


Report

Phylogenomics of coral-infecting corallicolids
reveal multiple independent losses of chlorophyll
biosynthesis in apicomplexan parasites
Victoria K.L. Jacko-Reynolds,1,8,* Waldan K. Kwong,1,2 Samuel J. Livingston,1 Morelia Trznadel,1 AnthonyM. Bonacolta,1

Gordon Lax,1 Jade Shivak,1 Nicholas A.T. Irwin,1,3 Mark J.A. Vermeij,4,5 Javier del Campo,6 and Patrick J. Keeling1,7

1Department of Botany, University of British Columbia, 3156-6270 University Blvd., Vancouver, BC V6T 1Z4, Canada
2Gulbenkian Institute of Molecular Medicine, Rua da Quinta Grande, 6, 2780-156 Oeiras, Portugal
3Gregor Mendel Institute of Molecular Plant Biology, Austrian Academy of Sciences, Dr. Bohr-Gasse 3, 1030 Vienna, Austria
4AquaticMicrobiology, Institute for Biodiversity and EcosystemDynamics, University of Amsterdam, SciencePark 700, Amsterdam, 1098 XH,
the Netherlands
5CARMABI Foundation, P.O. Box 2090, Piscaderabaai z/n, Willemstad, Curaçao
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SUMMARY

The transition from free-living to parasitic lifestyles inducesmajor shifts in evolution, and nowhere is thismore
acute than in apicomplexans—obligate intracellular parasites of animals that evolved from photosynthetic
algae.1 In other cases where photosynthesis has been lost, including most apicomplexans, chlorophyll is
also absent, but in coral-infecting apicomplexans (corallicolids), chlorophyll biosynthesis genes are retained
in the plastid genome despite their lack of photosystems.2 This suggests that the loss of photosynthesis and
chlorophyll were decoupled in this lineage, but because these observations are only based on plastid ge-
nomes, two fundamental questions remain unclear. First, how this impacted apicomplexan evolution as a
whole is unclear because there are conflicting phylogenetic positions for corallicolids: plastid gene phylog-
enies place them at the base of the apicomplexans, whereas nuclear rRNA places them with late-branching
coccidians (suborder Eimeriorina).2,3 Second, it is unclear if chlorophyll or ametabolic intermediate is synthe-
sized, asmost chlorophyll biosynthesis enzymes are encoded in the nucleus. To address these questions, we
have sequenced transcriptomes from two corallicolids, infecting Parazoanthus swiftii andMadracis mirabilis
hosts. Phylogenomic data strongly support a late-branching relationship closer with coccidians, specifically
with the protococcidians and the newly discovered ichthyocolids.We also find evidence for the expression of
nucleus-encoded enzymes involved in chlorophyll biosynthesis in corallicolids and protococcidians. Overall,
we conclude that chlorophyll synthesis was likely retained through the early evolution of the group and then
lost approximately 10 times independently, emphasizing the impact of parallel evolutionary changes in para-
sitic transitions.

RESULTS AND DISCUSSION

Since the discovery that corals and their close relatives around
the world are frequently infected with corallicolid apicomplexan
parasites,2,4–6 a number of questions surrounding the evolution
and biology of the parasites have remained out of reach due to
an almost complete lack of data of nuclear genomes from this
group. However, acquiring genomic data from uncultured intra-
cellular parasites of corals, which are also hosts to complex sym-
biotic communities consisting of many other microbial species,
has been challenging. Extensive and deep sequencing of
numerous corals together with their symbiotic communities
yielded data only from consistently high-copy-number regions
of the genome, including mitochondrial or plastid genomes, as

well as nuclear rRNA.2,3,6 At the same time, transcriptome
sequencing from individual corallicolid cells yielded poor results,
likely because of the small cell size.7 To attempt to circumvent
these problems, we took two different approaches. First, we
sequenced transcriptomes from multiple pools of 5–32 cells iso-
lated from the same infected host, and second, we sequenced
meta-transcriptomes from infected tissue samples that were en-
riched for parasites by Percoll gradient centrifugation. Both ap-
proaches were applied in the field over five seasons in Curaçao,
from 2018 to 2023, focusing on two hosts previously found to
have a 100% infection rate: the yellow pencil coralMadracis mir-
abilis and the golden zoanthid Parazoanthus swiftii (collections
summarized in Table S1). Madracis mirabilis is a largely hetero-
trophic stony coral (Figure 1A) with low levels of symbiotic
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zooxanthellae, while Parazoanthus swiftii is a zoanthid that lives
on sponges and lacks symbiotic zooxanthellae altogether (Fig-
ure 1F). For both hosts, density-gradient centrifugation was opti-
mized to enrich for corallicolids, whichwere identified by lightmi-
croscopy (Figures 1B and 1G), andmore closely inspected using
transmission electron microscopy (Figures 1C–1E and 1H–1J).
Overall, these approaches yielded 24 corallicolid transcrip-

