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elektroscirrha, an apicomplexan parasite
of monarch butterflies: cryptic diversity
and response to host-sequestered plant
chemicals
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Jacobus C. de Roode* and James R. Walters®

Abstract

Apicomplexa are ancient and diverse organisms which have been poorly characterized by modern genomics.

To better understand the evolution and diversity of these single-celled eukaryotes, we sequenced the genome

of Ophryocystis elektroscirrha, a parasite of monarch butterflies, Danaus plexippus. We contextualize our newly
generated resources within apicomplexan genomics before answering longstanding questions specific to this host-
parasite system. To start, the genome is miniscule, totaling only 9 million bases and containing fewer than 3,000
genes, half the gene content of two other sequenced invertebrate-infecting apicomplexans, Porospora gigantea
and Gregarina niphandrodes. We found that O. elektroscirrha shares different orthologs with each sequenced
relative, suggesting the true set of universally conserved apicomplexan genes is very small indeed. Next, we show
that sequencing data from other potential host butterflies can be used to diagnose infection status as well as

to study diversity of parasite sequences. We recovered a similarly sized parasite genome from another butterfly,
Danaus chrysippus, that was highly diverged from the O. elektroscirrha reference, possibly representing a distinct
species. Using these two new genomes, we investigated potential evolutionary response by parasites to toxic
phytochemicals their hosts ingest and sequester. Monarch butterflies are well-known to tolerate toxic cardenolides
thanks to changes in the sequence of their Type Il ATPase sodium pumps. We show that Ophryocystis completely
lacks Type Il or Type 4 sodium pumps, and related proteins PMCA calcium pumps show extreme sequence
divergence compared to other Apicomplexa, demonstrating new avenues of research opened by genome
sequencing of non-model Apicomplexa.
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Introduction

Eukaryotic genomics has overwhelmingly focused on
multicellular organisms [1], in spite of the staggering
diversity of unicellular eukaryotes. When unicellular
eukaryotes are studied, it is still mostly in connection to
human health or economic interests. One of the most
prominent examples of this limited and biased sampling
is the Apicomplexa in the Kingdom Protista [2], a phy-
lum of single-celled parasites including the organisms
responsible for human diseases such as malaria, caused
by Plasmodium spp., and toxoplasmosis, from infections
with Toxoplasma gondii [3]. Genomic studies of Apicom-
plexa have sequenced genomes that range from roughly
130 million bases on the high end [4] to a mere 9 million
bases [5]; in other words, all Apicomplexa have small
genomes compared to metazoans, but their genome sizes
vary by an order of magnitude at least. Similarly, the gene
content in these genomes is highly variable, from roughly
9,000 genes in T. gondii [6] to only 4,000 in the bovine
parasite Theileria orientalis [7], a more than two-fold dif-
ference in gene content. However, with many unknowns
about the genomics of apicomplexans that parasitize
other vertebrates (see Levine 1986 for numerous exam-
ples) or invertebrates [9, 10], the overall patterns of
genome size, gene content, and conservation of these fea-
tures are open questions.

Ophryocystis elektroscirrha: a model non-model
Apicomplexan parasite with open genetic questions
Among the invertebrate-infecting Apicomplexa, one of
the best-studied is the neogregarine Ophryocystis elektro-
scirrha (Neogregarinorida: Ophryocystidae, McLaughlin
and Myers 1970). It parasitizes butterfly species begin-
ning when caterpillars ingest oocysts shed onto eggs and
plant matter by infected adults. Within the host’s gut,
it reproduces first asexually then sexually as the host
matures before forming dormant oocysts on the cuticle
of the developing butterfly [9, 11]. Infected adults have
shortened lifespans and decreased flight performance;
those with the heaviest infections often fail to emerge
from the pupa and quickly die [12, 13].

Ophryocystis elektroscirrha ostensibly infects a num-
ber of milkweed-feeding butterflies (Nymphalidae: Dan-
ainae). The initial description of this parasite listed both
Danaus plexippus, the monarch butterfly, and Dan-
aus gilippus as hosts [9]. Since then, similar apicom-
plexan infections have been reported in other members
of the genus, including D. eresimus, D. petilia [14], and
D. chrysippus [15]. Even apicomplexan infections of the
more distantly related butterfly Parthenos sylvia and of
moths in the genus Helicoverpa have been attributed to
O. elektroscirrha-like parasites[16]. These diagnoses are
based mainly on the gross morphological similarity of
oocysts and may be limited by a paucity of informative
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morphological characters, however. As such, it is pres-
ently unclear whether O. elektroscirrha is a generalist
lepidopteran parasite or if there is unrecognized parasite
diversity between host species.

Another open question is how the parasite relates to
the chemistry of the host’s ecological niche. Monarch
butterflies feed on several species of milkweed in the
genus Asclepias which vary in the levels of phytochemi-
cals they contain. Milkweeds produce cardiac glycosides
called cardenolides, which are toxic to vertebrate preda-
tors [17] but sequestered by monarch caterpillars as a
chemical defense [18]. Monarchs themselves remain
largely unaffected thanks to a small set of mutations
in their Na*/K* - ATPase (sodium potassium pump)
enzymes [19]. Intriguingly, parasite infection and viru-
lence are strongly affected by plant chemistry; more
toxic milkweeds, with more cardenolides, more strongly
inhibit parasite growth [20]. Even indirect effects, such
as the presence of secondary milkweed herbivores, have
demonstrated effects on O. elektroscirrha infection
dynamics in relation to plant chemistry [21].

