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Abstract

The peroxisome was the last organelle to be discovered and five decades later it is still the Cinderella of eukaryotic compartments.

Peroxisomes have a crucial role in the detoxification of reactive oxygen species, the beta-oxidation of fatty acids, and the biosynthesis

of etherphospholipids, and they are assumed to be present in virtually all aerobic eukaryotes. Apicomplexan parasites including the

malaria and toxoplasmosis agentswere described as the first group of mitochondriateprotists devoid of peroxisomes. This study was

initiated to reassess the distribution and evolution of peroxisomes in the superensemble Alveolata (apicomplexans, dinoflagellates,

ciliates). We established transcriptome data from two chromerid algae (Chromera velia, Vitrella brassicaformis), and two dinofla-

gellates (Prorocentrum minimum, Perkinsus olseni) and identified the complete set of essential peroxins in all four reference species.

Our comparative genome analysis provides unequivocal evidence for the presence of peroxisomes in Toxoplasma gondii and related

genera. Our working hypothesis of a common peroxisomal origin of all alveolates is supported by phylogenetic analyses of essential

markers suchas the import receptor Pex5.Vitrella harbors themost comprehensive setofperoxisomalproteins including thecatalase

and the glyoxylate cycle and it is thus a promising model organism to investigate the functional role of this organelle in Apicomplexa.
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Introduction

Peroxisomes, also designated as “microbodies,” are organelles

of eukaryotic cells that are surrounded by a single membrane

and required, for example, for the breakdown of long-chained

fatty acids (Rhodin 1954; de Duve and Baudhuin 1966;

Gabald�on 2010). Compartmentalization prevents oxidative

damagedue toconcomitantly formedhighly reactivehydrogen

peroxide (H2O2) that is rapidly eliminated by oxidoreductases

such as the catalase (Reddy and Mannaerts 1994). Peroxisomes

with specific cellular functions or metabolic capacities are

known as “Woronin bodies” in filamentous fungi (Markham

and Collinge 1987; Pieuchot and Jedd 2012), “glycosomes” in

kinetoplastids (Opperdoes and Borst 1977) as well as diplone-

mids (Morales et al. 2016), and “glyoxysomes” in land plants,

fungi and some protists (Breidenbach and Beevers 1967;

Tolbert and Essner 1981; Kunze and Hartig 2013).

Glyoxysomes harbor the eponymous glyoxylate cycle

(Kornberg and Krebs 1957) that uses the C2 unit

acetyl-CoA as carbon source for the synthesis of succinate

(C4 unit, fig. 1A; Schnarrenberger and Martin 2002). This

anabolic bypass of the mitochondrial TCA cycle is required

for the gluconeogenetic formation of carbohydrates and

frequently linked to the catabolism of fatty acids

(McCammon et al. 1990). Accordingly, germination of oil-

seed plants like castor beans essentially depends on a func-

tional glyoxylate cycle (Breidenbach and Beevers 1967;

Eastmond and Graham 2001; Yang et al. 2009), whereas

humans are generally not able to convert lipids into sugar

because they are lacking this pathway (de Figueiredo et al.

2009). The glyoxylate cycle is composed of five enzymes,

the aconitase (ACO), isocitrate lyase (ICL), malate synthase

(MLS), malate dehydrogenase (MDH), and citrate synthase

(CS; fig. 1A). Their differential subcellular localization in

both the peroxisome and the cytosol challenged the tradi-

tional view that all enzymes of a metabolic pathway are

located in the same compartment (Kunze et al. 2006). In
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land plants, three of the enzymes (ICL, MLS, CS) are

imported into the peroxisomal matrix, whereas the two

other ones (MDH, ACO), which catalyze the oxidation of

malate to oxaloacetate and the conversion of citrate to

isocitrate, reside in the cytosol (fig. 1A). The unexpected

localization of the MDH and ACO is associated with a rapid

ping-pong-like exchange of the four carbohydrate inter-

mediates through the peroxisomal membrane (Kunze and

Hartig 2013). Homologous isoforms of three enzymes of

the glyoxylate cycle (MDH, CS, ACO) are also essential for

the mitochondrial TCA cycle (highlighted in yellow, fig. 1B;

Schnarrenberger and Martin 2002) and additional MDH

isoenzymes are required for the plastid energy metabolism

(Scheibe 2004). In contrast, the ICL and MLS are specific for

the glyoxylate cycle and were used in the past as marker

enzymes for the identification of peroxisomes (highlighted

in red, fig. 1A; Breidenbach and Beevers 1967; Tolbert and

Essner 1981; Lazarow and Fujiki 1985; Kunze et al. 2006).

Different other metabolic pathways including the beta-

oxidation of fatty acids, the catabolism of purines, the biosyn-

thesis of amino acids and of etherphospholipids as well as the

cellular antioxidant system for the detoxification of reactive

oxygen species (ROS) are located in peroxisomes (Reddy and

Mannaerts 1994; Schrader and Fahimi 2008). The composi-

tion of metabolic pathways within these organelles can even

vary in different cellular stages and tissue types, which is

induced by the adaptation of peroxisomes to the specific

needs of the cells (Gabald�on 2010; Hayashi et al. 2000;

Smith and Aitchison 2009). Photorespiration serves as a car-

bon recovery system in land plants that results from the oxy-

genase reaction of the ribulose-1, 5-bisphosphate

carboxylase/oxygenase and comprises distinct enzymatic reac-

tions in three organelles, that is, chloroplasts, peroxisomes,

and mitochondria (Maurino and Peterhansel 2010). The path-

way, which is also known as the oxidative photosynthetic

carbon cycle, requires a comprehensive set of transporters

that mediate the metabolite exchange between the compart-

ments. The “peroxins” represent a constant protein pool for

the maintenance of peroxisomes. Peroxins are also responsi-

ble for peroxisome biogenesis, protein import, translocation

and recycling as well as peroxisome proliferation (Smith and

Aitchison 2013). Mutations in these proteins were shown to

cause fatal neurological disorders in humans (Schlüter et al.

2006; Smith and Aitchison 2013).