tomes: six enrichment libraries and nine cell-pool libraries from
P. swiftii and six enrichment libraries and three cell-pool libraries
from M. mirabilis. Although the cell-pool libraries were found to
be superior to the single-cell libraries reported previously, they
still suffered from poor coverage (containing 5%–7% of our
201 gene phylogenomic dataset). The enrichment libraries, on
the other hand, yielded very good coverage (45%–87% of the
201 genes). Unenriched libraries of whole P. swiftii polyps and
sponge host were also sequenced to aid in the discrimination be-
tween host and parasite genes since the genomes of these spe-
cies have not been characterized. To further test the quality of
the libraries and, in particular, whether libraries of parasites
from the same host can be combined for analysis, we confirmed
the host identity and that hosts were consistently infected with
the same parasite by extracting host and parasite SSU and
LSU rRNA from each library. In each case, presence of host
rRNA was consistent with field identifications. For parasite
rRNA, phylogenies were inferred using existing corallicolid se-
quences, including previously reported sequences derived
from both hosts.3 This phylogeny (Figure S2A) showed that all
new samples from each host form a strongly supported clade
to the exclusion of one another, once again confirming the lack
of cross-contamination and showing each host was consistently
infected by a single, distinct parasite. In addition, all newP. swiftii
samples branch with previously sampled parasites from the
same host3; however, the previously sampled parasites from
M. mirabilis did not cluster with the new M. mirabilis samples
but instead also clustered with parasites from P. swiftii (Fig-
ure S2A). There is no evidence for host misidentification in the
earlier samples (i.e., there is no P. swiftii rRNA), suggesting
thatM. mirabilis was infected with different parasites in previous
sampling years and that parasites can infect distantly related
anthozoan hosts, as biogeographical data have also begun to
suggest.5 The parasite in P. swiftii was described as Anthozoa-
phila gnarlus, but with a type host ofM. mirabilis, so we continue

Figure 1. Corallicolids from two hosts have similar, parasitic api-
complexan features
Left: Anthozoaphila gnarlus infecting Parazoanthus swiftii.

(A) The host, P. swiftii living symbiotically on a sponge.

(B) Light micrograph of a single A. gnarlus trophozoite. Scale bar: 1 mm.

(C–E) Three transmission electron microscopy (TEM) cross sections through a

single A. gnarlus cell.

(C) Arrow highlights the microtubule cytoskeleton of the corallicolid extending

toward the apex of the cell.

(D) Section highlighting the large mitochondria.

(E) Section with broad overview of the cell and showing micronemes. Scale

bars: 500 nm in (C)–(E).

Right: Corallicolid ex. Madracis mirabilis.

(F) The host M. mirabilis.

(G) Light micrograph of corallicolid ex. M. mirabilis. Scale bar: 1 mm.

(H) The conoid structure of the apical complex of a corallicolid ex.M. mirabilis

indicated by a black arrow.

(I) Several micronemes.

(J) Rhoptry-like organelles.

Scale bars: 500 nm in (H)–(J). R, rhoptry-like organelles; M, mitochondria.

See also Figure S1.
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to use that name here and propose a host range expansion to
include P. swiftii, where it was also originally detected.3 Alto-
gether, these data confirm that the transcriptomes from each
host consistently yield closely related parasites and that the par-
asites from the two hosts sampled from 2021–2023 are distinct
and distantly related within the corallicolid tree.
The transcriptome data were next used to resolve the conflict-

