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Abstract

Apicomplexans are successful parasites responsible for severe human diseases including malaria, toxoplasmosis, and
cryptosporidiosis. For many years, it has been discussed whether these parasites are in possession of peroxisomes, highly variable
eukaryotic organelles usually involved in fatty acid degradation and cellular detoxification. Conflicting experimental data has been
published. With the age of genomics, ever more high quality apicomplexan genomes have become available, that now allow a new
assessment of the dispute. Here, we provide bioinformatic evidence for the presence of peroxisomes in Toxoplasma gondlii and other
coccidians. For these organisms, we have identified a complete set of peroxins, probably responsible for peroxisome biogenesis,
division, and protein import. Moreover, via a global screening for peroxisomal targeting signals, we were able to show that a
complete set of fatty acid -oxidation enzymes is equipped with either PTST or PTS2 sequences, most likely mediating transport
of these factors to putative peroxisomes in all investigated Coccidia. Our results further imply a life cycle stage-specific presence of
peroxisomes in T. gondii and suggest several independent losses of peroxisomes during the evolution of apicomplexan parasites.
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Introduction

Apicomplexans are a group of parasitic protists including se-
vere pathogens that befall humans and cattle. One example is
Toxoplasma gondii the causative agent of toxoplasmosis,
which, when infecting immunosuppressed individuals or
infants, can cause fatal disease. Toxoplasma gondii is a mem-
ber of the Coccidia, a subclass of apicomplexans known to
form environmentally resistant oocysts, which, if sporulated
and ingested via food or water, may provoke host infection
(Fritz et al. 2012; Lindsay et al. 1997). Besides T. gondli,
Coccidia comprise other single-celled obligate parasites such
as Eimeria, Isospora, Neospora, Cyclospora, Sarcocystis, and
Hammondia, which usually infect vertebrates (Blazejewski
2015; Liu et al. 2016; Palmieri et al. 2017). Similar to other
Coccidia, T. gondii has a complex life cycle involving three
different infectious stages: Tachyzoites, bradyzoites, and spor-
ozoites (Dubey et al. 1998). Whereas the latter develop

outside the definitive host (felids) after release with feces as
oocysts, tachyzoites, and bradyzoites are intracellular stages
found inside a host (intermediate or definitive; Lyons et al.
2002; Tenter et al. 2000). Coccidia and most other apicom-
plexans, such as, for example, the malaria causing parasite
Plasmodium falciparum, contain a residual, nonphotosyn-
thetic complex plastid called apicoplast that goes back to a
former free-living red alga (McFadden 2014). From an evolu-
tionary perspective these organisms are thus the product of a
eukaryote—eukaryote endosymbiosis with chromerids being
their most closely related photosynthetic relatives known so
far (Woo et al. 2015).

In contrast to plastids, peroxisomes have most likely a non-
endosymbiotic origin. These organelles usually proliferate by
division, but can also form de novo (Agrawal and Subramani
2016; Sugiura et al. 2017). Their biogenesis and maintenance
is conducted by a conserved set of proteins known as peroxins
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(Pex) (Smith and Aitchison 2013). Peroxisomes are metaboli-
cally highly versatile, single membrane-bound organelles pre-
sent in most eukaryotes (Deb and Nagotu 2017). Although
peroxisomes can vary drastically in enzymatic content and
number between different species and among different cell
types, their most conserved metabolic functions are degrada-
tion of fatty acids (B-oxidation) and detoxification of reactive
oxygen species (ROS; Gabaldon 2010). These two metabolic
processes are usually strictly connected because the first reac-
tion in peroxisomal fatty acid p-oxidation performed by acyl-
CoA oxidase (ACOX) generates H,0O,, which is subsequently
converted to oxygen and H,0 via the detoxifying action of the
enzyme catalase (2 H,O, — O, + 2 H,0) to protect the cell
from oxidative damage (Schrader and Fahimi 2006). The
remaining steps of the peroxisomal p-oxidation produce
acetyl-CoA, which can serve as a carbon or energy source
for growth, for example, as a substrate for the mitochondrial
TCA-cycle (Poirier et al. 2006; Schrader et al. 2015).
Peroxisomes can import their luminal (matrix) proteins via
two specific import signals: Peroxisomal targeting signal type
1 (PTS1), a C-terminal tripeptide with the consensus sequence
[SAC]-[KRH]-[LM] (Ast et al. 2013; Kim and Hettema 2015;
Lametschwandtner et al. 1998; Rucktaschel et al. 2011), and
type 2 (PTS2), an N-terminal nonapeptide comprised of the
amino acids [RK]-[LVIQ]-X-X-[LVIHQ]-[LSGAK]-X-[HQ]-[LAF]
(all known possibilities; Kunze et al. 2015). Whereas the
PTS1 is recognized by the receptor peroxin 5 or Pex5, PTS2-
mediated import requires Pex7 and an additional coreceptor
(Pex5/Pex5L in plants and mammals; Freitag et al. 2012,
Meinecke et al. 2016). A special feature of the peroxisomal
matrix protein import is that even folded and oligomerized
proteins can by transported into the organelle via a so-called
piggy-back mechanism (Saryi et al. 2017). Besides the PTS1
and PTS2 receptors, peroxisomes rely on several other Pex for
protein import as well as peroxisomal biogenesis and mainte-
nance, which are generally conserved among eukaryotes with
peroxisomes (Gabaldon et al. 2006; Schlter et al. 2006). The
core components comprise Pex13 and Pex14 (docking com-
plex), the E3 ubiquitin ligases Pex2, Pex10 and Pex12, Pex4
(ubiquitin conjugation) and Pex22 (membrane anchor for
Pex4), as well as the cytosolic AAA-ATPases Pex1 and Pex6
for receptor recycling—all part of the import machinery for
soluble matrix proteins (Gould and Valle 2000). Moreover,
Pex3, Pex16, and Pex19 are involved in the import of mem-
brane proteins into the peroxisomal membrane and Pex11
plays an important role in the division of peroxisomes (e.g.,
Kim and Hettema 2015; Smith and Aitchison 2013).
Although the majority of eukaryotes are known to contain
peroxisomes to compartmentalize particular (often “noxious”)
metabolic pathways within a “special reaction chamber,” cer-
tain  organisms—mostly  parasitic  protists  containing
mitochondria-related organelles instead of canonical aerobic
mitochondria, but also some metazoans—seem to have lost
these organelles (Gabaldon et al. 2016; Schluter et al. 2006;

Zarsky and Tachezy 2015). Among the parasites are
Trichomonas and Giardia (Excavata), microsporidians (Fungi),
and Entamoeba (Amoebozoa); for peroxisomes in apicomplex-
ans conflicting data exists.

One of the first reports presenting experimental data on
potential peroxisomes in apicomplexans came from Kaasch
and Joiner in 2000. Here, T. gondii catalase which contains a
putative PTST (AKM) was found to localize within defined
punctuate and vesicular structures anterior to the parasite nu-
cleus in intra- and extracellular tachyzoites (Kaasch and Joiner
2000). Yet in the same year, Ding and colleagues produced
controversial results and found catalase to be mainly localized
in the cytosol of T. gondii tachyzoite cell stages (Ding et al.
2000). Moreover, Ding et al. later on confirmed a cytosolic
localization of catalase in T. gondii and reported the complete
absence of Pex genes in the parasite (Ding et al. 2004). Work
by Schluter et al. (2006), finally described apicomplexans as
“the first group of organisms devoid of peroxisomes, in the
presence of mitochondria”. However, this view is in question
because sequencing of several additional apicomplexan
genomes has occurred from which new evidence emerged
that might speak for the presence of peroxisomes or
peroxisome-like structures in at least a subset of apicomplexan
species (Gabaldon et al. 2016): Firstly, there is in silico data
reporting the presence of classical peroxisomal enzymes such
as Pex1, Pex5, and Pex6 as well as enzymes involved in typical
peroxisomal fatty acid metabolism (S-oxidation) in T. gondii
and Neospora caninum (Gabaldon et al. 2016; Kienle et al.
2016); secondly, some of the S-oxidation factors contain pu-
tative PTS1 sequences (Possenti et al. 2013); and thirdly, thereis
experimental evidence that one of the latter enzymes (TgHAD-
2SCP-2; TGME49_234570) localizes at least in part to distinct
vesicular structures in T. gondii tachyzoites (Lige et al. 2009).
Taken together, the presence of peroxisomes in apicomplexans
is still uncertain and although several leads in support for such
organelles (at least in particular species) exist, the line of evi-
dence is still scarce, especially with respect to experimental
verification.