It has already been demonstrated that other milkweed-
feeding insects as well as their predators and metazoan
parasites have evolved parallel amino acid changes in
Na* /K* ATPases to tolerate these chemicals [22-24].
But it has been unclear if O. elektroscirrha’s ATPases have
evolved in response to milkweed biochemistry as well.
Indeed, until recently Apicomplexa were thought to lack
Na* ATPases, instead relying solely on Ca®" ATPases,
also known as calcium pumps [25]. However, it has been
shown that this initial functional annotation (and likely
comparative annotations relying on it) were incorrect,
and many Apicomplexa do in fact possess distinct Na*
ATPases [26, 27] that could be susceptible to cardiac
glycosides.

To complement the wealth of existing ecological data
available, and to begin to address the knowledge gaps
highlighted above, we sequenced and annotated the
genome of Ophryocystis elektroscirrha. We then set out
to answer four questions: (1) How does the genome size
and gene content of O. elektroscirrha compare to the
few other invertebrate-infecting apicomplexan genomes
available? (2) Can genome resequencing data of butter-
flies be used to diagnose their infection status? (3) Do the
Ophryocystis-like infections in different Danaus butterfly
species represent a single generalist parasite or separate
parasite species? (4) How have ATPase genes evolved
in Ophryocystis and Apicomplexa more generally, and
is there evidence for adaptation to cardiac glycosides
sequestered by their hosts? We find that O. elektroscirrha
has a small genome, even by apicomplexan standards,
which suggests high rates of gene loss across Apicom-
plexa. Our assembly provides a powerful tool for diag-
nosing butterfly infection status based on resequencing
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data, as well as studying parasite diversity. With it, we
show that the Ophryocystis-like parasites in two other
Danaus species are significantly diverged from O. elektro-
scirrha and probably represent distinct species. Finally,
we find that Ophryocystis may have adapted to host tox-
icity, but not in the manner that we predicted. We discuss
these findings and highlight avenues for new research
that our assembly opens up.

Methods

Parasite growth and propagation

We initially collected O. elektroscirrha (strain E41-1a)
from a wild-caught eastern migratory monarch butterfly
in October of 2017 in St. Marks, Florida, USA and propa-
gated them in a laboratory setting; we fed second instar
caterpillars a leaf disk containing a single oocyst to estab-
lish infections (following previously designed infection
methods: [13, 28]). When the infected adult butterflies
eclosed from their pupae, we froze them before collec-
tion of oocysts from the outsides of their bodies. Because
oocysts are the result of meiotic cell division, this method
results in a mix of related parasite genotypes rather than
strictly identical clones but is ultimately the only way to
generate enough parasite cells for DNA extraction and
sequencing.

Concentration and purification of oocysts

We removed wings from the infected butterfly bodies and
vortexed the bodies for 5 min in 100% ethanol in glass
scintillation vials, a modification of de Roode et al. [28].
Oocysts, like the scales with which they associate, entered
solution better in ethanol than water, generating a mix of
both parasite oocysts and host scales. To separate scales
from oocysts, we passed the solution through a 30 pm
cell straining filter (Miltenyi Biotec, Bergisch Gladbach,
Germany), which captured the scales (>100 pum length)
while allowing the much smaller oocysts to pass through.
We centrifuged the flow-through at 14,000 x g for 2 min
to pellet the parasite oocysts and combined pellets across
butterfly hosts to increase yield. Ultimately, we used
oocysts from eight butterflies infected with the same ini-
tial parasite isolate (i.e. different oocysts from the same
initial infected host) for DNA extraction.

Extraction and sequencing

The thick protein shell of the oocysts strongly inhibited
lysing of parasite cells to access DNA. Thus, we needed
to physically disrupt the oocysts prior to extraction. We
ground the pellet with a Dounce homogenizer for 1.5 h
in lysis buffer on ice, examining an aliquot under a light
microscope every 15 min and stopped after nearly all of
oocysts were visibly broken. Note that oocyst disrup-
tion began long before the 1-hour mark, so molecu-
lar protocols with lower input DNA requirements (e.g.
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PCR-based assays) would likely find success even with a
greatly reduced disruption phase of this protocol. After
this lengthy homogenization step, we followed the kit
standard protocol for Omniprep extraction of genomic
DNA (G-Biosciences, St. Louis, MO) and sequenced 250
basepair paired-end reads on an Illumina MiSeq with V3
chemistry.

To aid in assembly and annotation, we also gener-
ated RNA sequencing for O. elektroscirrha by extracting
RNA from a heavily infected monarch pupa. We chose
this host-stage for three reasons. First, O. elektroscirrha
migrates to the cuticle and undergoes oocyst formation
at this stage, guaranteeing that the parasite is transcrip-
tionally active. Second, as this is the final active stage
before going dormant in oocysts, it represents the peak
number of parasite cells in the host. Finally, the level of
infection is easily visible as dark spots on the green but-
terfly pupa [13], allowing us to select the most infected
individual for extraction. Although contamination with
host tissue and transcripts is practically unavoidable at
this stage, we aimed to minimize contaminants by using
dissecting scissors to target the dark aggregations of O.
elektroscirrha while avoiding less infected host tissue.
We extracted RNA using a Qiagen RNAeasy extraction
kit (Hilden, Germany) and carried out Illumina 100 bp
paired-end sequencing on a MiSeq with V3 chemistry.