The evolutionary origin of the tiny peroxisome, the last

eukaryotic organelle that was discovered (Rhodin 1954; de

Duve and Baudhuin 1966), has been controversially discussed

for decades. Peroxisomes proliferate analogous to mitochon-

dria and plastids by fission (Fagarasanu et al. 2007), but they

do not contain DNA. Christian de Duve favored an endosym-

biotic descent over the alternative explanation that peroxi-

somes originated as offshoots of the endoplasmatic

FIG. 1.—Peroxisomal glyoxylate cycle (A) and the mitochondrial TCA cycle (B) in Vitrella brassicaformis CCMP3155. A comparable localization of the

pathways is found in Chromera velia, dinoflagellates, land plants, and some fungi (Kunze et al. 2006). Single boxes and multiple boxes symbolize the

stoichiometry of the enzyme, for example, monomers, homodimers, heterodimers, and homotetramers, respectively. Enzymes highlighted in yellow are

integrated in both pathways with two of them located in the cytosol concerning the glyoxylate cycle in plants and fungi. Enzymes highlighted in red are

peroxisome-specific and are located in the peroxisomal matrix. The amount of carbon atoms in each reaction intermediate is highlighted in blue. The

enzymes involved in translocation of reaction intermediates across the peroxisomal membrane are currently unknown. Possible transmembrane transporters

are marked by a “T.”
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reticulum (ER; de Duve 1982, 2007). The former idea was

supported by Cavalier-Smith, who moreover proposed a si-

multaneous symbiotic origin of mitochondria, chloroplasts

and microbodies (Cavalier-Smith 1987). However, this hy-

pothesis as well as the recently proposed actinobacterial origin

of peroxisomes, which probably reflects a phylogenetic arti-

fact (Duhita et al. 2010; Gabald�on and Capella-Gutiérrez

2010), proved to be wrong. Erdmann et al. discovered in

the baker yeast Saccharomyces cerevisiae that mutations of

two peroxin genes (pex1, pex4) resulted in peroxisome-

deficient strains (Erdmann et al. 1989) and specific mutagene-

sis approaches allowed to identify 18 different assembly

mutants (Erdmann and Kunau 1992; van der Leij et al. 1992).

The complementation with the wild type genes pex3 and

pex19 resulted in the regeneration of functional peroxisomes

fromoffshootsof theER (Hoepfneretal. 2005). Evidence foran

origin of peroxisomes as a genuine eukaryotic invention is pro-

vided by the peroxisomal protein import machinery (Schlüter

et al. 2006; Gabald�on et al. 2006), which resembles a modifi-

cationof the ancient ER-associated degradation (ERAD) system

for ubiquitinated proteins (Bolte et al. 2011; Schliebs et al.

2010). Speijer proposed that peroxisomes emerged driven by

theneedforcellulardetoxification inamitochondrialeukaryote

(Speijer 2011; Speijer 2015). Accordingly, early aerobic protists

accumulated increasing amounts of ROS, which provided a

strong selective force for subcellular compartmentalization

and thus for the formation of the peroxisome. The model is

supported by the observation that the beta-oxidation pathway

in peroxisomes is derived from the mitochondrial one (Bolte

et al. 2015) and the recent finding that the peroxisomal

membrane partially derives from the mitochondrial membrane

during peroxisomal biogenesis (Sugiura et al. 2017).

Protein transfer into peroxisomes is usually mediated by a

specific import system that recognizes peroxisomal targeting

signals (PTS; Ruckt€aschel et al. 2011). PTS1 with the conserved

C-terminal tripeptide consensus motif (S/A/C)-(K/R/H)-(L/M) is

the most frequently observed import signal. PTS1 is recog-

nized by Pex5, a receptor that also binds peroxisomal proteins

without well-defined targeting signals (van der Klei and

Veenhuis 2006). Import of proteins with the N-terminal

PTS2 [(R/K)-(L/V/I)-X5-(H/Q)-(L/A)] is mediated by Pex7

(Lanyon-Hogg et al. 2010).

The current study was focused on the distribution and evo-

lution of peroxisomes in alveolates (Adl 2012), a monophyletic

superensemble comprising the basal grouping ciliates, dino-

flagellates, and apicomplexans. The three groups developed

conspicuous lineage-specific cellular characteristics, such as

the presence of two distinct nuclei in ciliates (Coyne et al.

1996), the liquid crystalline chromosomes of giant genomes

in dinoflagellates (Wisecaver and Hackett 2011) and the ad-

aptation to parasitism resulting in fast evolving apicomplexans

(Swapna and Parkinson 2017). According to their parasitic life

style most researchers thought for decades that peroxisomes

are missing in the latter group (Schlüter et al. 2006; Gabald�on

2010). The ciliate Tetrahymena pyriformis, which served as a

reference species for the introduction of the term

“peroxisome” (de Duve and Baudhuin 1966), harbors an ar-

chetypal glyoxylate cycle including the ICL and MLS (fig. 1A;

Hogg and Kornberg 1963). Transcripts of these key enzymes

were also found in dinoflagellates (Butterfield et al. 2013),

thus providing independent support for the ultrastructure-

based prediction that peroxisomes are abundant in this class

of alveolates (Bibby and Dodge 1973). The genomes of

completely sequenced apicomplexan parasites such as

Cryptosporidium, Theileria, Eimeria, Babesia and the malaria

agent Plasmodium falciparum are lacking ICL and MLS genes

thus documenting the absence of the glyoxylate cycle.

Furthermore, Schlüter et al. (2006) concluded based on their

comparative in silico analyses that Apicomplexa are devoid of

peroxisomes. However, the genome of the feline pathogen

Toxoplasma gondii harbors a catalase (EC 1.11.1.6;

XP_002368095), which is regarded as a marker enzyme of

peroxisomes. Two contradictory studies suggested either a

cytosolic or a peroxisomal localization (Ding et al. 2000;

Kaasch and Joiner 2000). Accordingly, and based on the de-

tection of some additional maker proteins, the presence of

peroxisomes in apicomplexans is still a matter of debate (Ding

et al. 2004; Gabald�on et al. 2016).