ing positions of the corallicolids in the apicomplexan phylogeny.
Previous analyses of plastid genome sequences placed coralli-
colids as the sister to all other apicomplexans with strong
support,2,4 whereas nuclear rRNA phylogenies contrastingly
showed corallicolids diverging from other apicomplexans
much more recently, as sister to the coccidians (subord.
Eimeriorina).2,8 To resolve this discrepancy, we inferred a phylo-
genomic tree based on 201 genes with 61,714 sites across 48
taxa, including high coverage from corallicolids from both
P. swiftti (covering 81% of total sites) and M. mirabilis (89% of
sites), using maximum-likelihood (ML) and Bayesian methods
(Figures 2 and S2B). All analyses consistently show corallicolids
branching late, close with the coccidians, with full support.
However, ML and Bayesian trees differ in one detail: in ML trees,
corallicolids branch specifically with the protococcidian Eleu-
theroschizon, whereas the Bayesian phylogeny supports coralli-
colids branching as sister to coccidians (Figure S2B). The two
alternatives were tested using approximately unbiased (AU)
tests on 11 topologies where corallicolids were constrained to
be sister to each subgroup of apicomplexans and the outgroups.
All topologies were rejected at a 5% significance, except for
those where corallicolids branch as sister to both coccidians
and protococcidians, sister to protococcidians (theML topology,
Figure 2), or as sister to coccidians (the Bayesian topology,
Figure S2B).
To test whether the inclusion of the ichthyocolids, a recently

described group of fish-infecting apicomplexans, affects this
result, we searched for ichthyocolid nuclear genes in infected
fish blood metagenomic data8 and found 125 genes of apicom-
plexan origin. There was limited overlap in the metagenomic
gene sampling and the transcriptomic gene sampling, but we
were able to construct a phylogenomic tree consisting of 115
genes with high coverage for both groups (Figure S2C). Phyloge-
nomic analysis of this dataset showed complete support for a
sister relationship between corallicolids and ichthyocolids, and
in this case, both Bayesian and ML analyses were congruent
with one another and with the 201-gene ML analysis in support-
ing their branching with the protococcidia (Figures 2 inset, S2B
inset, and S2C).
The phylogenetic relationship of corallicolids to protococci-

dians or coccidians makes any explanation for the distribution
of chlorophyll biosynthesis genes in apicomplexans compli-
cated. Chlorophyll is obviously fundamental to photosynthesis,
and in other cases where photosynthesis has been lost, the
loss of chlorophyll biosynthesis is so closely linked as to appear
concurrent. This is also true in the non-photosynthetic relatives
of apicomplexans (squirmids and some chrompodellids), but
corallicolids are the exception where the two processes have
evidently been decoupled. Had the phylogeny shown corallicol-
ids branching at the base of the apicomplexan tree, like plastid
phylogenies originally suggested,4 they could be interpreted as
descendants of an intermediate stage that retained chlorophyll

for some reason specific to their biology. But because they
diverged from other apicomplexans much more recently, we
infer that chlorophyll biosynthesis must have been retained
throughout the early evolution of apicomplexans, ultimately be-
ing lost in parallel in ancestors of almost every major group but
retained in the corallicolids. This raises numerous questions
about the photosystem-independent function of this pathway.
Corallicolid plastid genomes encode four enzymes for chloro-

phyll biosynthesis2,6 (chlL, chlN, chlB, and acsF), which together
mediate light-independent conversion of magnesium-proto-
phorphyrin IX monomethyl ester to protochlorophyllide, the pre-
cursor of chlorophyll a. These enzymes are absent in all other
apicomplexan plastid genomes sequenced to date, including
the closely related ichthyocolids,8 and coccidians.9 No plastid
genome of any protococcidian has yet been sequenced; how-
ever, we found plastid DNA in the only available transcriptome
from this group, Eleutheroschizon duboscqui,10 and assembling
its draft plastid genome revealed no evidence for these four
genes (Figure S3). Moreover, the complete pathway also re-
quires many other enzymes that are typically encoded in the nu-
cleus (Figure 3). The distribution of these enzymes in apicom-
plexans is unknown: their presence in corallicolids has been
impossible to test without nuclear genomic data, and they
have not been directly or thoroughly examined in other apicom-
plexans because there was no reason to suspect presence of
chlorophyll biosynthesis. We therefore searched for chlorophyll
biosynthesis enzymes in our corallicolid transcriptomes and all
other apicomplexan genomes and transcriptomes. The phyloge-
netic position of all putative hits from profile hidden Markov
models (HMMs) and BLAST searches was checked to exclude
contamination and members of related gene families that are
not directly involved in chlorophyll biosynthesis (phylogenies
are available on UBC Borealis: https://doi.org/10.5683/SP3/
2LXG4D). Altogether we found eight positive hits: all four
plastid-encoded genes (chlL, chlN, chlB, and acsF) plus nu-
cleus-encoded genes, chlI, chlM, and chlG in the corallicolid An-
thozoaphila, as well as nucleus-encoded chlG in Eleutheroschi-
zon (Figures 3 and S2D–S2F). This does not account for the
entire pathway, as chlH, chlD, and dvr were undetected (Fig-
ure 3). The transcripts we recovered had low read coverage, sug-
gesting that the genes in this pathway are expressed at low
levels, which indicates that transcripts for the missing enzymes
might be present but undetected. The presence of chlG in
Anthozoaphila and Eleutheroschizon is particularly significant
because, as the final enzyme in the pathway, its retention sug-
gests the product of the pathway is likely chlorophyll and not
some intermediate like protochlorophyllide. The presence of
chlG in Eleutheroschizon is also unusual, however, since its
plastid appears to lack chlL, chlN, chlB, and acsF. The possibility
that chlorophyll biosynthetic genes may be found in nuclear ge-
nomes of both protococcidians and ichthyocolids will require
further investigation, as will the end product and function of the
pathway in corallicolids. We found no evidence of any enzymes
for chlorophyll biosynthesis from any other apicomplexans
(Figure 3).
We also identified genes involved in other metabolic pathways