Read processing and assembly

We were concerned that the tight association between
host and parasite could still lead to accidental sequencing
of host DNA in spite of our upstream attempts to sepa-
rate the two tissue sources. As a final precaution against
contamination, we first aligned raw sequenced reads to
the monarch reference genome [29] with bowtie2 using
the very-sensitive-local alignment algorithm [30] and
only kept unmapped read pairs (--un-conc) for assembly.
This methodology may weaken the power to detect hori-
zontally transferred genes with conserved sequence but
minimizes the chances of erroneously incorporating host
sequence into the parasite assembly. With these high-
confidence parasite reads, we sought first to set expecta-
tions prior to assembly using k-mer based methods. We
counted k-mers using Jellyfish v2.2.6 with default param-
eters (k=21) [31] and then plotted the resultant k-mer
frequency histogram and used this distribution to esti-
mate genome size using custom scripts in R v3.3.3 [32].
Finally, we assembled these filtered reads with SPAdes
v3.13 [33], using a k-mer coverage cutoff of 100 based
on the characterization from the previous step. All other
parameters were default settings for the tool.

Scaffolding
We aligned the RNAseq dataset to the newly generated
assembly using TopHat v2.1.1 with a maximum intron
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length of 500,000 bases [34] then used Rascaf v1.0.2 with
default parameters [35] to scaffold the assembly based on
RNA alignment. We assessed improvement to assembly
summary statistics (N50 and contiguity) with QUAST
v4.6.3 [36]. To assess the improvement in assembly of
coding regions, we took both the original and scaffolded
assembly through the annotation process described
below, ending in evaluation with BUSCO v5.0 [37].

Annotation

We annotated the initial and RNA-scaffolded assem-
blies using the GenSAS web-based pipeline [38]. Prior to
uploading, we trimmed the assemblies to remove contigs
totaling fewer than 2,500 bases in length, both to meet
requirements of the pipeline and because these contigs
were unlikely to contain complete gene sequences. This
approach resembles a recently successful effort to char-
acterize the apicomplexan Porospora gigantea [5]. We
then soft-masked the trimmed assembly after two inde-
pendent rounds of repeat annotation, first with Repeat-
Masker v4.1.1 and then with RepeatModeler v2.0.1
before combining the two to mask bases for downstream
analysis.

We employed two approaches to gene modeling,
namely, BRAKER v2.1.1 [39] using alignment of RNA
sequencing from the infected host pupa to the draft para-
site genome, and GeneMark-ES v4.48 ab initio [40]. We
evaluated both of these predicted gene sets using BUSCO
v5.0 to search against the apicomplexa_odbl0 data-
base [37] and selected the gene set that maximized the
number of identified single copy orthologs to use as the
official gene set. Finally, to contextualize this new anno-
tation with existing genome assemblies, we compared
conserved orthologs against other gregarine Apicom-
plexa, namely the annotated protein sequences of Greg-
arina niphandrodes (unpublished, but available via the
bioproject: PRINA259233) and the two recently released
Porospora genomes [41]. Again we used BUSCO v5.0’s
apicomplexa_odb10 database [37]. The aims of this analy-
sis were twofold. First, we sought to evaluate how truly
conserved the BUSCO dataset genes are, given that they
were based on a different part of the apicomplexan tree.
Second, we sought to understand patterns of gene con-
servation and turnover between distantly related species
using ostensibly conserved genes.

Screening for infection in genome resequencing data

With the newly generated genome, we explored the
potential to detect infection by Ophryocystis in genome
resequencing data generated from butterfly tissues in
order to compare host and parasite genetic variation. We
used published Illumina resequencing datasets (100 or
150 bp paired-end) from seven species (Zhan et al. 2014;
Martin et al. 2020, see supplemental files for sample
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details and accession numbers). We aligned Illumina
reads to the masked O. elektroscirrha genome using bwa
MEM version 0.7.17 [43] with default parameters. We
used SAMtools version 1.9 [44] for conversion of SAM
to BAM format, and Picard version 2.21.1 [45] SortSam
and MarkDuplicates for sorting and removal of PCR
duplicate reads. Given the massive overrepresentation
of host butterfly DNA in the data, we took precautions
to minimize misalignment of host DNA to the parasite
genome. Specifically, only reads with a mapping quality
of at least 60 were retained in the SAMtools step, and we
subsequently removed all alignments of less than 100 bp
in length, ignoring indels and soft clipping, using a cus-
tom Python script. We then computed mean read depth
per scaffold using Mosdepth [46].

Screening for infection by detection of oocysts

For 18 D. chrysippus samples (Figure S2 and supplemen-
tal data tables) we had both Illumina resequencing data
and preserved butterfly bodies, allowing us to compare
the detection of infection using genomic data with the
conventional approach of visually screening for oocysts
under a microscope. Because the bodies were preserved
in ethanol, we used a modified diagnostic procedure:
A pipette was pressed against the abdomen and 10 pl
of ethanol mixed with scales was pipetted onto a clean
microscope slide, which was then viewed under 10x
and 40x magnification for detection of oocysts. If too
few scales were present on the slide, the procedure was
repeated.

