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SUMMARY

Gregarines are an early-diverging lineage of apicomplexan parasites that hold many clues into the origin and
evolution of the group, a remarkable transition from free-living phototrophic algae into obligate parasites of
animals.! Using single-cell transcriptomics targeting understudied lineages to complement available
sequencing data, we characterized the mitochondrial metabolic repertoire across the tree of apicomplexans.
In contrast to the large suite of proteins involved in aerobic respiration in well-studied parasites like Toxo-
plasma or Plasmodium,? we find that gregarine trophozoites have significantly reduced energy metabolism:
most lack respiratory complexes lll and IV, and some lack the electron transport chains (ETCs) and tricarbox-
ylic acid (TCA) cycle entirely. Phylogenomic analyses show that these reductions took place several times in
parallel, resulting in a functional range from fully aerobic organelles to extremely reduced “mitosomes”
restricted to Fe-S cluster biosynthesis. The mitochondrial genome has also been lost repeatedly: in species
with severe functional reduction simply by gene loss but in one species with a complete ETC by relocating
cox1 to the nuclear genome. Severe functional reduction of mitochondria is generally associated with struc-
tural reduction, resulting in small, nondescript mitochondrial-related organelles (MROs).® By contrast, greg-
arines retain distinctive mitochondria with tubular cristae, even the most functionally reduced cases that also
lack genes associated with cristae formation. Overall, the parallel, severe reduction of gregarine mitochon-
dria expands the diversity of organisms that contain MROs and further emphasizes the role of parallel tran-

sitions in apicomplexan evolution.

RESULTS AND DISCUSSION

The canonical view of mitochondria as oxygen-utilizing, ATP-
generating organelles primarily derives from functional studies
of aerobic model systems, such as animals, but nevertheless
captures a central function across a wide spectrum of eukaryotic
diversity. However, the universality of this picture was chal-
lenged with the discovery that anaerobic microbial eukaryotes
that were thought to lack mitochondria® actually harbor relict,
highly reduced, mitochondrion-related organelles (MROs).° The
collective functional diversity of MROs has since been shown
to cover a spectrum, ranging from aerobes or facultative aerobes
lacking some complexes of the respiratory chain, to “hydroge-
nosomes” with anaerobic energy metabolism, to “mitosomes,”
which synthesize Fe-S clusters and have no role in energy meta-
bolism.° This functional reduction can be linked to the loss of the
mitochondrial genome’ ' and is strongly correlated with struc-
tural simplification, making the most reduced MROs small and
difficult to identify or recognize."""' In only one known instance
has the mitochondrion been lost altogether.'®

In apicomplexan parasites, such as the well-studied and medi-
cally important pathogens, Plasmodium spp. and Toxoplasma
gondii, the mitochondria retains canonical energy metabolism,
including the tricarboxylic acid (TCA) cycle and ATP synthesis
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via an electron transport chain (ETC) similar to that of most other
eukaryotes with the exception of complex | being replaced by an
NADH dehydrogenase (NDH2).'*'®> However, their reliance on
oxidative phosphorylation for ATP generation varies depending
on life cycle stage, as demonstrated in P. berghei, where some
components of the ETC are dispensable in the asexual blood
stage but essential in the insect stage.'®!” In contrast, the api-
complexan genus Cryptosporidium harbors MROs, which in
the “intestinal-type” parasites, C. parvum and C. hominis, are
functionally restricted to Fe-S cluster biosynthesis and in the
“gastric-type” parasites, C. muris and C. andersonii, possess a
broader spectrum of mitochondrial proteins, including the TCA
cycle and a truncated ETC."® The relationship of Cryptospo-
ridium to other apicomplexans remains contentious,'® and until
recently, the overall picture of apicomplexan phylogeny was
restricted by the absence of data from many of the early-
diverging groups, particularly the parasites of invertebrates for
which no culture systems exist.”° Single-cell transcriptomics
has begun to fill these gaps and revealed the parallel evolution
of many apicomplexan traits, including their plastid metabolism
and even their parasitic lifestyle,”'%*" but their mitochondrial
function has yet to be examined. To enable a detailed recon-
struction of mitochondrial metabolism both between the major
apicomplexan subgroups and within them, we sequenced
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Figure 1. Maximum-likelihood phylogenetic tree of the apicomplexa and relatives
(A) Apicomplexan phylogeny based on 195 concatenated protein markers (IQ-TREE, LG+C40+F+G4 model). Species newly sequenced in this study are shown in
bold with orange lettering. Circles and values at nodes correspond to non-parametric bootstrap support (1,000 replicates; IQ-TREE LG+F+R8 model). Black

(legend continued on next page)
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single-cell transcriptomes from six species that represent five
different families of gregarines and squirmids.

