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Abstract 

Peroxisomes and mitochondria play a key role in oxygen metabolism. It was widely accepted 

that the evolutionary adaptation of eukaryotes to anaerobiosis is reflected by the metabolic 

reduction of mitochondria, and concomitant loss of peroxisomes. The anaerobic 

protists Mastigamoeba balamuthi (Mb), Pelomyxa schiedti (Ps), and Entamoeba histolytica 

(Eh) contradict this paradigm. They possess anaerobic types of mitochondria 

(hydrogenosomes, mitosomes) but also host “anaerobic peroxisomes”. Mb/Ps peroxisomes 

contain a common set of 13 peroxins (Pexs) that retain the core members of each functional 

category including components of both PTS1 and PTS2 machinery for matrix protein import. 

However, Eh peroxisomes harbour a reduced set of 7 known Pexs and lacks several 

components that are highly conserved among most eukaryotic lineages, including 

components of PTS2 machinery (Pex7), the RING complex (Pex2/10/12), docking complex 

(Pex13), and peroxisomal membrane protein import receptor (Pex3). Concerning the 

functional annotation, no clear biochemical context has been found in these anaerobic 

peroxisomes. They are diverse in enzymatic contents and are involved in various metabolic 

reactions, while catalase and typical peroxisomal enzymes of fatty acid beta-oxidation are 

absent. Mb peroxisomes appear to be involved in the biosynthesis of pyrimidine and cofactors 

(CoA), signal-peptide removal from PTS2-containing proteins, and carbohydrate metabolism. 

The predicted peroxisomes in P. schiedti are possibly involved in amino acid metabolism, 

carbohydrate metabolism, and hydrolases. The metabolic context of Eh peroxisomes is 

unclear. Mb/Eh/Ps peroxisomes are all involved in myo-inositol metabolism, mediated by 

myo-inositol dehydrogenase (myo-IDH). Kinetic analysis showed that Eh myo-IDH may 

utilize myo-inositol as a preferred substrate, but can also act on scyllo-inositol, D-glucose and 

D-xylose. Due to the lack of downstream components of the inositol catabolic pathway as 

well as the presence of cytosolic isoforms, we hypothesize that myo-IDH participates in the 

maintenance of redox homeostasis. In addition, the dual localization of EhPex11 and some 

matrix proteins in anaerobic peroxisomes and mitochondrion-related organelles in M. 

balamuthi suggests a possible interplay between these organelles. The presence of 

peroxisomes in E. histolytica, M. balamuthi, P. schiedti (and possibly other archamoebae) 

breaks the paradigm “no oxygen no peroxisomes”, opens a new field for evolutionary 

research of anaerobic protists, and may provide a new potential target for the development of 

antiparasitic therapies. 
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Abstrakt 

Peroxisomy a mitochondrie hrají důležitou roli v metabolismu kyslíku. U eukaryotických 

organismů, kteří se evolučně adaptovali k životu bez kyslíku (anaerobióze) proto dochází  

k metabolickéredukci mitochondrií a dosud se soudilo, že současné dochází ke ztrátě 

peroxisomů. Anaerobní protista Mastigamoeba balamuthi (Mb), Pelomyxa schiedti (Ps) a 

Entamoeba histolytica (Eh) toto paradigma popírají. Obsahují jak anaerobní typy 

mitochondrií (hydrogenosomy, mitosomy), tak rovněž „anaerobní peroxisomy“. Peroxisomy 

Mb/Ps obsahují soubor 13 peroxinů (Pexy), které zahrnují základní členy z každé funkční 

skupiny, včetně složek pro import proteinů do matrix peroxisomů pomocí adresových 

sekvencí PTS1 a PTS2. Naproti tomu Eh peroxisomy obsahují redukovaný soubor pouhých 7 

Pexů a chybí jim několik komponent, které jsou vysoce konzervované u většiny eukaryotních 

linií včetně složek PTS2 systému (Pex7), RING komplexu (Pexy 2/10/12), dokovacího 

komplexu (Pex13) a receptoru pro peroxisomální membránový import (Pex3). Funkce těchto 

organel zůstává ne zcela jasná. Jejich obsah je různorodý a neobsahují typické enzymy 

peroxisomální beta-oxidace a katalázu. Peroxisomy Mb obsahují některé enzymy pro 

biosyntézu pyrimidinu a kofaktorů (CoA), karbohydrátového metabolismu a specifickou 

peptidázu pro odštěpování signálního peptidu z proteinů obsahujících PTS2. Peroxisomy P. 

schiedti se zřejmě účastní metabolismu aminokyselin, karbohydrátů a hydroláz. Dosud 

jediným známým enzymem u peroxisomů Ehje myo-IDH, která je rovněž u   peroxisomů Mb 

a Ps. Biochemická analýza ukázala, že myo-IDH Eh nejspíše používá myo-inositol jako 

preferovaný substrát, ale dokáže rovněž využít scyllo-inositol, D-glukózu a D-xylósu. 

Navazující enzymy katabolické dráhy inositolu však chybí. Domníváme se proto, že se myo-

IDH účastní udržování redoxní homeostázy. Duální lokalizace EhPex11 a některých 

matrixových proteinů v anarobních peroxisomech a hydrogenosomech navíc naznačují 

metabolické interakce mezi těmito organelami. Přítomnost peroxisomů u E. histolytica, M. 

balamuthi, P. schiedti (a zřejmě dalšími archaméb) bourá současné paradigma „žádný kyslík, 

žádné peroxisomy“ a otevírá nové možnosti pro evoluční výzkum anaerobních protistů a 

může přinést nové potenciální cíle pro vývoj antiparazitráních léčiv. 
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1. Introduction 

Peroxisomes (Fig. 1), initially named microbodies (Rhodin, 1954), are multifunctional, 

dynamic, and interactive organelles that can be found in all major groups of eukaryotes. They 

display remarkable plasticity between species, cell types, developmental stage, and/or 

environmental milieu with respect to morphology (size, shape, abundance), protein 

composition, and metabolic properties (van den Bosch et al., 1992). The most conserved 

metabolic pathways of peroxisomes are involved in the oxidation of fatty acids and hydrogen 

peroxide degradation that gives rise to the term peroxisomes (Christian & Baudhuin, 1966). 

Our understanding of their biochemical functions has extended far beyond hydrogen peroxide 

metabolism as new peroxisomes from different organisms are characterized. In addition to 

fatty acid oxidation and reactive oxygen species (ROS) metabolism, some other functions 

also show a widespread distribution, including various reactions involved in purines and 

amino acid degradation, breakdown of polyamines, and biosynthesis of certain lipids (Smith 

& Aitchison, 2013). Some peroxisomal metabolic pathways are limited to only certain 

eukaryotic kingdoms, species, or cell types, such as bile acids biosynthesis in mammals, 

photorespiration in plants, penicillin biosynthesis in fungi, and glycolysis in kinetoplastids 

(Smith & Aitchison, 2013). The high degree of metabolic diversity is reflected by alternative 

names of peroxisomes.  For instance, in kinetoplastids, the majority of glycolytic enzymes 

reside in a specialized peroxisomal subtype known as glycosomes (Rybicka, 1996), whereas 

glyoxysomes of land plants (also found in some fungi, alveolates, and lower animals) mainly 

harbour enzymes of the glyoxylate cycle, which is required for the anabolic use of acetyl-

CoA as carbon source (Breidenbach & Beevers, 1967). In filamentous fungi, Woronin bodies, 

another specialized subtype of peroxisomes, are tightly packed with crystalline proteins and 

function in the maintenance of cellular integrity by sealing the septal pore in response to 

wounding (Markham & Collinge, 1987). 

Although peroxisomes display a high degree of metabolic diversity, they possess some 

general properties that are common to most organisms. In addition to their prevalent 

involvement in fatty acid oxidation and ROS detoxification, they are mostly spherical (0.1 to 

1 μm in diameter) consist of a protein-rich matrix enclosed by a single membrane, and do not 

possess an organellar genome or a protein translation machinery (van den Bosch et al., 1992). 

All peroxisomal proteins are encoded in the nuclear genome and must be incorporated into 

peroxisomes in a highly conserved manner that often relies on the presence of short 

peroxisomal targeting signals (PTSs). Most importantly, they possess a group of proteins 
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essential for their biogenesis termed peroxins (Pexs) that are encoded by PEX genes (Distel et 

al., 1996). The most conserved set of Pexs encompasses components of peroxisomal 

membrane protein sorting (Pex3/16/19), proteins of the matrix protein import machinery 

(receptor Pex5/7, docking complex Pex13/14, RING complex Pex2/10/12, extractomer 

Pex1/6), and members of the Pex11 family (peroxisome proliferation, contact sites, and pore-

forming proteins (Mindthoff et al., 2015) (Table 1). The presence of those general properties 

suggested the idea of a single evolutionary origin for all peroxisomes, although the exact 

scenario remains somewhat controversial (de Duve, 2007). 

Figure 1. Electron micrographs of 

peroxisomes in different organisms. N, 

nucleus; L, lipid droplet; M, mitochondria; 

ER, endolasmic reticulum; P, peroxisome; W, 

Woronin body; Glc, glycosome; Glx, 

glyoxysome. The image was reproduced from 

(Hayashi et al., 1998; Schrader et al., 2020; 

Titorenko & Rachubinski, 2001). 

 

 

 

The eukaryotic supergroup Amoebozoa is a very attractive model for evolutionary studies of 

peroxisomes in the relationship with mitochondria as it includes both aerobes with 

conventional mitochondria such as Dictyostelium (Ogawa et al., 2000) as well as anaerobes 

such as parasitic amoebozoan Entamoeba with the most reduced forms of mitochondria 

called mitosomes (Tovar et al., 1999). Mastagamoeba, a free-living relative of Entamoeba, 

houses hydrogen producing derivative of mitochondria, termed hydrogenosomes. 

Hydrogenosomes were also described in free-living Pelomyxa (Seravin & Goodkov, 1987). 

Due to the key role of mitochondria and peroxisomes in oxygen metabolism, it had been 

widely accepted that the metabolic reduction of mitochondria to anaerobic adaptation is 

concomitant with the loss of peroxisomes (Zadrobílková et al., 2015). Unexpectedly and 

interestingly, the genome analysis of Entamoeba histolytica, Mastigamoeba balamuthi, and 

Pelomyxa schiedti revealed a set of the most conserved Pex proteins required for the 

formation of functional peroxisomes. This prompted us to investigate the presence of 

peroxisomes in these anaerobic amoebae. 
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2. Peroxisomal proteome and an evolutionary link with the endoplasmic reticulum 

origin 

It had been hypothesized that peroxisomes have an endosymbiotic origin, like mitochondria 

and plastids. The hypothesis was based on strong arguments supporting the view of 

peroxisomes as autonomous organelles: (1) the synthesis of matrix enzymes on cytosolic 

polyribosomes followed by post-translational import into the peroxisomal lumen, (2) the 

possession of their own protein import machinery, like mitochondria and chloroplasts, (3) 

their proliferation through binary fission-like division  (Lazarow & Fujiki, 1985; Michels & 

Opperdoes, 1991), and (4) the lack of a peroxisomal genome could be indicative of gene 

transfer to the host cell’s nucleus (Latruffe & Vamecq, 2000). However, the view was 

challenged. (1) All proteins for peroxisomal biogenesis and maintenance are pure of 

eukaryotic origin (Gabaldón et al., 2006; Schlüter et al., 2006). This is contrary to the protein 

import machinery (translocases) in membranes of mitochondria and chloroplasts that exhibit 

dual origin, composed of components from eubacteria or cyanobacteria in addition to those of 

eukaryotic origin (Dyall et al., 2004). (2) Components of the peroxisomal import machinery, 

including Pex1, 2, 4, 5, and 10, are homologous to proteins from the Endoplasmic Reticulum 

Assisted Decay pathway (ERAD) (Gabaldón et al., 2006). (3)  Considerable doubts had been 

raised over a supposed endosymbiotic origin of matrix enzymes that likely result from 

evolutionary retargeting of enzymes from mitochondria, plastids, and other cellular sources to 

peroxisomes (Gabaldón et al., 2006). (4) Peroxisomes can be formed de novo with certain 

(perhaps all) peroxisomal membrane proteins (PMPs) being first targeted to the endoplasmic 

reticulum (ER) before approaching the peroxisomes (Erdmann & Kunau, 1992; Kim et al., 

2006; Tabak et al., 2003). Collectively, these results seem to have convinced the research 

community of an ER origin rather than an endosymbiotic origin (Kunau, 2005; Schlüter et al., 

2006). 

3. Peroxisomal proteome and evolutionary plasticity 

In contrast to the peroxisomal membrane proteome that is exclusive of eukaryotic origin, the 

enzymes residing in the peroxisomal lumen are of dual origin. The majority of peroxisomal 

proteins are of eukaryotic origin, the second-largest set of proteins is of alpha-proteobacterial 

origin, while the rest are derived from cyanobacteria, actinomycetales, or of unresolved 

origin (Gabaldón et al., 2006). At first sight, the dual origin of the matrix proteome appears to 
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be contrary to the eukaryotic origin of peroxisomes. Considering a single common ancestor 

for all peroxisomes, the differential acquisition of proteins and pathways can be a convincing 

evolutionary scenario to explain the current high levels of metabolic diversity. The 

peroxisomal proteome appears to be the result of retargeting of proteins from other cellular 

sources to the peroxisomes during evolution. Some proteins seem to be derived from 

mitochondria (with or without alpha-proteobacterial ancestry) as a result of gene transfer to 

the host cell’s nucleus. Evolutionarily, there is uncertainty as to whether the protein product 

of a transferred gene can be directed back to the organelle of its provenance. Instead, the 

proteins of transferred genes can explore all targeting possibilities within the cell, and 

selection will favour the most suitable biochemical environment for the operation of each 

individual enzyme (Martin, 2010). Similarly, ER and plastids can contribute to the protein 

composition of peroxisomes (Gabaldón et al., 2006; Hannaert et al., 2003). β-oxidation of 

fatty acids, glycolysis, purine salvage pathway, and many other cases of the possible re-

targeting of proteins of different sources to peroxisomes have been reported (Bolte et al., 

2015; Gabaldón et al., 2006; Ginger et al., 2010; Michels et al., 2006; Speijer, 2017). The 

evolutionary relocation of proteins from different sources to peroxisomes relates to the 

acquisition of peroxisomal targeting signals that is common and occurs readily in nature 

(Gabaldón et al., 2006; Martin, 2010). However, specific enzymes acquire their targeting 

signals for the new compartment individually, rather than occurring in unison for every 

enzyme of the whole pathway. It has been suggested that the transfer of whole metabolic 

pathways from one compartment to peroxisomes, at least in tiny amounts, is possible via a 

‘minor mistargeting’ mechanism that provides material for evolutionary selection (Ast et al., 

2013; Martin, 2010). Altogether, the highly plastic proteome of peroxisomes is largely the 

result of a differential gain of proteins that is shaped during evolution (Farré et al., 2019) to 

adapt to the specific needs of cell types (Gabaldón, 2010). 

4. Peroxisomal biogenesis 

Peroxisome biogenesis conceptually consists of peroxisomal matrix protein import, 

membrane biogenesis, and peroxisome proliferation (Fig. 2). Two models of peroxisome 

biogenesis have been described that are likely to operate within the same cells to maintain the 

peroxisomal population in response to specific environmental cues (Farré et al., 2019): (i) by 

growth and division of pre-existing organelles; and (ii) by de novo formation. In the first 

model, like chloroplasts and mitochondria, peroxisomes emerge from pre-existing 
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peroxisomes that grow to a certain size after acquiring their PMPs and matrix proteins 

directly from the cytosol as well as obtaining lipid from the ER (Motley & Hettema, 2007). 

Then, peroxisomes undergo elongation and fission to form nascent peroxisomes that can re-

enter this cycle (Farré et al., 2019). In the de novo biogenetic model, PMPs are first targeted 

into the membrane of the ER or mitochondria and sorted to specific regions where distinct 

pre-peroxisomal vesicles (ppVs) containing different subsets of PMPs bud and undergo 

heterotypic fusion to produce new peroxisomes (Agrawal & Subramani, 2016; Sugiura, 

Mattie, Prudent, & Mcbride, 2017). 

The biogenesis and maintenance of peroxisomes depend on the presence of peroxins (Pexs). 

The number of identified Pexs had increased to 37 by 2020 (Jansen et al., 2021). The core 

conserved set includes about 13 Pexs, whereas many other Pexs are lineage specific. Table 1 

describes major functions and distribution of known Pexs. So far, our understanding of the 

specific roles of individual Pexs in both peroxisome biogenesis and in other aspects of cell 

biology is still at a rather rudimentary level (Mast et al., 2010). 

Table 1. List of known peroxins involved in peroxisome biogenesis (Jansen et al., 2021). PMPs, peroxisomal 

membrane proteins; preperoxisomal vesicles, ppVs; ER, endoplasmic reticulum; RING, really interesting new 

gene; FIS1, mitochondrial fission 1; MFF, mitochondrial fission adaptors; DNM1L dynamin 1-like protein. 

Peroxins Major functions 
Distribution 

Highly conserved peroxins 

De novo biogenesis  

Pex3 Intra-ER sorting of PMPs (yeast). 

Mediate the budding of ppVs (yeast). 

Recruits PMPs into mitochondria (mammals). 

Eukaryote  

Pex16 Intra-ER sorting of PMPs (yeast). 

Recruits PMPs into ER (mammals). 

Eukaryote  

Pex19 Intra-ER sorting of PMPs (yeast). 

Mediate the budding of ppVs (yeast). 

Eukaryote  

Pex1, Pex6 Mediate the fusion of ppVs. Eukaryote 

Matrix protein import 

Pex5 PTS1 cargo, shuttling receptor, cargo-translocating channel. 

Pex7 co-receptor. 

Eukaryote  

Pex7 PTS2 cargo, shuttling receptor. Eukaryote  

Pex13, Pex14 Docking complex: docking site for receptor/cargo 

complexes. 

Eukaryote  

Pex2, Pex10, Pex12 Receptor recycling (receptor ubiquitination): form RING 

complex that exhibits ubiquitin E3 ligase activity for the 

Eukaryote  
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ubiquitination of receptor/coreceptor. 

Pex1, Pex6 Receptor recycling (receptor extraction): form AAA–ATPase 

complex to extract the ubiquitinated receptors from the 

peroxisomal membrane. 

Eukaryote  

PMP import 

Pex19 Soluble chaperone and PMP receptor. Eukaryote  

Pex3 Docking factor for the direct integration of PMPs including 

Pex16 into peroxisomal membrane. 

Eukaryote  

Pex16 Docking factor for the direct integration of Pex3 into 

peroxisomal membrane. 

Eukaryote  

Growth and division 

Pex11 family Elongation of peroxisome and attraction of FIS1 and MFF, 

DNM1L activation. 

Eukaryote 

Less conserved peroxins and taxonomically specific peroxins 

De novo biogenesis  

Pex23, Pex23-like, Pex29, 

Pex30, Pex31 

(Pex30 and Pex31 are 

duplication of Pex23) 

ER residents 

Regulate the de novo formation of peroxisomes. 

Fungi 

Matrix protein import 

Pex18 (Pex21 paralogue), 

Pex20, Pex21 

PTS2 cargo, Pex7 co-receptor. Fungi 

Pex9 (a duplication of Pex5) Pex5-like receptor of a specific subset of PTS1 proteins. S. cerevisiae 

Pex17, Pex33 
Docking complex: docking site for receptor/cargo 

complexes. 

Fungi 

Pex8 Bridges the docking and RING finger complexes, and 

functions in receptor-cargo dissociation. 

Fungi 

Pex4 Receptor recycling (receptor ubiquitination): exhibits 

ubiquitin-conjugating E2 activity. 

Eukaryote 

Pex22 Receptor recycling: Pex4 anchor. Fungi-Plant-

Protist 

Pex15, Pex26 Receptor recycling: Pex1/Pex6 anchor. Fungi-

Metazoa 

Growth and division 

Pex25, Pex27, Pex34, 

Pex36 (Pex11Y subfamily) 

Control both constitutive peroxisome division and 

peroxisome morphology and abundance during peroxisome 

proliferation. 

