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Abstract

Apicomplexans are widespread and diverse obligate symbionts of animals, and many—Ilike the malaria-causing Plasmodium
—are important human parasites. Some of the closest free-living relatives of apicomplexans are photosynthetic, and most
apicomplexans retain a relict, nonphotosynthetic plastid called the apicoplast. The origin and evolution of this plastid has
been studied extensively, but most data come from biomedically relevant taxa. There has been increasing interest in the di-
versity of plastids of other apicomplexans, which has revealed a complex picture of recurring, independent losses of plastids
or their genomes in the deepest-branching apicomplexan lineages, Cryptosporidium and the gregarines. Indeed, the plastid is
absent from many of these deep-branching apicomplexans, and those that retain it have almost all lost its genome. The single
exception appears to be the archigregarines, the deepest-branching subgroup of gregarines, which are suspected to have
retained a genome based on analyses of nuclear genes, but for which no plastid genome data are known. As the best po-
tential representatives of plastid genomes in deep-branching apicomplexans, this lineage is an obvious missing piece of the
evolutionary puzzle of the apicoplast. Here, we used single-cell sequencing to characterize the plastid genome from unculti-
vated representatives of all 4 known archigregarine lineages. The plastid genomes are all more divergent with lower GC-con-
tent than other apicoplast genomes, and encode a slightly different set of genes. There is no evidence of photosynthesis-
related genes. These genomes fill a key gap in the diversity of apicomplexan plastid genomes, furthering our understanding
of the complex evolution of the apicoplast.
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Significance Statement

Apicomplexans are a widespread group of symbionts of animals, including humans (e.g. Plasmodium, the malaria para-
site). Their ancestors were photosynthetic, and as such many apicomplexans retain a remnant and reduced plastid that is
not capable of photosynthesis. This plastid has mainly been investigated in medically relevant apicomplexans, yet most
diversity can be found in the gregarines. This early branching apicomplexan group has mostly been overlooked, and we
know little about their plastid evolution apart from some members having completely lost the plastid, while others likely
retained it. We used single-cell sequencing to generate plastid genomes from 4 diverse lineages of archigregarines iso-
lated from marine invertebrates. The plastid genomes are highly reduced in length and gene content, are AT-rich, and
vary substantially between the 4 archigregarine lineages. Understanding plastid evolution of archigregarines helps us
understand the evolution and loss of the plastid in apicomplexans, and plastid evolution in general.

Introduction

Apicomplexa are a diverse group of obligate animal sym-
bionts, best-known as biomedically important parasites
like Plasmodium (malaria), Toxoplasma (toxoplasmosis),
and Cryptosporidium (cryptosporidiosis). They evolved
from a free-living photosynthetic ancestor, and most api-
complexans still harbor a remnant plastid (the apicoplast),
which arose from an endosymbiosis with a red alga
(Williamson et al. 1994; Janouskovec et al. 2010). Much
of what we know of apicomplexan biology—and the apico-
plast more specifically—comes from biomedically relevant
species, but these represent only a narrow subset of api-
complexan diversity. Emerging data from other lineages
shows an incredible diversity in many characteristics, includ-
ing genome form, content, and function (Sato 2011;
Janouskovec et al. 2019; Salomaki et al. 2021; Yazaki
et al. 2021; Mathur et al. 2023; Na et al. 2024). One of
the most diverse subgroups of apicomplexans are the gre-
garines, which alongside Cryptosporidium, have been re-
peatedly demonstrated to be the deepest-branching
lineages of apicomplexans (Leander 2008; Rueckert and
Leander 2008; Paskerova et al. 2018; Rueckert et al.
2019; Lax et al. 2024; Na et al. 2024).

All apicomplexans are nonphotosynthetic obligate
symbionts, and consequently have a reduced plastid meta-
bolic repertoire (Leander 2008; Janouskovec et al. 2019;
Muhnoz-Gémez et al. 2019; Mathur, Wakeman, et al.
2021; Salomaki et al. 2021; Mathur et al. 2023). No apico-
plast retains any functions associated with photosynthetic
activity, and the plastid is almost always retained to carry
out a variety of essential biosynthetic pathways that are
mediated by nucleus-encoded genes for plastid-targeted
proteins (Janouskovec et al. 2019; Kwong et al. 2019;
Mufoz-Gémez et al. 2019; Mathur, Kwong, et al. 2021;
Salomaki et al. 2021; Mathur et al. 2023; Na et al. 2024).
Most apicoplasts have a genome, which is thought to be re-
tained due to the presence of vital iron—sulfur cluster syn-
thesis genes (sufB and clpC), and indeed in cases where
these genes are transferred to the nucleus, the plastid
may lose its genome (Janouskovec et al. 2015).

