanensis, the sporadic
Strain 30 was epidemiologically linked to the “2018 Vendor A” outbreak
(Nascimento et al., 2020), Strain 13 was linked to the “2021 Lettuce 1”
outbreak (Ahart et al., 2023), Strain 9 was linked to the “2018 Vendor B”
outbreak (Nascimento et al., 2020) (Supplementary file S1, Table C). In
C. ashfordi, the sporadic Strain 27 was largely related to the “2019
Restaurant B” outbreak (Barratt et al., 2021) and Strain 23 was linked to
the “2019 Distributor A Type 18~ outbreak (Barratt et al., 2021).

3.4. Trends relating to mitochondrial genotype

In total, we observed two Mt_Junction haplotypes (Short, Long), three
Mt_MSR Part A haplotypes (A1, A2, A3) and two Mt_MSR Part F hap-
lotypes (F1, F2) (Supplementary file S2). The Mt_Junction and Mt MSR
markers showed clear patterns in allelic segregation across the 2003
genotypes in the Mt analysis dataset. First, strictly within the Mt_MSR
locus, haplotype A2 was never found in combination with haplotype F2;
similarly, we only observed four occurrences where haplotype A3 was
found in the same genotype as haplotype F1 (Table 1). After incorpo-
rating the Mt MSR A/F alleles with their respective Mt_Junction length
classifications, we observed additional Mt genotypes that were rare:
Short + haplotype A1 + F1 (n = 8, 0.40% of isolates), Long + A1 + F2 (n
=12, 0.60% of isolates), Short + A2 + F1 (n = 1, 0.05% of isolates). This
left 5 mitochondrial allelic combinations that were commonly observed
in the USA between 2018 and 2022 (Table 1).
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Fig. 1. Trends in Cyclospora species and subpopulation abundance from 2018 through 2022. Yearly proportional abundance of species (A) and subpopulations (B). In
B, subpopulations belonging to C. cayetanensis (A, B, D, E) have a blue hue, while subpopulations belonging to C. ashfordi (C, F) have a red hue.
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A statistically significant trend was observed with respect to com-
binations of MSR genotype and junction sequence length (tau = 0.8, z-
score = 1.71, one-sided P-value = 0.04), favoring an increase in the
frequency of the Short + F2 + (A1 or A3 haplotype) genotype over time,
which steadily increased from 38% of all genotypes in 2018 to 88.2% by
2022 (Fig. 4, Supplementary file S1, Table B). The trend was observed in
both species but with slightly different dynamics. In C. cayetanensis, this
allele rose from relatively low abundance in 2018 (29.1% of isolates) to
high abundance in 2022 (82.3% of isolates). The mitochondrial Short +
F2 + (A1 or A3 haplotype) genotype was already found in over 76% of
C. ashfordi isolates in 2018 yet it spread to near fixation by 2022 (96.7%
of isolates) (Fig. 4). Overall, Hill numbers indicate that C. cayetanensis
possessed a more diverse makeup of mitochondrial alleles (Fig. 5): there
were a higher number of unique mitochondrial alleles observed in
C. cayetanensis (at ¢ = 0, Hill number equates to richness, or number of
unique types) and those alleles were more evenly distributed across the
population (at ¢ = 1, Hill number equates to Shannon index; at ¢ = 2,
Hill number equates to Simpson index), supporting the finding that

C. ashfordi mitochondrial diversity was limited to a few, highly abun-
dant alleles (Fig. 5). Looking at proportional abundance, the Short + A1
+ F2 genotype was present in greater than 85% of all C. ashfordi isolates
each year following 2018. Contrastingly, no individual C. cayetanensis
mitochondrial genotype exceeded 62% relative abundance in any year
(Fig. 4).