Pex25: Membrane elongation and remodelling. 

Pex27: Negative regulator of fission. 

Pex34: Positive regulator of fission. 

Fungi 

Pex24, Pex28, Pex32 

(Pex24 is same to Pex28) 

Pex24 and Pex32 involve in peroxisome-ER contact sites. Fungi 

Pex35, Pex37 Regulates peroxisome proliferation. Fungi 
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4.1.  The direct import of peroxisomal membrane proteins 

Pex3, Pex16, and the cytosolic shuttling receptor/chaperone Pex19 were shown to be 

exclusively required for the direct import of PMPs into peroxisomal membranes. Many PMPs 

possess a membrane peroxisomal targeting signals (mPTSs) that consist of a cluster of 

positively charged residues or a mixture of positively charged and hydrophobic residues 

flanked by one or two transmembrane segments that are recognized and bound by Pex19 

which has an N-terminal high‐affinity Pex3-binding domain and a C-terminal broad-

specificity PMP-binding domain (Fujiki et al., 2006). Pex3 possesses one N-terminal 

transmembrane domain and exposes most of its polypeptide chain into the cytosol, serving as 

the docking factor for Pex19-PMP complexes (Fujiki et al., 2006; Jansen et al., 2021; Mast et 

al., 2010). Basically, there are two routes for the direct import of PMPs, named the Class I 

pathway and Class II pathway. In the Class I pathway, newly synthesized Pex16 and other 

PMPs form a complex with Pex19 in the cytosol and are transported to the membrane protein 

receptor Pex3, where they are released into the peroxisomal lipid bilayer (Fang et al., 2004). 

Pex16, in turn, mediates the insertion of Pex3 into the peroxisomal membrane in mammalian 

cells (the Class II pathway) (Matsuzaki & Fujiki, 2008). 

4.2.  Import of matrix proteins 

The generation of functional peroxisomes requires the import of matrix proteins into the 

peroxisomal lumen. All types of peroxisomes share a highly conserved import system for 

their matrix proteins. Matrix proteins are synthesized on cytosolic polysomes and are post-

translationally imported into the peroxisomal lumen (Ma & Subramani, 2009; Sacksteder & 

Gould, 2003; Titorenko & Rachubinski, 2001). Most peroxisomal matrix proteins possess 

peroxisomal targeting signals (PTS), that reside either at the C-terminus (PTS1) or at the N-

terminus (PTS2) of proteins (Rucktäschel et al., 2011). C-terminal PTS1 motifs consist of 

about 12 amino acids that contain at the very end a common consensus 

(S/A/C)(K/R/H)(L/M/I), in fact, the tripeptides are more degenerate (Brocard & Hartig, 2006; 

Smith & Aitchison, 2013). A minor set of proteins contains an N-terminal PTS2 motif, that 

exhibits the consensus sequence (R/K)(L/V/I)-X5-(H/Q)(L/A) (Petriv et al., 2004; Smith & 

Aitchison, 2013). Recently, the N-terminus of Pex5 was proposed to recognize a third signal 

(PTS3) that is not a linear sequence but a signal patch (Kempiński et al., 2020). Some 
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proteins have been described that lack any known PTS motifs but are nevertheless found in 

peroxisomes. Unlike other organelles, peroxisomes can import matrix proteins in the fully 

folded, oligomeric, and even cofactor-bound forms (Brocard et al., 1994; Glover et al., 1994; 

McNew & Goodman, 1994). 

 

Figure 2. Simplified model of peroxisome biogenesis. The formation of new peroxisomes is regulated by de 

novo biogenesis and the growth and division of pre-existing organelles. First, in the de novo model, peroxisomal 

membrane proteins (PMPs) are targeted into the ER or mitochondria (indirect import pathway) resulting in the 

formation of different subtypes of pre-peroxisomal vesicles (ppVs). These vesicles then fuse in a heterotypic 

fashion followed by the recruitment of additional integral PMPs to give rise to the active peroxisomal 

translocon.  The formation of fully functional peroxisome is concluded by the uptake of other PMPs (direct 

import pathway) and peroxisomal enzymes from the cytosol. Second, peroxisomes can be formed by the 

elongation and division of mature peroxisomes that is regulated by cooperation between the Pex11 family and 

other organelle division proteins. Mitochondrial fission 1, FIS1; mitochondrial fission factor, MFF; dynamin 1-

like protein, DNM1L; MDppV, mitochondrial-derived preperoxisomal vesicle; EDppV, endoplasmic-reticulum-

derived preperoxisomal vesicle; ppV-D, preperoxisomal vesicle containing Pex3, Pex10, Pex12, Pex13, Pex14, 

and Pex17; ppV-R, preperoxisomal vesicle containing Pex2, Pex3 and Pex11. 
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Import of matrix proteins can be divided into multiple steps: (1) formation of a cargo-receptor 

complex in the cytosol, (2) interaction of the receptor–cargo complex with the membrane 

docking complex, (3) cargo translocation, and (4) recycling of receptors (P. K. Kim & 

Hettema, 2015; Smith & Aitchison, 2013). The PTS sequences of cargoes are recognized by 

specific receptors, Pex5 for PTS1 and Pex7 for PTS2. The C-terminal region of Pex5 

comprises of a series of tetratricopeptide repeats (TPR) (TPR1–TPR7), mediating the 

recognition of PTS1 motifs (Gatto et al., 2000).  Peroxisomal PTS-lacking proteins can also 

be imported into peroxisomes through the association (piggyback import) with a PTS-bearing 

protein (Effelsberg et al., 2015). WD40 repeats (WD1-WD6) of Pex7 fold into a β-propeller 

structure that provides a platform for the interaction with PTS2 motifs (Pan et al., 2013). The 

receptor-cargo complexes from the cytosol interact with the membrane docking subcomplex, 

which typically comprises of Pex13, Pex14 (and Pex17 or Pex33 in fungi). Wxxx(Y/F) and 

LVxEF(L/M) motifs in the N-terminal half of Pex5 interact with N-terminal domains of 

Pex14, resulting in the affinity reduction of the cargo-Pex5 complex. Concomitant with, or 

following, the relinquishment of PTS1 cargos into the peroxisomal lumen, the Wxxx(Y/F) 

motifs interact with the SH3 domain of Pex13 that may initiate the recycling of the receptor 

to the cytoplasm (Urquhart et al., 2000). The PTS2-cargo/Pex7 complex alone is insufficient 

to bind to the docking complex. Pex18, Pex20, Pex21 (in fungi), and Pex5 (in mammals, 

plants, and protists) serve as co-receptors for Pex7 (Schliebs & Kunau, 2006; Woodward & 

Bartel, 2004). Pex7 co-receptors bind to Pex7 and direct the tertiary complex to Pex14 

docking factor at peroxisomal membrane where Wxxx(F/Y) motifs of co-receptors interact 

with N-terminal region of Pex14 (Léon et al., 2006). 

In respect of receptor recycling, Pex5 undergoes mono-ubiquitination that involves a three-

step enzyme reaction: (1) ubiquitin activation in the cytosol by E1 ubiquitin-activating 

enzymes, (2) the conjugation of ubiquitin with E2 ubiquitin-conjugating enzyme Pex4 (in 

yeast) or Ubc5a/b/c (in mammals), and (3) ubiquitinated E2 associates with E3 ubiquitin-

ligating zinc RING-finger complex  (Pex2/Pex10/Pex12) to catalyze the ligation of ubiquitin 

to Pex5 substrate at a conserved N-terminal cysteine (el Magraoui et al., 2012; Platta et al., 

2009). The Pex2/Pex10/Pex12 complex also functions in poly-ubiquitination of Pex5 under 

certain conditions that direct Pex5 to proteasomes for its degradation (W. Wang & Subramani, 

2017). The mono‐ubiquitinated PTS receptors are recognized by the exportomer complex 

compromising of peroxisomal membrane‐associated AAA‐ATPases, Pex1 and Pex6 which 

are anchored with specific PMPs (Pex15 in yeast or Pex26 in mammals). Pex1 and Pex6 are 

type II ATPases that assemble a hetero-hexameric double-ring structure of alternating 
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subunits. This complex unfolds substrates by processive threading through the central pore in 

an ATP-dependent manner (Gardner et al., 2015; Pedrosa et al., 2018). Following extraction, 

the PTS receptors are deubiquitinated (by Ubp15 in yeast or by USP9X in mammals for 

mono‐ubiquitinated Pex5) and reused for subsequent rounds of import (Debelyy et al., 2011; 

Grou et al., 2012). 

4.3.  Growth and division model 

Division of peroxisomes can be symmetric or asymmetric and is regulated by the cooperation 

between the Pex11 family and other organelle division proteins that are shared with 

mitochondria such as mitochondrial fission 1 (FIS1), mitochondrial fission factors (MFF) 

(Mdv1 and Caf4 in yeast), dynamin 1-like protein (DNM1L) (Dnm1 in yeast, DRP1 in 

mammals) (Farré et al., 2019; Jo et al., 2020; Mast et al., 2010; Schrader et al., 2016)… 

Peroxisome division occurs in a 3-step process involving morphological changes, including 

(1) membrane remodelling followed by elongation (growth), (2) constriction, and (3) 

membrane scission (Farré et al., 2019). Briefly, Pex11 initiates membrane remodelling that 

results in the formation of a tubular membrane extension at pre-existing peroxisomes. The 

constriction step is poorly understood, and proteins implicated in this step have not been 

identified (Farré et al., 2019). In the fission step, Pex11 interacts with the adaptor FIS1 that 

recruits peripheral receptors MFF at the constriction sites. Cytosolic DNM1L are then 

recruited to assemble a large ring-like structure. Pex11 functions as a GTPase activating 

protein (GAP) for DNM1L (Schrader et al., 2016; Williams et al., 2015). GTP hydrolysis by 

DNM1L leads to constriction of the DNM1L ring and finally results in membrane scission 

(Schrader et al., 2016). The fission-like proliferation results in the formation of between two 

and five nascent peroxisomes (P. Kim, 2017). 

4.4.  Indirect import of PMPs and the de novo formation of peroxisomes 

PMPs can be indirectly delivered to peroxisomes via an alternative route in which they are 

first directed to the endoplasmic reticulum (ER) (and mitochondria in some mammalian 

cells), triggering the de novo formation of peroxisomes (Farré et al., 2019; P. Kim, 2017; 

Mayerhofer, 2016; Sugiura et al. 2017). The ER-derived biogenic route of yeast could be 

divided into five specific steps. (1) Import of PMPs into the ER membrane: PMPs are post-

translationally inserted into the ER membrane, most likely by the ER translocon (Sec61 
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translocon). Some PMPs are routed to the ER co-translationally such as yeast Pex3 (in 

addition to its post-translational insertion) (Farré et al., 2019). Another group of PMPs termed 

tail-anchored PMPs are incorporated into the ER membrane via the Get3 complex (yeast) 

(Schuldiner et al., 2008). (2) Intra-ER sorting of PMPs to specific peroxisomal-ER domains 

(pER) occurs by at least two pathways. The intra-ER sorting of RING-domain PMPs (Pex2, 

Pex10, Pex12) and Pex11c is dependent on Pex3, 16, 19, and 25. In contrast, the docking 

subcomplex PMPs (Pex13, Pex14, and Pex17) are independent of Pex3, 16, 19, and 25 for 

intra-ER sorting (J. C. Farré et al., 2017; Knoops et al., 2014). (3) The preperoxisomal 

vesicles (ppVs) bud from the pER in a Pex19-dependent manner (Agrawal et al., 2011; Lam 

et al., 2010). There are at least two subtypes of ER-derived ppVs (ERDppVs) including ppV-

Ds hosting Pex13, Pex14, Pex17, Pex10, Pex12, and Pex3, and ppV-Rs comprised of Pex3, 

Pex2, and Pex11C (Agrawal et al., 2016; Farré et al., 2019). (4) Heterotypical fusion of ppV-

Ds and ppV-Rs is followed by the import of additional PMPs to form the active translocon (5) 

that can start uptake of matrix proteins in the cytosol to produce fully functional peroxisomes. 

The budded vesicles can also fuse with pre-exiting peroxisomes to sustain proliferation by 

growth and division (J. Farré et al., 2019; Mayerhofer, 2016). 

The de novo biogenesis of mammalian peroxisomes is different to that of yeast peroxisomes. 

In this indirect pathway of PMP import, Pex16 is co-translationally inserted into the ER 

membrane, most likely by the ER translocon (Sec61 translocon) (P. Kim & Mullen, 2013). 

Pex16 can mediate the insertion of Pex3 and several PMPs into the ER (Aranovich et al., 

2014; Kim et al., 2006). Pex3 and several other PMPs are routed to mitochondria in 

mammalian cells lacking peroxisomes, resulting in the formation of mitochondria-derived 

ppVs (MDppVs) in a Pex19-independent manner (Sugiura, Mattie, Prudent, & McBride, 

2017). In this mitochondria-to-peroxisome trafficking route, Pex3 is the biogenesis-initiating 

factor for the integration of other PMPs into mitochondria (P. Kim, 2017). Subsequently, 

ERDppVs and MDppVs fuse to form the peroxisomal translocon, which subsequently 

imports matrix proteins to form metabolically active organelles. Of note, ppV-Ds, and ppV-Rs 

in yeast, ERDppVs, and MDppVs in mammals contain a distinct set of PMPs to prevent the 

accidental import of peroxisomal enzymes into ER and mitochondria (P. Kim, 2017).  

5. Interplay between peroxisomes and other cellular compartments 

Peroxisomes are functionally integrated into a complex network of communicating 

subcellular compartments including ER, mitochondria, lipid droplets, nucleus, lysosomes, 
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and phagosomes, as well as self-interaction with surrounding peroxisomes (Fig. 3). Single 

peroxisome can also form a three-way junction with other organelles, such as ER-

peroxisome-mitochondria and ER-peroxisome-lipid droplets. Among the peroxisome-

organelle interactions, the most remarkable one is the interplay between peroxisomes and the 

ER as more than 90% of mammalian peroxisomes are found to form MCSs with the ER, 

followed by mitochondria (20%), lysosomes (15-20%), and lipid droplets (10%) (Chu et al., 

2015; Valm et al., 2017). The coordinated interplay between peroxisomes and other 

organelles is mediated through physical communication, small vesicle delivery, and 

interorganellar diffusion (Chornyi et al., 2021; Fransen et al., 2017). The physical and 

metabolic interaction depends on membrane contact sites (MCSs) that are composed of 

tethering proteins and/or lipids on the opposing membranes. MCSs bridge but do not fuse 

opposing membranes, and the membrane-to membrane space is typically ranged from 10 to 

30 nm (Sargsyan & Thoms, 2020; Schrader et al., 2020). The proximity produced by MCSs is 

a prerequisite for the efficient transfer of intermediate metabolites between organelles. 

Figure 3. Interplay of peroxisomes with other cellular compartments. (A) Schematic model of the 

mechanisms potentially involved in peroxisome-organelle communication. The small dots represent metabolites 

derived from peroxisomes and other organelles. (B) The major functions of peroxisome-organellar metabolic 

interplays. MCS, membrane contact site; MDVs, mitochondria-derived vesicles; EDVs: endoplasmic-reticulum-

derived vesicles; PO, peroxisomes; ER, endoplasmic reticulum; M, mitochondria; LD, lipid droplets; Ly, 

lysosomes; N, nucleus. The Figure was adapted from (Schrader et al., 2020). 
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5.1.  Peroxisome-ER interplay 

The dominant role of ER-peroxisome interplay is to provide lipids for the growth of 

peroxisomal membranes as they lack appropriate enzymes for autonomous lipid biosynthesis 

(Bishop & Bell, 1988; Zinser et al., 1991). ER-peroxisome interplay also functions as part of 

the lipid transport system, such as the regulation of intracellular distribution of cholesterol. 

Lipid transfer can be facilitated by several lipid transfer proteins via two different modes: (1) 

either by soluble proteins that possess a lipid-binding pocket and act as a shuttle between 

opposing membranes or (2) by anchored proteins that possess a flexible lipid-binding domain 

and bridge peroxisome-ER membranes through (i) interaction with component of MCSs, (ii) 

interaction with integral membrane proteins and lipid species at organelle surface, and (iii) 

direct insertion into organelle membranes via their hydrophobic transmembrane helices 

(Schrader et al., 2020). Metabolic cooperation between peroxisomes and the ER is also 

required in the biosynthesis of certain ether-phospholipids such as plasmalogen, which is 

initiated in peroxisomes and completed in the ER (Castro et al., 2018). In addition, 

peroxisome-ER MCSs play their role in peroxisome mobility and distribution. 

5.2.  Peroxisome-mitochondria interplay  

The biogenesis and function of peroxisomes are tightly coupled with those of mitochondria as 

they share components of fission machinery. The most striking role of peroxisome-

mitochondria functional interplay is in fatty acid catabolism. Unlike yeast and plants where 

fatty acid β-oxidation is solely peroxisomal, mammalian cells possess separate β-oxidation 

pathways housed in both peroxisomes and mitochondria (Reddy & Hashimoto, 2001). Very-

long-chain fatty acids are substrates mostly unique to peroxisomes as they cannot be 

degraded by mitochondria due to the lack of very-long-chain acyl-CoA synthetase in 

mitochondria. However, peroxisomal β-oxidation products, including medium-chain acyl-

CoAs and acetyl-CoA or propionyl-CoA, must be shuttled to mitochondria where they are 

fully oxidized to CO2 and H2O. In this respect, peroxisomes function as a carbon-source 

provider for ATP production that is executed in mitochondria (Poirier et al., 2006). In 

addition, there is a plethora of other forms of metabolic cooperation between peroxisomes 

and mitochondria. For example, the glyoxylate cycle in peroxisomes of land plants, fungi, 

alveolates, and lower animals produces succinate that can be shuttled to mitochondria to 

replenish the tricarboxylic acid (TCA) cycle (Kunze et al., 2006). Other important metabolic 
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interplays, relying on the proximity with mitochondria, include ROS metabolism, 

maintenance of cellular redox balance, and signalling pathways (Schrader et al., 2015) … 

Mitochondria and ER can also communicate with peroxisomes via vesicular transport of 

mitochondrial-derived and ER-derived vesicles that can sustain de novo formation of 

peroxisomes (Farré et al., 2019). 

5.3.  Peroxisome-lysosome interplay 

Cholesterol is synthesized de novo by a pathway shared by the ER, mitochondria, and the 

cytosol, or taken up by food consumption. Cholesterol is transported to lysosomes and 

undergoes enzymatic hydrolysis. Cholesterol is subsequently delivered to peroxisomes via 

MCSs where they may be incorporated into the peroxisomal membrane or redistributed to 

other organelles, such as the ER, using further MCSs (Chu et al., 2015). Peroxisomes might 

in this way regulate the intracellular distribution of cholesterol (Schrader et al., 2020). 

5.4.  Peroxisomes and interconnection with other cellular compartments 

Regarding their dominant role in lipid metabolism, it is not surprising that peroxisomes are 

directly in contact with lipid droplets. This membrane contact is involved in peroxisomal β-

oxidation of fatty acid and fatty acid trafficking. The physiological role of peroxisome-

peroxisome membrane contact may promote efficient metabolite exchange and prevent 

leakage (Schrader et al., 2020). The functional interplay between peroxisomes and the 

nucleus may involve signalling via H2O2 (Mullineaux et al., 2018). The interaction of 

peroxisomes with microtubules could serve in peroxisomal mobility, allowing peroxisomes to 

reach new “microenvironments” to interact with other organelles or other peroxisomes, or to 

reach areas of greatest metabolic need, and to maintain their uniform intracellular distribution 

(Mullineaux et al., 2018). 

6. Metabolic functions of peroxisomes 

The high degree of metabolic plasticity of peroxisomes is reflected in a multitude of anabolic 

and catabolic processes that have been observed in certain taxa. A variety of enzymatic 

processes have been identified in mammalian peroxisomes including fatty acid oxidation, 

amino acid catabolism, and numerous reactions in the biosynthesis of purines, pyrimidines, 
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cholesterol, ether lipids, and bile acids.  