To interpret the patterns of mitochondrial evolution in the Api-
complexa, we first constructed a maximum likelihood (ML) phy-
logenomic tree incorporating all major apicomplexan groups,
with a concatenated alignment of 195 nucleus-encoded genes,
55,369 amino acid sites, and 66 taxa (Figure 1A; Data S1). Our
newly sequenced gregarine species, Lankesteria metandrocar-
pae, Trichotokara eunicae, Polyplicarium translucidae, and
Selenidium serpulae, branched within the expected gregarine
subgroups with full bootstrap support (Figures 1A and 1B).%22°
Platyproteum vivax and Filipodium phascolosomae branched
sister to Digyalum oweni in the squirmid clade®® at the base of
the apicomplexans and chrompodellids with full statistical sup-
port, providing further evidence that this group represents an in-
dependent origin of apicomplexan-like parasitism within the
larger clade.’’

Most major branches on the tree are strongly supported in
both ML and Bayesian analyses (Figure S1), but the position of
Cryptosporidium was an exception. We examined the possibility
that the lack of diverse sampling within this lineage (as seen by
the long branch leading to the closely related Cryptosporidium
species in Figure 1A) may be the cause for this. We tested the ef-
fects of long branch attraction (LBA) by progressively removing
the fastest evolving sites in the concatenated (195 gene) align-
ment in 10% increments and assessing changes to the boot-
strap support (IQTREE; non-parametric bootstraps; n = 500; Fig-
ure 1C).?” The statistical support for most strongly supported
branches (e.g., the squirmids or the gregarines as a whole) and
poorly supported branches (e.g., some relationships between
subgroups of gregarines) were not substantially affected until
most of the data were removed, as expected (Figure 1B). How-
ever, the support for the position of Cryptosporidium as sister
to all other currently sampled apicomplexans increased signifi-
cantly with the removal of fast-evolving sites (100% bootstrap
support with the removal of 50%-70% of fast sites), supporting
this position in the tree and suggesting that the low statistical
support may be a phylogenetic artifact of LBA. Conversely,
Bayesian analyses placed Cryptosporidium as sister to the greg-
arines with moderate support (PP = 0.93), with all four chains
converging on this topology (Figure S1). Overall, confirmation
of the exact position of Cryptosporidium will require further
testing and ideally greater sampling of diversity within this line-
age, yet the data do strongly support its exclusion from the
monophyletic gregarines.

To examine the evolution of mitochondria across the apicom-
plexan phylogeny, hidden Markov models (HMMs) were con-
structed for proteins involved in aerobic respiration using
curated alignments based on recent proteomics and genome
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sequencing studies on Toxoplasma and Plasmodium, as well
as close photosynthetic relatives, Chromera and Vitrella (STAR
Methods).?®?> A combination of HMM searches, BLAST
searches, and individual protein phylogenies was used to iden-
tify homologs in apicomplexan genomic and transcriptomic
data (Figures 2 and 3; Data S2A). Similar to Toxoplasma and
Plasmodium, the squirmids retain a complete set of TCA cycle
enzymes, ETC complexes, and encode NDH2 rather than the ca-
nonical complex | (a system termed mitochondrial ETC variant a
on Figure 3). In contrast, the profile of energy metabolism in
gregarines is both derived and diverse. Two subgroups of greg-
arines, the archigregarines (Selenidium and Siedleckia) and
Monocystis, contain a full complement of genes for aerobic
respiration (ETC variant a in Figure 3). However, in all other greg-
arines, the functional repertoire is severely reduced; most spe-
cies retain only complex Il of the respiratory chain, the TCA cycle,
and Fe-S biosynthesis (variant c in Figure 3). The two exceptions
are Trichotokara, which retains the ATP synthase (complex V)
and has evolved a similarly reduced respiratory chain
to gastric-type Cryptosporidium parasites, C. muris and
C. andersoni (ETC variant b in Figure 3), and Pterospora, Poly-
rhabdina, and Ancora, which have taken the reduction even
further and retain only Fe-S cluster biosynthesis, similar to the
mitosome of intestinal-type Cryptosporidium parasites,
C. parvum and C. hominis (variant d in Figure 3).