3.5. Modifications to bead purification protocols

The clear increase in abundance of short Mt Junction haplotypes in
the past few years led us to investigate if a change in laboratory methods
(i.e. modifications to the bead purification steps in our Illumina
sequencing protocol) could partially explain this trend. The ratio of
purification beads to sample volume impacts the size of DNA fragments
filtered out during library preparation (Verrow et al., 2019) and as
discussed Section 2.8, this ratio was changed between 2020 and 2021.
We re-processed a subset of samples (n = 11) with different bead ratios
and our results demonstrated that bead ratio had no impact on the
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Fig. 3. Trends in Cyclospora strain abundance from 2018 through 2022. Bars represent the raw abundance of genotypes in each strain per year. All 30 strains are
listed in order of total abundance across the five years analyzed (e.g. Strain 3 has the most genotypes and Strain 22 has the fewest genotypes) and the color of the bars
represents which subpopulation the strain sits within. Colored bars with a blue hue belong to C. cayetanensis, and colored bars with a red hue belong to C. ashfordi.
Strains outlined in blue boxes are recurrent strains, strains outlined in orange boxes are sporadic, and strains not outlined have an indeterminant temporal pattern.
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Table 1
Frequency of each mitochondrial genotype combination identified.
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Mt MSR haplotype combinations

Al/F1 Al/F2 A2/F1 A2/F2 A3/F1 A3/F2
Short junction 8 (0.40%) 1100 (54.92%) 1 (0.05%) 0 (0%) 2 (0.10%) 329 (16.43%)
Long junction 275 (13.73%) 12 (0.60%) 236 (11.78%) 0 (0%) 2 (0.10%) 38 (1.90%)

Note: Five relatively common allelic combinations (present in greater than 0.6% of all Cyclospora isolates) are in bold. The number of isolates is indicated in each cell,

where the percent of all isolates possessing this genotype is shown in parentheses.
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Fig. 4. Mitochondrial (Mt) genotype abundance by Cyclospora species. Proportional abundance of mitochondrial genotypes across the filtered Mt analysis dataset (n
= 2003). Bar height represents the proportion of genotypes within a given year that have the Mt genotype of interest within the full dataset (A), within only
C. cayetanensis (B), or only C. ashfordi (C) genotypes. Each of the four boxes is a distinct Mt junction length plus MSR Part F combination, while the colors in the bars

indicate the MSR Part A haplotype found with the Mt junction + MSR F genotype.

length of Mt Junction haplotype identified in a given sample (Supple-
mentary file S1, Table D). Thus, we concluded that the observed shift
towards the vastly abundant Short + F2 mitochondrial genotype was not
observed due to changes in our laboratory protocols.

4. Discussion

Our investigation revealed a complex population genetic structure
for C. cayetanensis and C. ashfordi isolates causing cyclosporiasis out-
breaks in the USA from the years 2018-2022. We did not observe any
clear directional time related trends in abundance at the species or
subpopulation level, which supports relative stability among US
outbreak-causing Cyclospora varieties at these higher orders of classifi-
cation (subpopulation and species). This is to be expected as outbreak
dynamics may drive a temporary spike in a strain within a species or a
particular subpopulation from one year to the other, but the higher-level

genetic structure does not drastically shift. Along those lines, we iden-
tified two subpopulations (A and C) that were each responsible for
greater than 10% of total cyclosporiasis cases every year, further sug-
gesting that we can expect cyclosporiasis cases to be regularly caused by
parasites belonging to these two subpopulations. Interestingly, Sub-
population C is one of only two C. ashfordi subpopulations identified
here and is the more abundant C. ashfordi subpopulation in each year we
analyzed. On the other hand, there is not a single C. cayetanensis sub-
population that accounts for the plurality of infections within this spe-
cies in more than two years; rather, the four subpopulations each have at
least one year where they are the most abundant subpopulation.

Five of the six subpopulations showed greater than 45% of isolates
belonging to a single strain within the subpopulation; however, only 2 of
30 strains were identified as recurring, indicating that the Cyclospora
isolates causing seasonal outbreaks in the USA represent a genetically
diverse population when looking below the subpopulation level. The
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Fig. 5. Hill number diversity profile for mitochondrial genotypes identified each year. The dashed lines indicate C. cayetanensis and the solid lines indicate
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fact that the majority of strains occur sporadically or have indeterminant
temporal patterns suggests that sources of contamination for food ve-
hicles of cyclosporiasis are relatively isolated for a given outbreak. Since
Cyclospora parasites sexually reproduce within humans and then
contaminate produce/water after being shed in human feces, it is likely
that Cyclospora genetic diversity seen in US cyclosporiasis cases is a
subset of the diversity found in human populations from endemic re-
gions. For example, the source for a sporadic genetic type observed in
cyclosporiasis cases in the USA may be found in a limited geographical
area or from a small group of infected individuals. Alternatively, out-
breaks caused by these sporadic strains could be related to the mainte-
nance and circulation of many strains across a wide geographical area at
low abundance, where due to the diversity of Cyclospora it is unlikely
that the same strain would be observed across multiple years. Addi-
tionally, the sexual reproductive cycle of Cyclospora likely continually
adds to the diversity of isolates circulating within humans living in
endemic regions, contributing to the trend that many strains tend to be
encountered infrequently. The observation of a few, highly prevalent,
recurring strains may be related to different, but not mutually exclusive,
scenarios where Cyclospora can contaminate produce. One explanation
could be the presence of a few highly reproductively successful clades
that are geographically widespread, and thus various produce items
across multiple growing regions can be contaminated with the same
strain. Conversely, a strain may be endemic to a relatively small
geographical area, but this area accounts for a large proportion of fresh
produce consumed in the USA, meaning this strain is found in cyclo-
sporiasis patients on an annual basis. A third consideration is that the