Enzymes present in the peroxisomes of yeast are mainly involved in fatty acid oxidation, 

anabolism and catabolism of amino acid, and the detoxification of ROSs emitted from these 

reactions. Some species host enzymes specialized in the metabolism of several unusual 

carbon- and organic nitrogen sources used for growth such as alcohol oxidase and 

dihydroxyacetone synthase for methanol catabolism (van der Klei & Veenhuis, 2006). In 

addition to fatty acid oxidation and ROS detoxification, peroxisomes of filamentous fungi are 

involved in a number of other metabolic roles by harbouring enzymes for the synthesis of 

biotin and secondary metabolites such as antibiotics and toxins (Pieuchot & Jedd, 2012). 

Several glycolytic enzymes have been found in the peroxisomes of many fungi where they 

apparently serve to maintain redox and ATP/ADP ratio homeostasis (Gabaldón et al., 2016). 

Some filamentous fungi house a special type of peroxisome, named glyoxysomes when 

growing on ethanol or acetate. Like glyoxysomes in plants, these organelles are enriched with 

enzymes of the glyoxylate cycle such as malate synthase and isocitrate synthase (Kionka & 

Kunau, 1985). Furthermore, some species harbour another specialised peroxisome, named 

Woronin bodies. Instead of performing a metabolic function, Woronin bodies serve to plug 

septal pores to prevent cytoplasm bleeding due to cell wall damage (Jedd & Chua, 2000; Liu 

et al., 2008). Peroxisomes of some fungi lack catalase, while some fungi are devoid of 

peroxisomes such as those belonging to Microsporidia (Gabaldón, 2010). 

Plant peroxisomes display a high degree of tissue specialization and at least four distinct 

types of this organelle have been described. (1) Undifferentiated peroxisomes in many non-

green plant tissues contain mainly catalase and uricase (Stabenau & Beevers, 1974). (2) 

Glyoxysomes are characterised by the enrichment of enzymes of the fatty acid oxidation and 

the glyoxylate cycle, and their combined action allows these organelles to convert lipids into 

sugar, necessary for seed germination and subsequent growth (Breidenbach & Beevers, 

1967). (3) Leaf peroxisomes, present in photosynthetic tissues, are specialized in the 

metabolism of glycolate and host many enzymes necessary for photorespiration (Tolbert et 

al., 1968). (4) Finally, another type of peroxisomes has been identified in the root nodules of 

certain tropical legumes, in which the synthesis of allantoin is carried out (Suzuki et al., 

1981). 

Enzymatic content of amoebozoan peroxisomes is scarcely described, while peroxisomes 

have been lost from several parasitic protists such as many members of Apicomplexa and 

excavate parasites including Plasmodium, Babesia, Theileria, Cryptosporidium, Giardia, and 

Trichomonas (Johnson et al., 1993; Ludewig-Klingner et al., 2018; Souza et al., 2004). In 
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contrast, kinetoplastids possess a highly derived subset of peroxisomes, termed glycosomes, 

that compartmentalize several enzymes of glycolysis and gluconeogenesis as well as 

generally lacking catalase. Glycosomes also contain enzymes of many other pathways such 

as fatty acid oxidation, the pentose-phosphate pathway, the purine salvage pathway, and the 

biosynthesis of pyrimidines and ether lipids (Michels et al., 2006). Similar to that of fungi, 

carbohydrate metabolism of glycosomes may be involved in maintaining redox balance and 

ATP/ADP ratio homeostasis (Allmann & Bringaud, 2017). 

The following section will present in more detail, fatty acid metabolism and the 

detoxification of ROSs that appear to be hosted by almost all types of peroxisomes. 

6.1.  Peroxisomal oxidation of fatty acids 

β-oxidation is the dominant pathway for the degradation of fatty acids (Fig. 4). In mammals, 

β-oxidation of short- (<C8), medium- (C8-C12), and long- (C14-C20) chain fatty acids 

occurs predominantly in mitochondria, while peroxisomes partially participate in the 

oxidation of long-chain fatty acids (LCFAs), and exclusively β-oxidize very-long-chain fatty 

acids (Reddy & Hashimoto, 2001). Mammalian peroxisomes shorten LCFAs and VLCFAs 

down to a chain length of 6–8 carbon atoms before exporting them to mitochondria for 

complete oxidation (Schrader et al., 2015). The β-oxidation of fatty acids is solely 

peroxisomal in plants and most fungi (Kao et al., 2018). 

Before being subjected to β-oxidation, a fatty acid must be activated to its CoA derivative in 

the cytosol by long-chain and very-long-chain acyl-CoA synthetases (ACSs) that are integral 

peroxisomal membrane proteins with their active domains topographically orientated towards 

the cytoplasm (Reddy & Hashimoto, 2001; Visser et al., 2007). In yeast, medium-chain fatty 

acids can enter peroxisomes by diffusion and then are activated in the organelle matrix 

(Watkins & Ellis, 2012). Once activated, acyl-CoAs are β-oxidized either by the classical 

pathway utilized for straight-chain saturated fatty acids or by branched-chain β-oxidation 

spiral specific to the degradation of 2-methyl-branched fatty acids and bile acid intermediates 

(Reddy & Hashimoto, 2001). Related to the oxidation of 3-methyl-branched fatty acids such 

as phytanic acid, they undergo one cycle of α-oxidation to give rise of 2-methyl-branched 

fatty acids that can then enter the branched-chain β-oxidation pathway. 

Peroxisomal β-oxidation of straight-chain saturated fatty acyl-CoA comprises of four steps: 

(1) first dehydrogenation reaction, in which the acyl-CoA is desaturated to a 2-trans-enoyl-

CoA by a H2O2-generating acyl-CoA oxidase (Lazarow & Duve, 1976); (2) hydration and (3) 
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second dehydrogenation, mediated by a L-bifunctional protein (LBP) expressing activities of 

L-hydroxy-specific enoyl-Coa hydratase/L-3-hydroxyacyl-CoA dehydrogenase, which 

converts the enoyl-CoA to a 3-hydroxyacyl-CoA, then dehydrogenates the hydroxy 

intermediate to a 3-ketocyl-CoA (Furuta et al., 1980). LPB is also referred to as 

multifunctional protein-1 or trifunctional protein due to its exhibition of enoyl-CoA 

isomerase activity; and (4) thiolytic cleavage by a thiolase (Miyazawa et al., 1981), which 

releases acetyl-CoA and an acyl-CoA that is two carbon atoms shorter than the original 

molecule and that can re-enter the next round of β-oxidation. 

In the branched-chain β-oxidation spiral, (1) the first oxidation reaction is executed by 

branched-chain acyl-CoA oxidase (in human), whereas two different oxidases are present in 

rats, namely pristanoyl-CoA oxidase and trihydroxycoprostanoyl-CoA oxidase, which 

catalyze, respectively, the branched-chain fatty acids and the bile acid intermediates 

(Baumgart et al., 1996; Mori et al., 1991; Netik et al., 1999); (2 and 3) a fused protein named 

D-bifunctional protein (DBP) (also known as multifunctional protein-2) exhibiting D-3-

hydroxyacyl-CoA dehydratase/D-3-hydroxyacyl-CoA dehydrogenase activities then converts 

enoyl-CoAs to 3-ketoacyl-CoAs via D-3-hydroxyacyl-CoAs; (4) a sterol carrier protein x 

(SCPx) exerts thiolytic activity to releases acetyl-CoA and an acyl-CoA(n-2) (Kannenberg et 

al., 1999). 

Acyl-CoA esters produced in peroxisomal β-oxidation, including medium-chain acyl-CoAs 

and acetyl-CoA or propionyl-CoA (in the case of 2-methyl-branched fatty acid oxidation), are 

shuttled to mitochondria for complete oxidation to CO2 and H2O that is coupled with the 

respiratory chain. Unlike in peroxisomes, the first reaction of mitochondrial β-oxidation, 

mediated by an acyl-CoA dehydrogenase, is oxygen-independent and does not generate H2O2 

(Ikeda et al., 1984; Izais et al., 1992). The interoperation of peroxisomes and mitochondria in 

fatty acid oxidation thus allows the cells to obtain energy from fat. In the metabolic 

interconnection with the endoplasmic reticulum, some acyl-CoA intermediates of fatty acid 

oxidation may participate in the biosynthesis of bile acid, docosahexaenoic acid (C22:6n-3), 

cholesterol, and plasmalogen… (Jo & Cho, 2019; R. Wanders et al., 2016). Of note, CoA-

ester shuttling can occur via two mechanisms including: (1) the carnitine-mediated pathway 

that converts acyl-CoAs into acyl-carnitine by carnitine-octanoyltransferase and carnitine-

acetyltransferase; and (2) the free-acid pathway that involve the cleavage of the acyl-CoA 

esters by thioesterases (Jo & Cho, 2019). 
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Figure 4. Peroxisomal β-oxidation of fatty acid and the interplay with mitochondria and endoplasmic 

reticulum. Only major functions of fatty acid β-oxidation are listed. FA, fatty acid; (V)LCFA, (very-)long-chain 

fatty acid; MCFA, medium-chain fatty acid; (V)LACS, (very-)long-chain acyl-CoA synthetase; SCPx, sterol 

carrier protein x. The red arrows indicate multiple-enzyme-reaction processes. 

6.2.  Peroxisomal reactive oxygen species and reactive nitrogen species metabolism 

Peroxisomes execute important roles in various metabolic pathways, including fatty acid 

oxidation, ether-phospholipid biosynthesis, glyoxylate metabolism, photorespiration, amino 

acid catabolism, nucleic acid and polyamine oxidation, methanol metabolism, and pentose 
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phosphate pathway. Importantly, many enzymes participating in these pathways generate 

specific reactive oxygen species (ROS) or reactive nitrogen species (RNS) as byproducts of 

their normal catalytic cycle. 

Peroxisomes contain large numbers of H2O2-producing enzymes. Acyl-CoA oxidases are 

likely the most abundant and are present in virtually all eukaryotic groups. Other H2O2-

producing oxidases include urate oxidase (UO), alcohol oxidase, glycolate oxidase, D-amino 

acid oxidase (DAO), D-aspartate oxidase (DDO), L-pipecolate oxidase (PIPOX), 2-hydroxy 

acid oxidases (HAO), polyamine oxidase, and xanthine oxidase (XOD)… (Jo & Cho, 2019; 

R. Wanders et al., 2016; Yamaguchi & Nishimura, 2000). H2O2 can be further reduced to 

produce hydroxyl radicals (•OH) via the Fenton reaction: Fe2+ + H2O2 → Fe3+ + •OH + −OH 

(Powers & Jackson, 2008). 

Apart from H2O2, superoxide radicals (O2•
−) are also produced in peroxisomes. UO and both 

forms of xanthine oxidoreductase (XOD form, and xanthine dehydrogenase – XDH form) are 

O2•
−-generating enzymes (Sandalio et al., 1988; R. J. A. Wanders & Waterham, 2006; Werner 

& Witte, 2011). Peroxisomes also generate nitric oxide radicals (NO•), such as via purine 

catabolism by the action of XOD or via L-arginine oxidation by nitric oxide synthase (NOS) 

(Stolz et al., 2002; R. J. A. Wanders & Waterham, 2006). Finally, as O2•
− can rapidly react 

with NO•, it is very likely that peroxisomes also produce peroxynitrite (ONOO−), a highly 

reactive species (Fransen et al., 2012). 

To deal with oxidative and nitrosative stress, peroxisomes are well equipped with a large 

network of enzymatic and non-enzymatic antioxidant defense systems that scavenge 

H2O2 and free radicals. The decomposition of H2O2 can be executed by several enzymes 

including catalase, glutathione peroxidase, glutaredoxins 5 (GLRX5), trypanothione 

reductase and peroxiredoxin V (Fransen et al., 2012; Maldonado et al., 2020). Heme-

containing catalase is the best characterized peroxisomal antioxidant enzyme that can 

scavenge harmful H2O2 in a catalytic manner (2H2O2 → 2H2O + O2) and peroxidatic manner 

(H2O2 + AH2 → A + 2H2O) wherein low molecular weight alcohols, formate, nitrite, and 

formaldehyde are typical peroxidatic electron donors (AH2) (Sichak & Dounce, 1986). 

Inactivation of superoxide anions is carried out by superoxide dismutases (SODs) that 

convert O2•
− to O2 and H2O2. Peroxisomal peroxiredoxin V may exhibit potent peroxynitrite 

reductase activity (R. J. A. Wanders & Waterham, 2006). Interestingly, there is some evidence 

that ascorbic acid (vitamin C) and glutathione (GSH) may play a role in the regulation of the 

peroxisomal redox state as these small molecular weight antioxidants can most likely freely 

diffuse through the peroxisomal membrane (Lismont et al., 2015). 
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7. Archamoebae 

Archamoebae are a phylogenetically-delineated group of free-living and endobiotic protists 

that live in anoxic/microoxic habitats of freshwater/marine sediments or as commensals or 

pathogens in the intestine of invertebrates and vertebrates, including humans (Kang et al., 

2017; Pánek et al., 2016). The group includes four lineages: Mastigamoebidae, Pelomyxidae, 

Entamoebidae, and Rhizomastixidae (Ptáčková et al., 2013) with Mastigamoeba balamuthi, 

Pelomyxa schiedti, and Entamoeba histolytica as important distinct representatives for tracing 

the evolution of anaerobic adaptations. Members of Archamoebae were thought to be devoid 

of peroxisomes, concomitant with lack of classical aerobic mitochondria, Golgi stacks, and 

plastids (Barlow et al., 2018; Zadrobílková et al., 2015). 

7.1.  Life cycle of Mastigamoeba balamuthi 

Figure 5. Proposed life cycle of Mastigamoeba balamuthi (A). Dividing amoeba (B). A multinucleated 

amoeba labelled with DAPI (blue), anti tubulin antibodies (red) and phalloidin-FITC that labels actin 

(green) in broad pseudopodium with subpseudopodial extensions (C). The endoplasmic reticulum (D). 

Hydrogenosomes (E). Image of the flagellate is reproduced from (Pánek et al., 2016). The others were provided 

by Eva Nývltová and Jan Tachezy (unpublished data). 

 

The free-living amoeba M. balamuthi, originally described as Phreatamoeba balamuthi 

(Chavez et al., 1986) can undergo three interchangeable morphological forms: amoeboid, 

flagellate, and cyst stages (Chavez et al., 1986) (Fig. 5). Non-dividing flagellates are 

uninucleate, typically ovoid to pyriform in shape, and 6 to 50 μm in length. They possess a 

flagellum that is associated with a single nucleus (Chavez et al., 1986). The cyst is 

surrounded by a resistant wall that lacks pores and ranges from 9 to 18 μm in diameter 
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(Chavez et al., 1986). The amoeboid stage is the dominant stage in the life cycle. They are 

polymorphic, monopodia-motive, rapidly reproductive by binary or plasmotomy fission, 

typically multinucleated, and range from 11 to 160 μm in length.  They are rich in rough ER, 

unstacked Golgi, and hydrogenosomes (Barlow et al., 2018; Gill et al., 2007). When growing 

in axenic culture, the transformation of amoeboid to flagellate stage can be induced by the 

addition of rice powder (Chavez et al., 1986). 

7.2. Life cycle of Pelomyxa schiedti 

The life cycle of free-living Pelomyxa schiedti has not been fully elucidated yet. So far, only 

the amoeboid form has been described (Zadrobílková et al., 2015). They are multiflagellated, 

oval-shaped, and distinguished with several other Pelomyxa species by the fast movement, 

nuclear structure with a concentric ring of chromatin around the periphery of the nucleus, and 

the relatively small size ranging from 35 μm to 156 μm long.  The flagella are immobile that 

emerge directly from the cell without a cytoplasmic “neck”. Cells are dominantly binucleate, 

though some are uninucleate, and more rarely some cells are quadrinucleate. 

Figure 6. Pelomyxa schiedti strain SKADARSKE. 

Arrows show eruptive anterior lobopodia and bulbous, 

villous uroid-like area, and peripheral ring of chromatin 

granules in the nucleus (Zadrobílková et al., 2015). 

 

 

 

7.3.  Life cycle and pathology of Entamoeba histolytica 

The parasite Entamoeba histolytica is the etiological agent of amoebiasis, one of the most 

prevalent parasitic diseases of humans (H. Wang et al., 2016). E. histolytica exists in a 

biphasic life cycle consisting of a nonmotile dormant cyst stage and a motile proliferative 

trophozoite stage which may cause the invasive disease (Kantor et al., 2018) (Fig. 7). E. 

histolytica cytoplasm contains numerous granules, lysosomes, endosomes, and multivesicular 

bodies. ER forms a continuous reticular network, similar to the ER of other eukaryotic cells 

(Teixeira & Huston, 2008), while Gogi is visualized in the form of a few large, separated 

vesicles (S. K. Ghosh et al., 1999). Instead of classical mitochondria, E. histolytica possesses 
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a highly reduced version, termed mitosomes (Tovar et al., 1999) that are surrounded by a 

double membrane (S. Ghosh et al., 2000). They do not exhibit any energy metabolism. 

Sulphate activation is the only known function of mitosomes that is important for the 

encystation of this parasitic amoeba (Mi-ichi et al., 2009, 2015). 

Figure 7. The life cycle of Entamoeba histolytica. 

The life cycle starts when cysts are ingested with contaminated food or water or possibly via 

oral intercourse (Salit et al., 2009). Cysts undergo excystation in the small bowel to release 

trophozoites. The trophozoites colonize the colon where they proliferate and feed on the 

bacteria and superficial mucosal cells, sometimes invading deeper and resulting in flask-

shape-ulcer colitis (Stanley, 2003). Occasionally and lethally, the trophozoite enters the portal 

circulation and travels to distant tissues, resulting in several forms of invasive amoebiasis 

including amoebic liver abscess, pleuropulmonary abscess, amoebic brain abscesses, urinary 

tract problems, rectovaginal fistulas, perianal disease, and cutaneous abscesses (Anesi & 

Gluckman, 2015; Campbell, 1993; Hejase et al., 1996; Musthyala et al., 2019). Under certain 

conditions, trophozoites may encyst and be excreted with the stool into the environment and 

infect new hosts (Singh & Ehrenkaufer, 2009). 
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7.4.  Energy metabolism and ROS detoxification in M. balamuthi and E. histolytica 

Energy metabolism of M. balamuthi and E. histolytica is mainly based on glycolysis and its 

extension from pyruvate to acetate, occurs in the cytosol (Fig. 8). Pyruvate is produced by 

glycolysis or alternatively via a shunt pathway from malate by malic enzyme (Gill et al., 

2007; Nývltová et al., 2015). Pyruvate is subsequently converted into acetyl-CoA by the 

activity of pyruvate:feredoxin oxidoreductase (PFO) (Jeelani & Nozaki, 2014; Nývltová et 

al., 2015) or alternatively by pyruvate:NADP+ oxidoreductase (PNO) and pyruvate formate 

lyase (PFL) (Nývltová et al., 2015). PFO/PNO activity is associated with hydrogenase 

activity, which transfers electrons from ferredoxin to H+ to produce H2. Acetyl-CoA is 

eventually converted to acetate, CoA, and ATP by acetyl-CoA synthetase (ACS) (Jeelani & 

Nozaki, 2014; Nývltová et al., 2015). 

M. balamuthi metabolises pyruvate also in hydrogenosomes by hydrogenosomal isoforms of 

PFO, hydrogenase, and ACS. In this pathway, pyruvate can be imported from cytosol or 

produced from lactate by lactate dehydrogenase (Nývltová et al., 2015). In general, the 

specific enzymatic activities of PFO, hydrogenase, and ACS in the cytosol are significantly 

higher than those of enzymes in the hydrogenosomal pathway (Nývltová et al., 2015). In 

contrast to that of Mb hydrogenosomes, mitosomes of E. histolytica are not involved in 

energy metabolism (Müller et al., 2012). 