We also searched for evidence of the mitochondrial pyruvate
dehydrogenase (PDH) complex that converts glycolytic pyruvate
to acetyl-coenzyme A (CoA) to feed the TCA cycle and the
branched-chain ketoacid dehydrogenase complex (BCKDH)
complex that has replaced the role of PDH in Toxoplasma and
Plasmodium.*® In the archigregarines, squirmids, and Monocys-
tis, where we found canonical respiratory chains, we also
retrieved complete BCKDH complexes and no evidence of the
PDH complex, suggesting that they metabolize pyruvate in a
manner similar to Toxoplasma and Plasmodium (Figure 2). All
other taxa with reduced ETC (variants b—d) also lack PDH and
either have a fragmented BCKDH complex or lack it altogether.
However, we identified a pyruvate:NADP+ oxioreductase
(PNO) in these taxa, which consists of a fused N-terminal pyruva-
te:ferredoxin oxioreductase (PFO) and a C-terminal NADPH-cy-
tochrome P450 reductase (CPR) and is homologous to the PNO
found in Cryptosporidium.®* We also detected PNO in Digyalum
and Vitrella, suggesting it is ancestral to the larger clade and has
been lost multiple times in apicomplexans and chromerids (Fig-
ure S2). These findings suggest that gregarines with reduced
mitochondrial variants b and ¢ use PNO instead of BCKDH for
the conversion of pyruvate to acetyl-CoA, which may be im-
ported into the mitochondria for the TCA cycle, as previously
proposed in C. andersoni.®® Furthermore, we also detected

circles indicate 100% support; other support values are indicated on the nodes. Colored circles specify nodes that are tested for the effect of fast-evolving site

removal.

(B) The effect of fast-evolving site removal on the bootstrap support of certain nodes (numbered 1-7) in the apicomplexan phylogeny. Graph shows progressive
removal of fastest evolving sites in increments of 10% and the corresponding bootstrap support values (based on IQ-TREE 500 non-parametric bootstraps,
LG+F+R8 model). Colored lines on the graph correspond to the specific nodes that are tested and shown on the phylogeny (above)

(C) Light micrographs of cells sequenced in this study with scale bars: top row, left to right, Trichotokara eunicae (240 um), Lankesteria metandrocarpae (80 um),
and Selenidium serpulae (10 um). Bottom row, left to right, Filipodium phascolosomae (30 um), Platyproteum vivax (30 um), and Polyplicarium translucidae (25 um)

are shown.
See also Figure S1 and Data S1.
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L Electron transport chain variants (Fig. 3)

Figure 2. Distribution of mitochondrial metabolic proteins across the tree of apicomplexans and the diversity of electron transport chains
(A) Coulson plots depicting the following mitochondrial pathways: iron-sulfur cluster biosynthesis (Fe-S); branched chain ketoacid dehydrogenase (BCKDH)
complex; tricarboxylic acid (TCA) cycle; respiratory chain (I-V); and other electron transport chain (ETC) proteins. Each colored pie segment represents the
presence of a protein. The mitochondrial ribosomal proteins (RPs) are shown as proportions present out of the 40 proteins searched (refer to Data S2 for complete
list). Species sequenced in this study are shown in orange. Asterisks (*) denote taxa with genomic sequencing data; all other taxa are represented by tran-

scriptomic data.

(B) The proteins and subunits present in each mitochondrial complex and pathway plotted in (A). The pie chart colors correspond to the pathways in (A). Full

names for all proteins and subunits can be found in Data S2.
See also Table S1, Data S2, and Figure S2.