Identifying Ophryocystis scaffolds in a Danaus chrysippus
assembly

Given that a D. chrysippus pupa used for a previous
genome assembly [42] showed evidence for infection
by Ophryocystis (see Results), we attempted to identify
Ophryocystis scaffolds in the D. chrysippus assembly. We
used a version of the assembly prior to removal of small
scaffolds to ensure maximal recovery. We first generated
a whole genome alignment between the D. chrysippus
and O. elektroscirrha assemblies using minimap2 [47],
with the ‘asm20’ parameter present, which is optimized
for more dissimilar genomes. We then removed align-
ments less than 100 bp in length and those with sequence
divergence (dv tag output by minimap2)>0.15, based on
visual inspection of the divergence distribution. Given
the availability of a new highly complete D. chrysippus
assembly from an uninfected individual [48], we gener-
ated a second whole genome alignment between the
infected and uninfected D. chrysippus assemblies using
the same procedure and filters. We reasoned that scaf-
folds representing Ophryocystis in the infected assembly
should have strong homology to the O. elektroscirrha
genome and little or no homology to the uninfected D.
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chrysippus genome. However, given that repetitive
sequences such as transposable elements (TEs) may
be shared between host and parasite, we do not expect
a complete lack of homology between parasite and host
scaffolds. Based on visual inspection of the data, scaffolds
were defined as confidently representing Ophryocystis
if (1) alignments to O. elektroscirrha comprised at least
half the scaffold length (after accounting for overlap-
ping alignments), and (2) alignments to the uninfected
D. chrysippus comprised less than a third of the scaffold
length aligned to O. elektroscirrha.

As an additional line of evidence to exclude false posi-
tives, we considered read depth of Illumina reads from
one infected and one uninfected adult butterfly (detected
as described above). We reasoned that scaffolds repre-
senting Ophryocystis should have non-zero average read
depth for reads from the infected adult, but zero read
depth for reads from the uninfected adult. Given the low
read depths (see Results) we required that scaffolds had a
mean depth of at least 0.1 for the infected butterfly. Due
to possible mis-mapping and shared repetitive sequences
such as TEs, we relaxed the expectation that normalized
read depth should be zero in the uninfected butterfly, and
instead required that it must be lower than that in the
infected butterfly.

Finally, we took these apicomplexan sequences through
the same gene annotation pipeline as we used for our de
novo O. elektroscirrha assembly. Ultimately, we compared
the number and identity of BUSCO orthologs identified
in each. Note however that this D. chrysippus-derived
assembly is less contiguous owing to its incidental assem-
bly within the host genome, so we discount cases of
apparently missing orthologs as potential false negatives.

Phylogenetic diversity of ophryocystis

The ability to extract Ophryocystis sequence reads from
genomic data of infected butterflies allowed us to inves-
tigate Ophryocystis diversity using previously published
sequence data. We selected the twelve samples with the
highest mean read depth for this purpose. Using the same
filtered BAM files described above, we called haploid
genotypes using bcftools v1.10.2 [44] using the mpileup,
call, and filter tools to retain only non-indel genotypes
with genotype quality (GQ)=20. Due to low sequencing
depth (< 1x for most individuals) we could not reliably fil-
ter out potentially repetitive regions based on individual
read depth. Instead, we excluded regions where the total
read depth across all 12 individuals was >30x, based on
visual inspection of the genome-wide distribution. Our
use of haploid genotypes assumes that each butterfly
is infected by only a single parasite strain. Violation of
this assumption would lead to a phylogenetic analysis in
which each tip represents a combination of ancestries,
which is in fact true for all genome-scale phylogenetics of
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recombining species. We therefore chose to use the dis-
tance-based neighbor-joining method, which is a genetic
clustering algorithm that does not rely on an underlying
model of a bifurcating tree. Pairwise genetic distances
were computed using the distMat.py script (https://
github.com/simonhmartin/genomics_general), consid-
ering only sites with genotypes for at least 9 of the 12
infected individuals. A neighbor-joining tree was gener-
ated using the BION] method implemented in splitsTree
v4 [49].

Investigation of parasite ATPase evolution

We searched for signatures of co-evolutionary dynam-
ics in the gene content of Ophryocystis in relation to its
host’s biochemical environment. To start, we obtained
the protein sequence of the Plasmodium falciparum
sodium potassium ATPase (accession AAF17245). This
ATPase, a P-type ATPase 4, is often labeled as a Ca®"
ion pump, based on previous mis-annotation, but is
likely an Na* — ATPase as shown by more recent work
in Toxoplasma [25-27]. We used BLAST+ ( blastp
-evalue le-10; Camacho et al. 2009) to extract homolo-
gous genes from the amino acid sequences of our newly
generated Ophryocystis annotations as well those of
Gregarina niphandrodes and Porospora gigantea-A. We
then used a phylogenetic approach to place these unan-
notated gregarine sequences in the context of a recent
and more comprehensive dataset of ATPases across Api-
complexa and Metazoa to infer ATPase type and function
via sequence similarity [26]. We first aligned the grega-
rine protein sequences using MAFFT (as implemented in
the Geneious software [51]), then manually aligned these
sequences with the 265 amino acids corresponding to
the highly conserved domains among ATPases analyzed
by Lehane et al. [26], and finally trimmed the gregarine
sequences to contain only those sites corresponding to
the conserved 265 amino acids. Using this combined
alignment of gregarine and other ATPases, we estimated
a maximum likelihood phylogeny using the phangorn
package in R, employing the LG+G(4)+I substitution
model and 100 bootstrap replicates [52]. Subsequently,
functional annotations were assigned to the gregarine
sequences based on their placements within clades of
distinct ATPases, as assessed by Lehane et al. Finally, we
used phylogenetic relationships to infer functional classes
of our uncharacterized gregarine ATPases in relation to
established ATPases from other species.