Plastid genome data are now available for most major api-
complexan groups; however, we lack data from the deepest-
branching lineages. This is partially because Cryptosporidium
and most gregarine apicomplexans investigated to date have
either lost their plastid genomes, or the entire organelle (Zhu
et al. 2000; Salomaki et al. 2021; Mathur et al. 2023). The
only exception is the archigregarines, the deepest-branching
lineage of gregarines, which are thought to have retained a
plastid genome (Cavalier-Smith 2014; Janouskovec et al.
2019; Mathur et al. 2023). Because of their deep phylogen-
etic position, archigregarines are crucial in understanding
the evolution of apicomplexans as a whole, but their reten-
tion of apicoplast genomes makes them particularly import-
ant to understand how this strange genome evolved and
why it was retained. Using single-cell genomics, here we
characterized the plastid genomes of representatives from
all known archigregarine clades (Selenidium, Lunidium,
Metzidium, and Devanium), and show them to have evolved
unigue and derived features.

Results and Discussion

Archigregarine Apicoplast Genome Structure and
Content

Twenty-seven individual cells from 8 distinct archigregarine
species representing all 4 currently recognized genera were
manually isolated from their hosts (supplementary table ST,
Supplementary Material online), and total genomic DNA
from each cell was subjected to whole genome amplifica-
tion and sequencing. For each cell, the identity of the para-
site was first confirmed by phylogenetic analysis of the
nuclear SSU rDNA. Both previous phylogenomic and SSU
rRNA phylogenies have shown that archigregarines branch
into 4 distinct groups: Selenidium, Metzidium, Devanium,
and Lunidium (Paskerova et al. 2018; Wakeman 2020;
Lax et al. 2024). Each of our SSU rDNA sequences was
found to fall in the expected position, with the genus corre-
sponding to their identification based on morphology and
host, and with the expected species in cases where SSU
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Fig. 1. Apicoplast genomes of archigregarines. Apicoplast genomes from each of the 4 identified clades of archigregarines.
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Fig. 2. Apicoplast statistics and gene content of archigregarine apicoplast genomes. Apicoplast genomes generated in this study are in bold. Solid
boxes denote presence of a gene, boxes with a dotted line denote a pseudogene, and split boxes denote a split gene for rpoC2. A white dot inside a box
denotes an inverted repeat (IR) for plastidial rRNAs. The asterisk (*) next to S. serpulae denotes a fragmented assembly.

rRNA was already available (supplementary fig. ST,
Supplementary Material online).

Assembling plastid genomes for 7 of the species yielded
deep-coverage, circularized, and complete genomes (Fig. 1;
supplementary fig. S2 and table S1, Supplementary Material
online). The Selenidium serpulae assembly was fragmented
(supplementary fig. S2, Supplementary Material online). The
genomes ranged in size from 27,618 bp (Lunidium shako)
to 45,734 bp (Selenidium validusae; Figs. 1 and 2), and
the genomes from each genus shared a high level of syn-
teny. We found no evidence of inverted rRNA repeats in
any assembly, and in L. laculatum and L. shako the SSU
and LSU rRNA genes were inverted in order when compared
with the canonical rRNA operon.

The gene content (including predicted ORFs and rRNASs)
ranged from 22 in Devanium robustum to 29 in Metzidium
(Fig. 2). Many of the unidentified ORFs were short and fall in
the same position as ribosomal proteins in other apico-
plasts, and therefore possibly correspond to those genes,
but because the sequencesin all 8 genomes were extremely
divergent, they shared no detectable sequence similarity
with their putative orthologs. The overall GC-content was
also extreme, ranging from a high of only 21% to a low
of 9% in S. serpulae. Interestingly, we found alternative co-
don usage in all 8 genomes, where UGA encodes for tryp-
tophan instead of a stop-codon (Fig. 2). Alternative codon
usage is widespread in eukaryotic organellar genomes
(Smith and Keeling 2015), and has previously been docu-
mented in apicomplexan plastid genomes as well
(Mathur, Kwong, et al. 2021). There is no indication that al-
ternative codon usage has any functional reason, and it is
assumed this process is neutral (Smith and Keeling 2015).