ADP-forming acetyl-CoA synthetase (ACS) in all gregarines with
reduced mitochondria (Data S2A). ACS has been widely charac-
terized in anaerobes with MROs, where it uses acetyl-CoA to
generate acetate and ATP directly.*® However, the gregarine
ACS and PNO proteins we retrieved do not contain mitochon-
drial localization signals, similar to those of Cryptospo-
ridium.*>*” The cellular localization of PNO in Cryptosporidium
has been a matter of some debate, but current data suggest
these proteins generate ATP by substrate-level phosphorylation
in the cytosol,®” and we predict this is also true of gregarines and
that direct evidence of localization will be required to confirm
this.

These data all raise the question as to whether these reduced
mitochondria can possibly function in ATP generation via oxida-
tive phosphorylation, even in taxa that contain TCA cycle en-
zymes and, in some cases, the ATP synthase (e.g., variant b
on Figure 3). The conclusion that they cannot is bolstered by
the identification of an alternative oxidase (AOX) similar to that
found in Cryptosporidium,'"*° the distribution of which perfectly
correlates with the absence of complexes Ill and IV (Figure 2).
AOX can accept electrons directly from coenzyme Q, which

suggests the presence of a truncated AOX-dependent ETC
that would not generate a proton gradient across the mitochon-
drial inner membrane? and by extension would not contribute to
ATP synthesis via oxidative phosphorylation and instead might
act as mechanism to cope with oxidative stress in the host intes-
tine."” We also searched for rquA, which in some cases synthe-
sizes the alternative quinone, rhodoquinone (RQ), and is shown
in anaerobic worms to maintain a proton gradient and ATP gen-
eration in the absence of complex 111.*® However, no homologs
of rquA were found in the gregarines or Cryptosporidium, sug-
gesting that RQ is also not involved in ATP production in these
taxa. Finally, we searched for other enzymes involved in anaer-
obic energy metabolism, such as [FeFe]-hydrogenase, its asso-
ciated maturases, and acetate/succinate-CoA transferase
(ASCT), but no evidence for these was found. Overall, most greg-
arines appear to lack expressed genes for enzymes that would
mediate ATP synthesis in the mitochondrion.

Since they are uncultivated, much, but not all, of our current
genomic data from gregarines come from single cell transcrip-
tomes. This raises the obvious possibility that the data reflect a
sampling basis rather than the absence of the genes; however,
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Figure 3. Schematic depicting the diversity
of ETCs in apicomplexans labeled as vari-
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several lines of evidence argue against this possibility. A stochas-
tic sampling bias (e.g., simple incomplete sampling of expressed
genes) is unlikely to lead to the observed pattern because there is
a strong correlation between the presence or absence of a gene
with other genes from the same functional complex: this may
explain the absence of a few genes, but they should be randomly
distributed, and entire complexes should not be absent if the over-
all sampling is relatively good. Analyses of highly conserved genes
indicate most of the transcriptomes are indeed deeply sampled
(Figure 2A; Data S1A), as do analyses of other systems, such as
plastid-targeted genes''%?" or the genes used in the phyloge-
nomic matrix (Data S1B).
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and in all species sampled, this life stage

restricted to the same environment of a

single host. Mitochondrial function is
therefore not simply linked to the trophozoite life stage: if it
were, we would not observe such a wide range of functions in
trophozoites. Similarly, there is no obvious environmental factor
that correlates with the functional states we observed: nearly all
the cells were isolated from animal gut environments (the single
exception, Monocystis, is, however, very interesting because it
was isolated from a seminal vesicle and its mitochondrial func-
tion is conspicuously not reduced). The factor that correlates
most closely with the pattern of reduction is the phylogeny (Fig-
ure 1). This timescale is more consistent with evolutionary
change rather than physiological change, but further studies to
characterize the mitochondrial capabilities of different life history
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stages (sporozoites and gametes) and genome sequencing are
both important and informative next steps.

However, the most interesting argument for these variants
representing the actual mitochondrial function is that they are
all compatible with metabolic models observed in other MRO-
containing lineages.®® Each state observed across the entire
range of reduction corresponds to a viable variant ETC, mostly
either functioning in ATP generation or dissipation of excess
reducing potential via AOX (Figure 3). Indeed, the metabolism in-
ferred in the most reduced gregarine mitochondria bears a strik-
ing resemblance to mitosomes in Cryptosporidium: complete
genomes from four species in that genus reveal variable mito-
chondrial reduction, but the outcomes correspond to the same
metabolic models as gregarines (Figure 3).