recurrent strains consist of different genetic types; however, our current
genotyping approach is unable to split these types into discrete groups.
Incorporation of additional genotyping markers will help address this
question in the future.

Perhaps the most surprising observation made here is the rapid in-
crease in relative abundance of specific mitochondrial genotypes in both
C. ashfordi and C. cayetanensis. Specifically, the Short + F2 genotype
from 2018 through 2022 swiftly grew in proportional representation,
including a species-specific trend for C. ashfordi where we observed near
fixation of the Short + A1 + F2, which expanded to > 96% of C. ashfordi
isolates by 2022. The key difference between C. cayetanensis and
C. ashfordi in terms of the mitochondrial genotype shift is that A1 and A3
are both found with Short + F2 in C. cayetanensis genotype, while only
A1l is found in C. ashfordi. While the finding that the Short + F2 genotype
reached over 80% prevalence in both species in a short period (i.e. less
than five years) could be the result of random genetic drift, the paral-
leled rapid increase in relative abundance in both C. ashfordi and
C. cayetanensis suggests an environmental or biological pressure that is
selecting for outbreaks caused by parasites carrying this mitochondrial
genotype. This is because the two species are not thought to sexually
reproduce (Barratt et al., 2023), and thus mirrored random genetic drift
resulting in the same rapid increase in abundance of a specific mito-
chondrial allele seems highly unlikely. The fact that C. ashfordi pre-
dominantly possesses the MSR A1 haplotype in conjunction with the
Short + F2 combination, while C. cayetanensis possesses either A1 or A3,
may be due to C. ashfordi having a smaller population size and less initial
mitochondrial diversity after speciation, particularly considering that
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the Short + A1 + F2 genotype was already found in over three-quarters
C. ashfordi isolates in 2018 when our analysis began. Although our study
only includes genotyping data from a five-year period, due to the lack of
extensive genotyping data from before 2018, we believe our observa-
tions point to a clear pattern with regard to Mt genetic diversity in
Cyclospora.

The trend towards fixation of specific mitochondrial genotypes was
not replicated in the nuclear markers. However, it must be noted that the
six nuclear markers used in CYCLONE cover less than 0.1% of the
complete Cyclospora genome. While this combination of markers has
proven useful for linking strains to outbreaks (Barratt et al., 2021, 2022;
Jacobson et al., 2022), it is likely that these markers do not capture a
sufficient amount of the Cyclospora nuclear genome to detect similar
evolutionary trends. Additionally, the nuclear markers are subject to
genetic recombination, while the mitochondrial markers are not, which
may further complicate the detection of genetic trends within the six
nuclear markers analyzed using CYCLONE. With that said, the impact of
genetic recombination on Cyclospora genetic diversity would be best
evaluated with a whole-genome sequencing approach, where both
intragenic and intergenic recombination can be assessed.

The function of the Mt junction region is not well understood, and it
is difficult to speculate on the biological mechanisms that may be
driving selection for the Short Junction alleles. It is possible that a shift in
Junction repeat lengths is related to genomic flexibility (Wickstead
et al., 2003) and there are unknown factors favoring a shorter junction
over the past five years. It should be noted, however, that the fixation of
mitochondrial alleles may not be biologically or evolutionarily driven.
Rather, there may be shifts in produce importation practices that could
account for the trends observed. For example, specific Cyclospora strains
could be isolated to specific growing regions and regulatory/economic,
or SARS-CoV-2 pandemic-related reasons could bring about shifts in
where produce was imported from (Karov et al., 2009; Huang, 2013;
Chenarides et al., 2021). However, this would have required a steady
shift in supply chains for most or all US states that experience cyclo-
sporiasis outbreaks, and for various produce items consumed by Amer-
icans, which seems unlikely. Furthermore, large-scale market and labor
data suggest that North American fresh produce supply chains were
resilient through the SARS-CoV-2 pandemic in 2020 (Chenarides et al.,
2021), suggesting there were no widespread shifts in produce supply
chains that would impact genetic diversity associated with cyclo-
sporiasis cases in the USA.