Results

Raw sequence data composition

DNA sequencing produced 15,861,530 raw reads. Initial
alignment showed 28% of total reads aligning to the host
genome. We treated the former as butterfly sequences
and the remaining 72% of unmapped reads (~11.4 million
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Gene content

We employed two approaches to gene annotation, first
using BRAKER to incorporate information from the
alignment of RNAseq from an infected host to the O.
elektroscirrha genome before RNA-scaffolding. With
this method, we annotated 2,915 genes (encoding 3,122
proteins). This gene set contained 72.2% of the apicom-
plexa_odb10 BUSCO genes in a complete state, with a
further 6% identifiable as fragmented. We also carried
out ab initio annotation using GeneMark-ES without evi-
dence beyond the genome sequence itself. We annotated
2,695 genes, 2,632 of which encoded a protein. This gene
set contained far more BUSCOs, with 79.1% as complete
genes and another 2% fragmented. As this method gave
much better BUSCO results than BRAKER, we used it as
the standard for subsequent annotations.

First, we reannotated the genome after scaffolding with
RNAseq. In this assembly, GeneMark annotated 2,633
genes (2,591 protein coding). Note that although the
total number of genes and the number of protein cod-
ing genes both decreased, the difference between the
two decreased as well, as expected if RNA-scaffolding
stitched together previously fragmented genes into com-
plete coding sequences. This gene set contained 80.9%
complete and 1.1% fragmented BUSCOs.

To contextualize this new assembly relative to previ-
ously studied Apicomplexa, we present summaries of

genome size and gene content in both tabular (Table 2)
and graphical form (Fig. 1). Additionally, we compared
conserved gene content between O. elektroscirrha, P
gigantea-A, and G. niphandrodes (Fig. 2). In total, 309
of the 446 (69%) of BUSCO orthologs were conserved in
all 3 genomes, with an additional 80 (18%) identifiable in
two of three species. A further 32 orthologs (7%) were
found only in one species, leaving 25 (6%) absent from
all three. Despite O. elektroscirrha possessing roughly
half the number of genes as the other two gregarines, its
gene set is not a simple subset of either. Taken together
this suggests that the core set of conserved apicomplexan
orthologs is smaller than currently recognized and differ-
ent lineages show unique patterns of gene loss and reten-
tion. Functional descriptions of BUSCOs unique to each
lineage can be found in Table S1.

Genome resequencing data reveals infections in multiple
Danaus species

The new OE genome allows us to detect parasite DNA in
short-read genomic datasets, providing a route to screen
for infection from sequenced samples without needing
direct access to the butterfly itself. By analysing the depth
of aligned Illumina reads (with stringent filtering, see
Methods) from 38 wild-collected samples representing
seven Danaus species, we found clear evidence for infec-
tion in five out of eight D. plexippus from Florida and



Mongue et al. BMC Genomics

Table 2 Ophryocystis elektroscirrha in the context of other Apicomplexa. Genome size, annotated gene count, and gene density for a selection of published apicomplexan species.

Ophryocystis elektroscirrha has a smaller genome than most other species and contains the fewest protein-coding genes yet-described for an Apicomplexan. We have excluded the O.

elektroscirrha-like assembly from this comparison, as our methods of identification and filtering for annotation make it more likely to be an incomplete sequence and annotation
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Fig. 2 Conserved gene content overlap in sequenced gregarine Apicom-
plexa. Venn diagrams show the overlap in BUSCO orthologs identified
from the apicomplexaodb10 dataset. Single, duplicated, and fragmented
genes were all counted as present. Three distantly related gregarines all
possess a large core of genes, 309 of 446 in the dataset. Moreover, O. ele-
ktroscirrha shares different sets of orthologs with each of the two species,
suggesting independent lineage-specific gene loss across this group.
Functional classifications of BUSCOs unique to each lineage can be found
in the supplement (Table S1)

Ecuador, ten out of eighteen D. chrysippus from Kenya,
and two out of two D. petilia from Australia (Figure S1,
supplemental table). The remaining species were each
represented by just one or two samples, so the absence of
infections in these samples does not rule out that infec-
tions occur in the wild. The longest genome scaffolds
provide the most robust evidence for infection. Shorter
scaffolds show variable read depths in infected samples,
and some have non-zero read depth in uninfected sam-
ples (Figure S1), likely indicating some shared repeti-
tive DNA between the host and parasite genomes. Read
depths tend to be low (<1X on average in most cases,
compared to 10-25X coverage of host DNA), indicating
that parasite DNA is far less abundant than host DNA,
as expected of incidental sequencing without oocyst con-
centration or manual disruption.

Many of the samples considered were sequenced by
other research groups, but the availability of bodies for
18 of the D. chrysippus samples allowed us to compare
the accuracy of infection screening using genomic data
versus the conventional method of microscopic detec-
tion of oocytes. This revealed nearly 100% correspon-
dence, with nine individuals identified as infected using
both methods, one with weak evidence for infection from
genomic data but not from oocyst identification, and
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eight identified as uninfected using both methods (Table
S2). This implies that screening based on sequence data is
at least as sensitive as the conventional approach.

A diverged Ophryocystis sequence from a related butterfly
Using the above O. elektroscirrha assembly, we scanned
for apicomplexan scaffolds in a previous genome assem-
bly of a Danaus chrysippus sample that had tested posi-
tive for infection (sample RFK001). In total, we extracted
822 sequences, totaling 8,799,632 bases (N50=44,501)
(Figure S3). This would account for almost an entire
genome if the sequences belong to O. elektroscirrha,
but from the start, this conspecific status was dubious.
Absolute divergence between sequences was 0.05. This
substantial dissimilarity between sequences motivated
further analyses.