The two complexes lost most often in gregarines are com-
plexes lll and IV (which is also true of reduced mitochondria in
general).®>™*" Three of the core proteins of these are Cox1,
Cox3 (both in complex IV), and Cob (in complex Ill), which is sig-
nificant because these are also the only three protein-coding
genes encoded in any apicomplexan mitochondrial genome.*?
The absences of these complexes in Cryptosporidium mito-
somes allowed for the complete loss of the mitochondrial
genome,”*® so we sought evidence for this genome across the
diversity of apicomplexans (STAR Methods). Highly represented
transcripts for cox1, cox3, and cob were found in the squirmids,
as well as in gregarines that encode other proteins in complex lll
and IV, but they were never observed in any gregarine lacking
other complex Il and IV genes (Data S2C). A mitochondria
genome would require many supporting housekeeping proteins,
so we also searched for nucleus-encoded proteins necessary for
mitochondrial DNA expression, specifically 40 mitochondrial ri-
bosomal proteins identified in Plasmodium®* and the mitochon-
drial DNA-directed RNA polymerase (POLRMT). This revealed
the same pattern of absence (Figure 2A; Data S2B), further sup-
porting the absence of a genome. One noteworthy exception
was Selenidium serpulae, which retains all ETC complexes but
is missing evidence for any expressed mitochondrial ribosomal
proteins and the POLRMT gene. Furthermore, we identified a
cox1 transcript from S. serpulae that contains a mitochondrial
targeting signal (MTS), indicating the gene has been transferred
to the nucleus and its protein product is targeted back to the
mitochondria (Data S2D).*> No transcripts of cox3 and cob
were detected. Taken together with the lack of mitochondrial
housekeeping proteins, S. serpulae appears to have lost its mito-
chondrial genome, possibly reflecting a similar state as in Amoe-
bophrya.*®*" The retention of complex Il and IV in S. serpulae
suggests cox3 and cob might also be present; we hypothesize
one or both are either also in the nucleus or their respective com-
plexes now function without them. Genomic sequence analysis
will be required to determine the state of the S. serpulae mito-
chondria genome, but the overall pattern across apicomplexans
is consistent with the absence of lll and 1V, resulting in the com-
plete loss of the mitochondrial genome in most gregarines.

Functional reduction in MROs is usually accompanied by
structural reduction, including the loss of hallmark features of
mitochondria, such as cristae.®'%*® But this does not appear
to apply to gregarines, where those examined at the ultrastruc-
tural level are generally found to contain conspicuous mitochon-
dria with distinctive apicomplexan tubular cristae (refer to Table
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S1 for a summary of transmission electron microscopy [TEM]
studies). Although there is variability in these studies, it is limited
and does not clearly correspond to functional reduction: indeed,
the most structural variability is between species of Selenidium,
which all contain a complete respiratory chain (Table S1).
Although in some other lineages, MROs that have lost some
ETC components also retain cristae (e.g., Blastocystis and
Nyctotherus),**“° cristae have not previously been found in mi-
tosomes completely lacking the ETC. The MICOS complex has
been implicated in cristae formation in a diversity of eukary-
otes,*® as have a cluster of recently identified apicomplexan-
specific ATP synthase subunits, which form cyclical hexamers
essential to shaping their tubular cristae.®’ We searched for all
these proteins (STAR Methods) and detected MICOS and ATP
synthase subunits in all species with functional variants a and
b, but not in other gregarines (Figure 3; Data S2). This raises
interesting questions about cristae formation in taxa with mito-
chondrial variants ¢ and d, because at least some of these spe-
cies (e.g., Pterospora, Gregarina, and Lankesteria) have been
shown by TEM to retain tubular cristae in the same trophozoite
life stage, yet we find no evidence for expression of the genes
required for their formation.*>?