Here we provide strong bioinformatic evidence for the pres-
ence of peroxisomes in 7. gondli and other coccidians by iden-
tification of a complete set of Pex that might be capable of
producing and maintaining fully functional peroxisomes in these
organisms. Moreover, we found the fatty acid f-oxidation path-
way in coccidians to be equipped with classical PTSs. In 7. gondii
these factors are subjected to a life cycle stage-specific protein
expression profile, which suggests that a putative peroxisomal 8-
oxidation takes place mainly during the oocyst/sporozoite stage.

Materials and Methods

Genomic Screening for Peroxins in Chromerids and
Apicomplexans

Pex in chromerids were identified via two different strategies:
1) using KEGG (Kyoto Encyclopedia of Genes and Genomes;
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http:/Avww.genome . jp/kegg/; last accessed November 10,
2017) classification of the 31,799 Chromera velia
CCMP2878 annotated proteins (CryptoDB-31_CveliaCC
MP2878_AnnotatedProteins.fasta) downloaded from the
Cryptosporidium Genomics Resource, CryptoDB (http://cryp
todb.org/cryptodb/home.do; last accessed November 10,
2017) screening the category “peroxisome”; and 2) by per-
forming a blastP search against the C. velia genome database
((http://cryptodb.org/cryptodb/showQuestion.do?question
FullName=UniversalQuestions.UnifiedBlast; last accessed
November 10, 2017, e-value cutoff: e-4) using known
sequences of Pex from yeast, plants, and animals (NCBI)
followed by analysis of the hits using reciprocal blastP ver-
sus the NCBI nr protein database (https:/blast.ncbi.nlm.
nih.gov/blast/Blast.cgi; last accessed November 10, 2017)
to check the annotation of similar sequences, areas of se-
guence conservation and potential functional domains. The
same strategy was chosen to screen for Pex in T. gondli
ME49 (KEGG "peroxisome”: http:/Avww.genome.jp/kegg-
bin/show_pathway?tgo04146; blastP: http:/toxodb.org/
toxo/; last accessed November 10, 2017, e-value cutoff:
e-4), except that this time the identified C. velia Pex were
used as additional queries for the database search.

For the following blastP analyses in other apicomplexans
including further coccidians such as N. caninum Liverpool,
Eimeria  tenella  Houghton, Cyclospora  cayetanensis
CHN_HENO1, Hammondia hammondi H.H.34, and
Sarcocystis neurona SO SN1 (http://toxodb.org/toxo/; last
accessed November 10, 2017) as well as P. falciparum 3D7
(http://plasmodb.org/plasmo/; last accessed November 10,
2017), Cryptosporidium parvum lowa I, and Gregarina
niphandrodes (http://cryptodb.org/cryptodb/; last accessed
November 10, 2017), putative Pex identified in C. velia and
T. gondii have been used as queries for genome searches.

Peroxisomal Proteome Prediction in T. gondii

To predict potential PTS1-containing proteins in T. gondii,
we used an in-house Perl script specifically identifying
those sequences in the 8,322 T. gondii proteins
(ToxoDB-32_TgondiiME49_AnnotatedProteins) that pos-
sess a combination of the amino acid sequence [SAC]-
[KRH]-[LM] within the last three positions towards their
C-terminus. The hit sequences were then functionally cat-
egorized via performing a blastP analysis against the NCBI
nr database (https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi;
last accessed November 10, 2017). Furthermore, all of
them were subjected to a stringent targeting prediction
pipeline as already described in Moog et al. (2015). Briefly,
sequences were analyzed with PTS1 predictor (http://men
del.imp.ac.at/mendeljsp/sat/pts1/PTS1predictor.jsp; last
accessed November 10, 2017; Neuberger et al. 2003)
and Target Signal Predictor (http://216.92.14.62/Target_
signal.php; last accessed November 10, 2017, Schluter

et al. 2007) for potential peroxisomal targeting sequen-
ces, SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP-
3.0/; last accessed November 10, 2017, Nielsen et al.
1997), SignalP4.1 (http://www.cbs.dtu.dk/services/
SignalP/; last accessed November 10, 2017, Petersen
et al. 2011), TargetP1.1 (http://www.cbs.dtu.dk/services/
TargetP/; last accessed November 10, 2017, Emanuelsson
et al. 2000), Predotar (https://urgi.versailles.inra.fr/predo
tar/; last accessed November 10, 2017; Small et al. 2004),
and PredSL (http://aias.biol.uoa.gr/PredSL/input.html; last
accessed November 10, 2017, Petsalaki et al. 2006) were
used to predict N-terminal targeting signals such as signal
peptides and mitochondrial targeting peptides, whereas
potential transmembrane domains were predicted with
TMHMM (http://www.cbs.dtu.dk/servicessTMHMMY/; last
accessed November 10, 2017, Krogh et al. 2001), and
TOPCONS  (http://topcons.cbr.su.se/; last accessed
November 10, 2017, Bernsel et al. 2009). Proteins were
classified as “most likely peroxisomal,” if not more than
one of the individual targeting predictions contradicted a
peroxisomal localization (see supplementary table S2,
Supplementary Material online, red letters) and the pro-
teins were not predicted to contain transmembrane
domains.

PTS1-independent searches for proteins potentially in-
volved in p-oxidation of fatty acids, as it was the case for T.
gondii 3-ketoacyl-CoA thiolase (3KCT), were performed via
blastP using queries of the diatom Phaeodactylum tricornutum
(Gonzalez et al. 2011). Sequences were subjected to the tar-
geting prediction pipeline as described above. Additionally,
sequences were manually inspected for the presence of a
putative PTS2 using all known motif possibilities ([RK]-
[LVIQ]-X-X-[LVIHQ]-[LSGAK]-X-[HQJ-[LAF]) as reported by
Kunze et al. (2015).

Identification of T. gondii Proteins in Proteomics Data

To check whether proteins identified during our searches are
permanently present during the life cycle of T. gondii or are
part of the proteome of a specific life cycle stage in the par-
asite we used all existing mass spectrometry data incorpo-
rated into the Toxoplasma Genomics Resource (http://
toxodb.org/toxo/; last accessed November 10, 2017) and oo-
cyst/sporozoite proteomic data published by Possenti et al.
(2013). The presence of at least one unique peptide sequence
mapping to the protein of interest was considered evidence of
expression during a specific life cycle stage (T: tachyzoite; O:
oocyst/sporozoite) of T. gondii. Existing proteomics data for V.
caninum and E. tenella were also analyzed via the Toxoplasma
Genomics Resource.

Screening for f-Oxidation Enzymes in Apicomplexans

Enzymes for -oxidation in Coccidia and other apicomplexans
were identified using T. gondii candidate sequences obtained
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Table 1

Peroxins in Chromerids and Apicomplexans

Peroxin Cv  Gn Cp Tg Nc Et C Hh Sn Pf
Pex1 + nd nd + + + + + nd nd
Pex2 + nd nd +' + + 4+ 4+ nd nd
Pex3 + nd nd +°7T 4+ ? nd + + nd
Pex4 + 4+ + +°T 4+ nd + + nd +
Pex5 + nd nd + + + + + + nd
Pex6 + nd nd +T + + 4+ 4+ nd nd
Pex7 + nd nd + + + + + + nd
Pex10 + nd nd +' + + nd 4+ nd ?
Pex11 + nd nd +° + 4+ + + + nd
Pex12 + nd nd + + + + + + nd
Pex13 nd nd nd nd nd nd nd nd nd nd
Pex14 + nd nd + + nd nd + nd nd
Pex16 + nd nd + nd + + + nd nd
Pex19 nd® nd nd nd nd nd nd nd nd nd

T

Pex22 + + +  + + + ? + + +

Nore—Organism name (and strain) abbreviations: Cv: Chromera velia
CCMP2878; Gn: Gregarina niphandrodes; Cp: Cryptosporidium parvum lowa Il; Tg:
Toxoplasma gondii ME49; Nc: Neospora caninum Liverpool; Et: Eimeria tenella
Houghton; Cc: Cyclospora cayetanensis CHN_HENO1; Hh: Hammondia hammondi
H.H.34; Sn: Sarcocystis neurona SO SN1; Pf: Plasmodium falciparum 3D7. Other abre-
viations: +: Ortholog present; ?: orthology status unclear; nd: not detected. See
supplementary table S1, Supplementary Material online, for protein identification
numbers. O, T: protein detected in oocyst and/or tachyzoite proteome. Proteomics
data from Toxoplasma gondii genomics resource ToxoDB (http:/toxodb.org/toxo/;
last accessed November 10, 2017).