The surprising discovery of the apicomplexan algae

Chromera velia and Vitrella brassicaformis (Chromeridae;

Moore et al. 2008; Janou�skovec et al. 2010; Oborn�ık et al.

2012) allowed to investigate the biology of free-living relatives

of malaria and toxoplasmosis agents. We established tran-

scriptomes from both chromerids, the peridinin-containing

dinoflagellate Prorocentrum minimum and the Manila clam

parasite Perkinsus olseni, which represents the most basal lin-

eage of dinoflagellates (Bachvaroff et al. 2014). The distribu-

tion of peroxisomal marker genes was investigated in these

evolutionary key species and furthermore in alveolate protists

whose genomes have been sequenced such as P. falciparum,

T. gondii, C. parvum, and Tetrahymena thermophila. We

could detect the complete set of peroxins, the five enzymes

of the glyoxylate cycle and 35 additional peroxisome-specific

enzymes in ciliates, dinoflagellates, and chromerids.

Phylogenetic analyses of ICL, MLS, the acetyl-CoA acyltrans-

ferase (ACAA1), Pex1 and Pex5 were performed to retrace

the evolutionary origin of the glyoxylate cycle, of the beta-

oxidation and of peroxisomes in alveolates.

Materials and Methods

Cultivation of Protists and RNA Isolation

The apicomplexan alga V. brassicaformis CCMP3155 was cul-

tivated in L1-medium at 22 �C. 1 l Erlenmeyer flasks were

shaken permanently at 100 rpm in New Brunswick Scientific

Innova 42 incubator shaker under continuous light. The het-

erotrophic dinoflagellate P. olseni strain PRA-181 was
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obtained from Chris Dungan. Cultivation was performed in 5–

50 ml 850 mOsm/kg (29ppt) DME: Ham’s F-12 Perkinsus sp.

propagation medium (Burreson et al. 2005) containing 3% (v/

v) fetal bovine serum (FBS) and 100 Umg/ml penicillin–

streptomycin for axenic growth (DME/F12-3ps) within cell cul-

ture flasks without shaking and light at 22 �C. Cell pellets

were stored in liquid nitrogen and total as well as mRNA

was isolated as previously described (Petersen et al. 2014).

Construction of cDNA Libraries, Illumina Sequencing, and
Transcriptome Assembly

The preparation of a 300 bp paired-end (PE) Illumina RNA

library from P. olseni PRA-181 was performed analogous to

the proceedings for the apicomplexan alga C. velia CCAP

1602/1 and the dinoflagellate P. minimum CCMP1329

(Petersen et al. 2014). Illumina sequencing was conducted

with both MiSeq and HiSeq 2000 sequencers. The sequences

were converted to the FASTQ format and the fastq-mcf tool

of ea-utils (Aronesty 2011) was used for a general quality

control. Sequence reads of one 150 bp PE MiSeq run were

de novo assembled with VELVET 1.2.07 (Zerbino and Birney

2008). The assembled contigs were extended and scaffolded

with half of a 101 bp HiSeq run using SSPACE 2.0 (Boetzer

et al. 2011).

The isolation of mRNA, normalization, reverse transcription

and construction of two 150–350 bp PE Illumina cDNA librar-

ies of V. brassicaformis CCMP3155 was performed by the

Vertis Biotechnology AG (Freising, Germany). The normalized

library was used for two 150 bp PE MiSeq runs and one

110 bp PE Genome Analyzer IIx (GA) run, whereas the non-

normalized library was used for half of a 101 bp PE HiSeq run.

Different assemblies were established and their quality was

checked based on the transcript length of glycolytic reference

genes. First, all sequence data were de novo assembled with

VELVET 1.2.07. Second, the assembled contigs were ex-

tended and scaffolded with the 101 bp HiSeq run using

SSPACE 2.0, and for the final transcriptome data set both

assemblies were merged with MIRA 3.4.1.1 (Chevreux et al.

2004).

Identification of Peroxisome-Specific Genes in Newly
Established Transcriptomes and Genome-Sequenced
Eukaryotes

The basis of the current study was the reliable identification of

peroxisome-specific genes from a broad range of alveolates

via BLAST analyses. This aim was challenged by the presence

of paralogous proteins from other subcellular compartments

(see e.g. Bolte et al. 2011). Accordingly, and in order to ex-

clude false-positive hits, we decided against automated se-

quence similarity searches with predefined threshold E-values

(�Z�arsk�y and Tachezy 2015). Instead, we used an individual

two-step BLAST strategy for the establishment of a manually

curated set of peroxisomal proteins. Homologs of peroxisomal

query sequences were identified with a species-specific

TBLASTN (BLASTP) search and BLASTX searches with these

proteins in peroxisome-containing reference species allowed

us to differentiate between orthologs and paralogs.

Peroxisomal proteins for BLAST analyses were retrieved

from the “peroxisome pathway” of the Kyoto Encyclopedia

of Genes and Genomes (KEGG) database (Kanehisa and Goto

2000) and the PeroxisomeDB (Schlüter et al. 2010). Proteins

of the ciliate T. thermophila were preferentially used as query

sequences for local and online BLAST searches in our newly

established transcriptomes and the alveolate reference

genomes, respectively. The E-value threshold for the initial

BLAST hits was set to� 1e-04 due to the fast evolutionary

rate of many apicomplexan proteins. The peroxisomal inven-

tory of the parasitic Apicomplexa T. gondii and P. falciparum

was also investigated in the species-specific genome data-

bases ToxoDB v.12.0 and PlasmoDB v.12.0 (Gajria et al.

2007; Aurrecoechea et al. 2009). PTS sequences were identi-

fied with the PSORT II Web server (Nakai and Horton 1999)

and the Target Signal Predictor Tool of the PeroxisomeDB

(Schlüter et al. 2010).

Phylogenetic Analyses

The alignments generated by ClustalW (Thompson et al.

1997) were manually refined using the ED option of the

MUST program package (Philippe 1993). G-blocks were

used to eliminate both highly variable and/or ambiguous por-

tions of the alignments (Talavera and Castresana 2007).