To further investigate functional divergence, we used
the same GeneMark approach as above to annotate the
Ophryocystis sequence pulled from the D. chrysippus
assembly. An overview of this assembly is shown on the
right column of Table 1. We place less emphasis on the
raw gene counts and number of BUSCOs missing from
this assembly, as it is more fragmented than the O. elek-
troscirrha assembly and more of it had to be filtered out
for analyses, resulting in only 8.06 Mb available for gene
annotation. Nonetheless, we identified 2,369 genes (2,280
protein coding) with 48.9% complete BUSCOs and 11.2%
fragmented. In raw numbers, 102 orthologs were missing
from this D. chrysippus-derived genome compared to the
D. plexippus parasite. More intriguingly, the D. chrysip-
pus parasite annotation contained 4 BUSCO orthologs
that were not found in O. elektroscirrha. We attempted
to validate these results by BLASTing the putatively miss-
ing BUSCOs in the more complete, unscaffolded assem-
bly and found strong hits (e-value<10~%°) for two of the
four genes. Thus, while some of these differences appear
to be false negatives arising from the assembly process,
there may have been independent trajectories of gene
loss and retention even between these two much more
closely related parasites, in addition to the broad differ-
ences between sequenced gregarines. The two genes that
remain missing are, by BUSCO ID, 32173at5974 — Ribo-
somal protein L37a and 16057at5794 — Eukaryotic trans-
lation initiation factor 3 subunit L.

To explore the relationship between parasite lineages
from different host species, we used the Ophryocystis-
like sequence data extracted from twelve infected but-
terflies to build a neighbor-joining tree. We restricted
our analysis to sites at which high quality genotypes
were present for at least nine of the twelve individu-
als. This filtered alignment included 12,976 variants
across 365,363 aligned sites (4% of the genome, which
is unsurprising given the low coverage and consequent
high missingness). Sequences derived from D. plexippus
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butterflies (n=4) form one clade which includes the O.
elektroscirrha reference sequence (Fig. 3). Sequences
from D. chrysippus (n=6) form a distinct clade with sub-
stantial divergence from O. elektroscirrha as expected
based on comparison between the genome assemblies.
The D. petilia parasites (n=2) are most closely related
to each other, and sister to the clade of sequences from
D. chrysippus. Indeed, all parasites form monophyletic
clades based on the host species from which they were
sequenced, a pattern consistent with a host specificity
of parasite lineages that could lead to co-evolution and
speciation.

ATPase evolution

Using a P falciparum ATPase to BLAST the anno-
tated genes, we identified ATPases in both Ophryocystis
assemblies as well as P gigantea and G. niphandrodes,
neither of which has known cardiac glycoside associa-
tions. Ophryrocystis elektroscirrha has three ATPases
identifiable in the current annotation: g016110, g003020,
and g013730. Similarly, three genes are found in the O.
elektroscirrha-like annotation: g013280, g012340, and
g002420, with the latter likely fragmented as a result of
the method of assembly. The other gregarines, G. niph-
androdes and P. gigantea have 3 and 6 putative ATPases
respectively. It is notable that the Porospora gigantea-A
annotation shows more ATPases than the other grega-
rines, suggesting potential gene duplication, but given
the nature of how Porospora was assembled, it is possible
these are pooled genes from two distinct lineages [5].

We placed all of these sequences in the context of more
robustly annotated ATPases using a maximum-likelihood
tree of conserved amino acid subsequences of ATPases.
At a coarse level, gregarines fit within established api-
complexan patterns. None of our query ATPases belong
to the ENA, or Type II ATPases, which have never been
reported in other Apicomplexa. Moreover, all surveyed
gregarines possess SERCA and PMCA calcium ATPases
and at least some species possess ATP-4 sodium ATPases
(Fig. 4). The exceptions to this general pattern are more
interesting, and both involve Ophryocystis. First, neither
O. elektroscirrha nor O. elektroscirrha-like possess ATP-4
sodium ATPases. And although both lineages have a pair
of ATPases that fall within the PCMA family, the branch
lengths compared to the rest of the phylogeny are very
long. This is not merely a matter of overall sequence
divergence from other taxa, as the SERCA ATPases of
Ophryocystis are not exceptionally different from the
rest of Apicomplexa. Thus, there appears to be a unique
dynamic among the PMCA ATPases.
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Fig. 3 A neighbor-joining tree of Ophryocystis sequences pulled from the sequencing of various milkweed butterflies, including both best-studied host
Danaus plexippus and other related species. Branch lengths are proportional to sequence changes. Parasite sequences cluster perfectly with host species
and Ophryocystis samples collected from D. plexippus form a distinct clade from those found in other Danaus species

Discussion

Here we report the assembly and gene annotation of the
neogregarine parasite, Ophryocystis elektroscirrha. This
species, along with other invertebrate pathogens, has
largely been overlooked by modern genetic and genomic
research. As such, the molecular characterization of this
parasite has immediate value to both the broad under-
standing of apicomplexan biology and the specific host-
parasite relationships between milkweed butterflies and
Ophryocystis.

Ophryocystis elektroscirrha in relation to other
Apicomplexa

Apicomplexa are an ancient and diverse clade of eukary-
otes, about which very little is known outside of human-
relevant pathogens [53]. As such, generating a priori
expectations for genome size and content, as well as a
posteriori assessment of an assembly and annotation, are

difficult tasks. At the least, existing apicomplexan
genomes give us some bounds for expectations. In com-
parison to other identified Apicomplexa, Ophryocystis
elektroscirrha is the second smallest reported genome to-
date at just under 9 megabases total, barely larger than
the genomes of Porospora spp. [5]. Similarly, it has the
fewest genes, but overall gene density (genes per mega-
base of sequence) is in the middle of the range of studied
species.