known to be retained across apicomplexan plastids and found
that most genes in the MEP/DOXP and FASII pathways were
represented in at least one corallicolid library, whereas a smaller
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proportion of Fe-S and heme synthesis pathway genes were
identified (Figure 3). This suggests that corallicolid plastids can
also perform the same biochemical functions as those of other
apicomplexans.

It has widely been assumed that photosynthesis was lost once
at the origin of apicomplexans, generally conceptually coupled

to a single origin of parasitism. However, parsimonious evolu-
tionary interpretations of this lineage can be misleading, espe-
cially relating to plastid and mitochondrial evolution.11–14 Since
both the loss of photosynthesis and the origin of parasitism
have taken place multiple times in the closely related chrompo-
dellids and squirmids,12–14 we should not categorically rule out

Figure 2. Multi-protein phylogenomic tree showing corallicolids are related to coccidians
Themaximum-likelihood tree was generated from an alignment of 201 geneswith 61,714 sites across 48 apicomplexan taxa under the LG+C60+F+G substitution

model with 1,000 ultrafast bootstraps (UFBs) and 100 non-parametric bootstraps (NPBs) with posterior mean site frequencies (PMSFs). The black circles indicate

100% UFB/NPB support, and values lower than 100% are indicated at their respective branch. The percent coverage of genes across the 201 gene dataset is

indicated on the right for each taxon. Inset: portion of the maximum-likelihood tree generated from an alignment of 115 genes across the same 48 apicomplexan

taxa with the inclusion of ichthyocolid data under the LG+C60+F+G substitution model.

See also Figure S2.
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the possibility that either or both might also have taken place
multiple times within the apicomplexans, which could help
explain the long ancestral persistence of chlorophyll biosyn-
thesis. We do not favor this explanation, however, for the simple
reason that it still lacks direct evidence: in all other cases where
such parallelisms are inferred, the character state in question is
phylogenetically interspersed with other states—for example,
both photosynthetic chrompodellids have non-photosynthetic
sisters, making the case for parallel loss of photosynthesis very
strong. If further exploration reveals truly free-living or photosyn-
thetic lineages within the apicomplexans, then a model where
multiple losses of photosynthesis contribute to the distribution
of chlorophyll becomes more likely.
Even if we maintain the assumption of a single loss of photo-

synthesis near to the origin of apicomplexans, the incredibly
unparsimonious distribution of chlorophyll biosynthesis has
several implications for its still-mysterious function. For
example, whatever function it does serve is unlikely to be

related to the ecology of corallicolids: there is no indication
that chlorophyll biosynthesis is related in any way to infecting
coral, living on coral reefs, or infecting hosts that possess
photosynthetic symbionts, or even living in a sunlit habitat since
it is highly improbable that these characteristics trace back
through the entire backbone of the apicomplexan tree to their
photosynthetic common ancestor. For example, it has been
proposed that chlorophyll might be used for photo-protection
or controlling the effects of light-induced ROS,15 but this would
require that the long line of apicomplexan ancestors consis-
tently lived in high light environments, which is doubtful, and
indeed some corallicolids infect anthozoans in the deep,
aphotic zone where there would be no selection for such activ-
ity.6 The function of chlorophyll is more likely related to basic
cellular function. For example, corallicolid chlorophyll retention
could be the result of an ancient feedback inhibition system to
control heme biosynthesis. Chlorophyll and heme share tetra-
pyrrole precursors, and in photosynthetic plants and algae

Figure 3. Multiple parallel losses of photo-
synthesis, chlorophyll biosynthesis, and
plastid organelles in apicomplexans and
relatives
Left: schematic of the phylogenetic tree high-

lighting that corallicolids are related to the coc-

cidians. Gray branches trace the retention of the

actual plastid organelle in apicomplexans and

their close relatives, with losses indicated by

a perpendicular bar, whereas yellow branches

trace the retention of photosynthesis, and green

branches trace the retention of chlorophyll

biosynthesis. The question mark highlights the

uncertainty of chlorophyll biosynthesis retention/

loss, as only a single gene, chlG, from the

pathway has been detected in protococcidians.