2A Pex19 candidate was detected in a related chromerid species, Vitrella brassi-
caformis CCMP3155 (NCBI accession number: CEL92557.1).

in the course of the peroxisomal proteome prediction in re-
ciprocal blastP searches (see above). All hit sequences were
checked for the presence of a potential PTS1 using PTS1 pre-
dictor and/or PTS2 (see above).

Results

Peroxins in Chromerids and Apicomplexans

We first wanted to investigate whether the closest photosyn-
thetic relative of apicomplexans contains the molecular equip-
ment for peroxisome biogenesis, maintenance and protein
import factors—peroxins (Pex). To this end we conducted a
genomic screen in C. velia, as described in the Materials and
Methods section, that led to the identification of a full set of
factors potentially sufficient to maintain functional peroxi-
somes in the chromerid (table 1). Chromera velia contains
the two import receptors required for PTS1- and PTS2-
mediated matrix protein import—Pex5 and Pex7—as well as
one central component of the peroxisomal docking complex,
Pex14, although Pex13 seems to be absent. In addition, all
components for receptor recycling including the E3 ligases
Pex2, Pex10, and Pex12 (RING-finger complex), the
ubiquitin-conjugating enzyme Pex4 its putative membrane
anchor Pex22 and the AAA ATPases Pex1 and Pex6 were
identified (table 1). With respect to components for peroxi-
somal membrane protein (PMP) import and de novo

formation Pex3 and Pex16 were detected in C. velia, whereas
Pex19, the receptor for PMPs, has not been identified in the
Chromera genome (table 1). However, by screening the ge-
nome of a closely related chromerid species, Vitrella brassica-
formis CCMP3155, a Pex19 candidate containing a conserved
Pex19 superfamily domain showing similarity to fungal Pex19
sequences was identified (NCBI accession number:
CEL92557.1). Besides Pex necessary for protein import and
biogenesis, C. velia also contains a Pex11 homolog, which is
known to be a crucial factor for peroxisomal division and
proliferation.

In the apicomplexan T. gondii ME49 the situation is iden-
tical to C. velia (table 1): All candidates for the basic set of Pex
are encoded in the genome of the parasite except a homolog
for Pex19, which either might be truly absent or due to se-
guence divergence, could not be identified in the genome of
the coccidian. Other factors required for peroxisome biogen-
esis and membrane protein import (Pex3 and Pex16), organ-
elle division (Pex11) and import of soluble proteins and
receptor recycling are present (table 1).

From an in silico perspective all “central” components of
the PTS1- and PTS2-dependant matrix protein import in T.
gondii (Pex5, Pex7, and Pex14) contain the conserved motifs
known to be required for potential interaction of these factors
(fig. 1). Toxoplasma gondii Pex5, for example, possesses a
cysteine at position 16—the putative mono-ubiquitination
site (receptor recycling—followed by a conserved N-terminal
motif of ~30 residues around the amino acids NPL (position
34-36; Schliebs and Kunau 2006). Moreover, the protein
contains a FxxxW and two WxxxF/Y motifs located between
amino acid position 102 and 271 known to play a role in
interaction of Pex5 with the docking complex proteins
Pex13 and Pex14 (Effelsberg et al. 2016; Galland and
Michels 2010), of which the first one seems to be absent
from T. gondii (table 1). These motifs are followed by a
Pex7-binding domain between position 414 and 437 (Dodt
et al. 2001) and, finally, several TPR (tetratricopeptide repeat)
domains (starting from amino acid 601), which are very com-
mon for Pex5 proteins (fig. 1; Galland and Michels 2010).

The T. gondii Pex7 candidate is a highly conserved protein
with six predicted WD-40 domains (fig. 1) similar in domain
organization to other Pex7 factors known from yeast, plants
and humans (Galland and Michels 2010). This protein usually
interacts with PTS2-containing peroxisomal cargo proteins
and is led to the docking complex with the aid of a coreceptor
(Pex5 in plants, Pex5L in mammals, and Pex18/21 or Pex21 in
yeasts; Schliebs and Kunau 2006). The docking complex in T.
gondii, according to our results, either consists of a single
protein, Pex14, or the primary sequence of the putative T.
gondii Pex13 is divergent to a degree that is preventing iden-
tification in the genome of the parasite. Similar to mamma-
lian, yeast, plant and trypanosome Pex14 proteins, the
homolog of T. gondii contains a conserved N-terminal domain
(amino acids 22-62) known to be required for interaction
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Fic. 1.—Putative central peroxin factors for PTS1- and PTS2-mediated peroxisomal matrix protein import in Toxoplasma gondlii. Pex5, Pex7, and Pex14
possess all the required motifs for proper function/interaction during peroxisomal matrix protein import. Numbers indicate amino acid positions of the
individual primary sequences. Cys: cysteine; N-t motif: conserved N-terminal motif of Pex5; FxxxW and WxxxF/Y: motifs for interaction of Pex5 with Pex13
and Pex14; Pex7-binding domain: motif known to be crucial for interaction of the co-receptor Pex5 with the PTS2 receptor Pex7; TPR: tetratricopeptide
repeat, protein—protein interaction motif; WD40: protein—protein interaction motif; Pex14_N: N-terminal domain of Pex14 known to be required for
interaction with the PTS1 receptor Pex5; PxxP: potential Pex13 binding motif of Pex14; PUB: PNGase/UBA or UBX domain.

with the PTS1 receptor Pex5 (Galland and Michels 2010;
Schliebs et al. 1999). This domain is followed by a predicted
transmembrane domain (amino acids 176-196) and potential
Pex13 binding motifs (PxxP) were also detected in the T. gon-
dii Pex14 primary sequence. The C-terminal part of the pro-
tein is less conserved, but similar to the homolog of C. velia
(table 1), the T. gondii Pex14 possess a PUB (PNGase/UBA or
UBX) domain (fig. 1) known to function as a Cdc48 interac-
tion module (Madsen et al. 2009), in this case representing a
potential site for interaction with the Cdc48-related ATPases
Pex1 and/or Pex6.

Besides the conserved components, a subset of putative Pex
identified in T. gondii is showing an increased sequence diver-
gence. Unlike other RING-finger complex E3 ligases such as
those from C velia, Saccharomyces cerevisiae, Arabidopsis thali-
ana, or Homo sapiens, the T. gondii homologs seem to lack N-
terminal sequence conservation and thus are devoid of a pre-
dicted Pex10 or Pex2/Pex12 superfamily domain. However,
they possess the conserved C-terminal RING-finger domain
(E3 ubiquitin ligase activity), which still exhibits a high degree
of sequence conservation and is therefore sufficient for identi-
fication of the potential molecular function of these compo-
nents. Additionally, the T. gondii Pex3 lacks significant
sequence conservation, when it is used as a query against
the NCBI nr database. However, it has been identified by using
the C. velia Pex3 as a query for which a conserved Pex3 domain
was detected. The T. gondii Pex22 primary sequence also
seems to be highly derived. However, besides two predicted
transmembrane domains in the relatively nonconserved N-ter-
minal half, the protein shares sequence similarity to other pro-
teins annotated as “Pex22” or “Pex22-like” in its C-terminal
portion. Thus, although in parts less conserved as in other
organisms, it seems that T. gondii possess the molecular tools
to form and maintain functional peroxisomes.