The surprising discovery that obligate intracellular parasites
like Plasmodium and Toxoplasma had plastid organelles set off
a long hunt to better understand the origin, evolution, and

function of their apicoplasts. We now know they arose from
ared alga, and share a common ancestry with the plastids of
dinoflagellates and a handful of apicomplexan sister lineages,
squirmids, and chrompodellids (Moore et al. 2008;
Janouskovec et al. 2010; Obornik et al. 2012; Mathur et al.
2019). Comparative analyses to reconstruct this evolution de-
pend on sampling a wide diversity of apicomplexans and their
relatives, but 1 stubborn blind spot has remained: the deepest-
branching apicomplexan lineages, Cryptosporidium and the
gregarines. Most of these species retain plastids, and the plas-
tid function has been examined using transcriptome sequen-
cing of nucleus-encoded genes from a few representatives
(Janouskovec et al. 2019; Mathur et al. 2023). But even among
those with a plastid, only the archigregarine lineage is pre-
dicted to have retained its plastid genome, and to date no gen-
omic sequencing has been available from archigregarines. One
plastid genome has been assembled from transcriptome data
from the blastogregarine Siedleckia nematoides (Janouskovec
etal. 2019; Mathur, Kwong, et al. 2021), a lineage possibly re-
lated to archigregarines, but whose position in the tree has re-
mained uncertain (Lax et al. 2024).

Here, we characterized plastid genomes from 8 species
representing all currently identified genera (Lax et al.
2024), and show that archigregarines possess a reduced
plastid genome with an extremely low GC-content
(10-21%), and encode a reduced set of genes (23-29;
Fig. 2). The gene order in archigregarine apicoplast
genomes varies considerably between lineages, particularly
when compared to other apicomplexan groups. In Coccidia
and Hematozoa for example, the number of genes and
their synteny is largely conserved (Cai et al. 2003; Sato
2011; Arisue et al. 2012). The phylogenetic distance be-
tween the 4 archigregarine lineages is actually larger than
the distance between Hematozoa and Coccidia (Lax et al.
2024), so it is perhaps not surprising to find a more
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divergent apicoplast structure within archigregarines, des-
pite there only being 4 genera. While it is possible other me-
chanisms are at work (e.g. structural instability due to
extremely low GC-content), we consider the considerable
phylogenetic distances a key reason why archigregarine
plastid genomes vary so much in terms of gene content
and structure. Within genera, on the other hand, there is
more evidence of synteny, particularly among Lunidium
where we have the broadest sampling and the gene con-
tent and synteny are highly conserved between closely re-
lated taxa (L. terebellae, L. melongena, L. shako, and
L. laculatum; Fig. 2). Beyond synteny, even these close rela-
tives show a high degree of variation: genome sizes in
Lunidium range from 27 to 31 kbp, and the GC-content
is similarly variable between 10.6% and 14.7%. All archigre-
garine apicoplasts lack inverted repeats, but in L. shako and
L. laculatum, the plastid SSU and LSU rRNA gene sequences
also appear to be inverted (Fig. 2). Inverted repeats can be
found in many apicomplexan lineages, but not all (Mathur,
Kwong, et al. 2021). Curiously, presence or absence does
not seem to follow any obvious pattern, phylogenetic or
otherwise. The archigregarines appear to be a lineage fully
missing inverted repeats on their plastid genomes.

There is also considerable variation in the number of pre-
dicted apicoplast genes between archigregarine genera
(Fig. 2). This may be due to gene loss or transfer to the nu-
cleus, but many unannotated ORFs may also represent
highly divergent variants of genes identified in other archi-
gregarine genomes.

All the apicoplast assemblies reported here share a com-
plete lack of any photosynthesis-related genes, which is
consistent with previous analyses of nucleus-encoded genes
including members of Lunidium, Metzidium, Selenidium,
and Siedleckia based on the hyperLOPIT plastid proteome
of Toxoplasma (Mathur et al. 2023). The apicoplast gen-
omes of some corallicolid apicomplexans have been shown
to contain chlorophyll biosynthesis genes but none encod-
ing photosystem proteins (Kwong et al. 2019; Bonacolta
et al. 2024; Jacko-Reynolds et al. 2025), the distribution
of which makes it possible they might also have been re-
tained in archigregarines, but we found no evidence for
any of these genes either.