Here, we propose that ancestral apicomplexans

underwent a single loss of photosynthesis

and decoupling from chlorophyll biosynthesis

following the transition to parasitism. As chrom-

podellids have free-living members, the multiple

origins of parasitism are also paired with multiple

losses of photosynthesis. Considering apicom-

plexans do not have any known free-living

members, we choose the most parsimonious

explanation for a single loss of photosynthesis;

however, we do not rule out the possibility that

photosynthesis too may have been lost several

times in parallel in apicomplexans.

Center: chlorophyll biosynthesis genes identi-

fied in corallicolids and protococcidians. Dark

green-outlined yellow boxes indicate the positive

identification of a plastid-encoded gene in the

pathway, whereas yellow boxes without an

outline indicate the positive identification of a

nucleus-encoded plastid-targeted gene from the

pathway. The chlorophyll biosynthetic pathway: magnesium chelatase ATPase subunits D, H, and I (chlD, chlH, and chlI); magnesium-protoporphyrin IX

methyltransferase (chlM); magnesium-protoporphyrin IX monomethyl ester (oxidative) cyclase (acsF); light-independent protochlorophyllide oxidoreductase,

iron-sulfur ATP-binding protein (chlL); light-independent protochlorophyllide oxidoreductase (DPOR) subunits B and N (chlB/N); 3,8 divinyl reductase (dvr);

chlorophyll synthase (chlG).

Right: the retention of other metabolic plastid pathway genes found across the 24 corallicolid transcriptomes and Eleutheroschizon. Plastid metabolic pathways

include the non-mevalonate isoprenoid biosynthesis pathway (MEP/DOXP), fatty acid biosynthesis pathway (FASII), iron-sulfur cluster synthesis pathway (Fe-S),

and heme biosynthetic pathway. Darker-colored sections indicate the gene was identified in both corallicolid and Eleutheroschizon transcriptomic data, whereas

lighter-colored sections indicate the gene was identified in only Eleutheroschizon data. Lighter-colored sections with a dot indicate that the gene was only found

in corallicolids. Gray section indicates that the gene was not found in either Eleutheroschizon or corallicolids.

See also Figure S2.
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excess protochlorophyllide can downregulate synthesis of an
early tetrapyrrole precursor, ALA.16–18 Another chlorophyll in-
termediate, Mg-Protoporphyrin-IX, has been shown to function
as a retrograde signal to the nucleus to upregulate expression
of nucleus-encoded plastid-targeted proteins.19 If the photo-
synthetic ancestor of apicomplexans depended on such a con-
trol system (most obviously heme since it shares a biosynthetic
root with chlorophyll and its production is one of the few func-
tions retained in these plastids), then the pathway would remain
essential after the loss of photosynthesis. This could be lost
quickly if a new control system evolved, but it could also persist
with different descendants evolving potentially different solu-
tions in parallel. This situation may be more common than is
currently appreciated as well, as there is emerging evidence
that chlorophyll may be present in other lineages that lack pho-
tosystems, including cryptomonads20 and orchids.21 In these
cases, photosynthesis was lost muchmore recently than in cor-
allicolids, so these may simply be an intermediate phase of no
functional consequence. It is also possible that this situation
is relatively common in parasitic plants but difficult to recognize
because in the ancestor of the angiosperms, the entire chloro-
phyll biosynthetic pathway was relocated to the nucleus.22

Without both the telltale photosystems and chlorophyll genes
in the same small genome, it becomes much harder to prove
the former is absent while the latter persists.

Altogether, these findings reinforce how unparsimonious ma-
jor evolutionary transitions may be, and events surrounding the
origins of parasitism and especially the numerous loss-of-func-
tion events that can accompany this transition are characterized
by many independent parallel occurrences in different descen-
dent lineages. This is clearly the case for many aspects of plastid
functional reduction and loss (Figure 3), and the finding that even
tightly linked functional losses like photosynthesis and chloro-
phyll biosynthesis can be decoupled over long periods of evolu-
tionary time are just themost extreme examples of this. Although
they are a technically challenging system, further work on coral-
licolids will hopefully illuminate the function of chlorophyll and,
by extension, why it was lost in so many other apicomplexan
lineages.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All samples from coral hostsMadracis mirabilis and Parazoanthus swiftii (and sponge host) were collected off the shores of Curaçao
between October 2021 and February 2023. Hosts were isolated from 18-23 meters depth and maintained with aeration at room tem-
perature in seawater. Specific dates for each sample are documented in Table S1.