Altogether, these data suggest that the most diverse and
early-branching lineages of apicomplexans, the gregarines,
possess mitochondria with a wide range of functional reduction.
Most gregarines appear to lack ATP generation in the mitochon-
drion and, at the extreme, are restricted to Fe-S biosynthesis—
functionally equivalent to mitosomes. The unusual disconnect
between functional and structural reduction of gregarine MROs
is striking. Novel discoveries of MROs are generally associated
with organisms that were previously little studied (e.g., Mikrocy-
tos or Brevimastigomonas)*':>® or already believed to be anaer-
obes (classic cases like parabasalids, diplomonads, or micro-
sporidia).”® The lack of mitochondria or presence of
hydrogenosomes drew attention to these lineages, and as a
result, our expectations for mitochondrial reduction are largely
based on them.>>® Gregarines, by contrast, were formally
described almost 200 years ago and have been investigated
since, but because their mitochondria largely appeared unre-
markable, they were not suspected to contain anaerobic MROs.

Another noteworthy feature of apicomplexan MROs is the par-
allel origins of a remarkably diverse collection of reduced forms.
The importance of parallel evolution is emerging as a recurring
theme in apicomplexan evolution, having been shown in major
transitions associated with the evolution of their plastid organ-
elles and even their dependence on the obligate parasitism of
animals.”?" The functional reduction of the mitochondria adds
another major system to this list and highlights new ways in
which the most extreme outcomes of mitochondrial reduction
may evolve.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Ampure XP beads (for Beckman Coulter Cat#A63881
Smart-Seq?2)

Betaine (for Smart-Seq2) Sigma Cat#61962
dNTP mix (for Smart-Seq?2) Fermentas Cat#R0192
Ethanol 99.5% (vol/vol) (for Kemethyl Cat#SN366915-06
Smart-Seq?2)

First-strand buffer (for Invitrogen Cat#18064-014
Smart-Seq?2)

KAPA HiFi HotStart KAPA Biosystems Cat#KK2601

ReadyMix (2x) (for Smart-

Seq2)

Magnesium chloride (for Sigma Cat#M8266

Smart-Seq?2)

Phusion High-Fidelity PCR New England Biolabs Cat#M0531S

Master Mix with HF Buffer

Recombinant ribonuclease Invitrogen Cat#10777019

inhibitor (for Smart-Seq?2)

Superscript Il reverse Invitrogen Cat#18064-014

transcriptase (for Smart-

Seq2)

Triton X-100 Sigma Cat#x100

UltraPure DNase/RNase- Thermofisher Cat#10977023

free distilled water (for

Smart-Seq2)

Critical commercial assays

Nextera XT lllumina FC-131-1024

Deposited data

Phylogenomics dataset This paper Mendeley Data: https://doi.
org/10.17632/xkwscr7fwh.

Protein alignments & This paper Mendeley Data: https://doi.

phylogenies org/10.17632/xkwscr7fwh.

Transcriptome sequencing This paper NCBI SRA PRJNA682485

raw reads

Transcriptome assemblies & This paper Mendeley Data: https://doi.

predicted proteins org/10.17632/xkwscr7fwh.

Experimental models: Organisms/strains

Platyproteum vivax This paper N/A

Filipodium phascolosomae This paper N/A

Selenidium serpulae This paper N/A

Polyplicarium translucidae This paper N/A

Trichotokara eunicae This paper N/A

Lankesteria metandrocarpae This paper N/A

Oligonucleotides

5'-AAGCAGTGGTATCAAC Picelli et al.>* Oligo-dT30VN

GCAGAGTACT30VN-3’

5 Picelli et al.>* IS-PCR oligo

AAGCAGTGGTATCAACG

CAGAGT-3'

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
5'-AAGCAGTGGTATCAAC Picelli et al.>* TSO

GCAGAGT ACATIGrG+G-3'

Software and algorithms

BLAST

Altschul et al.>®

https://blast.ncbi.nim.nih.
gov/Blast.cgi

BlobTools Laetsch®® https://blobtools.readme.io/
docs

Cutadapt Martin®’ https://cutadapt.
readthedocs.io/en/stable/

FastTree Price et al.”® http://www.microbesonline.
org/fasttree/

FigTree Rambaut®® https://beast.community/
figtree

HMMER Finn et al.®° http://hmmer.org/

1Q-Tree Nguyen et al.”’ http://www.igtree.org/

MAFFT Katoh and Standley®’ https://mafft.cbrc.jp/
alignment/software/

ModelFinder Kalyaanamoorthy et al.®? http://www.igtree.org/
ModelFinder/

PEAR Zhang et al.%® https://github.com/
tseemann/PEAR

PhyloBayes Lartillot et al.®* http://www.
atgc-montpellier.fr/
phylobayes/

RaxML Stamatakis®® https://cme.h-its.org/
exelixis/web/software/
raxml/

ScaFoS Roure et al.®® https://megasun.bch.
umontreal.ca/Software/
scafos/scafos.html