Interestingly, tufA was not identified in either Metzidium
sp. or S. validusae. This is not unprecedented, as
Rhytidocystis sp. was also found to have lost tufA (a transla-
tion elongation factor), and there seems to be no evidence of
its transfer to the nucleus (Janouskovec et al. 2019). It has
been proposed that the transfer of cjpC (a subunit of
the ATP-dependent Clp protease) and sufB (a subunit of
the iron-sulfur cluster assembly) genes to the nucleus is
the last step to rendering the apicoplast genome dispensable
(Janouskovec et al. 2015), and the S. validusae apicoplast is
lacking sufB. We were not able to find any evidence of nu-
clear sufB sequences in the transcriptome (Lax et al. 2024)

or nuclear genome sequences of S. validusae, which could
be due to insufficient sequencing depth. If cloC were to be
lost or moved to the nucleus, it suggests S. validusae would
likely also lose its plastid genome. In all apicomplexan plastid
genomes sequenced so far, rpoC2 is split into rpoC2A and
rpoC2B (Janouskovec et al. 2019), and we found this to
also be the case in all our new assemblies, suggesting this
is an ancestral feature of apicoplast genomes (Figs. 1 and 2).

Our S. serpulae data did not assemble into a circularized
apicoplast (Fig. 1; supplementary fig. S2, Supplementary
Material online). It is possible this genome is largely present
in linear fragments, as they are in some proportion in
Toxoplasma and Plasmodium (Williamson et al. 2007;
Sato 2011), but it is also possible our assemblies did not cir-
cularize due to the extremely low GC-content (around 9%),
repeats, and insufficient sequencing depth.

Implications for Understanding Apicomplexan Evolution

Why archigregarines (and presumably the related blasto-
gregarines) have retained their plastid genomes while all
other gregarines have lost it appears to be consistent with
the hypothesis that the retention of c/pC and sufB are suf-
ficient and necessary reasons to maintain the genome.
Whether some consistent factor other than simple chance
led to the loss or transfer of these genes in other gregarines
remains unclear; possibly the animal host environment is
different, or availability of metabolites inside the host, or
the physical relationship with the host cell (e.g. being pre-
dominantly inside it or outside) (Janouskovec et al. 2015).
Such a factor might even explain other features, like the
relatively normal state of archigregarine mitochondria,
when compared with those of other gregarines (Mathur,
Wakeman, etal. 2021; Keeling et al. 2024). However, there
is no obvious candidate for such a factor to distinguish be-
tween eugregarine and archigregarine environments or
ecology, as some eugregarines can even be found in the
same annelid clades and same body part of the same host
as archigregarines (Leander 2007; Park and Leander 2024).

The presence of plastid genomes in early branching archi-
gregarines is nevertheless further direct evidence that the pat-
tern of plastid loss and plastid genomes across Apicomplexa is
very complex (Janouskovec et al. 2015, 2019; Mathur et al.
2019, 2023; Mathur, Kwong, et al. 202 1), and this complexity
extends to other functional features (Fig. 3). The convergent
loss of photosynthesis genes is intriguing in particular: photo-
synthesis has been lost several times in related lineages, and in
corallicolid apicomplexans the recent characterization of
chlorophyll biosynthesis genes shows the pattern of loss is
quite complex (Jacko-Reynolds et al. 2025).

It is currently unclear why some groups retain chlorophyll
biosynthesis genes yet they have been disposed of in closely
related groups. The gregarine ancestor possessed an
apicoplast genome (likely without chlorophyll biosynthesis
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pathways), which was then subsequently fully lost in the
eugregarines, but retained in archigregarines. Still, inferring
plastid loss in all eugregarines is likely premature, since it is
one of the largest and most diverse groups of apicomplex-
ans, highlighting the need for exploration of plastid gen-
omes across gregarines, and other apicomplexan lineages.