METHOD DETAILS

Sample isolation and corallicolid enrichments
To isolate corallicolids, the coral hosts were washed with sterile 0.22 mm filtered seawater and gently crushed with a pestle and
mortar. Debris and liquid from the crushed tissue were filtered through consecutive 500 mm, 300 mm, 100 mm and then 50 mm cell
strainers (pluriStrainer) under gentle pressure using a 50ml conical tube syringe adapter. Individual corallicolid cells were isolated
from the slurry by micropipetting under microscopy and washed using 0.2 mm filter-sterilized seawater. Pooled single cells were pre-
served in 2 ml cell lysis buffer (as described in Picelli et al.23) and stored at -70!C for single cell transcriptomics.23

To prepare the coral enrichments, Percoll (Sigma-Aldrich) gradients consisting of three layers were created as follows, frombottom
to top: 1) 70% Percoll layer (7:1:2 of Percoll:103 saltwater:dH2O), 2) low-salinity 58% Percoll layer (7:1:4 of Percoll:103 saltwa-
ter:dH2O), 3) 40% Percoll layer (4:1:5 of Percoll:103 saltwater:dH2O). The 103 saltwater was made by adding 41% w/v reef salt
(Instant Ocean Reef Crystals) to dH2O. The crushed coral slurry filtrate was layered on top of the Percoll layers and centrifuged at
1,500g for 15 min. After centrifugation, coral cell debris were largely trapped above the low-salinity layer, and corallicolid cells
were isolated from the interface of layers 1 and 2 and within layer 1. The cells were then spun down at 300g for 5 min, washed
and resuspended in RNAlater and stored at -70!C. Additionally, whole polyps of P. swiftii and fragments of the host sponge both
were preserved separately in 1.5 ml of RNAlater and stored at -70!C.

Electron microscopy
Electron microscopy samples were prepared from density-gradient enriched corallicolid pellets and fixed in 25% glutaraldehy-
de:0.2M PIPES buffer:dH2O (1:5:4) for 20 min. The sample was washed 3 times using 0.1 M PIPES buffer at 400g for 5 min then re-
suspended and stored in 0.1M PIPES buffer at 4!C. Fixed and pelleted corallicolids were post-fixed in 1% OsO4 (w/v) for 30 min at

Continued
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SCaFoS Roure et al.38 http://megasun.bch.umontreal.ca/Software/

scafos/scafos.html

Phylobayes Lartillot et al.39 http://www.atgc-montpellier.fr/phylobayes/

iTOL Letunic and Bork40 https://itol.embl.de

HMMER Eddy41 http://hmmer.org

KEGG KASS Kanehisa et al.42 https://www.genome.jp/kegg/kaas/

InterPro Paysan-Lafosse et al.43 https://www.ebi.ac.uk/interpro/

AliView Larsson et al.44 https://ormbunkar.se/aliview/

NOVOplasty Dierckxsens et al.45 https://github.com/ndierckx/NOVOPlasty

MFannot Lang et al.46 https://github.com/BFL-lab/Mfannot
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room temperature. The osmicated pellet was rinsed three times in room temperature 0.05M PIPES buffer, twice in dH2O, then dehy-
drated with an ascending graded ethanol series of 30%, 50%, 70%, 95% and 100% for 10 min each, with two additional 100%
ethanol exchanges. Spurr’s resin was gradually infiltrated in an ascending series of 10%, 20%, 40%, 60%, 80%, 95% and 100%
resin for at least 1h each. Two additional 100% resin exchanges were performed for 12 h each, then samples were transferred to
Beem capsules (Ted Pella) containing fresh 100% Spurr’s resin and polymerized at 60!C for 48 h. Silver-gold sections (60 nm)
were cut using a Leica UC7 ultramicrotome and mounted on copper slot grids coated with 0.3% formvar (w/v). Sections were
post-stainedwith 2%aqueous uranyl acetate (w/v) and lead citrate for 12 and 6min, respectively. Imaging of sections was performed
using a Tecnai Spirit transmission electronmicroscope operating at 80 kV. Imageswere acquired on an AMT XR51CCD camera or an
FEI Eagle CCD camera. Images were collected from two independent replicates of chemical fixation for each species.