Maximum likelihood (ML) analyses were performed with

RAxML version 7.9.5 (Stamatakis and Alachiotis 2010) under

the LGþ FþC4 model, based on the LG-matrix of amino acid

replacements (Le and Gascuel 2008) with empirical amino

acid frequencies and four discrete gamma rates. Bootstrap

analyses (100 replicates) were performed with RAxML under

the same model with the rapid bootstrap option, to estimate

the support for internal nodes.

Results

Establishment of cDNA Sequences from C. velia,
V. brassicaformis, P. minimum, and P. olseni

We cultivated the apicomplexan alga V. brassicaformis

CCMP3155 and the dinophycean Manila clam parasite

P. olseni PRA-181, isolated polyA(þ) mRNA and constructed

PE cDNA libraries for Illumina sequencing. The raw data of

150-bp MiSeq, 110-bp GA, and 101-bp HiSeq runs were used

for transcriptome shotgun assemblies (TSAs¼ cDNA contigs).

The construction of the V. brassicaformis library was challeng-

ing, but the quality of both TSAs is good and allowed to

frequently identify full-length cDNA sequences. The establish-

ment of the high quality TSAs of P. minimum CCMP1329 and

C. velia CCAP 1602/1 with cDNA sequences of up to 13 kb

has been previously described (Petersen et al. 2014).
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We screened the four transcriptome data sets of alveolate

key species for peroxisomal marker genes and identified

204 cDNA sequences, which have been deposited at DDBJ/

EMBL/GenBank under the accession numbers KT633933 and

KR704675–KR704725 (C. velia CCAP 1602/1), KR704726–

KR704777 (V. brassicaformis CCMP3155), KR704778–

KR704835 (P. olseni PRA-181), and KR704836–KR704877

(P. minimum CCMP1329).

Marker Genes of the Glyoxylate Cycle in Ciliates,
Dinoflagellates, and Apicomplexa

We started our systematic investigation of the distribution of

peroxisomes in Alveolata with TBLASTN searches for the di-

agnostic enzymes of the glyoxylate cycle ICL and MLS. All five

enzymes of this pathway were identified as expected in the

genome of the ciliate T. termophila SB210 (table 1), which

confirmed the biochemical data of de Duve and Baudhuin

(1966). The complete enzyme set could also be identified in

the transcriptomes of the peridinin-containing dinoflagellate

P. minimum and the heterotrophic clam parasite P. olseni,

which represents the most basal branching lineage of dino-

flagellates (Bachvaroff et al. 2014). This finding and the pres-

ence of ICL and MLS in further EST data sets (Butterfield et al.

2013) as well as the incomplete genome of Symbiodinium

minutum (supplementary table S1, Supplementary Material

online) is indicative of a common occurrence of the glyoxylate

cycle in this group of protists. The pathway is missing in the

malaria and toxoplasmosis agents P. falciparum and T. gondii

(Apicomplexa) that only contain the three isoenzymes CS,

ACO, and MDH of the mitochondrial TCA cycle (table 1,

fig. 1B). However, we detected the complete set of enzymes

for the glyoxylate cycle including ICL and MLS in our newly

established transcriptome data sets of the two apicomplexan

Table 1

Distribution of Peroxisomal Marker Proteins in Eight Alveolate Key Species

Protein Abbr. Size (aa) Tt Po Pm Vb Cv Cp Tg Pf

Glyoxylate pathway

Isocitrate lyase ICL 576 � � � � �1 � � �
Malate synthase MLS 562 � �1 � � �1 � � �
Citrate synthase CS 480 � �2 � �2 � � �m �m

Aconitase ACO 898 �C �C �C �C �C � �C �C

Malate dehydrogenase MDH 333 � � �1 � � �C �m �m

Peroxisome

Biogenesis factor 1 Pex1 1130 � � � � � � � �
Biogenesis factor 2 Pex2 333 � � � � � � � �
Biogenesis factor 3 Pex3 400 � � � � � � � �
Ubiquitin carrier protein Pex4 157 � � � � � � � �

Biogenesis protein 5 Pex5 728 � � � � � � � �
Biogenesis protein 6 Pex6 941 � � � � � � � �
Biogenesis protein 7 Pex7 317 � � � � � � � �
Biogenesis protein 10 Pex10 381 � � � � � � � �
Biogenesis factor 11 Pex11 248 � � � � � � � �
Biogenesis protein 12 Pex12 393 � � (�) � � � � �
Biogenesis factor 13 Pex13 304 � � � � � � � �
Membrane protein 14 Pex14 507 � � (�) � � � � �
Membrane protein 15 Pex15Sc 383 � � � � � � � �
Biogenesis factor 16 Pex16 367 � � (�) � � � � �
Membrane protein receptor Pex19 248 � � � � � � � �
Biogenesis protein 22 Pex22 283 � � � � � � � �

Biogenesis factor 26 Pex26Hs 305 � � � � � � � �
Membrane channel PMP22 283 � � � � � � � �
Membrane protein 4 PMP27 190 � � � � � � � �
ATP/ADP-transporter PMP34 331 � � � � � � � �
Fatty acid ABC-transporter PMP70 1338 � � � � � � � �
ROS metabolisma MPV17a 288 � � � � � � � �

NOTE.—Presence is indicated by a check mark, absence by a dash. Subscripted characters: PTS, peroxisomal targeting sequence; 1 PTS1; 2 PTS2; m mitochondrial; c cytosolic. The
protein size in amino acid (aa) positions is shown for the reference species Arabidopsis thaliana. Abbreviations for organisms: Tt, Tetrahymena thermophila; Po, Perkinsus olseni;
Pm, Prorocentrum minimum; Vb, Vitrella brassicaformis; Cv, Chromera velia; Cp, Cryptosporidium parvum; Tg, Toxoplasma gondii; Pf, Plasmodium falciparum. (�) Transcripts are
missing in P. minimum, but have been identified in other dinoflagellates (Pex12: Symbiodinium sp., Oxyrrhis marina [FE865168, EG736886]; Pex14: Lingulodinium polyedrum,
Alexandrium tamarense [GABP01017358.1, CK432205]; Pex16: Symbiodinium sp. [GBSC01009331.1]). Sc, Saccharomyces cerevisiae; Hs, Homo sapiens.

aMPV17, which is involved in the production of reactive oxygen species (ROS), represents in contrast to former conclusions an inner mitochondrial membrane protein in mice
(Spinazzola et al. 2006).
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algae C. velia and V. brassicaformis. Moreover, we could iden-

tify the MLS in the partially sequenced genome of

Ascogregarina taiwanensis (Apicomplexa, Conoidasida,

Gregarinasina) a parasite of the Asian tiger mosquito (supple-

mentary table S1, Supplementary Material online).