Transdecoder Haas et al.?” https://github.com/
TransDecoder/
TransDecoder/wiki

trimAl Capella-Gutierrez et al.®® http://trimal.cgenomics.org/

Trinity Grabherr et al.®® https://github.com/
trinityrnaseq/trinityrnaseq/
wiki

TargetP Armenteros et al.*” https://services.healthtech.

dtu.dk/service.php?
TargetP-2.0

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Varsha
Mathur (varsha.mathur@botany.ubc.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Transcriptome sequencing raw reads generated in this study are available at the NCBI SRA PRINA682485. Transcriptome assem-
blies, phylogenomics matrices, and individual protein alignments and phylogenies have been deposited in Mendeley Data:https://
doi.org/10.17632/xkwscr7fwh.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Polyplicarium translucidae was isolated from the gut of the capitellid polychaete, Notomastus tenuis, that was collected at low tide at
Boundary Bay, Tsawwassen, British Columbia (B.C), Canada. Filipodium phascolosomae and Platyproteum vivax were isolated from
the gut of the peanut worm, Phascolosoma agassizii, collected from Ogden Point, Victoria, B.C., Canada, from sediments at a depth
of 7-10 m. Trichotokara eunicae was collected from the same location from the gut of the polychaete, Eunice valens. Selenidium ser-
pulae was isolated from the calcareous tubeworm, Serpula vermicularis, collected from the rocky pools of Grappler Inlet near the
Bamfield Marine Sciences Centre, Vancouver Island, B.C., Canada. Lankesteria metandrocarpae was also collected at the same
location from the tunicate, Metandrocarpa taylori. All specimens were collected in January 2019.

METHOD DETAILS

Transcriptome sequencing and assembly

The guts of the host animals were dissected with fine-tipped forceps under a low magnification stereomicroscopes. Hand-drawn
glass pipettes were used to collect individual trophozoites under an inverted microscope. Trophozoites were rinsed at least three
times in filtered seawater and stored in 2 pL of cell lysis buffer (0.2% Triton X-100 and RNase inhibitor (Invitrogen)). cDNA was syn-
thetized from a pool of 2-5 cells, using the Smart-Seg2 protocol.> The cDNA concentration was quantified on a Qubit 2.0 Fluorom-
eter (Thermo Fisher Scientific). Prior to high-throughput sequencing, 1 pL of the cDNA was used as a template for a PCR amplification
of the V4 region of the 18S rRNA gene using Phusion High-Fidelity DNA Polymerase (New England Biolabs, Thermo Scientific). The
PCR product were sequenced by Sanger dideoxy sequencing, and BLASTn searches were used to confirm the identity of the api-
complexan and avoid downstream host contamination.*® Sequencing libraries were prepared using the lllumina Nextera XT protocol,
and sequenced on the lllumina MiSeq (2x250bp) sequencer.

Raw sequencing reads were merged using PEAR v0.9.8.%° The adaptor and primer sequences were trimmed using cutadapt v2.10
and the transcriptomes were assembled with Trinity v2.8.5.°":°° The contigs were filtered for host contaminants using BlobTools, in
addition to BLASTn and BLASTx searches against the NCBI nt database and the SWISS-PROT database, respectively.”>**’° Cod-
ing sequences were predicted using a combination of TransDecoder v5.5.0 and similarity searches against the SWISS-PROT data-
base.®” Assessment of the quality of the assembly and annotation of the transcriptomes was done with BUSCO v4.0.6 using the alve-
olate marker gene set (Data S1).”"