Figure 8. Extended glycolysis for energy metabolism 

of M. balamuthi and E. histolytica. M. balamuthi 

possesses a dual pathway, while E. histolytica exhibits 

only cytosolic pathway. LDH, lactate dehydrogenase; 

Hyd, hydrogenase; ACS, acetyl-CoA synthetase; PFO, 

pyruvate:feredoxin oxidoreductase; PNO, 

pyruvate:NADP+ oxidoreductase; PFL, pyruvate 

formate lyase; Fdx, ferredoxin. 

 

 

 

Although surviving in oxygen-poor environments, these anaerobes still need to counteract 

oxidative and nitrosative stress. As with most other anaerobes, catalases and glutathione-

based pathways have been lost in M. balamuthi and E. histolytica (Fahey et al., 1984; Žárský 

et al., 2021). Instead, their detoxification system for ROS and RNS has been modified in a 
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way that is typical for anaerobic eukaryotes with the presence of thioredoxin-based system 

(thioredoxin, NADPH: flavin oxidoreductase, and peroxiredoxins) and superoxide dismutase. 

Also, flavodiiron protein, iron-sulfur flavoprotein, and rubrerythrin, enzymes typical of 

anaerobic prokaryotes, have been gained via lateral gene transfer (Jeelani & Nozaki, 2016; 

Loftus et al., 2005; Žárský et al., 2021). Furthermore, M. balamuthi also has a homolog of the 

osmotically inducible protein C and multiple homologs of hemerythrin, which may be 

involved in the detoxification of peroxides and oxygen sensing, respectively (Nývltová et al., 

2016; Xiong et al., 2000; Žárský et al., 2021). 
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8. Aims 

1. To demonstrate the presence of anaerobic peroxisomes in Mastigamoeba balamuthi 

based on the cellular localization of predicted peroxins. 

2. To investigate proteome of M. balamuthi peroxisomes and predict their functions. 

3. To demonstrate the presence of anaerobic peroxisomes in Entamoeba histolytica and 

estimate their function.  

4. To identify putative peroxins and matrix peroxisomal proteins encoded in the genome 

of Pelomyxa schiedti and compare with other Archamoebae. 
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Proceedings of the National Academy of Sciences, 117 (4) 2065-2075. 

Comment: This work provides the first evidence for anaerobic peroxisomes in M. balamuthi, 

breaking the paradigm that anaerobic organisms lack these organelles.  The work outlines 

some possible functions of peroxisomes in M. balamuthi such as carbohydrate metabolism, 

the biosynthesis of pyrimidine and CoA, while typical peroxisomal fatty-acid β-oxidation 

enzymes and catalase are absent. 

Author’s major contribution: Based on proteomic and bioinformatic analysis, the author 

participated in the reconstruction of M. balamuthi metabolic map and selected several Mb 

proteins for heterologous expression in S. cerevisiae, verifying the peroxisomal localization 
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maintenance of the cellular redox balance. 

Author’s major contribution: the author carried out the bacterial expression of myo-IDH for 

kinetic characterization and antibody production that was used in the cellular localization 

studies. Based on proteomic and bioinformatic analysis, several Eh proteins were identified 

and heterologously expressed in S. cerevisiae, verifying the peroxisomal localization of three 
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Čepička, I., Tachezy, J., Hampl, V., Anaerobic derivates of mitochondria and 

peroxisomes in the free-living amoeba Pelomyxa schiedti revealed by single-cell 
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genomics. BioRxiv. https://doi.org/10.1101/2021.05.20.444135. 

Comment: This work presents the draft genome sequence of Pelomyxa schiedti. The presence 

of mitochondrion-related organelles (MROs) – hydrogenosomes and anaerobic peroxisomes 

is predicted in this anaerobic amoeba. The functional annotation of putative peroxisomal 

proteins predicts their role in various metabolic pathways, such as amino acid and 

carbohydrate metabolism.  Ps peroxisomes also show overlapping metabolic features with 

Mb peroxisomes including the presence of myo-IDH. Interestingly, Ps peroxisomes possibly 

harbour pyridoxamine 5'-phosphate oxidase that can utilize molecular oxygen for the 

deamination of pyridoxamine 5'-phosphate and pyridoxine 5-phosphate, concomitant with the 

production of H2O2. Non-enzymatic detoxification machinery for the decomposition of H2O2 

was also predicted in Ps peroxisomes. 

Author’s major contribution: the author performed the bioinformatic analysis of the Ps 

genome to identify a list of putative proteins involved in the biogenesis and metabolic 

functions of peroxisomes. In addition to the metabolic annotation, the author expressed 

peroxisomal candidates in S. cerevisiae that supported peroxisomal localization of D-LDH 

and myo-IDH (unpublished data). 
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10. Unpublished results: Expression and localization of P. schiedti proteins in S. cerevisiae 

The manuscript titled “Anaerobic derivates of mitochondria and peroxisomes in the free-

living amoeba Pelomyxa schiedti revealed by single-cell genomics” was submitted on BMC 

Biology and underwent the peer review process. Based on the reviewer’s comments, 

additional experiments were conducted. Ps D-LDH (Pelo1951, PTS1: AKL) and Ps myo-IDH 

(Pelo3967, PTS1: SKL) were expressed in yeast for the verification of their peroxisomal 

localization. The proteins were expressed with an N-terminal mCherry tag in S. cerevisiae 

strain BY4742:POX1-EGFP expressing the integrated GFP-tagged peroxisomal marker 

protein acyl-CoA oxidase (POX1) (Le et al., 2020). Interestingly, both selected candidates 

were targeted into round vesicles where they colocalized with POX1 (Fig. 9). These results 

together with our bioinformatic analyses strongly supports predicted presence of peroxisomes 

in P. schiedti.  

Figure 9. Localization of P. schiedti peroxisomal matrix candidates in S. cerevisiae. GFP-tagged POX1 was 

used as a peroxisomal marker. mCherry-tagged P. schiedti proteins: D-LDH, D-lactate dehydrogenase; myo-

IDH, myo-inositol dehydrogenase; BF, bright field; Coloc, colocalization; scale bar: 2 µm. 
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11. Summary 

11.1. Presence of peroxisomes in anaerobic hydrogenosome-bearing protist M. 

balamuthi breaks the paradigm “no oxygen, no peroxisomes” 

In line with the reduction of mitochondria, the paradigm “no oxygen, no peroxisomes” was 

generally accepted, reflecting the adaptation of eukaryotic cells to anaerobiosis. 

Surprisingly, we found a common set of 13 Pexs encoded by the Mb genome that are required 

for protein import, peroxisomal growth, and division (Fig. 10). The detected Pexs possess 

most important structural features of human orthologs. Components of peroxisomal 

membrane fission machinery were also identified in the Mb genome, including FIS1, and 

dynamin-related protein 1 (DRP1). Experimentally, 10 of 14 predicted Pexs, excluding 

Pex1/6/7/19, were identified by proteomics. MbPex3, MbPex11, and MbPex14 were 

visualized in numerous vesicles distinct from hydrogenosomes, the endoplasmic reticulum, 

and Golgi complex. Finally, MbPex14 was shown to be targeted to S. cerevisiae peroxisomes. 

Collectively, these results provide evidences for the presence of peroxisomes in anaerobic 

hydrogenosome-bearing protist M. balamuthi that we named “anaerobic peroxisomes”.  

11.2. Predicted metabolic pathways of M. balamuthi peroxisomes 

Proteomic analysis of cellular fractions, and bioinformatic searches for PTS1/PTS2-bearing 

proteins provided datasets of 1119, and 767 peroxisomal candidates, respectively; of which 

51 putative peroxisomal matrix proteins were shared by both datasets. Heterologous 

expression of selected proteins in Saccharomyces cerevisiae confirmed peroxisomal 

localization of 8 matrix proteins. Unexpectedly, Mb peroxisomes lack typical ROS-

generating pathways, such as fatty acid β-oxidation, although a single copy of PTS1-bearing 

long-chain acyl-CoA synthetase was detected in the peroxisomal proteome of M. balamuthi 

that functions to activate the fatty acid before entering β-oxidation. They also lack common 

peroxisomal ROS detoxifying enzymes, including catalase and glutathione peroxidase. 

Interestingly, this subclass of peroxisomes likely participates in biosynthesis of cofactors, 

supported by peroxisomal localization of pantetheine-phosphate adenylyltransferase that 

catalyzes the last-second step in CoA biosynthesis. Noticeably, proteomic analysis suggested 

that Mb peroxisomes are possibly involved in the de novo pyrimidine synthesis pathway, 

mediated by a unique fusion protein exhibiting domains of orotidine-5′-monophosphate 
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decarboxylase, orotate phosphoribosyl transferase, and dihydroorotate dehydrogenase that 

may convert dihydroorotate to uridylate.   

In view of the metabolic interrelationship between anaerobic peroxisomes and 

hydrogenosomes, at least three enzymes are present in multiple copies, including malate 

dehydrogenase (MDH1/2/3), D-lactate dehydrogenase (D-LDH-M and D-LDH-P), and 

inorganic pyrophosphatase (IPP1/2/3/4). These enzymes display different targeting 

mechanisms for dual localization in both organelles. Probably, the dual localization is the 

result of lateral gene transfer from bacteria (IPP2 and IPP3) as well as of gene duplication 

and acquisition of different targeting signals. MDH and D-LDH were predicted to maintain 

the intraperoxisomal redox balance, as their products (malate and lactate, respectively) can be 

shuttled to hydrogenosomes, and serve as substrates for hydrogenosomal MDH and D-LDH, 

respectively. In addition, several other components of carbohydrate metabolism were 

identified in Mb peroxisomes, such as tagatose-6-phosphate kinase, inositol dehydrogenase 

(IDH), fumarylacetoacetate hydrolase, and nudix hydrolase (Nudt). They also contain 

peroxisomal processing peptidase (PPP) that possibly functions in the removal of signal 

peptides of PTS2-containing proteins (Okumoto et al., 2011). 

11.3. E. histolytica possess a reduced form of anaerobic peroxisomes that metabolize 

myo-inositol 

E. histolytica and three other Entamoeba species, which infect humans and primates, possess 

a set of only 7 known Pexs (Fig.10), and only a single Pex19 seems to be present in E. 

invadens. Thus, peroxin machinery seems to be reduced in most Entamoeba species, and lost 

in E. invadens. Identified EhPexs are all expressed as confirmed by transcriptomic analysis, 

and may thus contribute to the formation of peroxisomes in E. histolytica. Indeed, 

immunofluorescence microscopy showed that Pex5, 14, 16, and 19 localized to vesicles 

distinct from mitosomes, endosomes/phagosomes, and ER, and immunoelectron microscopy 

revealed that Pex14 and Pex16 localized to single membrane bound organelles of size 

corresponding to peroxisomes (90-100 nm in diameter).    

Reduction of Pexs in E. histolytica includes the PTS2 receptor Pex7, RING members 

(Pex2/10/12), a component of docking complex (Pex13), and PMP import receptor Pex3. In 

line with the absence of RING E3 ubiquitin ligases, EhPex5 N-terminus lacks a conserved 

cysteine required for monoubiquitination, suggesting the absence or an unknown mechanism 

of Pex5 recycling. The possible lack of EhPex5 recycling raises a question “What is the 
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function of receptor export machinery Pex1/6?”. It could be hypothesized that their function 

is not related to Pex5 recycling, but EhPex1 and EhPex6 may mediate the heterotypic fusion 

of ERDppV subtypes, forming the fully functional peroxisomal translocon (Jansen & Klei, 

2019). 

 PMPs import  Matrix protein 

import 

 Receptor recycling Division 

   3  16  19   5  7  13  14   2 10 12  1  6       11 

D. discoideum                

P. schiedti                

M. balamuthi                

E. histolytica                

E. dispar                

E. moshkovskii                

E. nutalli                

E. invadens                

Figure 10. The distribution of Pexs in some Amoebozoa representatives. PMPs, peroxisomal membrane 

proteins. The figure was reproduced from (Verner et al., 2021) 

Lack of Pex3 that mediates the incorporation of PMPs into the peroxisomal membrane by the 

Pex19-dependent direct pathway may suggest that all EhPexs are targeted into ER in a de 

novo biosynthetic model. EhPex16 may recruit other PMPs into ER as occurred in 

mammalian cells (Aranovich et al., 2014) as well as function in the intra-ER sorting of PMPs 

into distinct ER subdomains (J. Farré et al., 2019). EhPex19 may function in the intra-ER 

sorting of PMPs and the budding of ERDppVs (Agrawal et al., 2016; J. Farré et al., 2019).  

Proteomic analyses of affinity-purified peroxisomes and PTS1 searches identified datasets of 

655 and 56 peroxisomal candidates, respectively, with six proteins shared by both datasets, 

including putative myo-IDH. Predicted peroxisomal localization was verified for myo-IDH 

and two hypothetical proteins (EHI_051440 and EHI_045060) via heterologous expression in 

S. cerevisiae. So far, NAD+-dependent myo-IDH is the only enzyme known to be conserved 

in all Mb/Eh/Ps peroxisomes. Eh myo-IDH appears to be dimeric and preferably utilizes myo-

inositol as substrate, but can also acts on scyllo-inositol, D-glucose and D-xylose. The 

oxidation of the axial hydroxyl of myo-inositol to form scyllo-inosose (keto-inositol) 

catalyzed by the activity of myo-IDH is the first step of myo-inositol catabolism 

(Aamudalapalli et al., 2018). However, no other genes encoding downstream enzymes of this 
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catabolic pathway were found, while enzymes required for the biosynthesis of myo-inositol 

were identified in the genomes of these anaerobes. This raised a question about the role of 

this “dead-end” reaction catalyzed by myo-IDH. Interestingly, myo-IDH of these protists is 

present in multiple isoforms, one is peroxisomal isoforms (IDH-P) and the others are likely 

cytosolic (IDH-C) (m51a1_g5305, Pelo11053, Pelo13800, EHI_121900). The dual IDH 

localization raises the possibility that they function as a redox shuttle to maintain cellular 

redox balance: IDH-P converts myo-inositol into keto-inositol, with the concomitant 

reduction of the cofactor NAD+ to NADH, whereas IDH-C catalyzes the reverse reaction and 

vice versa. 

11.4. Prediction of peroxisomes in P. schiedti 

Similar to M. balamuthi, the P. schiedti genome encodes 13 most common Pexs, including 

members of each functional category (Fig. 10). In addition to Pexs, a list of 67 putative 

PTS1/PTS2 proteins was identified. These proteins include mainly individual enzymes of 

various metabolic pathways, such as amino acid catabolism and anabolism, carbohydrate 

metabolism, and hydrolases. Some enzymes are shared with Mb peroxisomes including myo-

IDH, PPP, Nudt, and LDH. 

Unlike in M. balamuthi and E. histolytica, P. schiedti peroxisomes possibly possesses 

pyridoxamine 5'-phosphate oxidase (PNPO, Pelo294, PTS1: PKL) that catalyzes several 

reactions of vitamin B6 biosynthesis. Under aerobic conditions, PNPO utilizes molecular 

oxygen as an electron acceptor for the deamination of pyridoxamine 5′-phosphate and 

pyridoxine 5-phosphate, generating pyridoxal 5′-phosphate (the active form of vitamin B6). 

Both reactions are concomitant with the formation of H2O2 (McCormick & Chen, 1999). The 

predicted peroxisomes possibly contain two copies of PTS1-bearing glutamate 

dehydrogenase that may produce 2-oxoglutarate. This product may act as a nonenzymatic 

antioxidant for the decomposition of byproduct H2O2, via the reaction of the ketone group of 

the α-carbon atom with H2O2 to form succinate, CO2, and water. The possible oxygen 

utilization of Ps PNPO remains to be experimentally verified. 
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12. Perspective 

Great progress has been achieved during last decades in evolutionary studies of eukaryotes 

that inhabit anaerobic and/or microaerobic environments. However, such studies focus 

mainly on investigations of anaerobic forms of mitochondria, while peroxisomes are 

neglected because it was generally believed that peroxiomes are absent in anaerobes. The 

discovery of peroxisomes in anaerobic protist M. balamuthi, E. histolytica, and P. schiedti 

changed this view, turning attention to the evolution of peroxisomes as well as the 

coevolution of peroxisomes and mitochondria in anaerobic or facultatively anaerobic 

organisms. In E. histolytica, a course of reductive evolution due to adaptation to anaerobiosis 

and parasitic lifestyle affected both mitochondria and peroxisomes.  

The findings of anaerobic peroxisomes raised several questions for future studies including: 

1. Elucidation of peroxisome biogenesis in E. histolytica: is EhPex5 ubiquitinated and 

recycled? How does the export machinery EhPex1/6 function in the presence or absence of 

Pex5 recycling? Is Pex3 indeed absent in E. histolytica or does this parasite possess highly 

divergent Pex3 that has not been identified in current bioinformatic searches? Are Eh 

mitosomes involved in peroxisomal biogenesis via Pex11? 

2. What is a function of Pex19 in Eh peroxisome biogenesis. What is its alternative function 

unrelated to peroxisome biogenesis? 

3. What is a metabolic function of anaerobic peroxisomes, particularly is myo-IDH involved 

in redox homeostasis?   

4. Are anaerobic peroxisomes essential for the life of anaerobes?  

5. Are anaerobic peroxisomes present in other lineages of anaerobic eukaryotes? 

 Therefore, our findings provide new interesting directions for future functional and 

evolutionary investigations. 
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The adaptation of eukaryotic cells to anaerobic conditions is reflected 

by substantial changes to mitochondrial metabolism and func- 

tional reduction. Hydrogenosomes belong among the most mod- 

ified mitochondrial derivative and generate molecular hydrogen 

concomitant with ATP synthesis. The reduction of mitochondria is 

frequently associated with loss of peroxisomes, which compart- 

mentalize pathways that generate reactive oxygen species (ROS) 

and thus protect against cellular damage. The biogenesis and 

function of peroxisomes are tightly coupled with mitochondria. 

These organelles share fission machinery components, oxidative 

metabolism pathways, ROS scavenging activities, and some me- 

tabolites. The loss of peroxisomes in eukaryotes with reduced 

mitochondria is thus not unexpected. Surprisingly, we identified 

peroxisomes in the anaerobic, hydrogenosome-bearing protist 

Mastigamoeba balamuthi. We found a conserved set of peroxin 

(Pex) proteins that are required for protein import, peroxisomal 

growth, and division. Key membrane-associated Pexs (MbPex3, 

MbPex11, and MbPex14) were visualized in numerous vesicles dis- 

tinct from hydrogenosomes, the endoplasmic reticulum (ER), and 

Golgi complex. Proteomic analysis of cellular fractions and predic- 

tion of peroxisomal targeting signals (PTS1/PTS2) identified 51 

putative peroxisomal matrix proteins. Expression of selected pro- 

teins in Saccharomyces cerevisiae revealed specific targeting to 

peroxisomes. The matrix proteins identified included components 

of acyl-CoA and carbohydrate metabolism and pyrimidine and CoA 

biosynthesis, whereas no components related to either β-oxidation 
or catalase were present. In conclusion, we identified a subclass of 

peroxisomes, named “anaerobic” peroxisomes that shift the current 
paradigm and turn attention to the reductive evolution of peroxi- 

somes in anaerobic organisms. 

peroxisome | Mastigamoeba balamuthi | mitochodria | anaerobiosis 

eroxisomes are single membrane-bound organelles present in 
nearly all eukaryotes (1). They are defined by a conserved set 

of proteins named peroxins (Pexs) that are required for peroxi- 
somal biogenesis (2). Biochemically, most peroxisomes share the 
function of fatty acid oxidation, which generates hydrogen 
peroxide, and hydrogen peroxide-degrading enzymes, namely, 
catalase, to prevent cellular oxidative damage (3). Additional 
peroxisomal pathways are highly variable, indicating the remark- 
able versatility of peroxisomal functions (4). This is reflected by 
the various names of peroxisomal subtypes, such as glyoxysomes, 
glycosomes, and Woronin bodies (5). The need for the compart- 
mentalization of enzymes that produce reactive oxygen species 
(ROS) has been proposed as a driving force behind the evolution 
of peroxisomes. Peroxisomes were most likely derived from the 
endoplasmic reticulum (ER) and originated endogenously within 
eukaryotes (6, 7), although they were long thought to be endo- 
symbiotic remnants similar to mitochondria and plastids (8). The 
β-oxidation of fatty acids is considered to be the earliest pathway 
that resided in an ancestral peroxisomal proteome due to its 
widespread occurrence (6). Phylogenetic analysis suggested that 
this pathway was inherited from the endosymbiotic ancestor of 
mitochondria, duplicated and retargeted to peroxisomes to mini- 
mize the harmful effects of ROS (6, 7). However, a parallel role of 

 
the ER in the evolution of peroxisomal β-oxidation has been 
proposed (9, 10). 