Next, we wanted to analyze whether the Pex identified in
T. gondii are permanently expressed, or whether they might

be present during a specific stage in the parasite’s life cycle
only. To this end we analyzed existing proteomics data inte-
grated into the Toxoplasma Genomics Resource (see Materials
and Methods). Whereas there was no proteomic evidence for
a fraction of the putative Pex (Pex1, Pex5, Pex7, Pex12, Pex14,
Pex16) in general, several of these proteins were identified to
be present in the proteome during tachyzoite (Pex2, Pex6,
Pex10, Pex22), tachyzoite and oocyst (Pex3 and Pex4), and
oocyst (Pex11) life cycle stages (see table 1 and supplementary
table S2, Supplementary Material online).

In addition to T. gondii, we searched the genomes of other
coccidians including N. caninum, E. tenella, C. cayetanensis,
H. hammondi, and S. neurona for the presence of genes
encoding sequences homologous to the Pex identified in C
velia and T. gondii. As shown in table 1 this screening resulted
in the identification of several Pex candidates in these organ-
isms. Although in some cases this ended up in a fragmentary
list only (table 1), with S. neurona showing the most incomplete
set of putative Pex probably due to the quality of the current
genomic data, these results generally support the presence of
peroxisomes in coccidian parasites. Screenings of the N. cani-
num and E. tenella proteomics data concerning a potential
stage-specific presence of Pex did not provide any results.

We performed the same bioinformatic screening for Pex in
related, noncoccidian apicomplexans: The malaria causing
agent P. falciparum, the parasite responsible for cryptosporid-
iosis—C. parvum—as well as the gregarine G. niphandrodes.
Our analysis revealed that all of the three representatives seem
to lack essential Pex necessary to form and maintain functional
peroxisomes (table 1). Interestingly though, in each of the three
organisms, a homolog for the peroxisomal ubiquitin-
conjugating enzyme Pex4 and its potential membrane
anchoring interaction partner Pex22 was identified via blastP
searches (table 1). Similar to T. gondii, the primary sequence of
the Pex4 candidates is highly conserved, which is not the case
for the putative Pex22 proteins (orthology unclear). Whereas
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Table 2

Predicted High Confidence Toxoplasma gondii Peroxisomal Proteome

ID? Pred. PTS1° Function (BlastP) Proteomics®

TGME49_297220 AKL Long chain fatty acid-CoA ligase oT

TGME49_229140 AKL Enoyl-CoA hydratase Oo,T

TGME49_232250 AKM Catalase oT

TGME49_226300 SRL 2, 4 dienoyl-CoA reductase (0}

TGME49_234570 SRL (3R)-hydroxyacyl-CoA dehydrogenase (o}

TGME49_247500 SKL Acyl-CoA oxidase (0]

TGME49_242390 PKL® Enoyl-Coa hydratase/isomerase (o}
Pred. PTS2* f

TGME49_273740° RLTTLSGQF 3-Ketoacyl-CoA thiolase o,T

Note.—See supplementary table S2, Supplementary Material online, for detailed information on detected protein sequences including an in-depth targeting prediction.
®ldentification number according to the Toxoplasma gondii genomics resource ToxoDB (http:/toxodb.org/toxo/; last accessed November 10, 2017).

bPredicted PTS1 using a Perl script searching for sequences with terminal amino acids [SACI-[KRH]-[LM].

“Functional annotation based on NCBI protein—protein BLAST (https:/blast.ncbi.nlm.nih.gov/Blast.cgi; last accessed November 10, 2017).

9Detection in proteomics data from Toxoplasma gondii genomics resource ToxoDB (http:/toxodb.org/toxo/; last accessed November 10, 2017). O: Oocyst proteome; T:

Tachyzoite proteome; nd: not detected.
*Manually detected PTS, not predicted via automated search.
fPredicted PTS2 instead of PTS1.

9Manually identified protein that might catalyze the last step of the fatty acid beta oxidation in T. gondii; possibility of dual targeting to peroxisome and mitochondria (see

supplementary table S2, Supplementary Material online).

proteomic evidence for the Pex4 and Pex22 candidates in C.
parvum and G. niphandrodes is absent, in P. falciparum, these
two proteins are most abundant in gametocytes, but have also
been detected in schizont, trophozoite, merozoite, and sporo-
zoite proteomics data (supplementary table S2, Supplementary
Material online). Moreover, in P. falciparum a protein contain-
ing a “rudimentary” Pex10 domain at the N-terminus over-
lapping with a RING-finger domain has been detected
(table 1). Although representing an unusual domain organiza-
tion for Pex10 (RING domain usually C-terminally located) the
protein might still constitute a functional E3 ligase.

Prediction of PTS1-Based Peroxisomal Proteome
in T. gondii

Based on our results showing the presence of a nearly com-
plete set of Pex in coccidians, and thus suggesting that per-
oxisomes may exist in these organisms, we wanted to analyze
whether there is any evidence for proteins that are potentially
targeted to such organelles. To this end we screened the ge-
nome data of T. gondii for encoded proteins containing a
putative PTS1 at the C-terminus (see Materials and
Methods). This signal was chosen because the vast majority
of characterized peroxisomal proteins in organisms studied so
far is targeted to peroxisomes via a PTS1 (Brocard and Hartig
2006). The signal had to be composed of the amino acid motif
[SAC]-[KRH]-[LM], the classical PTS1 consensus sequence (Kim
and Hettema 2015), and had to be located within the last
three positions of an individual protein primary sequence.
Interestingly, our search resulted in the identification of a total
of 22 protein sequences only (supplementary table S2,
Supplementary Material online). These sequences were

further subjected to a very stringent targeting prediction pipe-
line, verifying the predicted PTS1 with other PTS1 prediction
tools and screening for potential N-terminal targeting sequen-
ces and transmembrane domains, to exclude false positive
predictions. Only those sequences with a clearly detectable
PTS1 not conflicted by more than one diverging prediction
were classified as potentially PTS1-targeted proteins (supple-
mentary table S2, Supplementary Material online). In total this
set contained eight sequences, which were subsequently in-
vestigated concerning their potential molecular function via
blastP  analysis against the NCBI protein database.
Interestingly, six of the eight proteins were identified as typical
peroxisomal functions including catalase and enzymes of the
fatty acid p-oxidation pathway (supplementary table S2,
Supplementary Material online). These six out of 22 proteins
were finally defined as the “high confidence” PTS1-targeted
peroxisomal proteome for T. gondii (table 2). The potential -
oxidation enzymes comprise: Long chain fatty acid-CoA ligase
(FACS) for activation of fatty acids prior oxidation, ACOX,
catalyzing the initial step of peroxisomal f-oxidation, enoyl-
CoA hydratase (ECH) and (3R)-hydroxyacyl-CoA dehydroge-
nase, which catalyze the middle part of the f-oxidation reac-
tion, as well as 2, 4-dienoyl-CoA reductase (DECR), an
additional enzyme required for degradation of polyunsatu-
rated fatty acids (table 2).

In addition to these enzymes, another candidate for deg-
radation of unsaturated fatty acids might be targeted to pu-
tative T. gondii peroxisomes: enoyl-CoA isomerase (ECI). This
accessory factor already identified by Possenti et al. (2013)
contains a predicted PTS1 composed of the amino acids PKL
and was thus not detected by our screening. However, the
prediction of a PTS1 using other tools (see Materials and
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Methods) was positive  (supplementary — table  S2,
Supplementary Material online), qualifying the protein as a
further candidate of the “high confidence” PTS1-targeted
peroxisomal proteome of T. gondii (table 2).