Materials and Methods

Sampling, Isolation, and Microscopy

Polychaetes (Sedentaria) and peanut worms (Sipuncula)
were collected from marine benthic sites in British
Columbia (Canada), Hokkaido (Japan), and Curacao
(supplementary table S1, Supplementary Material online).
The intestines of the animals were removed and dissected
in sterile 0.2 pm-filtered seawater, and the contents agi-
tated by rapid pipetting. The resulting slurry was examined
for archigregarines using a Leica DMIL inverted microscope.
Identified cells were then isolated with a glass micropipette,

washed 3-6 times in 0.2 pm-filtered seawater. A single cell
was then deposited in ultrapure H,O for single-cell genom-
ics. These cells were isolated at the same time as cells des-
tined for single-cell transcriptomics, as reported previously
(Lax et al. 2024).

Whole Genome Amplification and Sequencing

Isolated cells were subjected to 2-4 freeze/thaw cycles
(=80°C and room temperature). Genomic DNA of each
cell was amplified with a TruePrime Single Cell WGA kit
(4basebio, #351025) following the manufacturer’s instruc-
tions, but increasing the amplification time to 12 h.
Products were cleaned using Ampure XP beads and then
quantified with a Qubit HS DNA assay. Libraries of the amp-
lified DNA were prepared with lllumina DNA Prep and se-
quenced on several lllumina NextSeq 2 x 150 bp or MiSeq
2 x 250 bp runs (supplementary table S1, Supplementary
Material online).

Genome Assembly

lllumina reads were trimmed with trimmomatic
version 0.39 with: ILLUMINACLIP:NexteraPE-PE.fa:2:40:15
SLIDINGWINDOW:4:20 MINLEN:25 (Bolger et al. 2014) .
These trimmed reads were assembled using SPAdes version
3.15.1 (Bankevich et al. 2012) using trimmed forward, re-
verse, and unpaired lllumina reads, generating co-assemblies
from identical cells when possible (supplementary table S1,
Supplementary Material online).

SSU rDNA Phylogenetics

SSU rDNA sequences of archigregarines were extracted
from the genome assemblies with barrnap version 0.9
(https:/github.com/tseemann/barrnap). To distinguish api-
complexan SSU rDNA sequences from contaminants, these
extracted sequences were then checked against the NCBI
nt database via megablast. Extracted sequences identified
as apicomplexan were aligned with MUSCLE (Edgar 2004)
against a previously published comprehensive archigregar-
ine SSU rDNA dataset (Lax et al. 2024), and trimmed using
Gblocks (Castresana 2000), as implemented in SeaView
version 5.0.4 (Gouy et al. 2010). The final trimmed align-
ment consisted of 111 sequences with 1,128 sites. A phylo-
genetic tree was estimated with RAXML-NG version 1.1.0
under the GTR + G model and 1,000 nonparametric boot-
strap replicates (Kozlov et al. 2019).

Plastid Genome Analysis

For initial identification of plastid contigs, we used BlobToolKit
version 2.3.3 (Challis et al. 2020) on each assembly, running
both blastx and diamondblast for taxonomic assignment.
Putative plastid contigs were extracted based on their taxo-
nomic assignment to Apicomplexa, their low GC content
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(5% to 25%), and relatively high coverage. After extraction,
we used MFannot (Lang et al. 2023) to check whether any
plastid-encoded genes could be annotated on these contigs.
The longest of these extracted and MFannot-confirmed con-
tigs was then used as a seed for NOVOplasty version 4.3.1, a
plastid-genome assembler (Dierckxsens et al. 2017). An ex-
ception was S. validusae, as we were able to recover a com-
plete apicoplast genome sequence from the initial SPAdes
assembly. For the NOVOplasty assemblies, we used all
adapter-trimmed lllumina reads we had available from a sin-
gle species, combining sequencing data from several runs of
the same archigregarine.

We obtained several fully circularized plastid genomes,
which were annotated with MFannot using genetic code
4. Additionally, ORFs of the apicoplast genome were predicted
with transdecoder version 5.5.0 (Grabherr et al. 2011), and
blasted against NCBI's nt database, and added to the final an-
notation. The annotations were manually curated in Geneious
Prime version 2024.0.5. The S. serpulae assembly failed to pro-
duce a circularized genome, but we were able to recover sev-
eral fragmented low-GC contigs from the initial SPAdes
assembly, which were also annotated with MFannot
(supplementary fig. S2, Supplementary Material online).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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