In addition to fatty acid metabolism, there is a plethora of other 
metabolic, regulatory, and evolutionary links between peroxisomes 
and mitochondria (11, 12). For example, the glyoxylate cycle of 
peroxisomes of land plants, fungi, alveolates, and lower animals 
uses acetyl-CoA as a substrate to produce succinate that can be 
imported into mitochondria to replenish the tricarboxylic acid 
(TCA) cycle. Both peroxisomes and mitochondria divide by fission 
and share multiple components of the fission machinery (13). 
More recently, mitochondria appeared to be directly involved in 
peroxisome biogenesis as a source of peroxisomal membranes and 
membrane proteins (14). Because of this tight interplay between 
peroxisomes and mitochondria and the dependence of key per- 
oxisomal oxidases on the presence of molecular oxygen, it is not 
surprising that peroxisomes are generally absent in anaerobic 
unicellular eukaryotes (protists) (15, 16). These eukaryotes harbor 
highly reduced anaerobic mitochondria, such as hydrogenosomes 
and mitosomes (17). Hydrogenosomes lack most mitochondrial 

metabolic functions, including β-oxidation. ATP is generated at 
the substrate level using an anaerobic pathway that catabolizes 
pyruvate or malate to acetate, CO2, and molecular hydrogen. 
Anaerobic conditions apparently prevent the use of oxygen- 
dependent β-oxidation of fatty acid metabolism in both peroxisomes 
and mitochondria, as well as other oxygen-dependent catabolic 
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Significance 

 
It is generally accepted that peroxisomes are absent in anaerobic 
eukaryotes. These organelles have evolved to compartmentalize 

oxidative pathways and prevent cellular oxidative damage, 

namely, the β-oxidation of fatty acids that utilizes molecular 

oxygen and produces hydrogen peroxide. Mitochondria possess 

a parallel β-oxidation pathway coupled with the respiratory 

chain. The adaptation of eukaryotes to anaerobiosis is reflected 
by the reduction of mitochondrial metabolism and, not surpris- 

ingly, concomitant loss of peroxisomes. The free-living anaerobic 

protist Mastigamoeba balamuthi is an organism that contradicts 

this paradigm. Although Mastigamoeba possesses hydrogenosomes, 

an anaerobic form of mitochondria, it also harbors peroxisomes. 

These organelles contain the archetypical Pexs that are required 

for peroxisomal biogenesis; however, they lack the hallmarks of 

peroxisomal metabolism, β-oxidation and catalase. 
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and biosynthetic pathways in anaerobic protists. As a consequence, 
peroxisomes may become dispensable for these organisms. 

Mastigamoeba balamuthi is a free-living anaerobic amoeba of 
the Archamoebae lineage. The characteristics of the mitochondria 
of M. balamuthi conform to those of hydrogenosomes (18). The 
anaerobic character of M. balamuthi emphasizes the presence of a 
nitrogen-fixing (NIF) and oxygen-sensitive e-bacterial FeS cluster 

assembly machinery that replaced the standard mitochondrial iron– 
sulfur cluster (ISC) machinery (19). Moreover, oxygen-sensitive 
enzymes such as hydrogenases are present in M. balamuthi hydro- 
genosomes and in the cytosol, producing hydrogen from both 
compartments (19). Archamoebae belongs to the group Conosa 
with the sister lineage Mycetozoa that inhabits aerobic niches and 
contains oxygen-respiring mitochondria and standard peroxisomes 
(20, 21). Thus, it is likely that hydrogenosomes in M. balamuthi 
evolved from aerobic mitochondria via secondary adaptation to 
anaerobic environments, and we expected that an anaerobic lifestyle 
would lead to the loss of peroxisomes, as observed in other an- 
aerobic protists. To our surprise, we found that M. balamuthi retains 
a full set of Pexs to form peroxisomes, and we identified enzymes 
that are delivered to the peroxisomal matrix via typical peroxisomal 
targeting signals (PTSs) to catalyze fragmented metabolic pathways. 
However, the oxygen-dependent peroxisomal hallmarks, including 

β-oxidation of fatty acids and catalase, are absent. These organelles 
represent a peroxisomal subtype named anaerobic peroxisomes. 

Results 

Identification and Cell Localization of Pexs. Analysis of the M. 
balamuthi genome sequence using HHpred searches indicated 
the presence of genes encoding a set of 14 Pexs involved in the 
recognition of PTS1 and PTS2 (Pex5 and 7, respectively), protein 
docking and import (Pex13 and 14), receptor recycling (Pex1, 2, 
6, 10, and 12), membrane protein targeting (Pex3, 16, and 19), 

and peroxisome fission (Pex11-1 and Pex11-2) (Fig. 1A and SI 
Appendix, Fig. S1 and Table S1). Most M. balamuthi Pexs 
(MbPexs) were colinear or slightly shorter than the correspond- 
ing orthologs, and all possessed the expected functional domains 
(SI Appendix, Fig. S2). The C-terminal domain of Pex14 is 
markedly short; however, its N-terminal domain contains char- 
acteristic phenylalanine residues that are indispensable for its 
interaction with Pex5 (22) (SI Appendix, Fig. S2). The functional 
domains were identified using HHpred searches with high con- 
fidence (probability values ranged from 84 to 100) (SI Appendix, 
Fig. S2), whereas the overall similarity of MbPex protein se- 
quences to their human orthologs ranged between 14% for Pex3 
and 57% for Pex7 (SI Appendix, Table S2). The correct identi- 
fication of MbPexs containing domains that are present in var- 
ious proteins with unrelated functions, such as ATPases 
associated with diverse cellular activities (AAA, Pex1, and Pex6), 
tetratricopeptide repeats (TPR and Pex5), WD40 repeats (Pex7), 
and proteins of the RING family (Pex2, Pex10, and Pex12), was 
supported by phylogenetic analysis using human, yeast, and 
Dictyostelium discoideum orthologs and selected outgroups (Fig. 
1B). Phylogenetic analysis of the MbPex11-1 and MbPex11-2 

paralogs revealed their relationships with mammalian Pex11α 
and Pex11γ, respectively (SI Appendix, Table S2 and Fig. S3). 
These proteins are involved in the recruitment of the perox- 
isomal membrane fission machinery, as are Fis1, Mff, and 
DRP1 (23, 24). Indeed, our searches identified genes for Fis1 
(m51a1_g2061) and DRP1 (m51a1_g631) in the M. balamuthi 
genome, which supports the predicted function of MbPex11-1 
and MbPex11-2. 

The MbPex5 receptor contains a conserved Cys-13 residue that 
is required for ubiquitination by the E2 ubiquitin-conjugating en- 
zyme Pex4 (25) and thus receptor recycling (SI Appendix, Fig. S2). 
In M. balamuthi, we identified neither Pex4 nor the Pex4-anchoring 

 

 
A 
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Fig. 1. (A) Scheme of the peroxisomal machinery identified in M. balamuthi. The white color indicates Pexs that were not identified in M. balamuthi. (B) 

Phylogenetic analysis of selected proteins was performed to discriminate peroxins (Pexs) and proteins that share common domains, including ATPases as- 

sociated with diverse cellular activities (AAA, Pex1, and Pex6), tetratricopeptide repeats (TPR and Pex5), WD40 repeats (Pex7), and proteins of the RING family 

(Pex2, Pex10, and Pex12). Mb, M. balamuthi; Hs, Homo sapiens; Dd, Dictyostelium discoideum; Sc, Saccharomyces cerevisiae. Accession numbers are given in SI 

Appendix, Fig. S2 and Table S1. 
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protein Pex22 (Fig. 1 A). Moreover, Pex26, which anchors the 
Pex1/6 complex, seems to be absent as well. However, Pex4, 
Pex22, and Pex26 are not generally distributed in eukaryotes (SI 
Appendix, Fig. S1). For example, Pex4 and Pex22 are absent in 
metazoans, and Pex22 is absent in diatoms, whereas metazoan 
Pex26 is replaced by Pex15 in Saccharomyces cerevisiae (26), 
and Pex26 is absent in kinetoplastids and diatoms (SI Appendix, 
Fig. S1) (27). 

To validate our in silico predictions, we investigated the cel- 
lular localization of membrane-associated MbPexs. Confocal 
immunofluorescence microscopy (IF) using specific polyclonal 
antibodies (Abs) raised against MbPex3, MbPex11-1, and 
MbPex14 labeled numerous small vesicles scattered within the 
M. balamuthi cytosol. Importantly, MbPex14 colocalized in the 

same vesicles with MbPex3 (Pearson’s correlation coefficient 
[PCC] r = 0.85) as well as with MbPex11 (PCC r = 0.86) (Fig. 
2A). To further support the specific localization of Pexs and to 
estimate the size and shape of putative peroxisomes and their 

relationships with other organelles, we subjected M. balamuthi to 
stimulated emission depletion (STED) and immunoelectron 
microscopy analysis (Fig. 2 B and C). Dual-color STED imaging 
not only confirmed the colocalization of Pex3 and Pex14 signals 
but also enabled the observation of separate Pex3 and Pex14 
signals that were localized in close proximity, suggesting a het- 
erogeneous distribution of Pex3 and Pex14 across the organelles 
(Fig. 2B), as reported for Pexs in peroxisomes of human fibro- 
blasts (28). Pex3/Pex14-labeled vesicles appeared mostly as cir- 
cular, elliptical, or elongated structures. Their sizes ranged from 
a minimum of 80 nm (circular structures) to a maximum of 
440 nm (elongated structures), and the average area of labeled 

vesicles was 0.013 ± 0.009 μm2 (mean ± SD, n = 176). Pex11-1– 
labeled vesicles were considerably smaller than hydrogenosomes 
visualized with antisuccinate dehydrogenase subunit B (SdhB) 
Ab (Fig. 2B). Neither hydrogenosomes nor ER structures and 
vesicles of the unstacked Golgi apparatus (29) colocalized with 

Pex11-1–labeled vesicles. Immunoelectron microscopy indicated 

 

A 

 
Fig. 2. Pexs colocalized in organelles distinct from hydrogenosomes, the Golgi apparatus, and the ER. (A) Confocal IF microscopy revealed colocalization of 

Pex3, Pex11-1, and Pex14. DIC, differential interference contrast. (Scale bar: 100 μm.) (B) STED microscopy analysis of Pex3, Pex11-1, Pex14, the hydro- 

genosomal marker succinate dehydrogenase (SdhB), the ER marker protein disulfide isomerase (PDI), and the Golgi marker COP β-subunit (COPβ), which were 
visualized using specific rat or rabbit polyclonal Abs. (Scale bar: 500 nm.) (C ) Immunoelectron microscopy detection of Pex11-1 on M. balamuthi cryosections (a 

and b) using a polyclonal anti-Pex11-1 Ab and protein A conjugated with 5 nm gold particles. (Scale bar: 50 nm.) 
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that Pex11-1 is associated with a single membrane that surrounds 
vesicles with a dark matrix (Fig. 2C and SI Appendix, Fig. S4). 
The average size of these vesicles was 143 ± 38 nm (mean ± SD, 
n = 20) in diameter, which is within the range of sizes estimated 
by STED analysis. The number of putative peroxisomes in M. 
balamuthi was counted with Pex14 as a marker using confocal 

IF. We found 60 ± 20 peroxisomes per 100 μm2 (mean ± SD, 
n = 20), which is comparable to the 50 to 119 glycosomes per 

100 μm2 determined in Trypanosoma brucei (30, 31) but higher 
than the 15.6 peroxisomes per 100 μm2 found in human fibro- 
blasts (32). 

Finally, we selected MbPex14 to experimentally test its ability 
to target peroxisomes. Because M. balamuthi is not amenable to 
transformation, we used the yeast strain BY4742:POX1-EGFP 
expressing the integrated GFP-tagged peroxisomal marker pro- 
tein acyl-CoA oxidase (Pox1), and this strain was transformed 
with a plasmid that allowed expression of MbPex14 fused with 
the fluorescent protein mCherry. Fluorescence microscopy of 
transformed cells cultivated with oleate to stimulate peroxisome 
formation showed that MbPex14 was incorporated into the Pox1- 
labeled peroxisomes. Western blot analysis of cellular fractions 
revealed that the majority of MbPex14 and Pox1 was present in 
the large granule fraction (LGF) (Fig. 3). 

Matrix Proteins of M. balamuthi Peroxisomes. To identify the matrix 
components of the M. balamuthi peroxisomes, we initially 
searched for proteins with predicted PTS1 and PTS2 signals in 
the M. balamuthi genome. These searches revealed 664 proteins 
that possessed the predicted C-terminal PTS1 motif and 103 
proteins with a putative PTS2 motif located within 100 amino 
acids (aa) of the N-terminal domain (Dataset S1). Next, we 
performed quantitative proteomic analysis of M. balamuthi 
subcellular fractions using the localization of organelle proteins 
by isotope tagging (LOPIT) method (33). Altogether, we iden- 
tified 2,437 proteins in all fractions (Dataset S1). The distribu- 
tion of peroxisomal proteins was traced using 5 membrane Pexs 
(MbPex3, MbPex10, MbPex11-1, MbPex12, and MbPex14) (Fig. 
4). The peroxisomal markers had a higher relative abundance in 
fractions distinct from the marker proteins for hydrogenosomes 
and the ER (SI Appendix, Fig. S5 and Dataset S1). Next, we 
searched for proteins with quantitative distributions in cellular 
fractions similar to those determined for marker Pexs, which 
allowed the identification of 1,119 proteins, including additional 
Pexs: MbPex2, MbPex5, MbPex11-1, MbPex13, and MbPex16. Of 
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these 1,119 proteins, 57 proteins contained a predicted PTS1/ 
PTS2 motif (Fig. 4 and Dataset S1). Then, we removed 6 ribo- 
somal proteins that are unlikely to reside in peroxisomes. The 
final dataset (SI Appendix, Table S3) contained 51 putative 
peroxisomal matrix proteins, of which 12 candidates were se- 
lected to validate their cell localization in yeast. Hydrogenosomal 
D-lactate dehydrogenase (D-LDH-M) and cytosolic NifU were 
used as controls for targeting specificity (18, 19). The proteins 
were expressed with an N-terminal mCherry tag in the yeast strain 
BY4742:POX1-EGFP. Fluorescence microscopy revealed that 
eight peroxisomal candidates (D-LDH; pantetheine-phosphate 
adenylyltransferase, PPAT; nudix hydrolase, Nudt; peroxisomal 
processing peptidase, PPP; inorganic pyrophosphatase 2, IPP-2; 
inositol dehydrogenase, IDH; tagatose-6-phosphate kinase, 
T6PK; and fumarylacetoacetate hydrolase, FAH) and the Pox1 
marker colocalized together in yeast peroxisomes (Fig. 5 and SI 
Appendix, Table S3). As expected, NifU was localized to the 
cytosol, and D-LDH-M was localized to mitochondria. To in- 
vestigate whether putative matrix proteins were translocated into 
the peroxisomal matrix, we performed a protein protection assay 
using D-LDH and PPAT. MbPex14 was used as a membrane 
marker. Both matrix proteins were fully membrane protected 
upon the treatment of LGF with proteinase K, whereas MbPex14 
was partially cleaved (SI Appendix, Fig. S6). 

Fig. 3. MbPex14 is incorporated into S. cerevisiae peroxisomes. (A) Fluorescence 

microscopy of yeast expressing GFP-tagged Pox1 (peroxisomal marker) and 

mCherry-tagged Pex14 of M. balamuthi. DIC, differential interference contrast. 

Cells visualized at 1000× magnification. (B) Western blot analysis of the yeast 

postnuclear fraction (PNF), cytosol (Cyt), and large granule fraction (LGF). HK, 

hexokinase (cytosolic marker). 

 
 

Although the ability of the tested M. balamuthi proteins to 
target yeast peroxisomes strongly supports their peroxisomal local- 
ization in M. balamuthi, we developed a specific polyclonal Ab 
against IPP-2 for its direct localization in M. balamuthi. IPP is 
particularly interesting because there are multiple paralogs of this 
enzyme with either N-terminal mitochondrial targeting sequences 
(IPP-1) (18) ora predicted C-terminal PTS1 (IPP-2, IPP-3, and IPP- 
4) (SI Appendix, Fig. S7). STED microscopy revealed that IPP-2 

clearly colocalizes with Pex11-1–labeled vesicles (PCC r = 0.53). 
IPP-2 labeled smaller mostly round structures surrounded by the 
Pex11-1 signal (Fig. 6A). Elongated structures labeled with Pex11-1 
were often associated with two separate blobs of IPP-2, which 
likely represent dividing peroxisomes. Immunoelectron microscopy 
revealed the presence of IPP-2 in the matrix of vesicles with a 
morphology similar to those in which we detected Pex11-1 (Figs. 2C 
and 6B and SI Appendix, Fig. S8). In double-labeling experiments, 
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Fig. 4. Prediction of peroxisomal proteins using LOPIT and PTS1/PTS2 pre- 

dictions. (A) Relative TMT intensities for marker Pexs in cellular fractions 7 to 

14. (B) Western blot analysis of fractions 7 to 14 using an anti-Pex14 Ab. (C ) 

Venn diagram depicting the intersection between the proteins identified by 

LOPIT and the proteins with a predicted PTS1/PTS2. Relative TMT intensities 

for hydrogenosomal and ER proteins are given in SI Appendix, Fig. S3. 

 

both IPP-2 and Pex11-1 were observed in the matrix and at the 
membrane, respectively, within the same organelle (Fig. 6C). 

Next, we tested whether the targeting of selected M. balamuthi 
candidates to peroxisomes was dependent on the predicted PTS1 
signal. The proteins were expressed in BY4742:POX1-EGFP 
yeast with or without PTS1, and their presence was traced in 
the cytosolic fraction and LGF by Western blot. All proteins with 
truncated C-termini were significantly reduced or absent in the 
LGF (Fig. 7). The PTS1 motif of proteins that were successfully 
targeted to peroxisomes included two proteins (Nudt and PPP) 
with the classic C-terminal SKL tripeptide, whereas other pro- 
teins possessed its variants, which included ARL (D-LDH), AKL 
(IPP-2, IDH, and PPAT), SRL (T6PK), and ARM (FAH). 
Based on these experiments, the PTS1 consensus sequence of M. 
balamuthi peroxisomal proteins appeared to be [S/A][R/K][L/ 
M], which corresponds well to the broader consensus sequence 
[S/A/P/C][K/R/H][L/M/I] established for peroxisomes of meta- 
zoans, plants, and glycosomes of kinetoplastids (34, 35). 