Beyond these very coarse metrics though, finding simi-
larities in genomic organization has generally proved
difficult with Apicomplexa [54], likely for both biologi-
cal and methodological reasons. On the biological side,
parasites often have reduced genome sizes and gene
counts compared to free-living organisms, owing to
both increased selection for efficiency in replication and
relaxed pressures to maintain molecular mechanisms
that overlap with resources found in their hosts [55, 56].
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Indeed, such explanations have long been invoked to
explain apicomplexan genome sizes and gene contents
[57]. Because these selective pressures are happening
independently in different apicomplexan lineages, co-
evolution with different hosts should result in different
patterns of gene loss between parasite species. The end
result is that attempting to find conserved sets of genes
in the same order along chromosomes (i.e. synteny)
between apicomplexan parasites has proved challenging
[54].

On the methodological side, assessment of gene con-
tent is limited by available data. We recovered~80%
of expected Apicomplexan BUSCOs (i.e., “conserved”
orthologs) in our annotated gene set for O. elektroscir-
rha, a low BUSCO score by most metazoan standards.
From that perspective, such a high proportion of miss-
ing orthologs could be indicative of an incomplete or
incompletely annotated assembly; however, the set of
genes considered as “universal single copy” for a clade of
organisms is defined only by existing genetic data [58].
Thus, genes that appear universally conserved within
the small handful of well-characterized Apicomplexa
may be truly lost in the Ophryocystis lineage. Indeed, a

recent study of another gregarine parasite genus, Poros-
pora, generated assemblies for two species, both of which
with roughly~70% of expected apicomplexan BUSCOs;
a broader comparison in that same study identified 83%
of the expected BUSCOs in Gregarina niphandrodes [5].
In that context, the conserved gene content of O. elektro-
scirrha fits well within gregarine expectations.

When we directly compared the overlap of BUSCOs
identified in Porospora and G. niphandrodes to O. elek-
troscirrha, we found that only a small fraction (~6%) were
truly absent from all three. More commonly, genes were
conserved in only one or two species (26%). Ophryocystis
elektroscirrha, despite having roughly half the annotated
genes as the other two genera, was not merely a subset
of either species in gene content. Instead, it displayed
independent overlaps with the other two, as expected if
co-evolution with different hosts and environments has
driven unique patterns of gene loss in each lineage. More
generally, these results suggest that the gregarine api-
complexans have a smaller set of conserved genes than
currently recognized for the better-studied clades of
Apicomplexa.



Mongue et al. BMC Genomics (2023) 24:278

Cryptic diversity of milkweed butterfly parasites

Using the O. elektroscirrha genome, we were able to
recover an apicomplexan genome from another milk-
weed butterfly, Danaus chrysippus. This sequence was
highly diverged from the O. elektroscirrha genome,
with absolute sequence divergence at roughly 5%. This
number, which is comparable to the level of divergence
between the two host butterfly species, may even be an
underestimate, owing to our method of sequence dis-
covery. Because we used similarity to the O. elektroscir-
rha genome to find new sequences, any regions that are
exceptionally quickly evolving would not be detected via
this method. Nevertheless, the comparable genome size
suggests we are capturing the vast majority if not the
entire parasite sequence.

We took these related Ophryocystis sequences through
the same gene annotation pipeline we used for O. elek-
troscirrha. These new sequences were more fragmented,
and thus unsurprisingly, we annotated fewer genes from
the D. chrysippus derived parasite than from the O. ele-
ktroscirrha assembly. As such, apparent absences from
the chrysippus-derived genome may be false negatives.
In the other direction however, two apicomplexan BUS-
COs were identified in the chrysippus parasite sequences
that were absent from the O. elektroscirrha annotation.
One of these is a translation initiation factor; the other
is ribosomal protein L37. It is unclear why either of these
should be lineage-specific and it is possible that these
also represent false negatives, since both genomes were
trimmed of short sequences prior to annotation. How-
ever, it is not outside the realm of possibility that these
lineages may have different constraints on gene content
if they consistently associate with different host species.
In particular, other Apicomplexa have been observed to
have incomplete or pseudogenized ribosomal compo-
nents [59].

To explore the host and parasite relationship, we
expanded sampling to sequenced reads from multiple
infected D. plexippus and D. chrysippus and created
a phylogenetic tree to examine their relatedness. We
recovered a pattern of reciprocal monophyly for para-
sites based on host species. This pattern, along with the
sequence and potential gene content divergence all sug-
gest that different species of host may harbor distinct
species or at least substantially differentiated lineages of
Ophryocystis.

Work using only the 18 S ribosomal RNA sequence
found that parasites isolated from Danaus plexippus and
the distantly-related moth Helicoverpa amigera clustered
in a similar pattern [16], but could not explore this pat-
tern at larger scale without genomic data. More to the
point, it is less surprising to see differentiation between
parasites of hosts separated by ~110 million years of evo-
lution [61] than to see such a pattern within a single host
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genus. It raises the possibility that other species of Dan-
aus with a reported apicomplexan parasite are infected
by distinct species of Ophryocystis.

Indeed, earlier experimental evidence has hinted at
such a possibility. In cross-infection experiments expos-
ing D. plexippus and D. gilippus hosts to Ophryocystis
collected from either an intra- or interspecific source,
the parasites were most successful infecting the same
species of host from which they were first collected [14].
In other words, Ophryocystis exhibits significant host-
specificity. What remains to be seen is how Ophryocystis
lineages have evolved with Danaus. It may be that host
and parasite share very similar speciation histories, as
seen in other systems (e.g. birds and lice: Hughes et al.
2007). Alternatively, given that many species of milkweed
butterfly share the same host plants in sympatric ranges,
host switching may be driven more by an ecology of
opportunity than phylogenetic history.