Phylogenomics tree construction and analyses

Transcriptomes were searched for a set of 263 genes using BLASTp that have been previously used for apicomplexan phylogenomic
analyses and that represent a wide range of eukaryotes.'*>"2 The hits were filtered using an e-value threshold of 1e-20 and a query
coverage of 50%. Single gene trees were then constructed to identify paralogs and contaminants using RAXML v8.2.12 (using the
PROT-GAMMA-LG model) with support from 1,000 bootstraps.®® Each single gene tree was manually viewed in FigTree v1.4.3
and contaminants and paralogous sequences were identified and removed.®® The final cleaned gene-sets were filtered so that
they contained only a maximum of 40% missing OTUs and then concatenated in SCaFoS v1.2.5.°° The resulting concatenated align-
ment consists of 195 genes spanning 55,369 amino acid positions from 64 taxa (available at Mendeley Data: https://doi.org/10.
17632/xkwscr7fwh).

Maximum likelihood (ML) phylogenies were generated from the concatenated alignment in IQ-TREE v1.6.12 using the heteroge-
nous mixture LG+C40+F+G4 model.”” Statistical support was assessed using 1,000 non-parametric bootstraps using the LG+F+R8
model as inferred by ModelFinder.® Bayesian analyses were conducted using PhyloBayes MPI v1.4 using the GTR matrix with the
CAT infinite mixture model and four gamma rate categories after the removal of constant sites. Four MCMC chains were run for at
least 10,000 generations (chain bipartition discrepancies: max diff = 0.140848) (Figure S1).°* The robustness of the phylogenetic to-
pology was evaluated using fast site removal to consider artifacts of long branch attraction. Site specific rates were calculated in the
concatenated alignment using IQ-TREE v1.6.12 (-wsr option), and the fastest evolving sites were removed in 10% increments.
Following fast site removal, ML phylogenies and non-parametric bootstraps (n = 500) were calculated in IQ-TREE v1.5.5 (Figure 1B).

Search and identification of mitochondrial proteins

Profile Hidden Markov models (HMMs) were used to identify proteins involved in mitochondrial metabolism in the gregarines and
squirmids using curated alignments. These alignments were made using previously characterized mitochondrial proteins in Toxo-
plasma gondii, Plasmodium falciparum, Cryptosporidium spp., Chromera velia and Vitrella brassicaformis, as queries for BLASTp
searches (e-value threshold of 1e-5),%:28:30-32:44.48.60 Eor anerobic metabolic proteins, the PDH complex, ETC complex |, and MICOS
proteins, that are not found apicomplexans or chromerids, BLASTp searches were conducted using ciliate and stramenopile
queries.*%*%7%7% The resulting hits were manually parsed to retain top hits from apicomplexans and chromerids, as well as dinofla-
gellates, ciliates and stramenopiles. The parsed hits were then aligned with MAFFT v. 7.212.°"

Profile HMMs were generated using the curated alignments and HMM searches were conducted on our newly-sequenced tran-
scriptomes in addition to all publicly available gregarine transcriptomes and genomes, using HMMER v3.1 with an e-value threshold
of 1e-5.%° All resulting hits were extracted and incorporated into the original alignments, realigned and trimmed, using MAFFT v7.222
(-auto option) and trimAl v1.2 (-gt 0.2), respectively.®'°® These alignments were used to generate phylogenies in FastTree v2.1.3.°°
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The trees were then manually assessed in FigTree and contaminants, paralogs, and long-branching divergent sequences were iden-
tified and removed.*® The remaining sequences were realigned and used to generate maximum likelihood phylogenies in IQ-TREE
v.1.6.12.?” Phylogenetic models were selected for each tree individually based on Bayesian Information Criteria using ModelFinder
as implemented in IQ-TREE, and statistical support was assessed using 1,000 ultrafast bootstraps (Protein IDs can be found in Data
S2, and trees and alignments are available at Mendeley Data: https://doi.org/10.17632/xkwscr7fwh).®? Mitochondrial localization
signals were analyzed using TargetP 2.0 (Data S2).*°

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical support for the phylogenomics tree was obtained using 1,000 non-parametric bootstraps (using the LG+F+R8 substitution
model) and Bayesian posterior probabilities calculated after at least 10,000 generations (GTR+CAT+G4 model, four chains, chain
bipartition discrepancies: max diff = 0.140848) (Figure 1A). Bootstrap support for clades following fast site removal was calculated
from 500 non-parametric bootstraps using the LG+F+R8 substitution model (Figure 1C). 1,000 ultrafast bootstrap pseudoreplicates
were used for the mitochondrial protein phylogenies.
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