The identification of PPP among peroxisomal proteins of M. 
balamuthi is noteworthy, as it is believed that PPP is present 
only in multicellular organisms (36). Our homology searches in 
available genomes of amoebozoans revealed the presence of 
PPP orthologs in mycetozoans such as D. discoideum and in 
Acanthamoeba castellanii; however, we did not find PPP in 
entamoebids (SI Appendix, Fig. S9). PPP was also detected in 
selected members of the eukaryotic supergroups SAR and 
Excavata. In the latter group, PPP was found in Naegleria, but it 
was absent in kinetoplastid glycosomes. Phylogenetic analysis 
revealed a monophyletic origin of PPPs, including M. balamu- 
thi, other unicellular eukaryotes, and the known PPPs Tysnd1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Localization of M. balamuthi peroxisomal matrix candidates in S. 

cerevisiae peroxisomes. GFP-tagged Pox1 was used as a peroxisomal marker. 

mCherry-tagged M. balamuthi proteins: FAH, fumarylacetoacetate hy- 

drolase; IPP, inorganic pyrophosphatase 2; Nudt, nudix hydrolase; T6PK, 

tagatose-6-phosphate kinase; LDH, lactate dehydrogenase; PPAT, pantetheine- 

phosphate adenylyltransferase; IDH, inositol dehydrogenase; PPP, peroxi- 

somal processing peptidase; NifU, cytosolic marker; and LDH-M, hydro- 

genosomal paralog of lactate dehydrogenase. DIC, differential interference 

contrast. Cells visualized at 1000× magnification. 
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A the regulation of peroxisomal CoA levels. This enzyme catalyzes 
the second-to-last step in CoA synthesis (Fig. 8 and SI Appendix, 
Fig. S10). The following step of CoA synthesis is catalyzed by 
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Fig. 6. Immunolocalization of the peroxisomal matrix protein IPP-2 in M. 

balamuthi. (A) STED microscopy using specific polyclonal Abs against IPP-2 

POX1 
HK 55 

PPP 90 

(green) and Pex11-1 (red). (Scale bar: 500 nm.) (B) Immunoelectron micros- 
copy detection of IPP-2 on M. balamuthi cryosections (a and b) using a rat 

polyclonal anti–IPP-2 Ab and anti-rat IgG conjugated with 10 nm gold par- 

ticles. (C ) Colocalization of IPP-2 and Pex11 (a and b). IPP-2 was detected 

POX1 
HK 

111 

55 

using a rat polyclonal anti–IPP-2 Ab and anti-rat IgG conjugated to 10 nm IPP 53 
gold particles, Pex11-1 was detected using a rabbit polyclonal anti–Pex11-1 

Ab with secondary anti-rabbit IgG conjugated with 15 nm gold particles. 
(Scale bar: 50 nm.) 

 

 

and Deg15 in metazoans and plants, respectively, that formed 
group IV (SI Appendix, Fig. S9). All members of this group 
possessed PTS1, mostly with the SKL tripeptide, including the M. 
balamuthi PPP. 

Predicted Metabolic Pathways. Neither bioinformatic nor proteo- 
mic analyses identified any component of typical peroxisomal 
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pathways associated with oxygen metabolism, such as β-oxidation 
or catalase (Dataset S1 and SI Appendix, Table S4). However, we 
identified components of acetyl-CoA metabolism, pyrimidine 
biosynthesis, and carbohydrate metabolism (Fig. 8 and SI Appen- 
dix, Table S4). PPAT is a candidate that is potentially involved in 

Fig. 7.   PTS1-dependent import of M. balamuthi proteins into S. cerevisiae 
peroxisomes. M. balamuthi peroxisomal matrix proteins with the PTS1 signal 

or without the 13 C-terminal aa (ΔPTS1) were expressed in yeast. M. bala- 

muthi proteins were detected using an anti-mCherry Ab, Pox1 was detected 
with an anti-GFP Ab, and hexokinase (HK) was used as a cytosolic marker and 

detected using anti-S. cerevisiae HK Ab. 
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dephospho-CoA kinase (DPCK), which is encoded in the ge- 
nome (m51a1_g647); however, DPCK was not identified in the 
proteome. CoA and ATP are required for the activation of fatty 
acids by acyl-CoA synthetase (ACS). We identified two ACS 
paralogs with LOPIT support; however, only ACS-1 possessed a 
predicted PTS1 motif (SI Appendix, Fig. S11) (37). ACS is linked 
with IPP, which cleaves PPi to prevent the reverse reaction. In- 
deed, we identified two IPP paralogs (IPP-2 and IPP-3) in M. 
balamuthi peroxisomes (SI Appendix, Table S3). Pyrimidine 
biosynthesis includes the conversion of dihydroorotate to uridy- 
late. This pathway requires the activities of three enzymes: 
dihydroorotate dehydrogenase (DHODH), orotate phosphor- 

ibosyl transferase (OPRT), and orotidine-5′-monophosphate 
decarboxylase (OMPD). In the M. balamuthi genome, we iden- 
tified a single gene encoding a fused protein with PTS1 (ANL), 
which contains domains for all three enzymes, including an N- 
terminal DHODH domain, followed by OPRT and OMPDC (SI 
Appendix, Fig. S12). OPRT and OMPDC are often fused in eu- 
karyotes to form a single peroxisomal protein, whereas DHODH 
functions as a separate protein, either in the cytosol (bacterial 
class 1) or in mitochondria (class 2) (38) (SI Appendix, Fig. S12). 
Therefore, we performed phylogenetic analysis of the M. balamuthi 
OMPDC-OPRT-DHODH domains. All three components appeared 
to be of bacterial origin, including DHODH, which clustered 
with class 1A orthologs present in bacteria, kinetoplastids, and 

diatoms (SI Appendix, Fig. S13 A–C). The activity of DHODH 
class 1A is dependent on fumarate as an electron acceptor that 
could be produced in M. balamuthi by peroxisomal FAH or 
imported from the cytosol, where fumarate is formed by fumarase, 

 

 

Fig. 8. Predicted metabolism of M. balamuthi anaerobic peroxisomes. The 

green box indicates enzymes that were localized in yeast peroxisomes; the 

pink box indicates proteins with a predicted PTS1/2 and support for perox- 

isomal localization by LOPIT (SI Appendix, Table S5); the yellow box indicates 

genes identified in the M. balamuthi genome; and gray indicates enzymes: 

ACS, Acyl-CoA synthetase; DPCK, dephospho-CoA kinase; FAH, fumaryl- 

acetoacetate hydrolase; Fum, fumarase; G6PDH, glucose-6-phosphate de- 

hydrogenase; IDH, inositol dehydrogenase; IPP, inorganic pyrophosphatase; 

6PGDH, 6-phosphogluconate dehydrogenase; DHODH, dihydroorotate de- 

hydrogenase; OPRT, orotate phosphoribosyl transferase; OMPDC, orotidine- 

5′-monophosphate decarboxylase; MDH, malate dehydrogenase; Nudt, 

nudix hydrolase; 6-phosphogluconolactonase, 6PGL; 6-phosphogluconate 
dehydrogenase, 6PGDH; PPAT, pantetheine-phosphate adenylyltransferase; 

RPDPK, ribose-5- phosphate diphosphokinase; ribose phosphate isomerase, 

Rpi; and T6PK, tagatose-6-phosphate kinase. Substrates are as follows: AA, 

acetoacetate; FAA, fumarylacetoacetate; PRPP, 5-phosphoribosyl-1-pyro- 

phosphate; Gl-1,5-lac-6P, D-glucono-1,5-lactone-6-phosphate; D-glucose-6P; 

OAA, oxalacetate; D-tagatose-6P, D-tagatose-6-phosphate; D-tagatose-1,6- 

bisphosphate; D-riboseP, D-ribose phosphate; and PPi, pyrophosphate. *Do- 

mains of the fusion enzyme DHODH-OPRT-OMPDC. 

which is encoded in the M. balamuthi genome (m51a1_g4783) 
(Fig. 8). OPRT activity required 5-phosphoribosyl-1-pyrophosphate 
(PRPP), which is formed from D-ribose phosphate by the ac- 
tivity of ribose-5-phosphate diphosphokinase. We predicted 
two alternative pathways for the formation of D-ribose phos- 
phate via either glucose-6-phosphate dehydrogenase or the 
ADP ribose diphosphatase activity of Nudt. However, nudix 
hydrolases represent a large protein family with various func- 
tions, and the protein sequence analysis of MbNudt did not 
allow us to unequivocally predict its substrate specificity (SI 
Appendix, Fig. S14). Carbohydrate metabolism includes the 
putative D-LDH, IDH, and T6PK with a PTS1 and malate de- 
hydrogenase (MDH) with a PTS2 (Fig. 8 and SI Appendix, 
Table S3 and Figs. S15 and S16). Altogether, these results in- 
dicate the presence of peroxisomes in the anaerobic protist M. 
balamuthi. 

Discussion 

Free-living M. balamuthi is a eukaryote characterized as pos- 
sessing both an anaerobic type mitochondria (hydrogenosomes) 
and peroxisomes. These “anaerobic” peroxisomes lack metabolic 
pathways generating ROS, such as β-oxidation, as well as ROS- 
detoxifying enzymes, including catalase. However, they contain 
components of acyl-CoA and carbohydrate metabolism and py- 
rimidine and CoA biosynthesis. M. balamuthi possesses a set of 
14 Pexs required for the biogenesis of peroxisomes and ma- 
chinery for the targeting of proteins to the peroxisome via PTS1/ 
PTS2 and PPP. 

In other eukaryotes with anaerobic forms of mitochondria, 
peroxisomes are believed to be absent (15, 16). Two proteins 
(ACS and Pex-4) were recently suggested to represent putative 
peroxisomal remnants in Giardia intestinalis, but their signifi- 
cance needs to be clarified (39). In addition to anaerobes, the 
absence of peroxisomes was noted in parasitic organisms with 
unconventional mitochondria such as Plasmodium falciparum 
and related species of the Aconoidasida group that live in aer- 
obic niches (40, 41). However, during erythrocytic stages, Plas- 
modium relies mainly on cytosolic glycolysis, similar to anaerobes. 
In addition, the absence of peroxisomes has been predicted in 
several lineages of parasitic helminths (42), most of which adapted 
to oxygen-poor environments and can gradually replace the TCA 
cycle and aerobic phosphorylation with anaerobic energy metabolism 
(43). The identification of peroxisomes in anaerobic M. balamuthi is 
thus unprecedented, considering the correlation between the adap- 
tation of mitochondria to anaerobiosis and the loss of peroxisomes. 
Four peroxisomal proteins, Pex3, Pex10, Pex12, and Pex19, 
which are considered unequivocal in silico peroxisomal markers 
(2), and 10 other Pexs (Pex1, Pex2, Pex5, Pex6, Pex7, Pex11-1, 
Pex11-2, Pex13, Pex14, and Pex16), were identified in the M. 
balamuthi genome. Ten of 14 predicted Pexs were identified by 
proteomics, which indicates that these proteins are available for 
peroxisome biogenesis. Targeting of M. balamuthi matrix pro- 
teins with PTS1 to peroxisomes was experimentally confirmed 
in S. cerevisiae. Notably, M. balamuthi peroxisomes seem to 
retain the PTS2 system, which is not as universally distributed as 

PTS1 (42, 44–46). As in other peroxisome-bearing organisms, 
ubiquitination-dependent recycling of PTS receptors likely oc- 
curs in anaerobic peroxisomes with contributions from the Pex2/ 
10/12 RING-finger complex and the AAA-type ATPases Pex1/6. 
Although we did not identify a Pex4 ortholog in M. balamuthi, 
Pex4 could be functionally replaced by other enzymes with the 
required activity. For example, in humans, Pex4 is functionally 
replaced by the related ubiquitin-conjugating proteins Ubc5a/b/c 
(47). M. balamuthi possesses all three members of the machinery 
that target proteins to the peroxisomal membrane, MbPex3, 
MbPex16, and MbPex19. Pex19 is a soluble shuttling receptor 
that was not found in the LOPIT data; however, a single gene 
encoding a putative MbPex19 was found in the M. balamuthi 
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genome. Finally, M. balamuthi possesses two MbPex11 paralogs 
that may facilitate the elongation of the peroxisomal membrane 
and the fission of the organelles (23, 24). Collectively, these 
findings show that M. balamuthi anaerobic peroxisomes contain a 
rather standard set of Pexs that are required for peroxisome 
biogenesis. 

In contrast, most typical peroxisomal metabolic pathways, such 

as β-oxidation and hydrogen peroxide detoxification, are absent or 
highly reduced in M. balamuthi. We predicted the presence of 
ACS, which requires CoA as an obligate cofactor for the activation 
of medium- and long-chain fatty acids. This enzyme activates 
the substrate mainly for β-oxidation (37); however, because 
β-oxidation is absent in M. balamuthi and we did not find any other 
acyl-CoA–dependent degradation or biosynthetic pathways, the 
fate of acyl-CoA in anaerobic peroxisomes is currently unknown. 
Interestingly, anaerobic peroxisomes are likely involved in CoA 
synthesis via the PPAT and DPCK pathways. This is supported by 
intraperoxisomal localization of MbPPAT, which was predicted by 
LOPIT data and demonstrated by the protein protection assay, 
although the cell localization of DPCK in M. balamuthi remains 
unclear. In most eukaryotes, CoA synthesis is compartmentalized 
to the cytosol or plastids, and in mammalian cells, PPAT and 
DPCK form the fusion protein CoA synthase that is partially as- 
sociated with the mitochondrial outer membrane (48, 49). The 
peroxisomal localization of CoA synthesis has not been reported 
thus far, although DPCK has been found in the Arabidopsis per- 
oxisomal proteome (50). 

There are several enzymes that could be involved in the 
maintenance of the redox balance of anaerobic peroxisomes. We 
can predict that MDH serves as a redox shuttle enzyme that 
oxidizes NADH, whereas the metabolites oxaloacetate and 
malate cross the peroxisomal membrane as they do in plant 
peroxisomes (51). In addition, there are two more enzymes that 
are known to mediate peroxisomal redox balance, NAD- 
dependent D-LDH and NADP-dependent glucose-6-phosphate 
dehydrogenase (G6PDH). D-lactate and malate exported from 
peroxisomes can be taken up by hydrogenosomes as substrates 
for hydrogenosomal D-LDH and MDH, respectively (18). 
G6PDH is an enzyme of the pentose phosphate pathway, which 
operates in the cytosol; however part of this pathway involving 
G6PDH was found in peroxisomes and glycosomes (52, 53). 

Our data suggest that anaerobic peroxisomes possess a sig- 
nificant part of the de novo pyrimidine synthesis pathway. We 
found a unique fusion protein with three OMPDC-OPRT- 
DHODH domains that may convert dihydroorotate to uridy- 
late. The DHODH domain corresponds to class 1A DHODH, 
which is typically a bacterial protein and is critical for the syn- 
thesis of pyrimidine under anaerobiosis using fumarate as an 
electron acceptor (54, 55). Most eukaryotes, including the aer- 
obic amoeba D. discoideum, possess mitochondrial DHODH 
class 2 that provides electrons to ubiquinone (56, 57). Thus, the 
acquisition of class 1A DHODH by M. balamuthi is likely asso- 
ciated with the adaptation of this lineage to anaerobiosis. 
DHODH is known as a cytosolic or mitochondrial protein, 
whereas the next two steps converting orotate to uridylate 
(UMP) via the activities of OPRT and OMDC take place in 
peroxisomes or glycosomes (58). Interestingly, various combi- 
nations of OPRT and OMDC have been reported in fusion 
proteins from eukaryotes and bacteria (59). However, none of 
the known fusion proteins are fused with DHODH, as found in 
M. balamuthi, which may allow the conversion of dihydroorotate 
to uridylate in a single compartment. 

Surprisingly, M. balamuthi peroxisomes contain a putative 
T6PK. This finding is supported by the LOPIT data, the presence 
of PTS1, and targeting to yeast peroxisomes. T6PK belongs to 
the ATP-dependent phosphosugar kinase (PfkB) family of 
mainly bacterial enzymes (60). In eukaryotes, T6PK was pre- 
dicted to reside in the glycosome of Leishmania major (61), and 

genes for T6PK are annotated in genomes of other Leishmania 
species, leptomonads and Entamoeba species. 

Is there any relationship between anaerobic peroxisomes and 
hydrogenosomes? Analysis of peroxisomal matrix proteins revealed 
the presence of at least three enzymes (MDH, D-LDH, and IPP) 
with dual localization in peroxisomes and hydrogenosomes. Each 
enzyme seems to employ different mechanisms for dual protein 
targeting. Gene duplication and acquisition of different targeting 
signals are involved in the dual localization of D-LDH. It has 
been shown that M. balamuthi possesses two closely related 
copies of D-LDH (18). The first copy, D-LDH-M, is targeted to 
hydrogenosomes via N-terminal targeting sequence (NTS) (18). 
Here, we found that the second D-LDH copy possesses a C- 
terminal extension with a PTS1 signal, whereas the NTS is ab- 
sent. When D-LDH was expressed with an N-terminal tag in 
yeast, the protein appeared in peroxisomes (this study), whereas 
previous localization of this D-LDH with a C-terminal tag that 
masked PTS1 resulted in cytosolic mislocalization (18). IPP is 
present in four copies (this work and ref. 18). IPP-1 is targeted to 
hydrogenosomes via NTS, whereas IPP-2, IPP-3, and IPP-4 
possess PTS1. However, in contrast to D-LDH paralogs, the 
origin of hydrogenosomal and peroxisomal IPPs is different (18). 
IPP-1 is eukaryotic in origin and clusters together with the 
mitosomal IPP in Entamoeba histolytica, whereas IPP-2 and -3 
were most likely acquired by lateral gene transfer (LGT) from 
bacteria (18). Bioinformatic analysis of MDH predicted multiple 
signals within the N-terminal extension. There are three nearly 
identical copies with a hydrogenosomal NTS and a cleavage site 
for mitochondrial processing peptidase between the amino acid 
residues at positions 30 to 31 (18, 62). Peroxisomal localization 
of MDH is most likely driven by PTS2, which has been predicted 
at positions 11 to 19 within the NTS. Similar cotargeting to 
peroxisomes and mitochondria mediated by the bifunctional N- 
terminal domain was observed for the yeast catalase Cta1p (63). 
The discovery of anaerobic peroxisomes in M. balamuthi 
provides a perspective for studies of the evolution of eukaryotes 
that live in the absence of oxygen. In the last two decades, great 
progress has been made in this direction. However, most studies 
have focused on investigations of anaerobic forms of mitochon- 
dria. Genomic and transcriptomic analyses of parasitic, endo- 
symbiotic, and free-living protists revealed a functional continuum 
from strictly oxygen-dependent mitochondria via mitochondria of 
facultatively anaerobic organisms adapted to an anaerobic lifestyle 
to various extents to highly reduced mitosomes in parasitic species 
(64, 65). In contrast, peroxisomes were considered to be present in 
aerobes and absent in anaerobes based on few examples of an- 
aerobic protists, such as Trichomonas vaginalis, G. intestinalis, and 
E. histolytica, in which peroxisomes have not been found (2, 66, 
67). The discovery of peroxisomes in anaerobic M. balamuthi with 
hydrogenosomes and anaerobic energy metabolism may change 
this view and turn attention to the evolution of peroxisomes in 
anaerobic or facultatively anaerobic organisms. In particular, it 
would be interesting to investigate how peroxisomes and mito- 
chondria coevolved, reflecting the presence of oxygen in the en- 
vironment and reconsidering the role of oxygen and ROS in the 
evolution of peroxisomes. 

Materials and Methods 

Cell Cultivation. M. balamuthi (ATCC 30984) was maintained axenically in 

proteose peptone–yeast extract–glucose–cysteine (PYGC) medium at 24 °C (68). 

The S. cerevisiae strain BY4742:POX1-EGFP (69) was grown in a rich or selective 
medium as previously described (70). The formation of peroxisomes was 

stimulated using oleate medium containing 0.05% yeast extract and 0.1% 

oleic acid (71). 

 
Bioinformatics. Genes encoding M. balamuthi Pexs were obtained by TBLAST 

searches of the draft M. balamuthi genome sequence available at the Orcae 

database (https://bioinformatics.psb.ugent.be/orcae/, refs. 19 and 72) using the 

orthologous sequences of S. cerevisiae. Searches for PTS1 in 14,841 predicted 
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proteins of M. balamuthi given in SI Appendix, Table S3 were performed using 

PeroxisomeDB (http://www.peroxisomedb.org/) considering 12 C-terminal residues 

(73). PTS2 was locally predicted using the consensus sequence (R/K)-(L/I/V)-X5- 

(H/Q)-(L/A) (50, 74, 75). Transmembrane domains were predicted using TMHMM 

server v2.0 (http://www.cbs.dtu.dk/services/TMHMM/). Predicted peroxisomal pro- 

teins were annotated using the eggNOG database (http://eggnogdb.embl.de/). 