Sequencing and transcriptome assembly
Samples containing density-gradient enriched corallicolids and whole P. swiftii polyps and host sponge were thawed on ice and
centrifuged at 14,000g for 5 min to remove RNAlater supernatant. The resulting enriched cell pellet was processed using the TRIzol
(Invitrogen) method for RNA purification. For samples labelled ZCRNA and ZCDNA, RNA and DNA were co-extracted from four
respective cell enrichments using the TRIzol method (Table S1). The host sponge, whole polyp, and the enriched P. swiftii RNA sam-
ples were processed for mRNA sequencing with Illumina TruSeq mRNA stranded protocol, whereas the enriched M. mirabilis RNA
samples were processed using the Illumina Stranded mRNA protocol.
Samples preserved in lysis buffer for single cell transcriptomics underwent three freeze-thaw cycles prior to mRNA extraction and

cDNA synthesis following the SmartSeq2 protocol.23 Resulting cDNAwere processed into libraries using the Nextera XT kit. DNA and
cDNA libraries were sequenced on MiSeq and/or NextSeq platforms (raw sequencing reads available in NCBI BioProject:
PRJNA1199006) at the Sequencing and Bioinformatics Consortium, University of British Columbia.
Adapters on forward and reverse raw reads were trimmed with Cutadapt v3.224 and sequences assembled using rnaSPAdes

v3.15.1.25 Themetatranscriptomes of the zoanthid,P. swiftii and host spongewere used as queries against NCBI’s nr database using
BLASTn26 to curate a database of Cnidaria and Porifera contigs. The P. swiftii and sponge sequences were additionally used to re-
move Cnidaria and Porifera contigs from the single cell transcriptomes of Anthozoaphila gnarlus ex. P. swiftii.Using the same BLAST
method, apicomplexan genes from the P. swiftii metatranscriptomes were identified and are available on UBC Borealis: https://doi.
org/10.5683/SP3/2LXG4D. Further contamination was identified using BLASTx and BLASTn against NCBI nt and Uniprot47 (The Uni-
prot Consortium 2021) databases and Cnidaria, bacteria and Chordata contamination was removed using BlobTools v3.3.4.27 The
cleaned transcripts were then used in Transdecoder v5.5.0 for proteome prediction (https://github.com/TransDecoder/
TransDecoder/wiki).28 The longest ORFswith shared similarity (e-value threshold%1e10-5) to annotated proteins in the UniProt data-
base were kept and translated into proteins. Assemblies are available on UBCBorealis: https://doi.org/10.5683/SP3/2LXG4D. A pre-
dicted proteome was generated from the previously assembled metagenome of ichthyocolid-infected Ophioblennius macclurei
(PRJNA1041302) blood using Pyrodigal.29

Orthology identification and phylogenomic analysis
To confirm the presence of corallicolid transcripts in each transcriptome, Barrnap v0.930 was used to isolate nuclear SSU and LSU
rRNA sequences. The taxonomic identity of all rRNA sequences was assessed by BLASTn against the NCBI nt database. The longest
apicomplexan positive SSU and LSU sequences were collected and added to a curated database of apicomplexan SSU and LSU
sequences and aligned using MAFFT v7.47131 using auto settings and trimmed using trimAl v1.4 (-c 60 -gt 90).32 Trimmed SSU
and LSU alignments were inspected and concatenated into single alignment using Geneious33 and used to generate a maximum-
likelihood (ML) tree under the GTR model and 1,000 non-parametric bootstraps using IQTree234 (Figure S2A). To assess the SSU
and LSU sequence variability in each transcriptome, a pairwise alignment was run on all apicomplexan-positive sequences and
the percent identities to the longest, representative sequence were collected (available on UBC Borealis: https://doi.org/10.5683/
SP3/2LXG4D).
The multi-protein phylogenetic analysis was performed using a previously published curated dataset of 263 highly conserved pro-