PTS1-prediction allowed us to identify an almost complete
fatty acid g-oxidation pathway, which is probably targeted to
peroxisomes in T. gondli, with the exception of one enzyme:
3KCT. This enzyme catalyzes the last step of the -oxidation,
generating acetyl-CoA and fatty acyl-CoA shortened by two
carbon units (Poirier et al. 2006). We manually screened the T.
gondii genome data for genes encoding 3KCT via blastP using
a query from P. tricornutum (protein ID JGI: 41969) and
obtained two hits. One was annotated as an acetyl-CoA acyl-
transferase the other as acetyl-CoA acetyltransferase. A de-
tailed analysis of the primary sequences of both proteins
revealed that the first one is indeed a 3KCT and that both
proteins, based on the detection of N-terminal targeting sig-
nals and due to a missing C-terminal PTS1, seem to be tar-
geted to the mitochondrion (supplementary table S2,
Supplementary Material online). However, when inspecting
the putative T. gondii 3KCT for the presence of a potential
PTS2 we detected a motif very close to the N-terminus
(RLTTLSGQF) that, according to Kunze et al. (2015), might
resemble a functional peroxisomal targeting sequence of
type 2 (supplementary table S2, Supplementary Material on-
line). Although it cannot be ruled out at this point that the T.
gondii 3KCT is targeted to the mitochondrion (or possibly
dually targeted to mitochondrion and peroxisome), because
of the very clear manual identification of a putative PTS2 mo-
tif, the enzyme is a further candidate for the “high con-
fidence” peroxisomal proteome of T. gondli, resulting in a
list of eight proteins in total (table 2).

We have also detected a putative delta(3, 5)-delta(2, 4)-
dienoyl-CoA isomerase (TGME49_310830) via blastP with the
P. tricornutum bifunctional enzyme sequence (55069), which
might be involved in peroxisomal f-oxidation in T. gondii.
However, PTS1 prediction was vague (AAL; supplementary
table S2, Supplementary Material online), which is why the
enzyme was not added to the predicted “high confidence”
peroxisomal proteome. In addition to the putative peroxi-
somal fatty acid p-oxidation pathway, a complete set of
enzymes containing predicted mitochondrial targeting signals
was identified in T. gondii (see supplementary table S2,
Supplementary Material online).

As for the detected Pex, we wanted to analyze if there is a
tendency towards the presence of the predicted “high con-
fidence” T. gondii peroxisomal proteome components in cer-
tain life cycle stages of the parasite. As shown in table 2 we
found a clear abundance of all eight proteins within the oo-
cyst proteome, with some of them being additionally found in
the tachyzoite proteomics data (FACS, ECH, CAT, 3KCT). As
already observed by Possenti et al. (2013), this points to an
elevated oocyst-specific presence of the f-oxidation enzymes
in 7. gondlii.

B-Oxidation Enzymes and Catalase in Coccidia Contain
Putative PTSs

We further aimed to inspect the presence and localization of
putative orthologs of the T. gondii “high confidence” PTS1-
targeted peroxisomal proteome in other coccidians. To this
end, we performed an in silico search using the eight proteins
of T. gondiii (Tab. 2) as queries for blastP analyses against the
genome data of N. caninum, E. tenella, C. cayetanensis, H.
hammondi, and S. neurona. The screening revealed that in
each investigated species orthologs to all of the eight 7. gondii
proteins are present (table 3 and supplementary table S2,
Supplementary Material online). For the majority of the iden-
tified sequences unambiguous PTS1 (FACS, ACOX, ECH,
3HCDH, ECI, DECR, CAT) or PTS2 motifs (3KCT) were
detected (see Materials and Methods). In the rare cases in
which no potential peroxisomal targeting sequence for one
of the eight proteins was identified, this was predominantly
due to an incomplete protein sequence in the genome data-
base (indicated by blastP). An analysis of the amino acid fre-
guencies within the last 12 C-terminal residues of all 37
coccidian proteins with predicted PTS1 revealed that the clas-
sical SKL is the dominant motif, but there seem to be further,
not so common residues ([SAPC]-[KRNS]-[LMF]) which might
be important elements of PTS1 motifs in coccidians (supple-
mentary table S2, Supplementary Material online).

We also screened the genomes of the related apicomplex-
ans P. falciparum and C. parvum. With exception of homolo-
gous sequences to FACS, none of the eight queries from
T. gondii produced any hits when performing blastP analyses.
The potential FACS homolog detected in P. falciparum and C.
parvum is probably involved in fatty acid metabolism apart from
the p-oxidation pathway, which seems to be completely absent
in both organisms. Whereas the P. falciparum FACS candidate
showed no indication of a PTS, the putative FACS of C. parvum
possesses a C-terminal NKL motif recognized as a PTS1 by in
silico prediction tools. However, the fact that there is no evi-
dence for peroxisomes in C. parvum in addition to a predicted
signal peptide at the N-terminus of the protein cast doubt on a
functionality of the putative FACS PTS1 in C. parvum.

Further Factors Connected to f-Oxidation That Might Play
a Role in Putative Peroxisomes of T. gondli and Other
Coccidia

Fatty acids must reach the peroxisomal lumen to be channeled
into the peroxisomal B-oxidation pathway and so far there is
no evidence for membrane transporters that might take over
this function in coccidians. By screening the T. gondii genome
data using the protein sequence of an A. thaliana peroxisomal
fatty acid translocator—an ABC class D transporter—(NCBI
accession number BAB84551.1) as a query, a putative homo-
log could be detected (TGME49_314330). By analyzing the T.
gondii Genomics Resource for existing proteomic data, we
found that this putative transporter, which is also present in
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Peroxisomes in Coccidia

Table 3

Toxoplasma gondii Fatty Acid Beta Oxidation Enzymes, Catalase, Orthologs from Other Apicomplexans and Predicted Peroxisomal Targeting Signals

Enzyme Tg Nc Et Cc Hh Sn Pf Cp Gn

FACS +/PTS1 (AKL) -+/PTS1 (AKL)  +/PTS1 (CKL) +/PTS1 (AKL) +/PTS1 (AKL) ~ +/PTS1(SKL)  +/no PTS® +/SP, PTS1® +/no PTS®

ACOX +/PTS1 (SKL) +/PTS1 (CKL) +/PTS1 (PKL) +/no PTS +/PTS1 (SKL) +/PTS1 (AKL) nd nd nd

ECH +/PTS1 (AKL) +/PTS1 (SKL) +/no PTS +/PTS1 (AKL) +/PTS1 (AKL)  +/PTS1 (ARM) nd nd nd

3HCDH  +/PTS1 (SRL) +/PTS1 (SRL) +/PTS1 (SKL) +/PTS1 (SKL) +/PTS1 (SRL) +/no PTSP nd nd nd

ECI +/PTS1 (PKL) +/PTS1 (PKL) +/PTS1 (SKM) -+/PTS1 (SRF) +/PTS1 (PKL) +/PTS1 (SNL) nd nd nd

DECR +/PTS1 (SRL) +/PTS1 (SRL) +/no PTS? -+/PTS1 (SSL) +/PTS1 (SRL) +/PTS1 (AKL) nd nd nd

3KCT +/PTS2 +/PTS2 +/PTS2? +/PTS2? +/PTS2 +/no PTS? nd nd nd
(RLTTLSGQF) (RLTTLSGQF) (RLVLGVVAL) (RLQAVTRQV) (RLTTLSGQF)

CAT +/PTS1 (AKM)  +/PTS1 (AKM)  +/no PTSP +/PTS1 (ARM) +/PTS1 (AKM)  +/PTS1 (SKM) nd nd +/no PTS

Nore.—Enzyme abbreviations: FACS: fatty acyl-CoA synthetase; ACOX: acyl-CoA oxidase; ECH: enoyl-CoA hydratase; 3HCDH: (3R)-hydroxyacyl-CoA dehydrogenase; ECI: enoyl-
CoA isomerase; DECR: 2, 4-dienoyl-CoA reductase; 3KCT: 3-ketoacyl-CoA thiolase; CAT: catalase. See supplementary table S2, Supplementary Material online, for protein iden-
tification numbers. Organism name (and strain) abbreviations: Tg: Toxoplasma gondii ME49; Nc: Neospora caninum Liverpool; Et: Eimeria tenella Houghton; Cc: Cyclospora
cayetanensis CHN_HENO1; Hh: Hammondia hammondi H.H.34; Sn: Sarcocystis neurona SO SN1; Pf: Plasmodium falciparum 3D7; Cp: Cryptosporidium parvum lowa II; Gn:
Gregarina niphandrodes. Other abbreviations: +: Ortholog present; nd: not detected; PTS: peroxisomal targeting signal type 1 or 2; SP: signal peptide; no PTS: no PTS predicted.