In silico prediction of intracellular protein targeting with

TargetP gave a mitochondrial localization of the CS and

MDH from Plasmodium and Toxoplasma (table 1), which is

in agreement with their functional role within the TCA

cycle (fig. 1B). Peroxisomal prediction programs allowed

us to identify C-terminal and N-terminal targeting

sequences for the MLS and CS in P. olseni, for the ICL

and MLS in C. velia, and for the CS in V. brassicaformis

(table 1). The conservation of peroxisomal targeting sites

hence indicates that the intracellular localization of the

glyoxylate cycle in dinoflagellates and apicomplexan algae

is comparable to those of land plants (fig. 1A). The ob-

served localization of a functional metabolic pathway in

two cell compartments is analogous to the close collabo-

ration of mitochondria and peroxisomes in the beta-

oxidation of fatty acids (Speijer 2017), which seems to

be widely distributed in alveolates (table 2).

Table 2

Metabolic Inventory of Peroxisomal Pathways in Eight Alveolate Species

Functional Category Protein Abbr. Tt Po Pm Vb Cv Cp Tg Pf

Fatty acid oxidation

a-oxidation 2-Hydroxyacyl-CoA lyase HPCL2 � � � � �1 � � �

Phytanoyl-CoA hydrolase PHYH �2 � �2 �2 �2 � � �
b-oxidation a-Methylacyl-CoA-racemase AMACR � � � � � � � �

Acyl-CoA-oxidase ACOXa � � �1 �1 �1 � �1 �
Multifunctional protein DBP �1 �1 �1 �1 �1 � �1# �
Sterole carrier protein 2 SCPX � �1 � � �1 � �# �
Multifunctional protein PBE � �1 �1 � � � � �
Acetyl-CoA acyltransferase 1 ACAA1 � �2 �2 �2 �2 � � �
2, 4-dienoyl-CoA reductase PDCR � � �1 � �2 � �1 �
d(3, 5)-d(2, 4)-dienoyl-CoA isomerase ECH � � �1 �1, 2 �1 � � �
ATP-binding cassette, subfamily D ABCD � � � � � � � �
Long-chain acyl-CoA synthetase ACSL � � � � � � � �

Solute carrier family 27, member 2 VLACS � � �1 � � � � �
Other oxidation Acyl-CoA thioesterase 8 PTE � �1 � � � � � �

Nucleoside disphosphate-linked m. NUDT19 � � � � � � � �
Amino acid metabolism Multifunctional protein AGT � �1 � � � � � �

D-Amino-acid oxidase DAOa � � � � � � � �
Isocitrate dehydrogenase IDH � � � � � � �1 �m

N1-acetylpolyamine oxidase PAOXa � �1 � � � � � �
L-Pipecolate oxidase PIPOXa � � � �1 �1 � � �
hydroxymethylgluatryl-CoA lyase HMGCL � � � � � � � �
(S)-2-hydroxy-acid oxidase HAOa � � � �1 �1 � � �

Antioxidant system

Hydrogen peroxide metabolism Catalase CAT �1 � � � � � �1 �
Superoxide dismutase SODa � � � � � � � �

Nitric-oxide synthase, inducible INOS � � � � � � � �
Peroxiredoxin 1 PRDX1 � � � � � � � �1

Peroxiredoxin 5 PRDX5 � � � � � � � �
Glutathione metabolism Glutathione S-transferase kappa 1 GSTK1 � � �1 �1 �1 � � �

Etherphospholipid biosynthesis Dihydroxyacetone phosphate acyltr. DHAPAT �1, 2 �1 � � � � � �
Alkyldihydroxyacetonephosphate syn. AGPS � � �2 �2 � � � �
Fatty acyl-CoA reductase FAR �1, 2 � � � � � � �

Purine metabolism Xanthine dehydrogenase XDHa � � �2 � � � � �
Retinol metabolism Dehydrogenase/reductase SDR family DHRS4 � �1 � �1 �1 � � �
Sterol precursor biosynthesis Mevalonate kinase MVK �2 � � � � � � �

Phosphomevalonate kinase PMVK � � � � � � � �

NOTE.—Presence of proteins is indicated by a check mark, absence by a dash. Subscripted characters show the presence of conserved peroxisomal targeting sequences (PTS1,
PTS2). Abbreviations for organisms: Tt, Tetrahymena thermophila; Po, Perkinsus olseni; Pm, Prorocentrum minimum; Vb, Vitrella brassicaformis; Cv, Chromera velia; Cp,
Cryptosporidium parvum; Tg, Toxoplasma gondii; Pf, Plasmodium falciparum; 1 PTS1; 2 PTS2; m mitochondrial targeting sequence in Pf.

aH2O2 releasing enzymes.
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Distribution of Peroxins in Alveolata

The presence of the glyoxylate cycle in alveolate key species

indicates that peroxisomes are widely distributed in this super-

ensemble. However, the apparent mitochondrial localization

of the pathway in the complex green alga Euglena gracilis and

the protist Acanthamoeba castellanii (Ono et al. 2003;

Gawryluk et al. 2014) diminishes the predictive value of ICL

and MLS for the presence of this organelle. Therefore, we also

searched in our established transcriptomes and in public data-

bases for peroxisome-specific proteins according to the re-

spective KEGG pathway. In alveolates we could detect 14 of

the 17 referred peroxins (table 1) with a diagnostic core set of

eight proteins (Pex1, Pex2, Pex5, Pex6, Pex7, Pex11, Pex12,

Pex16). The remaining three peroxins Pex13, Pex15, and

Pex26 are generally missing in the sequenced genomes of

ciliates, the early branching dinoflagellate P. olseni and

Apicomplexa. Eleven peroxins could be identified in the ge-

nome of the ciliate T. thermophila that served as a reference

for the current study. The absence of Pex3, Pex14, and Pex22

in the genomes of all 15 sequenced ciliates (supplementary

fig. S1, Supplementary Material online) clearly documents

that respective orthologs are dispensable for the formation

of a functional peroxisome in this basal lineage of alveolates.