The absence of any major changes over time at the higher levels of
classification (species, subpopulation), compared to notable patterns at
the lower classification levels (strain, mitochondrial alleles) supports
that those forces impacting Cyclospora genetic diversity are likely
widespread, whether they be biological/environmental or related to
produce importation decisions. For example, the decreasing abundance
of Long Mt Junction and MSR FI haplotypes is more extreme in
C. ashfordi, but the trend is also observed in C. cayetanensis. Likewise, we
observe large recurring and year-specific sporadic genetic clusters in
both C. cayetanensis and C. ashfordi, which indicates that the population
dynamics appear to be broadly similar between the two species.

It is difficult to ascertain the exact reason for the patterns we
observed without successful traceback investigations. Our data suggest
that there are intriguing genetic patterns developing related to cyclo-
sporiasis cases in the USA; yet we are not able to draw strong conclusions
about the reasons for these patterns without knowing the produce item
(s) linked to specific genetic types and whether they are associated with
produce grown in the USA or imported produce. The paucity of
knowledge on the genetic diversity of Cyclospora in regions where
cyclosporiasis is endemic further limits our interpretations. Likewise,
our dataset only consists of cyclosporiasis outbreak specimens from the
USA, which means we are highly likely to be undersampling the true
genetic diversity of Cyclospora parasites found in people, soil, water, and
produce from various geographical regions (Chacin-Bonilla and Santin,
2023). This lack of non-outbreak samples may obfuscate larger patterns
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of change in Cyclospora genetic diversity. Genotyping environmental
samples is challenging due to low parasite load in these matrices (Dur-
igan et al., 2020). Regardless, strides have been made towards detecting
Cyclospora in environmental samples (Durigan et al., 2022), and geno-
typing data generated from such samples may soon follow. Combining
the data generated here with environmental genotypes and improved
sampling from humans in endemic regions, in addition to improved
traceback information, would likely shed light on the mechanisms by
which Cyclospora continues to infect thousands of Americans annually.
Nevertheless, there are still uncertainties about how long oocysts can
remain viable in the environment (Chacin-Bonilla, 2010), and it is
important to acknowledge that environmental genotyping may yield
data from oocysts that are no longer infectious.

Despite the limitations outlined above, the data presented here may
prove useful to epidemiologists. If a future outbreak is found to be
associated with a previously sporadic strain with a known epidemio-
logical link, epidemiologists could focus on any exposure similarities
from the ongoing outbreak and the previous outbreak. An outbreak from
a recurring strain may seem less informative at first glance; however,
these data can be useful under the assumption that recurring strains are
likely to be from a widespread, reproductively successful parasite.
Therefore, what seems like a single outbreak, may in reality be the same
genotype causing distinct outbreaks, and epidemiologists can use this
information to see if there are any splits in exposures, rather than trying
to find one exposure linking all cases together.

5. Conclusions

Addressing temporal trends at each level of genetic substructure is
important for painting a complete picture of cyclosporiasis outbreaks in
the USA. Multilevel genetic characterization can be used to build highly
sensitive profiles of what genetic types are making Americans sick on a
yearly basis. While using these data to proactively link genetic clusters
to specific growing regions or produce types is not on the immediate
horizon, the first step is to build a detailed genetic profile of the types of
Cyclospora that infect US residents. Moving forward, these genetic pro-
files could be reviewed in the context of existing epidemiological and
environmental information which could help identify associations be-
tween specific species/subpopulations/strains/alleles and certain types
of produce or food processing systems. Ultimately, continuing to
monitor genetic trends in Cyclospora using methods similar to those
applied here will help to improve cyclosporiasis outbreak and traceback
investigations in the longer term, lessening the impact of foodborne
disease in the USA.
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