2Best hit (blastP).
bProtein sequence probably incomplete. PTS prediction not possible.

other coccidians (data not shown), is indeed an oocyst specific
protein. A screening for the presence of putative targeting
sequences within the protein neither resulted in the detection
of a PTS nor any other targeting sequence, except that five
transmembrane domains were predicted via TMHMM (see
supplementary table S2, Supplementary Material online).

In addition of the requirement for fatty acids to enter the
peroxisome to fuel the f-oxidation pathway, it is equally im-
portant for the end products to leave the organelle for sup-
plying other parts of cellular metabolism. One of the most
important products of the p-oxidation of fatty acids is
acetyl-CoA. Besides a potential direct transport via putative
translocators, this compound, as known from mitochondria,
can be converted into citrate by citrate synthase and cross
membranes, such as the mitochondrial inner membrane, via
the citrate-shuttle (Eckardt 2005). Interestingly, T. gondii con-
tains at least two putative citrate synthase isoenzymes of
which one (TGME49_203110) is an oocyst/sporozoite-
specific protein (Possenti et al. 2013). By analyzing the protein
primary sequence for the presence of potential targeting sig-
nals, we identified a predicted PTS2 (RLSVINAHL) in the very
N-terminal part of the protein (see supplementary table S2,
Supplementary Material online), which might direct the en-
zyme into the peroxisome of T. gondii.

Discussion

It is still a matter of debate whether peroxisomes exist in
apicomplexan parasites. Whereas classical peroxisomal
marker proteins seem to be absent from Plasmodium spp.,
Theileria annulata, Babesia bovis, and C. parvum, the results
for T. gondii are somewhat controversial, but imply that at
least a subset of molecular components necessary for perox-
isome biosynthesis as well as some classical peroxisomal met-
abolic enzymes are encoded in the genome of the coccidian
parasite (e.g., Gabaldon et al. 2016).

In this study, we conducted a thorough in silico screening
to identify peroxins (Pex) in coccidians and other apicomplex-
ans as well as their photosynthetic relatives, the chromerids.
We were able to show that an almost complete set of Pex,
probably sufficient for biogenesis, maintenance and prolifer-
ation of peroxisomes, is present in the chromerid C. velia, but
also in T. gondii and related coccidians (table 1). Strikingly,
orthologs for the PMP receptor Pex19 or the docking complex
component Pex13 were neither identifiable in C. velia, nor in
T. gondii and other coccidians. It is possible that these com-
ponents are too divergent to be identified via the methods
here applied or that they are truly absent from the genomes
of these organisms. In the latter case their functions might
have become redundant or have been taken over by so far
unknown factors, although a candidate for Pex19 could at
least be identified in the chromerid V. brassicaformis, indicat-
ing that Pex19 function is at least important in some of the
photosynthetic relatives of apicomplexans (see table 1).

As already suggested by other studies, we were not able to
detect the molecular tool set necessary to generate and sustain
peroxisomes in all other noncoccidian apicomplexans investi-
gated (table 1). Remarkably, though, P. falciparum, C. parvum,
and G. niphandrodes seem to maintain remnants of this set,
namely homologs of the peroxins Pex4 (E2 enzyme) and per-
haps Pex22 (unclear; sequence highly derived), which are usu-
ally involved in conjugation of ubiquitin to the peroxisomal
import receptor Pex5 at the peroxisomal membrane in the
course of receptor recycling (El Magraoui et al. 2014; Williams
etal. 2012; Zolman et al. 2005). As a peroxisomal membrane is
most likely absent from these organisms, as is the PTS1 receptor
Pex5 (table 1), it is unclear what function these factors fulfill (see
discussion later), but their presence indicates that they seem to
be of high importance to the parasites.

In P. falciparum there is another protein that might trace
back to a former peroxisomal biogenesis factor: A protein
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containing a residual Pex10 and RING-finger domain. Pex10in
organisms with peroxisomes acts in concert with Pex4 and is
normally involved in ligation of (mono-) ubiquitin to the PTS1
receptor Pex5 (Platta et al. 2014). Because of the unusual
domain organization of this protein compared with other
Pex10 sequences (RING-finger domain at the N- instead of
the C-terminus, see Results section) in addition to the rather
high sequence divergence, it is unknown whether this protein
maintains any functional relatedness to Pex10. Thus, although
traces of former peroxisomal proteins are noticeable in P. fal-
ciparum, C. parvum, and G. niphandrodes there is no full set
of factors necessary for the biogenesis and maintenance of
peroxisomes, strongly suggesting that such organelles are ab-
sent in these parasites. Furthermore, according to Gabaldon
and colleagues, piroplasms (Theileria and Babesia) are devoid
of Pex (Gabaldon et al. 2016). This is in total contrast to T.
gondii and other coccidians, for which clear evidence for the
genomic presence of Pex exists (table 1). But the line of evi-
dence is not only based on genomics. As depicted in table 1,
we also found that Pex in T. gondli can be detected in prote-
omics data obtained from tachyzoite and oocyst stages, sug-
gesting that many of these factors are indeed expressed in the
coccidian (see below). Moreover, and in part already known
from earlier work (Kaasch and Joiner 2000; Lige et al. 2009;
Possenti et al. 2013), we have identified catalase and a com-
plete fatty acid f-oxidation pathway to contain putative sig-
nals for peroxisomal import (PTS1/PTS2) in coccidia, which we
have defined as “high confidence” peroxisomal proteome in
case of T. gondii (see tables 2 and 3).

If the molecular components necessary to form peroxi-
somes are present in the genomes of coccidians, and classical
peroxisomal components such as catalase and enzymes for
fatty acid S-oxidation enzymes have been detected with pu-
tative peroxisomal targeting sequences, why have these com-
partments never been clearly observed at the ultrastructural
level before? There are at least two studies—one focusing on
T. gondii catalase, the other on the D-bifunctional protein
(TgHAD-2SCP-2; TGME49_234570; named 3HCDH here,
see tables 2 and 3) of the parasite—in which typical peroxi-
somal proteins containing classical peroxisomal targeting
sequences (PTS1) were shown to be targeted at least partially
to vesicular structures in T. gondii tachyzoites and to perox-
isomes when expressed in mammalian cells (Kaasch and
Joiner 2000; Lige et al. 2009). In the case of both enzymes,
catalase and TgHAD-2SCP-2, controversial results challenged
a solely peroxisomal localization of the proteins as they have
been frequently observed to localize to the cytosol of T. gondii
tachyzoite cells as well (Ding et al. 2000; Lige et al. 2009).
However, it has been shown that the C-terminal PTS1 of
TgHAD-2SCP-2 has an important influence as a targeting sig-
nal mediating vesicular localization because blocking of the
putative signal led to an exclusively cytosolic localization of the
protein (Lige et al. 2009). Thus, although the results from
earlier studies are controversial, together with the findings

of our study, there is now an explicit lead towards the pres-
ence of peroxisomes in T. gondlii (and other coccidians).

Maybe the reason why peroxisomes have so far not been
clearly observed in T. gondii is more straightforward than one
might think. It is well-known that peroxisomes are highly dy-
namic organelles—not only with respect to their enzymatic
composition, but also in terms of their abundance within cells
and different cell types depending on factors such as nutri-
tion, environmental influences and developmental stages
(Lodhi and Semenkovich 2014; Smith and Aitchison 2013).
Kinetoplastids, which are mostly parasitic organisms, but are
not related to apicomplexans, contain peroxisomal deriva-
tives—so-called glycosomes—so named because a part of
the glycolytic pathway is taking place inside these compart-
ments (Haanstra et al. 2016). In trypanosomatids, obligate
parasitic kinetoplastids, for example, the abundance of glyco-
somes is tightly regulated via autophagy (pexophagy, perox-
isome degradation) and the biogenesis of new ones, to rapidly
adapt to metabolic changes during the different parasite life
cycle stages (Szdor et al. 2014). Toxoplasma gondlii and other
coccidians might be confronted with similar problems, as they
all undergo a complex life cycle including sporozoite, tachy-
zoite, and bradyzoite stages with variable nutritional availabil-
ities (Dubey et al. 1998).