Dinoflagellates comprise a comparable number of peroxins,

ten were discovered in P. minimum and all but one in the early

branching clam parasite P. olseni. The remaining protein

Pex10 is probably not required for peroxisome biogenesis,

which shows that the crucial pool of pex genes can even

vary between different alveolate lineages. In contrast, we

identified 13 marker genes in the transcriptomes of the api-

complexan algae C. velia and could detect the complete set of

14 peroxins in V. brassicaformis (table 1, fig. 2). This finding is

contradictory to the former view that apicomplexans are lack-

ing peroxisomes (Schlüter et al. 2006; Gabald�on 2010), but

their absence might be still valid for parasitic representatives.

Accordingly, we used the Pex proteins of Chromera as query

sequences for comprehensive BLAST analyses in the publicly

available transcriptome and genome data sets.

FIG. 2.—Peroxisomal marker proteins of the apicomplexan alga Vitrella brassicaformis CCMP3155. A comprehensive map including peroxisomal

functions that corresponds to the KEGG pathway “Peroxisome” is shown for all eight alveolate references species in supplementary figures S1–S8,

Supplementary Material online. The presence of orthologous proteins is highlighted in green, their absence is marked in white. Marker proteins of yeast,

metazoan, and plants that are lacking in all alveolate species analyzed in the current study are crossed with a red X. PTS, peroxisomal targeting sequence; Pex,

Peroxin; PMP, peroxisomal membrane protein; EPL, etherphospholipid biosynthesis; FAO, fatty acid oxidation; CAT, catalase of antioxidant system. The

arrows for EPL and FAO reflect the anabolic and catabolic metabolism, respectively.
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In P. falciparum and Cryptosporidium parvum, we failed to

identify any peroxisome gene with the exception of pex4 and

pex22 (table 1, supplementary table S2, Supplementary

Material online). A comparable pattern has been observed

for all analyzed Plasmodium, Cryptosporidium, Babesia, and

Theileria strains as well as Gregarina niphandrodes (supple-

mentary table S1, Supplementary Material online), thus pro-

viding strong evidence for the absence of peroxisomes in

these genera. The Pex4/Pex22 complex, whose major physio-

logical role is the monoubiquitination of peroxisomal import

receptors (El Magraoui et al. 2014), has obviously an alterna-

tive function and might be involved in protein degradation. In

contrast, we surprisingly identified 13 of 14 apicomplexan

pex-genes in T. gondii (table 1, supplementary table S2,

Supplementary Material online) and could also detect twelve

of them in the closely related avirulent species Hammondia

hammondi (supplementary table S1, Supplementary Material

online; Walzer et al. 2013). The majority of peroxins is also

present in other coccidian parasites such as Sarcocystis neu-

rona, Cyclospora cayetanensis, and two Eimeria strains

(Apicomplexa, Conoidasida, Coccidia). In Neospora caninum,

a pathogen of dogs (Reid et al. 2012), we could also identify

the complete set of 13 peroxins (supplementary table S1,

Supplementary Material online). This finding unequivocally

documents that peroxisomes are, in clear contradiction to

previous conclusions based on 10,000 T. gondii ESTs (Ding

et al. 2000), widely distributed among apicomplexan parasites

of the class Coccidia. Moreover, the presence of pex1, pex5,

and pex7 in the only partially sequenced genome of A. taiwa-

nensis (6.15 of 30 MB; supplementary table S1,

Supplementary Material online) strongly indicates that perox-

isomes are also present in ascogregarines (Apicomplexa,

Conoidasida, Gregarinasina).

Peroxisome-Specific Markers of Alveolates

Peroxisome Biogenesis. The structural components for per-

oxisome biogenesis include import systems for peroxisomal

matrix and membrane proteins, the essential factor for per-

oxisome biogenesis Pex11 and specific transporters for me-

tabolite import (fig. 2). A comprehensive overview of the

distribution of these components among alveolates is pro-

vided as supporting information (supplementary S1 Text,

Supplementary Material online).

Metabolic Enzymes. Peroxisomes were previously dismissed

as the cellular cleaner of ROS, but they exhibit central func-

tions far beyond H2O2 metabolism such as the degradation of

fatty acids, metabolism of amino acids and biosynthesis of

ether lipids (van den Bosch et al. 1992; Singh 1997; Bussell

et al. 2013; Lodhi and Semenkovich 2014). We established a

comprehensive inventory of 47 enzymes, which are regarded

to be peroxisome-specific according to the respective KEGG

map, for all eight alveolate reference species of the current

study (supplementary figs. S1–S8, Supplementary Material

online). Apart from the glyoxylate cycle key markers ICL and

MLS (see above; table 1), we could identify 35 additional

enzymes with known peroxisomal functions, but failed to

find homologs of the ten remaining ones (table 2, supplemen-

tary table S3, Supplementary Material online). The explana-

tory power of conserved targeting signals for peroxisomal

protein import is limited, but our in silico analyses revealed

PTS1 and/or PTS2 for nearly half of the enzymes that are

supposed to be located in the lumen of this organelle (53/

109; table 2). The most common C-terminal tripeptide se-

quence of alveolates was “-SRL,” with the overall consensus

motif (S/A/G)-(R/K/N)-(L/M/A).

The absence of peroxisomes in Plasmodium and

Cryptosporidium provided the unique opportunity to calibrate

the data set, that is, to differentiate between marker enzymes

that are exclusively present in peroxisomal alveolates and

ubiquitous equivalents. The latter might represent paralogous

isoenzymes, displaying a variable localization in different spe-

cies or they are per se subjected to dual targeting in different

compartments of the cell (Ast et al. 2013).