Milkweed, butterflies, parasites, and ATPases

The interactions between milkweed-feeding insects and
their food source chemistry are well-studied. Milkweed
toxicity derives in large part from a class of cardiac gly-
coside compounds that bind to and inhibit sodium potas-
sium pump (Na'/K" ATPase) proteins of the animals
that ingest them [62]. For multicellular animals, sodium
potassium pumps are key to the process of establishing
an ion gradient across cell membranes and in particular
allow for proper transmission of electrical signaling at
the intercellular level. To maintain this crucial function,
many milkweed-feeding insects have evolved a small set
of amino acid substitutions in their ATPase sequence
that confer resistance to cardiac glycoside binding. Unre-
lated herbivores such as butterflies and beetles show two
convergent changes, a valine and histidine substitution
in the o subunit of their Type II ATPase [19, 22]. Even
more distantly related taxa, including a wasp parasitoid,
a nematode parasite, and a bird predator of monarchs, all
have similar substitutions in their ATPases [24]. Together
these results suggest that a consistent selective pressure
has driven a convergent molecular solution in inde-
pendent lineages. What remains to be seen is if similar
dynamics have occurred in non-metazoan members of
the milkweed community.

Ophryocystis parasites of milkweed butterflies spend
much of their life cycle in the larval gut or other host
tissues [9] and are routinely exposed to cardiac glyco-
sides. Experimental evidence shows that O. elektroscir-
rha growth is negatively impacted by the presence and
concentration of cardiac glycosides [20] and that infected
female D. plexippus (which would likely transmit O. elek-
troscirrha to their offspring) preferentially choose to lay
eggs on milkweed with more cardiac glycosides when
given a choice [63]. Thus, the hosts and their ingested
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phytochemicals appear to exert a selective pressure on
the parasite, but what their molecular targets are had yet
to be explored.

Aside from a lack of sequence data, the main challenge
to this line of research is that between Metazoa and Api-
complexa there is a lack of homology, in both protein
sequence and function. First, although ATPases are an
evolutionarily ancient class of proteins found in protists
as well, they obviously cannot play roles in intercellular
electrical signaling of a single-celled organism, so the
mechanism of toxicity cannot be the same. But ATPases
are still important regulators of cellular homeostasis
with respect to salt and pH balance and have been sug-
gested as targets for drug development [27, 64]. Even if
their functions are different, inhibition of apicomplexan
ATPases would still be detrimental to the organism.

In the above descriptions of ATPase — cardiac glycoside
interactions in Metazoa, the target ATPase is always the
Type II Na*/K* ATPase. No Apicomplexa are known to
possess this specific family of ATPase and, until recently,
they were thought to lack any sort of Na* ATPase. More
recently however, it has been shown in Toxoplasma gon-
dii that the ATP-4 ATPase, previously thought to employ
calcium, is in fact a sodium ATPase [26]. This family
could be a candidate for the cardiac glycosides’ target,
given the conserved cation use. However, none of the
ATPases had been characterized in gregarines.

We used conserved sequence domains across ATPases
to characterize the specific families of ATPases present
in P gigantea and G. niphandrodes, O. elektroscirrha,
and O. elektroscirrha-like. As a whole, the gregarines fit
with better-studied Apicomplexa. None possess Type II
or ENA ATPases, and all possess PMCA and SERCA cal-
cium ATPases. Intriguingly though, both Ophryocystis
lineages apparently lack ATP-4 sodium ATPases that are
found in Porospora and Gregarina. As the only putative
sodium ATPase in Apicomplexa, it is tempting to spec-
ulate that loss of this ATPase may have been related to
cardiac glycoside presence in the host. A parasite ATPase
that is routinely inhibited by the host’s chemical environ-
ment is essentially non-functional and may be lost under
mutation accumulation. Of course, this line of reason-
ing relies on only a small set of observations; it would be
bolstered by discovering ATP-4 sodium ATPase genes in
closer relatives to Ophryocystis that parasitize non-milk-
weed-feeding insects.

Considering the ATPases still present in Ophryocystis,
we recovered three putative calcium pumps, a SERCA
(localized to the endoplasmic reticulum within the cell)
and two PMCA ATPases which are located on the plasma
membrane of the cell. These should be considered as
potential targets of cardiac glycosides, as some sodium
pump blockers may have non-specific inhibitory action
against calcium pump ATPases as well [65]. The PMCAs
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would be most likely to interact with cardiac glycosides,
which canonically affect plasma membrane proteins [66].
In Ophryocystis, these proteins’ sequences are very differ-
ent from other sequenced Apicomplexa; in contrast, the
SERCA ATPases of Ophryocystis do not show exceptional
sequence divergence from orthologous genes. Thus, only
the plasma membrane associated ATPases of Ophryocys-
tis appear highly diverged. It will require more gregarine
sequences for comparison, but these proteins are intrigu-
ing candidates for the target of cardiac glycoside toxicity
in milkweed butterfly parasites.

Conclusions

Sequencing the genome of Ophryocystis elektroscirrha
has yielded immediate insights into potential biochemi-
cal evolution driven by milkweed chemistry, cryptic
variation in milkweed butterfly parasites, and the true
extent of gene turnover across Apicomplexa. We pres-
ent these results to facilitate further exploration of these
parasites to give context to the large body of disease ecol-
ogy research on this clade. We hope that our novel data
collection methods, both in DNA extraction and para-
site sequence screening, will aid in future work on poorly
understood Apicomplexa.
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