We have investigated the putative Pex detected in our
screen with respect to their presence during specific life cycle
stages of T. gondii using existing proteomic data integrated
into the T. gondii genomics resource (see table 1 and supple-
mentary table S2, Supplementary Material online) and found
that several of the key factors can be detected within oocyst
and tachyzoite proteomic data. Pex11, a PMP promoting per-
oxisome division (Li and Gould 2002), and thus a potential
regulator of peroxisome proliferation, was even specific to the
oocyst/sporozoite proteome data set (table 1 and supplemen-
tary table S2, Supplementary Material online; see also Possenti
et al. 2013). The machinery for peroxisome biogenesis, divi-
sion and matrix protein import is, according to our predicted
high confidence PTS1-specific T. gondii peroxisomal prote-
ome (see table 2 and supplementary table S2,
Supplementary Material online), primarily present to generate
a compartment in which the p-oxidation of fatty acids can
take place (fig. 2). Fatty acid -oxidation is known to generate
ROS (H,0,) as a side product (Poirier et al. 2006), which is
probably directly neutralized by a peroxisome-targeted cata-
lase (see table 2 and supplementary table S2, Supplementary
Material online). Interestingly, the entire predicted high con-
fidence T. gondii peroxisomal proteome (including a putative
PTS2-targeted 3KCT) is, according to existing proteomics
data, expressed during oocyst/sporozoite stages, some of
them also during tachyzoite stages (see table 2). Moreover,
when consulting additional transcriptomic data it is clearly
noticeable that expression of, for example, those genes
encoding Pex11 and the majority of the -oxidation enzymes
are extremely upregulated during the early oocyst stage (not
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Fic. 2—Model of the Toxoplasma gondii peroxisome. The hypothet-
ical peroxisome of T. gondii consists of a biogenesis/division/maintenance
system that is also responsible for matrix protein import (peroxins, Pex, see
numbers). The S-oxidation of fatty acids takes place inside the peroxisomal
lumen (matrix), mainly during the oocyst life cycle stage of the parasite.
Fatty acids might be imported into the peroxisome via an ABC class D
transporter (ABC-D) and activated by FACS. Unsaturated fatty acids are
converted by the accessory enzymes DECR and ECI to suitable substrates
to be channeled into the f-oxidation cycle, which is catalyzed by ACOX,
ECH, 3HCDH, and 3KCT. Hydrogen peroxide (H,0O,) generated as a con-
sequence of the ACOX reaction, is neutralized by the peroxisomal CAT.
Acetyl-CoA, the end product of the fatty acid -oxidation, finally may be
transported to the mitochondria for energy production via the TCA-cycle,
maybe after conversion by a putative PTS2-targeted peroxisomal CS into
citrate, whereas acyl-CoA shortened by 2 C-atoms (n-2C) can be further
oxidized in another round of p-oxidation in the peroxisome (or mitochon-
drion). VLC: very long chain; FACS: fatty acyl-CoA synthetase; ACOX: acyl-
CoA oxidase; ECH: enoyl-CoA hydratase; 3HCDH: (3R)-hydroxyacyl-CoA
dehydrogenase; ECI: enoyl-CoA isomerase; DECR: 2, 4-dienoyl-CoA re-
ductase; 3KCT: 3-ketoacyl-CoA thiolase; CAT: catalase; CS: citrate syn-
thase; PTS1/2: peroxisomal targeting signal of type 1 or 2; Mito.:
mitochondrion. Numbers in the figure correspond to the individual perox-
ins (Pex). See supplementary table S2, Supplementary Material online, for
protein identification numbers.

shown). Thus, based on the current data, we hypothesize that
if peroxisomes are present in T. gondlii, they might be specific
to the oocyst/sporozoite and (early) tachyzoite stages and
probably completely absent in bradyzoites. This might also
provide an explanation for the differently observed catalase
localizations either to the cytosol and/or punctuate structures
within T. gondii (Ding et al. 2000; Kaasch and Joiner 2000).

With respect to the observation of a stage-specific expres-
sion of B-oxidation enzymes in T. gondli the present study is
not the first report on this topic. As already noted by Possenti
and colleagues several years ago, enzymes for fatty acid

p-oxidation are encoded in the genome of T. gondii and the
products of six of them are part of the T. gondii oocyst/
sporozoite-specific proteome data set—with four of them con-
taining predicted PTSs (Possenti et al. 2013). In the present
study we have provided further evidence that, besides the pres-
ence of a potential mitochondrial-targeted fatty acid -oxida-
tion pathway (supplementary table S2, Supplementary
Material online), a complete set of -oxidation enzymes (seven
enzymes in total) is equipped with classical PTSs of either type 1
(FACS, ACOX, ECH, 3HCDH, ECI, DECR) or type 2 (3KCT; see
tables 2, 3 and supplementary table S2, Supplementary
Material online) in T. gondii (fig. 2). Moreover, we have shown
that the same is true for related coccidian species including .
caninum, E. tenella, C. cayetanensis, H. hammondi, and S. neu-
rona, with the exception of a few scattered enzymes without
positive PTS prediction, which is in most cases probably due to
incomplete gene models present in the genome databases (see
table 3 and supplementary table S2, Supplementary Material
online). Thus, the detection of classical PTS1 and PTS2 sequen-
ces together with the presence of a conserved set of Pex in T.
gondii and other coccidians strongly suggest that peroxisomes
exist in these organisms and, as evident from T. gondiii, are
probably present only during specific life cycle stages.

The presence of FACS, DECR and ECI with PTS1 further
suggests that coccidians have to metabolize long and very-
long chain fatty acids (FACS), which have been reported to be
synthesized during tachyzoite stages (Ramakrishnan et al.
2012), as well as unsaturated (DECR and ECI) fatty acids
within their putative peroxisomes (fig. 2). This is most likely
taking place mainly during the oocyst/sporozoite stage, when
the cells are outside their hosts and have a high demand of
energy production via the mitochondrial TCA cycle, which is
probably fueled with acetyl-CoA produced by the peroxisomal
p-oxidation (Possenti et al. 2013). Peroxisomal acetyl-CoA
might be converted to citrate via a putative citrate synthase
(TGME49_203110), which according to our results contains a
putative PTS2, prior export into the cytoplasm and further
transport to the mitochondrion (fig. 2). Interestingly, this en-
zyme is an oocyst/sporozoite-specific protein (Possenti et al.
2013), further supporting the idea of an oocyst-specific pres-
ence of peroxisomes and peroxisomal f-oxidation.

Is there anything else that might support our hypothesis for
life cycle stage-specific peroxisomes in T. gondli and other coc-
cidians? At least in T. gondii differences at the morphological
level between the three cell types/life cycle stages have been
observed that might be indicative. One such example is lipid
bodies, which are abundant in sporozoites, but less numerous
in tachyzoites, whereas they are reported to be absent in brady-
zoites (Dubey et al. 1998). This electron microscopical observa-
tion might also speak for an elevated rate of lipid metabolism
(catabolism and anabolism) especially during the sporozoite
stage, supporting the life cycle stage-specific presence of -
oxidation enzymes, which might be compartmentalized within
mitochondria and peroxisomes in T. gondii (and other
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coccidians). Additionally, we have detected a putative ABC class
D transporter in T. gondli being homologous to plant peroxi-
somal fatty acid translocators. This putative transporter seems to
be conserved in coccidians and, according to the T. gondii
Genomics Resource, is an oocyst specific protein. It thus might
participate in the import process of fatty acids into peroxisomes
of T. gondii (fig. 2) and other coccidians during the oocyst stage,
and thus represents another supportive element for our
hypothesis.

By taking all of the present data into account, a potential
model for peroxisome regulation in coccidians emerges: Once
oocysts are released by the host into the environment, Pex11
might be activated via elevated expression initiating an in-
creased proliferation of peroxisomes in early oocyst/sporozoite
stages (most likely during the developmental period of spor-
ulation), while other Pex are moderately expressed. The
emerging number of peroxisomes is then mainly filled with
enzymes of the -oxidation pathway and catalase to cover the
cellular needs for energy production in “subcellular reaction
chambers” preventing the parasites cytoplasm from oxidative
damage through side products of the pathway. As soon as
the parasites have become intracellular again (tachyzoite
stage) they probably turn off or decrease expression of Pex
as well as fatty acid degradation genes to a basic level and
probably degrade peroxisomes via pexophagy, a specific form
of autophagy. The latter has been reported to take place in
apicomplexans, although the classical factors for pexophagy
known from yeast seem to be absent (Besteiro 2012). It is thus
unknown whether autophagy plays a role in a hypothesized
life cycle stage-specific degradation of peroxisomes in T. gon-
dii, but it is also possible that some as yet unknown factors
participate in this process. From a metabolic standpoint the
described model seems to be reasonable, because during the
intracellular life cycle stages (tachyzoites, bradyzoites) the par-
asites are supplied with abundant metabolites and energy by
the host, whereas they are pretty much left to their own
resources once shed as oocysts by their hosts and released
to the environment (Fritz et al. 2012) where it might be crucial
for survival to be able to rapidly and efficiently mobilize stored
energy required for sporulation (Ginger 2006).