We investigated the metabolic inventory of the eight alve-

olate genomes serving as a reference. An overview is pre-

sented in table 2 and a more detailed description of the

presence of marker enzymes of the antioxidant system, ana-

bolic and catabolic pathways is provided as supporting infor-

mation (supplementary S2 Text, Supplementary Material

online). Apart from sporadically occurring markers, we could

identify five enzymes required for fatty acid oxidation (ACOX,

DBP, ACAA1, ECH) and etherphospholipid biosynthesis

(DHAPAT) that are universally present in the peroxisomal

alveolates but missing in Cryptosporidium and Plasmodium

(table 2, supplementary table S3, Supplementary Material on-

line). Our analyses revealed the presence of a characteristic

metabolic inventory of the peroxisome for the apicomplexan

parasite T. gondii (table 2, supplementary table S3, fig. S7,

Supplementary Material online), thus providing clues about

the functional role of this organelle in apicomplexan parasites.

The detection of genes for beta-oxidation of fatty acids and

the catalase in related genera such as Ascogregarina (supple-

mentary tables S1 and S4, Supplementary Material online)

provided independent evidence, apart from the crucial set

of peroxins, for the presence of a functional peroxisome.

Phylogenetic Analyses of Peroxisomal Markers

ICL and MLS. On the basis of our working hypothesis that all

peroxisomes of contemporary alveolates descend from the

last common ancestor of this superensemble, we investigated

the applicability of diagnostic peroxins and metabolic

enzymes for phylogenetic analyses. The two key enzymes of

the glyoxylate cycle, ICL and MLS (fig. 1), are a priori suitable

markers, because of their unique metabolic function, se-

quence conservation and a considerable length of more
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than 500 amino acid (aa) positions as well as an universal

presence in ciliates, dinoflagellates and photoautotrophic

Apicomplexa (table 1, supplementary table S1,

Supplementary Material online). However, the phylogenetic

RAxML analyses of the ICL and MLS revealed an evolutionary

history that is dominated by gene duplication and horizontal

gene transfer (HGT; [see supplementary S3 Text,

Supplementary Material online]). The patchy distribution of

these enzymes could be explained by repeated loss and

gain of the glyoxylate cycle in alveolates.

Acetyl-CoA Acetyltransferase 1. Two of five additional diag-

nostic metabolic markers (see above), that is, DHAPAT and

DBP, are occasionally part of fusion proteins (see above;

XP_002368897; Lige et al. 2008) and were thus excluded

from further analyses. Preliminary phylogenies of the

ACOX, and ECH showed an insufficient resolution for

alveolates, but the acetyl-CoA acyltransferase 1 (ACAA1;

EC 2.3.1.16) for fatty acid beta-oxidation, which exhibits

an N-terminal PTS2 in dinoflagellates and chromerids

(table 2), was analyzed as a third marker (supplementary

S3 Text, Supplementary Material online). The phylogenies

document the presence of distinct subtrees comprising

apicomplexans, dinoflagellates as well as ciliates, and

even the presence of a common alveolate branch obtained

moderate bootstrap support (supplementary figs. S9 and

S15, Supplementary Material online). The considerable

conservation of the ACAA1 and our phylogenetic analyses

indicate that a functional beta-oxidation of fatty acids was

a crucial driving force for peroxisome maintenance in

alveolate evolution (Speijer 2011, 2017).

Peroxin-1 (Pex1) and Peroxin-5 (Pex5). Our phylogenetic

pre-analyses revealed that most peroxins are not suitable for

phylogenetic reconstruction essentially due to their small size

correlating with an insufficient number of informative sites

(table 1). The sole exceptions are the ATPase Pex1 and the

protein import receptor Pex5 (fig. 2).

The RAxML tree of Pex1, the Cdc48-homolog of the ERAD/

SELMA system that has previously been used as a phyloge-

netic marker (Bolte et al. 2011; Petersen et al. 2014; Kienle

et al. 2016), is based on 60 sequences (fig. 3). However,

alveolates exhibit in comparison to the slowly evolving uni-

konts highly accelerated evolutionary rates (supplementary

fig. S16, Supplementary Material online) resulting in a drastic

reduction of the alignment size from the large Pex1 proteins

in V. brassicaformis (1508 aa; KR704726) and C. velia (1547

aa; KR704675) to only 179 comparable aa positions. The phy-

logenetic resolution is hence comparably low and moreover

bothered by putative long branch attraction artifacts, for

example, of Emiliania huxleyi (fig. 3). Nevertheless, the tree

of this diagnostic ATPase is compatible with a common origin

of alveolate peroxisomes.

Finally, the RAxML tree of the pivotal peroxisomal receptor

Pex5 for peroxisomal protein import (fig. 2), which is based on

59 sequences and 205 aa positions, exhibits a high resolution

combined with a moderate evolutionary rate (fig. 3, supple-

mentary fig. S17, Supplementary Material online).

Accordingly, the monophyly of alveolates is—in agreement

with our working hypothesis—validated with a statistical sup-

port of 70% bootstrap proportion (BP). Moreover, the sub-

trees of ciliates, autotrophic dinoflagellates and parasitic

apicomplexans including T. gondii are supported by 70%,

100%, and 100% BP, respectively, and the topology also

provides strong support for the monophyly of Apicomplexa

and dinoflagellates (Myzozoa, 91% BP; Cavalier-Smith and

Chao 2004). The sole incongruence among alveolates is the

association of Perkinsea with C. velia (supplementary fig. S17,

Supplementary Material online). The weak boostrap support

for this grouping even increased in our Pex5 subanalysis of

alveolate sequences (58% vs. 84%, supplementary fig. S18,

Supplementary Material online), which might either reflect an

unresolved phylogenetic artifact or an authentic horizontal

recruitment of the chromerid peroxin by Perkinsus.

However, this exception does not diminish the value of

Pex5 as a phylogenetic marker. Taken together, our compre-

hensive analyses of peroxisomal marker genes provided clear

evidence for a common peroxisomal origin of alveolates and

the vertical transmission of this tiny organelle.