 
Protein Expression and Antibodies. Recombinant M. balamuthi Pex14 and IPP- 

2 were produced in Escherichia coli BL21 Rosetta cells (Novagen) using the 

pET42b expression vector (Novagen). Partial sequences of Pex3 and Pex11-1 were 

produced using pETM11-SUMO2-GFP (76). Abs against Pex3, Pex11-1, Pex14, and 

IPP-2 were raised in rats and rabbits (Davids Biotechnologie GmbH). The other 

Abs included a rat polyclonal anti-PDI Ab (29), rat polyclonal anti-COPI β-subunit 

Ab (29), rat polyclonal anti-succinate dehydrogenase (Sdh) β-subunit Ab (19), 
rabbit polyclonal anti-hexokinase Ab (a kind gift from Doron Rapaport, Uni- 

versity of Tübingen, Tübingen, Germany), and mouse monoclonal anti-GFP Ab 

(Santa Cruz Biotechnology, Inc.). Details of gene cloning and protein expression 

are given in SI Appendix, Materials and Methods. 

 
Expression and Localization of Proteins in S. cerevisiae. Genes for M. balamuthi 

peroxisomal candidates were amplified and subcloned (SI Appendix, Ma- 

terials and Methods and Table S5) into a modified pTVU100 vector (77) 

that allows protein expression in yeast with an N-terminal mCherry tag 

(pTVU100-N-mCherry). S. cerevisiae BY4742:POX1-EGFP (kindly provided by 

Zdena Palková, Charles University, Prague, Czech Republic) was trans- 

formed with the pVTU constructs using the lithium acetate/single-stranded 

carrier DNA/PEG method (78). Transformed strains were selected and 

maintained on uracil-free medium. Cells were incubated for 15 to 20 h in oleate 

medium prior to microscopy. For the investigation of PTS1-dependent protein 

targeting to yeast peroxisomes, the genes of interest were subcloned into the 

same vector without sequences coding for the 13 aa at the C-terminus. 

 
Light Microscopy. For IF, M. balamuthi cells were processed as described (18). 

Images were obtained with a Leica SP8 confocal laser scanning microscope 

(Leica Microsystems). Images were deconvolved with Huygens Professional 

version  17.10  (Scientific   Volume   Imaging,  The   Netherlands,  https: //svi.nl/ 

HomePage) and further processed using Fiji software (79). PCC was calculated 

using JACoP (80). The peroxisome number was determined in M. balamuthi 

cells using Pex14 as a marker. The number of labeled organelles and the 

corresponding cell area were determined per 20 cells using Icy software (81). 

To compensate for large variations in cell size, the number of peroxisomes was 

expressed per 100 μm2. 
To observe GFP- and mCherry-tagged proteins in S. cerevisiae  trans- 

formants, living yeast in synthetic medium were immobilized in 0.2% aga- 

rose on slides. Fluorescence signals of GFP, mCherry, and 4′,6-diamidino-2- 
phenylindole (DAPI) were detected using a Nikon Eclipse TiE with an Andor 

iXon Ultra DU897 camera (Nikon Instruments, Inc.) and processed as described 

above. 

STED microscopy was performed as described previously (82). Images were 

obtained using an Abberior STED 775 QUAD scanning microscope (Abberior 

Instruments GmbH) equipped with a Nikon CFI Plan Apo Lambda objective 

and deconvolved with Huygens Professional version software 17.04 using 

the classic maximum likelihood estimation algorithm. The secondary Abs 

were Abberior STAR 580 anti-rat or rabbit Abs and Abberior STAR 635p anti- 

rat or anti-rabbit Abs. 

 
Transmission Immunoelectron Microscopy. Immunogold labeling of thawed 

cryosections (Tokuyasu technique) was used to detect Pex11-1 and IPP-2 as 

described (SI Appendix, Materials and Methods) (83). The sections were in- 

cubated for 30 min at room temperature with a rabbit polyclonal anti- 

PEX11-1 Ab, a polyclonal rat IPP-2 Ab, or a mixture of both Abs. For de- 

tection, we used various secondary probes conjugated to gold nanoparticles 

of different sizes: protein A conjugated with 5 nm nanoparticles (University 

Medical Centre, Utrecht, The Netherlands), goat anti-rabbit IgG-15 nm (BBI 

Solutions), and goat anti-rat IgG conjugated with 10 nm nanoparticles (BBI 

Solutions). The samples were observed using a JEOL 1010 transmission electron 

microscope. 

 
Fractionation of M. balamuthi Cells. Subcellular fractions of Mastigamoeba 

were obtained by differential and Percoll gradient centrifugation of the cell 

homogenate. Fifteen fractions (0.5 mL each) were collected, washed, and 

analyzed by Western blot using Ab against Pex14. Eight fractions with a 

Pex14 signal were submitted for quantitative mass spectrometry. Details of 

cellular fractionation are given in SI Appendix, Materials and Methods. 

 
Isolation of the LGF from S. cerevisiae. The yeast LGF was obtained using 

previously described methods (84) with modifications given in SI Appendix, 

Materials and Methods. 

 
LOPIT. Protein samples (50 μg) were processed and trypsin digested as de- 
scribed previously (85). Tandem mass tag (TMT) reagents were added to each 

sample according to the manufacturer’s protocol (Thermo Scientific Pierce), 
and after 60 min, the reaction was stopped by the addition of 0.5% hy- 

droxylamine. Peptides were separated using a C18 column (Kinetex 1.7 μm, 
EVO C18, 150 × 2.1 mm). Thirty-four fractions were collected, and each of 

the 2 most distant fractions was pooled into 17 fractions as described pre- 

viously (86). Data acquisition was performed as described previously using a 

Thermo Orbitrap Fusion (Q-OT- qIT, Thermo Fisher Scientific) (85). 

Raw data were processed in Proteome Discoverer 2.1. (Thermo Fisher 

Scientific). Searches were performed against a local M. balamuthi protein 

database with 14,841 entries and a common contaminant database. To 

predict the cellular localization of peroxisomal proteins, marker proteins 

with the expected localization were used for the detection of fractions with 

maximum TMT values. The following markers were used—peroxisomes: 
Pex3, Pex10, Pex11, Pex12, and Pex14; hydrogenosomes: Tom40, voltage- 

dependent anion channel (VDAC), Cpn60, Cpn10, Sdh subunits A and C, 

ADP/ATP carrier, hydrogenosomal NifS, and T- and H-protein of the glycine 

cleavage system (Gcs); and ER: Sec61, Sec22, reticulon, signal recognition 

particle receptor subunit α (SRPRA), calnexin, and PDI. To filter putative 

peroxisomal matrix proteins, we used the following criteria: the protein was 
detected by more than one peptide in at least one of two independent 

fractionations with a maximum TMT value within the range of peroxisomal 

markers; it possesses predicted PTS1 or PTS2 consensus sequences; and it 

lacked predicted transmembrane domains. More details are given in SI Ap- 

pendix, Materials and Methods. 

 
Data Availability. MaxQuant results were uploaded to the PRIDE partner 

repository  (https://www.ebi.ac.uk/pride/archive/)  with  the  dataset  identifie r 

PXD014205. The sequences reported in this paper have been deposited 

in the online resource for community annotation of eukaryotes (ORCAE, 

https://bioinformatics.psb.ugent.be/orcae/) and are given in Dataset S1. 
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Abstract 22 

Entamoeba histolytica is believed to be devoid of peroxisomes, like most anaerobic protists. 23 

In this work, we provided the first evidence that peroxisomes are present in E. histolytica, 24 

although only seven proteins responsible for peroxisome biogenesis (peroxins) were identified 25 

(Pex1, Pex6, Pex5, Pex11, Pex14, Pex16, and Pex19). Targeting matrix proteins to 26 

peroxisomes is reduced to the PTS1-dependent pathway mediated via the soluble Pex5 27 

receptor, while the PTS2 receptor Pex7 is absent. Immunofluorescence microscopy showed 28 

that peroxisomal markers (Pex5, Pex14, Pex16, Pex19) are present in vesicles distinct from 29 

mitosomes, the endoplasmic reticulum, and the endosome/phagosome system, except Pex11, 30 

which has dual localization in peroxisomes and mitosomes. Immunoelectron microscopy 31 

revealed that Pex14 localized to vesicles of approximately 90-100 nm in diameter. Proteomic 32 

analyses of affinity-purified peroxisomes and in silico PTS1 predictions provided datasets of 33 

655 and 56 peroxisomal candidates, respectively; however, only six proteins were shared by 34 

both datasets, including myo-inositol dehydrogenase (myo-IDH). Peroxisomal NAD-35 

dependent myo-IDH appeared to be a dimeric enzyme with high affinity to myo-inositol (Km 36 

0.044 mM) and can utilize also scyllo-inositol, D-glucose and D-xylose as substrates. 37 

Phylogenetic analyses revealed that orthologs of myo-IDH with PTS1 are present in E. dispar, 38 

E. nutalli and E. moshkovskii but not in E. invadens, and form a monophyletic clade of mostly 39 

peroxisomal orthologs with free-living Mastigamoeba balamuthi and Pelomyxa schiedti. The 40 

presence of peroxisomes in E. histolytica and other archamoebae breaks the paradigm of 41 

peroxisome absence in anaerobes and provides a new potential target for the development of 42 

antiparasitic drugs. 43 

44 
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Author summary 45 

E. histolytica colonizes the human large intestine upon ingestion of amebic cysts. 46 

Trophozoites dwell in the hypoxic milieu of the intestinal lumen and can invade the 47 

epithelium to cause potentially lethal amebiasis. As an anaerobe, E. histolytica is dependent 48 

on glycolysis to generate ATP, whereas mitochondria are present in a greatly reduced form 49 

called mitosomes. Peroxisomes are believed to be absent in E. histolytica, as in other 50 

anaerobes, supported by the lack of typical peroxisomal pathways, including β-oxidation and 51 

catalase. However, we identified seven proteins involved in peroxisome biogenesis, the 52 

peroxins, and our investigations of their cellular localization indicated that E. histolytica 53 

possesses the anaerobic form of peroxisomes that we recently discovered in free-living 54 

anaerobic relatives. Proteomic analysis of anaerobic peroxisomes revealed the presence of 55 

highly active homodimeric myo-inositol dehydrogenase (myo-IDH), which catalyzes NAD-56 

dependent oxidation of myo-inositol and other cyclitols. Since upstream and downstream 57 

pathways are absent in anaerobic peroxisomes, the role of myo-IDH is most likely to maintain 58 

intraperoxisomal redox potential. Discovery of anaerobic peroxisomes in E. histolytica and 59 

identification of myo-IDH that is absent in host cells provide a new avenue for the 60 

development of strategies against the parasite. 61 

62 



4 
 

Introduction 63 

Entamoeba histolytica is a causative agent of amoebiasis, one of the most prevalent 64 

parasitic diseases of humans. Over 65,000 lethal cases of amoebiasis per year have been 65 

reported worldwide [1,2], and E. histolytica prevalence has been estimated to reach 3.55% 66 

globally [3]. E. histolytica colonizes the human large intestine, and upon a not-well-67 

understood trigger, the trophozoites invade the mucous barrier and cause dysentery and 68 

eventually extraintestinal amoebiasis [4]. Due to its adaptation to oxygen-poor environments 69 

and its parasitic lifestyle, the cellular organelles and metabolism of E. histolytica are highly 70 

modified [5]. Entamoeba does not possess classical mitochondria; instead, the cells harbor 71 

minimal versions, called mitosomes. The organelles do not contain DNA or exhibit classical 72 

energy metabolism, yet they are surrounded by a double membrane [6–8]. The only known 73 

mitosomal function is sulfate activation [9,10]. Energy metabolism is based on glycolysis in 74 

the cytosol, where glucose is converted to pyruvate, and extended glycolysis, that includes 75 

conversion of pyruvate to acetyl-CoA by pyruvate:ferredoxin oxidoreductase; acetyl-CoA is 76 

then utilized for ATP production by acetyl-CoA synthase [11]. The E. histolytica cytosol 77 

contains numerous vesicles, lysosomes, endosomes, and multivesicular bodies, whereas the 78 

endoplasmic reticulum (ER) and Golgi apparatus (GA) are difficult to recognize and, in the 79 

case of the Golgi, were once thought to be absent [12]. However, later studies showed that the 80 

ER forms a tubular structure similar to the ER of other eukaryotic cells [13,14], and a GA was 81 

visualized in the form of separated vesicles bearing some GA markers, such as Golgi-82 

associated coatomer protein ɛ-COP [15,16].  83 

 Peroxisomes are single membrane-bound multifunctional organelles. A defining 84 

feature of classical peroxisome is the presence of peroxide-generating and detoxifying 85 

pathways with the marker enzyme catalase [17,18]. However, some specialized forms of the 86 

organelle do not contain these key pathways and play various different roles: glycosomes of 87 

trypanosomatids are known to contain the first six or seven glycolytic enzymes [19], and plant 88 

glyoxysomes engage in the glyoxalate cycle, whereas Woronin bodies of filamentous fungi 89 

serve as a physical barrier between two cells upon hyphal wounding [20]. 90 

Despite the wide range of metabolic diversity, all peroxisomes share a common de novo 91 

biogenesis pathway mediated by a set of specific proteins named peroxins (PEXs). In the 92 

model organism Saccharomyces cerevisiae, peroxisomal matrix proteins are synthesized in 93 

the cytosol and recognized by the receptor proteins Pex5 and Pex7 with C-terminal 94 

peroxisomal targeting signal (PTS)1 and N-terminal PTS2, respectively [21]. The receptor-95 

cargo is then recruited by docking proteins (Pex13, Pex14 and Pex17) and a transient pore 96 

composed of Pex5-Pex14 is formed. The cargo is released into the lumen of peroxisomes 97 

while RING finger proteins (ubiquitin ligases Pex2, Pex10 and Pex12) are assembled onto the 98 

transition pore. The receptor is recycled from the membrane upon monoubiquinylation of a 99 

conserved cysteine or degraded upon polyubiquitinylation of a conserved lysine. The process 100 

of ubiquitinylation involves RING proteins, and ubiquitin-conjugated Pex4 is anchored to the 101 

membrane via Pex22. Release of the receptor from the membrane is facilitated by the Pex1/6 102 
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heterohexamer anchored to the membrane via Pex15, which is also responsible for 103 

deubiquitinylation [21]. Membrane proteins are incorporated into the peroxisomal membrane 104 

by the cycling chaperone Pex19, which recognizes the membrane PTS and recruits the protein 105 

to a membrane-anchored Pex3 [18]. The trafficking of glycosylated proteins from the ER is 106 

mediated by Pex16, which is absent in Saccharomyces species [18,22]. Similar to 107 

mitochondria, peroxisomes can undergo fission, exploiting dynamin-like proteins that are 108 

recruited by Pex11 [18]. 109 

Peroxisomes have been widely reported from aerobic organisms, and their evolution was 110 

suggested to be tightly connected with oxygen-dependent metabolic pathways, particularly β-111 

oxidation of fatty acids, redox homeostasis, and bioenergetics [23,24]. Moreover, it has been 112 

shown in human mutant fibroblasts that peroxisomes could be formed by a fusion of vesicles 113 

derived from both the ER and mitochondria [25]. In this case, Pex3 and Pex14 were first 114 

inserted into the mitochondrial outer membrane, which later buds in the form of a vesicle; 115 

moreover, Pex16-containing vesicles were shown to originate from the ER. Mature 116 

peroxisomes were determined to be a union of the two distinct classes of pre-peroxisomal 117 

vesicles [25]. 118 

Peroxisomes are generally thought to be absent in anaerobic organisms, including E. 119 

histolytica [26]. Recently, however, anaerobic peroxisomes were described in the free-living 120 

anaerobic amoeba Mastigamoeba balamuthi, which bear an anaerobic form of mitochondria 121 

named hydrogenosomes [27]. M. balamuthi peroxisomes contain a major part of the 122 

pyrimidine biosynthesis pathway, enzymes required for coenzyme A synthesis, and 123 

carbohydrate metabolism, while β-oxidation and catalase are absent [27]. Moreover, the 124 

presence of peroxisomes was noted in another anaerobic member of the Archamoebae, 125 

Pelomyxa schiedti [28]. The discovery of anaerobic peroxisomes in free-living archamoebae 126 

prompted us to search for peroxisomes in evolutionarily related parasitic Entamoeba species. 127 

Indeed, we identified a minimal set of pex genes that provide E. histolytica with the capacity 128 

to form peroxisomes, and we partially characterized the peroxisomal proteome. The common 129 

feature of anaerobic peroxisomes in Archamoebae appears to be the metabolism of myo-130 

inositol.131 
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 132 

Results 133 

Identification of putative PEX proteins in the genome of Entamoeba species 134 

Initially, we searched for PEXs in the genomes of E. histolytica and four other Entamoeba 135 

species, the human parasites E. dispar and E. moshkovskii, a parasite of non-human primates 136 

E. nuttalli, and a reptile pathogen E. invadens. The searches, which were performed using 137 

PEXs of a related amoebozoan M. balamuthi and HMMs of other eukaryotic PEX proteins as 138 

queries, revealed the presence of a reduced set of seven PEXs in all primate species (Fig 1A, 139 

Table S1). The identified PEXs include members of each functional category (Fig 1B). 140 

Components of matrix protein imports were represented by Pex5 and Pex14. Pex5 is a soluble 141 

receptor that recognizes the PTS1 of proteins to be imported by binding to a domain formed 142 

by tetratricopeptide repeats within its C-terminal half (Fig 2). A transient pore constituting of 143 

Pex14 and Pex5 is formed after the interaction of Pex5 with the docking complex by binding 144 

to characteristic motifs in the N-terminal half of Pex14 (Fig 2)[29]. Members of membrane 145 

protein import include Pex16, a protein involved in embedding of peroxisomal membrane 146 

proteins, and Pex19, a membrane protein receptor. Although E. histolytica Pex19 is 147 

considerably shorter than the human ortholog, its classification to the Pex19 family (PF04614) 148 

is strongly supported, although it lacks the N-terminal domain that is required for interaction 149 

with Pex3 [30,31](Fig 2). We did not identify any member of the RING finger proteins of the 150 

receptor recycling machinery (Pex2, Pex10, Pex12); however, we detected putative Pex1 and 151 

Pex6, which are responsible for receptor deubiquitinylation (Fig 1B). Because Pex1 and Pex6 152 

possess AAA domains that are present in other proteins and may lead to false-positive 153 

identification, we also performed a phylogenetic analysis of Pex1/Pex6 orthologs and related 154 

AAA proteins with different functions (Fig 3). This analysis supported the correct 155 

identification of putative Entamoeba Pex1 and Pex6. Finally, we identified Pex11, a multi-156 

purpose protein, which is involved in peroxisomal proliferation by elongation and fission and 157 

metabolism via the formation of a membrane channel [32,33]. Surprisingly, we did not 158 

identify any PEXs in E. invadens except for Pex19 (Fig 1A). All identified proteins showed 159 

apparent divergence from canonical sequences of yeast and human orthologues, with protein 160 

sequence identity ranging from 8-23% (Table S2). Taken together, our searches suggested 161 

that E. histolytica and three other Entamoeba species have a minimal set of seven PEXs that 162 

might be able to facilitate peroxisomal biogenesis, while E. invadens most likely lacks these 163 

organelles, with only Pex19 being present. 164 

 165 

Identified PEXs are all expressed 166 

Identification of the putative PEX proteins prompted us to test whether the proteins are 167 

expressed and to what extent. Total RNA was isolated using cells upon reaching a monolayer 168 

in the culture (approximately 48 hours). RT-qPCR showed that under these conditions, all 169 
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PEXs were expressed, but the relative expression level was lower than that of the selected 170 

housekeeping enzymes pyruvate kinase, phosphofructokinase, and alcohol dehydrogenase 171 

(Table S3). The low expression level of putative PEXs corresponded to previously published 172 

transcriptomic data [34]. The highest expression was observed for Pex11, while Pex19 was 173 

the least expressed. Because the regulation of genes involved in the same function might be 174 

linked, we decided to clone Pex5, 11, 14, 16, and 19 into a vector that allowed their 175 

overexpression with a polyHis-tag under the control of a strong lectin promotor [34,35]. The 176 

transfectants revealed a relative PEX overexpression from 31 (Pex11) to 580 (Pex5)-fold 177 