In other apicomplexans this might be totally different.
Plasmodium sp. for example seems to lack a S-oxidation path-
way (e.g., Olszewski and Llinas 2011; Oppenheim et al. 2014)
and does not have a life cycle stage taking place outside of the
host (Doerigetal. 2015; Menard etal. 2013). Thus, the parasite
probably has no need to increase energy production via me-
tabolism of internal storage products, because a continuous
supply by the host might be ensured. However, cryprospori-
dians and gregarines show host-external life cycle stages in-
cluding oocyst formation (e.g., Barta and Thompson 2006;
Bouzid et al. 2013; Clopton et al. 2016; Toso and Omoto
2007), but nevertheless seem to lack peroxisomes (table 1) as
well as peroxisomal and mitochondrial fatty acid -oxidation
(table 3). Based on our findings peroxisomes of Coccidia are

most likely primarily needed to degrade very-long and long-
chain fatty acids (see above)—in addition to fatty acid degra-
dation in mitochondria—and to protect the cytoplasm from
the harmful side products of this reaction. The absence of -
oxidation in P. falciparum, C. parvum, and G. niphandrodes is
most likely a result of reductive evolution coming along with a
general reduction of lipid metabolism in many parasitic protists
(Gabaldon et al. 2016) and suggests that the latter two organ-
isms may have found a strategy to persist during environmental
stages which is different to the one of coccidians. These non-
coccidian apicomplexans probably survive via metabolic
guiescence or mobilization of metabolites other than the prod-
ucts of fatty acid degradation (acetyl-CoA) to fuel their ener-
getic requirements (Clopton et al. 2016). One possible
explanation would be that the noncoccidian apicomplexans
investigated here simply do not need the amount of energy,
which is required by coccidians during the environmental life
cycle stage. This might be due to the fact thatin most coccidians
(except Sarcocystis) sporulation occurs outside the host in en-
vironmental oocysts and probably relies on stored energy res-
ervoirs whereas cryptosporidians, Plasmodium spp. as well as
several gregarines sporulate within their hosts (Bouzid et al.
2013; Menard et al. 2013) where they are supplied with suffi-
cient metabolites to fulfill their reproduction cycle and generate
sporozoites. Thus, peroxisomes are probably metabolically re-
dundant in those noncoccidian apicomplexans, due to their
individually adapted life cycles in conjunction with their highly
specialized parasitic life styles.

Taken together, the growing evidence from our and pre-
vious studies (Gabaldon et al. 2016; Kienle et al. 2016;
Possenti et al. 2013) suggests that coccidians contain perox-
isomes, whereas other apicomplexans such as P. falciparum,
C. parvum, and G. niphandrodes as well as piroplasms
(Babesia and Theileria), lack these organelles. Thus, according
to the current notion of the general apicomplexan phylogeny
(Arisue and Hashimoto 2015; Simdyanov et al. 2017), multi-
ple independent losses (at least two) of peroxisomes have
probably occurred during the evolution of these parasites
(fig. 3; Gabaldon et al. 2016). The persistence of putative
Pex4 and Pex22 homologs in P. falciparum, C. parvum, and
G. niphandrodes, however, indicates that these proteins may
have acquired a new essential function, possibly acting in
ubiquitination (Pex4 homologs, E2) apart from peroxisomal
biogenesis, or undergone some kind of neofunctionalization
within the different parasite branches (fig. 3). This has prob-
ably happened already early in apicomplexan evolution, mak-
ing these components essential to both, apicomplexans with
or without peroxisomes.

Interestingly, those apicomplexans lacking evidence for
peroxisomes seem to be devoid of the molecular toolset to
degrade fatty acids via f-oxidation as well (see table 3). This is
noteworthy because -oxidation can take place in both, per-
oxisomes and mitochondria (Schrader et al. 2015). As all of
the noncoccidian apicomplexans studied here are in
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Haemosporidians

Plasmodium falciparum
Pex4, Pex22

» loss of peroxisomes
and beta-oxidation

Chromerids

Chromera velia
peroxisomes

Cyclospora cayetanensis
Toxoplasma gondii

COCCid | ans Neospora caninum

. Eimeria tenella
peroxisomes .
Sarcocystis neurona

Hammondia hammondi

Cryptosporidians
Cryptosporidium parvum

Pex4, Pex22

Gregarines

Gregarina niphandrodes
Pex4, Pex22

Apicomplexans

B loss of photosynthesis

Ancestor of chromerids and apicomplexans
containing peroxisomes

Fic. 3.—Multiple losses of putative peroxisomes in apicomplexans. The schematic tree depicts the potential evolutionary history of peroxisomes in
chromerids and apicomplexans. Group names on branches specifically refer to the individual species listed besides/below, that is, those analyzed in this study.
The presence of peroxisomes (indicated by blue letters) is hypothetical, that is, mainly based on bioinformatic results, and requires experimental verification. A
green line/branch indicates that a photosynthetic plastid is present in these organisms, whereas a green asterisk denotes loss of photosynthesis, which is not
necessarily accompanied by a loss of the plastid/apicoplast. Red lines/branches represent groups of apicomplexans probably devoid of peroxisomes, with a
red asterisk indicating loss of putative peroxisomes in addition to a loss of $-oxidation enzymes in these organisms. Coccidians are the only apicomplexans for
which bioinformatic and proteomic evidence for the presence of peroxisomes exists. All other non-coccidian apicomplexans seem to lack these organelles,
but have retained two proteins possessing sequence similarity to the peroxisomal factors Pex4 and Pex22. Piroplasms, such as Theileria and Babesia, group
together with the haemosporidians and were not included into the figure, but according to Gabaldon and colleagues, just as Plasmodium spp. these
organisms are devoid of specific peroxisomal markers and thus peroxisomes (Gabaldon et al. 2016). The tree architecture is based on recently published

phylogenies of apicomplexans and their sister groups (Arisue and Hashimoto 2015; Simdyanov et al. 2017).

possession of a mitochondrion or mitochondrion-related or-
ganelle (Cryptosporidium), occurrence of a general loss of the
p-oxidation pathway in the course of streamlining the para-
sites metabolisms during evolution is likely.

Conclusions

Our data suggest a final solution to the question of whether
apicomplexan parasites contain peroxisomes. By studying a
haemospridian, crytosporidian, gregarine, and several cocci-
dian genomes for encoded Pex and comparing our obtained
results with already existing data, one should conclude that
Plasmodium spp. (and piroplasms), Cryptosporidium spp. and
gregarines have lost peroxisomes, whereas coccidians seem to
generate these organelles. However, peroxisomes are proba-
bly mainly present during their life cycle stage that is located
outside of the host (oocyst). The primary function of perox-
isomes in coccidians is probably degradation of stored long-
chain and very long-chain fatty acids via -oxidation, thereby

providing acetyl-CoA for energy mobilization (mitochondrial
TCA cycle) required for sporulation under energy depleted
conditions in an external environment. This is in contrast to
Plasmodium spp. and Cryptosporidium, which fulfill sporula-
tion during an intracellular life cycle stage, making a rapid
mobilization of stored metabolites for sexual reproduction su-
perfluous. Gregarines on the other hand might or might not
sporulate inside the host. In any case these organisms seem to
have found other strategies to overcome energy depleted
conditions in case of environmental sporulation, probably by
using other metabolites, making peroxisomes and peroxi-
somal B-oxidation redundant. Future studies should address
the experimental verification of peroxisomes in coccidians by
focusing specifically on oocyst/sporozoite stages.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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