tein-encoding genes.48 The 263 genes were used as queries against the corallicolid and ichthyocolid predicted proteomes using
BLASTp. Gene hits were added to their respective fasta files and aligned with auto settings in MAFFT (L-INS-i), trimmed with trimAl
(-gt 60) and ML single gene trees were created using RAxML (raxmlHPC-PTHREADS -p 123456789 -m PROTGAMMALG -f a -x 123
-N 100).34 RAxML trees were visually inspected using FigTree v1.4.437 to identify and remove contaminants, paralogs and isoforms
while preserving the single longest corallicolid sequence. For the phylogenomic tree, the cleaned 263 gene dataset was parsed using
SCaFoS v1.2538 to extract genes from only apicomplexan and selected outgroup taxa and genes represented in less than 40% of
taxa were removed from the analysis. A maximum-likelihood analysis was run on the resulting concatenated 201 gene dataset using
IQTree2 under the model LG+C60+F+G with 1000 ultrafast bootstraps (-B 1000). The resulting tree was used as a guide tree for the
Posterior Mean Site Frequency model (PMSF)49 in IQTree2 with robustness assessed by 100 non-parametric bootstraps (-b 100).
Additionally, a Bayesian analysis was run on the cleaned concatenated gene dataset using PhyloBayes-MPI v20201026 using the
CAT-GTR model.39 Four chains were run in parallel, with a sampling frequency every 5 trees until each chain surpassed 8,000 iter-
ations. Only two of the four chains convergedwith amax difference of 0.03. A posterior consensus tree was generated after removing
the first 10% of trees calculated from the four parallel runs (available on UBC Borealis: https://doi.org/10.5683/SP3/2LXG4D) (Fig-
ure S2B). Due to the lower recovery of ichthyocolid genes from the metagenomic assembly, a second maximum-likelihood and
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Bayesian analysis was run on a concatenated 115 gene dataset which prioritized genes present in both the corallicolids and ichthyo-
colid data using the same IQTree2 and Bayesian parameters (Figures S2B and S2C). All 4 chains surpassed 6,000 iterations and
converged with a max difference of 0.178. All finalized trees were viewed and exported using iTOL.40

Plastid protein search and de novo plastid genome assembly
We searched our corallicolid transcriptomes for plastid-derived proteins comprising biosynthetic pathways characteristic of apicom-
plexan cryptic plastids, specifically isoprenoids, FeS clusters, fatty acids, and heme synthesis. To investigate the presence of chlo-
rophyll biosynthesis, corallicolids and apicomplexan relatives, including Eleutheroschizon duboscqui (SRR9888047) and ichthyocol-
ids, were searched using BLASTp and HMMER3.41 Genes from these pathways that were absent in our analyses of E. duboscqui
were cross referenced with the original publication,10 and were included in our report if it was originally reported as present. Queries
used in the BLASTp search (e-value threshold:%e10-3 and -per_qcov 0.3) were collected from the Kyoto Encyclopedia of Genes and
Genomes (KEGG).50 The HMMER protein search were created using alignments from KEGG queries against a diverse in-house eu-
karyotic and prokaryotic proteomic dataset. A comprehensive search for chlorophyll biosynthesis genes also included using BLASTp
against uncleaned peptide files and translating chlorophyll biosynthesis proteins into their nucleotide sequence and using BLASTn
against uncleaned nucleotide sequences. Transcriptome contigs corresponding to positive protein-level hits were retrieved, and
trimmed sequencing reads were mapped against these contigs for verification and to determine read coverage.

Resulting genes from plastid metabolic pathways and the chlorophyll biosynthesis pathway were combined with query proteins,
aligned and trimmed using auto settings inMAFFT and trimAl followed byML tree reconstruction using IQTree241 under the LG+I+G4,
LG+G4, WAG+F+G4, WAG+F+I+G4 models (available at UBC Borealis: https://doi.org/10.5683/SP3/2LXG4D) (determined by
ModelFinder). Trees were inspected manually using FigTree to remove paralogs, contamination and isoforms. Cleaned, trimmed
alignments were rerun using IQTree2 with the same approach. Sequences that were highly divergent and branching outside apicom-
plexans or chrompodellids were investigated using InterPro and BLASTp against the NCBI’s nr database.43 The N-terminus of nu-
clear-encoded plastid-targeted proteins was investigated for targeting signals by visually inspecting corallicolid sequences the gene
alignment in AliView v1.28.44

The de novo assembly of the Eleutheroschizon duboscqui plastid genome was produced from high coverage transcriptomic
data using the E. duboscqui plastid-encoded gene tufA as a seed query in NOVOplasty.45 The resulting contig was annotated
with MFannot46 (https://megasun.bch.umontreal.ca/apps/mfannot/) and visually inspected using Geneious (Figure S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical support for the ML analysis included a PMSF analysis with 100 non-parametric bootraps in IQTree2. Using the same
concatenated 201-gene alignment, a Bayesian analysis was run in PhyloBayes with four parallel runs using the model CAT-GTR.
An approximately unbiased (AU) test was run on the 201-gene alignment using IQTree model LG+C60+F+G.35
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