Discussion

The Neglected Organelle—Presence and Function of
Peroxisomes in Apicomplexa

Apicomplexa have been described as “the first group of

organisms devoid of peroxisomes, in the presence of

mitochondria” (Schlüter et al. 2006) and the current study

was initiated to verify if peroxisomes are always missing in

this lineage. We established transcriptome data sets from

the algae C. velia and V. brassicaformis (Apicomplexa;

Moore et al. 2008; Oborn�ık et al. 2012; Oborn�ık and Luke�s

2015) and detected a large set of peroxisomal markers in both

free-living relatives of malaria parasites (tables 1 and 2, sup-

plementary figs. S4 and S5, Supplementary Material online).

The amount of peroxins and peroxisome-specific enzymes in

Vitrella is comparable to those of land plants (fig. 2, sup-

plementary table S1, Supplementary Material online),

leading to the conclusion that their peroxisomes are func-

tionally equivalent. To our great surprise, we could also

identify eight diagnostic peroxins and two peroxisomal

importers in the genera Toxoplasma, Hammondia,

Eimeria, Neospora, Sarcocystis, and Cyclospora (table 1,

supplementary table S1, Supplementary Material online).

This set of structural proteins provides unequivocal bioin-

formatic evidence for the presence of a peroxisome in

these apicomplexan parasites, thus disproving former

Peroxisome Evolution GBE
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conclusions about the general absence of this organelle in

Toxoplasma (Ding et al. 2000; Gabald�on 2010), which was

however recently questioned again (Gabald�on et al. 2016).

A comprehensive analysis of the D-bifunctional protein

(DBP) from T. gondii containing inter alia two sterol carrier

protein 2 (SCP-2; XP_002368897) domains for fatty acid

beta-oxidation (Lige et al. 2008) is—in the light of the current

study—of exceptional relevance, because its subcellular local-

ization including immunogold labeling provided independent

cell biological evidence for the presence of a peroxisome. In

the current study we identified conserved DBP homologs with

the three characteristic domains in Vitrella (KR704749) and

several parasitic Apicomplexa including A. taiwanensis (sup-

plementary table S4, Supplementary Material online). Lige

and colleagues concluded “The characteristics of the parasite

compartment containing [DBP] and cleaved products are

compatible with the size of large spherical peroxisomes.”

Our comparative genome analyses of Toxoplasma and re-

lated genera documented the presence of further

peroxisome-specific enzymes for the oxidation of fatty

acids, the metabolism of amino acids and the biosynthesis

of etherphospholipids (table 2, supplementary tables S1

and S4, Supplementary Material online), thus providing

first insights into the metabolic function of this organelle

in apicomplexan parasites. A large set of peroxisomal

enzymes including the characteristic catalase was

detected in the chromerid alga V. brassicaformis

CCMP3155 (fig. 2, table 2), which qualifies this free-

living protist as a promising model organism to investigate

the functional role of peroxisomes in Apicomplexa.

FIG. 3.—Phylogenetic maximum likelihood RAxML trees of the peroxisomal biogenesis proteins Pex1 and Pex5. The phylogenetic analyses based on a

LGþ FþC4 model. The Pex1 tree was calculated with 60 sequences and 179 aa positions, the Pex5 tree incorporates 59 sequences with 205 aa positions.

Alveolate sequences from our newly established transcriptomes are highlighted in blue. Well-defined subtrees of taxonomic units are collapsed to triangles.

Alveolates are highlighted in yellow boxes. The complete phylogenetic trees and subanalyses are shown in supplementary figures S16–S18, Supplementary

Material online.
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Distribution, Evolution, and Loss of Peroxisomes in
Alveolates

The initial introduction of the term “peroxisome” relies on

studies with mouse kidney, rat liver and the ciliate T. pyriformis

(de Duve and Baudhuin 1966). The group of de Duve antic-

ipated the evolutionary dimension of their observation and

noticed: “The finding that similar particles [peroxisomes] are

present in a protozoan is of great interest and suggests that

they have a long evolutionary history” (Baudhuin et al. 1965).

We investigated the distribution of peroxisomal key genes in

the superensemble Alveolata and identified them in ciliates,

various apicomplexans and dinoflagellates including the

distantly-related genus Perkinsus (table 1, supplementary ta-

ble S1, Supplementary Material online), which documents the

abundance of peroxisomes (fig. 4). Phylogenetic analyses

showed a limited phylogenetic resolution for most diagnostic

genes and proposed a nonvertical evolution of the character-

istic glyoxylate cycle (fig. 1, supplementary fig. S9,

Supplementary Material online). Our working hypothesis of

a common peroxisomal ancestry of alveolates is however sup-

ported by three markers including the essential peroxisome

receptor Pex5 (fig. 3, supplementary fig. S9, Supplementary

Material online). The phylogeny of the acetyl-CoA acetyltrans-

ferase 1 (ACAA1; supplementary fig. S9, Supplementary

Material online) and the wealth of peroxisomal enzymes for

beta-oxidation in Toxoplasma (table 1) confirm that the break-

down of fatty acids is one of the most important functions of

peroxisomes that probably originated to lessen mitochondrial

ROS formation (Speijer 2011, 2017). The absence of the

smallest eukaryotic organelle in malaria and cryptosporidiosis

parasites is indicative of two independent losses in the

evolution of apicomplexans (Morrison 2009; Wasmuth et al.

2009), that is, one in the common ancestor of Plasmodium,

Theileria, and Babesia (Aconoidasida) and another one in

the genus Cryptosporidium (Conoidasida; table 1, fig. 4).

Peroxisome-loss in alveolates might correlate with the degree

of parasitic adaptation to the respective host. A plausible

explanation for peroxisome-maintenance in the clam parasite

Perkinsus is the protection against ROS stress in free-living

zoospores (Sunila et al. 2001). Toxoplasma might require its

peroxisome for the host change between cat and men

(Wasmuth et al. 2009), whereas the specific adaptation of

Cryptosporidium to a single host is accompanied by peroxi-

some loss and the absence of a reduced plastid (apicoplast).

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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Schlüter A, et al. 2006. The evolutionary origin of peroxisomes: an ER-

peroxisome connection. Mol Biol Evol. 23(4):838–845.
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