(Table S4). However, overexpression of a particular PEX gene had a negligible effect on 178 

native expression of other PEXs, with the exception of Pex14, overexpression of which was 179 

accompanied by slightly increased expression of Pex16 (3-fold). 180 

 181 

PEX proteins in E. histolytica localized to vesicles distinct from mitosomes, the ER and 182 

endosomal/lysosomal structures 183 

The subcellular localization of PEXs was studied in transfectants expressing Pex5, 11, 14, 16, 184 

and 19. First, we analyzed recombinant proteins using immunoblot analysis of the 185 

sedimentable (organelle) and soluble (cytosolic) fractions of transfectants (Fig 4, Fig S1). 186 

This analysis confirmed that all PEXs are expressed on the protein level, and more 187 

importantly, Pex5, 11, 14, and 16 were predominantly present in the sedimentable fraction, 188 

whereas the signal for Pex19 was comparably strong in the organellar fraction and the cytosol. 189 

Iron-containing superoxide dismutase (Fe-SOD) was used as a cytosolic marker (Fig 4A). For 190 

the soluble receptor Pex5, we expected to observe higher amounts of this protein in the 191 

cytosol. Thus, we performed a more detailed cell fractionation using differential 192 

centrifugation in five consecutive steps at 380-150,000 x g, and we used 0.05% Tween-20 in 193 

the buffer to limit protein aggregation. Under these conditions, a majority of Pex5 was in the 194 

soluble fraction, while the majority of the peroxisomal membrane Pex11 was present in 195 

sedimentable fractions (Fig 4B). This result indicates that Pex5 is transiently associated with 196 

organelles. 197 

More detailed localization of PEXs was investigated using confocal microscopy. First, we 198 

attempted to distinguish putative peroxisomes from mitosomes (Fig 5A). We observed that 199 

both PEXs and APSK, a marker protein of mitosomes, labeled small round vesicles of similar 200 

sizes, but none of the PEXs colocalized with APSK. The Pearson’s correlation coefficient in 201 

colocalized volume (PCC) ranged between -0.072 to 0.023, which indicates no or negligible 202 

correlation between PEXs and APSK signals (Table S5, Fig S2). The only exception was 203 

Pex11, which partially localized to mitosomes with weak PCC r=0.241. This observation was 204 

further supported by structured illumination microscopy (SIM)(Fig 5B). While Pex14 did not 205 

colocalize with the APSK signal, Pex11 was partially associated with mitosomes (Fig 5B). 206 

Pex14 also did not colocalize with other cellular vesicles and vacuoles labeled with Atg8 207 

(PCC r=0.033)[36] and the ER marker BiP1 (PCC r=0.021)[37] (Fig 6, Fig S2, Table S5). 208 
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The number of putative peroxisomes counted for Pex14-labeled organelles was approximately 209 

267±60 per 100 µm2 (mean ± S.D., n=25). The specific vesicular localization of Pex14 and 210 

Pex16 was further supported by immunoelectron microscopy. Weak but highly specific 211 

signals for His-tagged Pex14 were associated with the membranes of round vesicles of 212 

approximately 90-100 nm in diameter (Fig 7A, B). Similarly, His-tagged Pex16 was observed 213 

at the vesicular membrane. We also observed Pex16-labeled vesicles that were partially 214 

surrounded by two more membranes, with Pex16 signals on the proximal and distal 215 

membranes. The character of these structures is unclear though they remind lamellar 216 

derivatives of the endoplasmic reticulum that deliver Pex16 and other membrane proteins for 217 

de novo formation of putative peroxisomes (Fig 7C, D) [38]. 218 

 219 

Proteomic analysis of the peroxisomal fraction and PTS1 predictions revealed the presence of 220 

inositol dehydrogenase in the peroxisomal matrix 221 

Initial experiments to isolate putative peroxisomes based on differential and gradient 222 

centrifugation did not allow effective separation of Pex14-localized organelles and 223 

mitosomes. Therefore, we decided to use affinity purification of the organelles. Pex14 was 224 

expressed with a C-terminal poly-His or V5 tag facing the cytosol [39], and putative 225 

peroxisomes were isolated from cell homogenates using magnetic beads conjugated with the 226 

corresponding antibody. In a pilot experiment, all steps were monitored by western blotting to 227 

assess enrichment of putative peroxisomes using an anti-His antibody and mitosome 228 

contamination using an anti-Cpn60 antibody (Fig 8, Fig S1B). Western blot analysis showed 229 

approximately 40-fold enrichment of the Pex14-His signal after differential centrifugation 230 

(150,000 x g pellet, Fig 8B), and the Pex14-His signal was separated from Cpn60 using anti-231 

His antibody-conjugated beads (Fig 8A). A summary of LFQ mass spectrometry analyses of 232 

putative peroxisome-enriched fractions with His-tagged Pex14 (seven experiments) and V5-233 

tagged Pex14 (six experiments) is given in Table S6. In two experiments with V5-tagged 234 

Pex14, we omitted Tween 20 to estimate, which proteins are loosely associated with the 235 

organelle surface. Altogether, 655 proteins were identified in the peroxisome-enriched 236 

fraction, of which 24 were observed only in experiments without Tween 20 (Table S6). In 237 

addition to tagged Pex14, the dataset contained two other PEXs, Pex5 and Pex11. 238 

Interestingly, although orthologs of RING complex E3 ubiquitin ligases Pex2, Pex10 and 239 

Pex12 and E2 ubiquitin-conjugating protein Pex4 are absent in E. histolytica, a single putative 240 

E3 ubiquitin ligase EHI_030770 and two ubiquitin-conjugating enzyme family proteins, 241 

EHI_083560 and EHI_048700, were identified in the proteome. 242 

Comparison with the proteome of M. balamuthi peroxisomes [27] revealed eight proteins 243 

in common, such as putative inositol dehydrogenase (IDH), long-chain fatty acid-CoA ligase, 244 

and malate dehydrogenase (Table S6). We were also interested in the overlap between our  245 

dataset and the previously reported mitosomal proteome [9]. This comparison revealed 35 246 

common proteins, of which four proteins detected in the mitosome-enriched fraction were 247 
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between our top 100 peroxisomal candidates with the highest cumulative score (Table S6). 248 

These proteins included putative IDH, which was previously localized in the cytosol [9], a 249 

hypothetical protein EHI_103470, which we recognized as Pex11, a hypothetical protein 250 

(EHI_170120) that was reported as the mitosomal membrane protein [40], and a microtubule-251 

binding protein (Table S6). 252 

Next, we performed in silico prediction of PTS1 signals in proteins predicted in all 253 

available Entamoeba species using a machine learning algorithm (PTS1 ML) optimized 254 

according to the M. balamuthi peroxisomal proteome [27]. We rationalized that a high score 255 

for PTS1 ML prediction in E. invadens that seems to lack peroxisomes likely represents a 256 

false positive signal and that the absence of proteins in E. invadens in comparison to other 257 

species might be related to the absence of peroxisomes. Thus, the PTS1 ML score for E. 258 

invadens proteins was subtracted from the corresponding PTS1 ML score for E. histolytica 259 

(Table S7). In addition, we used three other available tools for PTS1 prediction [41,42]. These 260 

analyses provided a set of 56 proteins with putative PTS1 predicted by at least two tools 261 

(Table S7). The comparison of this dataset and proteomic data (Table S6) revealed only six 262 

proteins present in the proteome of the putative peroxisome-enriched fraction with the 263 

predicted PTS1 signal using our strict criteria. These proteins include five hypothetical 264 

proteins of unknown function (EHI_045060, EHI_050510, EHI_183900, EHI_185440, and 265 

EHI_161040) and putative IDH (EHI_125740). The absence of genes for IDH and the 266 

hypothetical protein EHI_045060 in the E. invadens genome further support its possible 267 

associations with putative peroxisomes of E. histolytica (Table S7). 268 

 269 

Import of IDH to putative peroxisomes is PTS1-dependent 270 

Predicted peroxisomal localization was evaluated for seventeen selected proteins (Table S7). 271 

The proteins were expressed with an N-terminal mCherry tag in the yeast strain 272 

BY4742:POX1-EGFP expressing the integrated GFP-tagged peroxisomal marker protein 273 

acyl-CoA oxidase (Pox1). Three proteins, putative IDH (Fig 9), and hypothetical proteins 274 

EHI_051440 and EHI_045060 were observed in round vesicles in which they colocalized 275 

with Pox1, whereas other localizations were observed for the rest of the tested proteins (Fig 9, 276 

Table S7). The localization of IDH in E. histolytica was studied using a specific polyclonal 277 

antibody raised against the corresponding recombinant protein (Fig S4). Confocal 278 

immunofluorescence microscopy revealed IDH-labeled punctual structures distinct from 279 

mitosomes visualized by an antibody against APSK (PCC r=-0.159)(Fig 10A). Furthermore, 280 

we investigated the colocalization of IDH in cells expressing His-tagged PEXs (Fig 10B, Fig 281 

S2, Table S5). IDH was detected in similar structures as above and partially colocalized with 282 

Pex14 (PCC r=0.512, Fig 10B) and Pex16 (PCC r=0.260). The strongest correlation (PCC 283 

r=0.547) was observed between IDH and Pex11 (Fig 10B). The vesicular localization of IDH 284 

was confirmed by immunoelectron microscopy (Fig 10C). The double-labeling experiments 285 

revealed IDH signals with those of Pex16 within the vesicular structures (Fig 10C). 286 
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  Finally, we expressed IDH in E. histolytica with a V5-tag at the N-terminus. 287 

Expression of the gene was confirmed by RT-qPCR and by immunoblotting analysis of cell 288 

fractions (Fig 11). IDH was present exclusively in the sedimentable organellar fraction, while 289 

the cytosolic marker Fe-SOD was present in the soluble fraction. Next, we prepared a 290 

truncated version of the protein lacking C-terminal PTS1 tripeptide. The truncated gene was 291 

transcribed at a comparable level as the complete V5-tagged gene (Fig 11B). The deletion of 292 

PTS1 tripeptide resulted in dual localization of IDH in the cytosol and the organellar fraction 293 

(Fig 11A). 294 

Collectively, the identification of IDH in the proteome of the putative peroxisome-295 

enriched fraction, prediction of the PTS1 signal at the C-terminus with high statistical support, 296 

and localization studies in yeast and E. histolytica indicate that IDH is targeted to the matrix 297 

of E. histolytica organelle that contains PEXs, hereafter peroxisomes. 298 

 299 

Peroxisomal IDH preferentially utilizes myo-inositol as a substrate 300 

Identification of putative IDH in peroxisomes prompted us to investigate the substrate 301 

specificity of this enzyme. An interproscan search revealed the presence of the N-terminal 302 

NAD-binding Rossmann fold domain of the glucose–fructose oxidoreductase 303 

(GFO)_IDH_MocA protein family (PFAM: PF01408). These enzymes can utilize a broad 304 

spectrum of substrates, such as myo-inositol, scyllo-inositol, D-glucose, D-xylose, D-fructose, 305 

and 1,5-anhydro-D-fructose [43–47]. Protein sequence alignment of E. histolytica IDH to 306 

IDHs of other archamoebae and structurally characterized bacterial paralogs revealed the 307 

presence of conserved residues required for the binding of NAD+ (motifs I and II) and key 308 

residues of motifs III-VI that define the substrate-binding pocket (Fig S3) [48]. However, 309 

diversity within motif IV did not allow reliable estimation of the enzyme substrate specificity 310 

(Fig S3). Thus, recombinant E. histolytica IDH was expressed in E. coli, affinity purified (Fig 311 

S4), and used to determine its kinetic parameters for various substrates (Table 1, Fig S5). The 312 

enzyme revealed dehydrogenase activity preferentially toward myo-inositol (hereafter myo-313 

IDH), and this activity was dependent on NAD+, while negligible activity was detected with 314 

NADP+. The Michaelis constant Km for scyllo-inositol was approximately 10-fold higher than 315 

that for myo-inositol and those for D-glucose and D-xylose two orders of magnitude higher. 316 

The molecular mass of recombinant myo-IDH under reducing conditions using SDS-PAGE 317 

was 37.4 kDa, which corresponded well with the theoretical weight of 36.4 kDa, including the 318 

6x-His tag. Molecular mass of the native enzyme was initially determined by size-exclusion 319 

chromatography. The peak of enzymatic activity was recovered at the elution volume 320 

corresponding to 41 kDa suggesting a momomeric structure (Fig S6). However, because 321 

molecular mass determined by this approach might be affected by the protein shape, we also 322 

used multiangle light scattering (MALS). This analysis revealed that the molecular mass of 323 

the native recombinant enzyme was 77.4 (±4) kDa, suggesting a homodimeric structure with a 324 

minor contribution from the trimer (118.1± 22 kDa) (Fig S7). 325 
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Table 1. Kinetic parameters of E. histolytica myo-IDH  326 

 327 

Substrate 
Km

Substrate 

(mean±SD) [mM] 

Vmax (mean±SD) 

[µmol.min-1.mg-1] 

myo-inositol 0.044±0.004 5.451±0.456 

NAD+(myo-inositol)* 0.038±0.004 1.002±0.017 

keto-2-inositol 0.322±0.034 4.409±0.053 

NADH 0.009±0.000 1.638±0.024 

scyllo-inositol 0.229±0.020 6.204±0.477 

D-glucose 8.576±1.234 4.782±0.174 

D-xylose 13.223±1.900 4.582±0.095 

NADP+(myo-inositol)* 1.201±0.532 0.826±0.113 

 328 

*12.5 mM myo-inositol. Lineweaver-Burk plots are given in Fig S5. 329 

 330 

Peroxisomal IDH formed a monophyletic clade in phylogenetic reconstruction 331 

To investigate the evolution of E. histolytica myo-IDH, we performed phylogenetic analysis 332 

using eukaryotic (33) and prokaryotic (70) protein sequences, including those with known 333 

structures and functions (Fig 12 and Fig S8). The eukaryotic sequences formed three distinct 334 

branches nested within bacterial orthologs. The IDH sequences identified in four Entamoeba 335 

species, M. balamuthi and P. schiedti, formed a monophyletic cluster of peroxisomal IDHs 336 

with high statistical support. All these sequences possessed PTS1 signals (-PKL, -SKL, -337 

AKL), except for one of two P. schiedti IDH paralogs. The peroxisomal IDHs were placed 338 

within broader mostly eukaryotic branches (Group I). The closest orthologs appeared to be 339 

putative IDHs in ochrophytes and oomycotes, and we also identified IDH orthologs in the 340 

amoebozoa Planoprotostelium fungivorum and members of Hemochordata, Tunicata, 341 

Echinodermata, and Arthropoda. None of these orthologs possessed a PTS1 signal, although a 342 

rare PTS1 signal was noted for the IDH of P. fungivorum (-SKF). The cellular localization of 343 

most eukaryotic IDHs of Group I is likely cytosolic; however, IDHs of Stramenopiles that 344 

formed a sister group to peroxisomal IDHs were predicted to localize to mitochondria. In 345 

addition, IDHs of red algae with primary plastids and the haptophyte Emiliania huxleyi and 346 

two members of Ochrophyta with secondary plastids of red algal origin were predicted to 347 

target chloroplasts [49] (Group III) (Table S8). 348 
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Collectively, the evolutionary history of eukaryotic IDHs appeared to be rather 349 

complex. The observed topology suggests at least three independent lateral gene transfers of 350 

IDHs from bacteria to eukaryotes as well as possible transfer between eukaryotes via plastids 351 

of the red lineage. Peroxisomal myo-IDHs seem to have evolved from a common ancestor of 352 

Archamoebae independent of cytosolic IDH homologs. In E. invadens, myo-IDH was most 353 

likely secondarily lost. 354 

 355 

Discussion 356 

E. histolytica is believed to be devoid of peroxisomes, like most anaerobic protists [26,50]. In 357 

this work, we provided the first evidence that peroxisomes are present in this parasite, 358 

although E. histolytica peroxisomes seem to be remarkably reduced in comparison to their 359 

known peroxisome counterparts. E. histolytica contains only seven homologs of known PEXs 360 

(Pex1, Pex6, Pex5, Pex11, Pex14, Pex16, and Pex19) that may participate in organelle 361 

biogenesis. Targeting of matrix proteins to peroxisomes is reduced to the PTS1-dependent 362 

pathway mediated via the soluble Pex5 receptor, while the PTS2 receptor Pex7 is absent. 363 

Proteomic analyses of affinity-purified peroxisomes and in silico PTS1 predictions led to the 364 

identification of peroxisomal myo-IDH. Importantly, E. histolytica myo-IDH with PTS1 was 365 

shared with E. dispar, E. nutalli and E. moshkovskii and with evolutionarily related free-living 366 

M. balamuthi and P. schiedti, which all belong to the Archamoebae group of anaerobic 367 

protists, whereas E. invadens most likely lost peroxisomal myo-IDH together with 368 

peroxisomes. 369 

 The presence of peroxisomes in E. histolytica is supported by the localization of Pex5, 370 

Pex11, Pex14, Pex16, and Pex19 to numerous vesicles that are distinct from the structures of 371 

the ER, endosomal/lysosomal vesicles and mitosomes. Pex14 and Pex16 were detected in 372 

single membrane-bound vesicles of approximately 90-100 nm in diameter, which is within the 373 

range of anaerobic peroxisomes (80-440 nm) observed in M. balamuthi [27]. The matrix 374 

protein myo-IDH colocalized with Pox1 in yeast peroxisomes and within organelles labeled 375 

with Pex14, Pex16, and Pex11 in E. histolytica. Deletion of PTS1 tripeptide caused partial 376 

mistargeting of myo-IDH to the cytosol.  377 

There are multiple metabolic interplays between mitochondria and peroxisomes, and 378 

in some cases, mitochondria may participate in peroxisome biogenesis [25]. However, the 379 

metabolism of E. histolytica mitochondria (mitosome) is reduced to a single pathway, and 380 

their protein import machinery contains only 2 out of 30 components known in model yeast 381 

mitochondria [9,51,52]. In this view, the observed reduction in peroxisomes is consistent with 382 

overall changes during the course of reductive evolution that formed Entamoeba species [5]. 383 

Most eukaryotes possess 13-17 PEXs, including humans and M. balamuthi, and four PEXs, 384 

Pex3, Pex10, Pex12, and Pex19, are considered peroxisomal markers absent only in 385 

organisms devoid of peroxisomes [53]. Three of these markers (Pex3, Pex10, and Pex12) 386 

were not identified in E. histolytica (Fig 1A). Pex3, together with Pex16 and Pex19, are 387 
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involved in peroxisomal membrane protein (PMP) import. Pex3 facilitated the membrane 388 

docking of newly synthesized PMPs delivered via the shuttling receptor Pex19 directly from 389 

the cytosol (class I pathway for PMP import). Pex3 itself and other PMPs are recruited to the 390 

ER membrane by Pex16, which is cotranslationally inserted into the ER and subsequently 391 

delivered to peroxisomes through vesicular transport (class II pathway) [25,38]. We speculate 392 

that Pex16 might be sufficient for PMP import without a Pex3 contribution in E. histolytica. 393 

In support of this possibility, the formation of membrane structures with PMPs was observed 394 

in cells in which pex3 was deleted [54], and the budding of pre-peroxisomal vesicles was 395 

dependent on Pex19, a homolog of which we found in Entamoeba [55]. Moreover, the 396 

presence of Pex16 and Pex19 without Pex3 was noticed in Tetrahymena thermophila [50]. 397 

Nevertheless, we cannot rule out the possibility that E. histolytica possesses a highly 398 

divergent Pex3 that was not recognized by current bioinformatic tools. Indeed, the highly 399 

divergent trypanosomal Pex3 remained elusive for a long time, and it has been identified only 400 

recently [56,57]. However, the absence of the N-terminal domain of E. histolytica Pex19, 401 

which is essential for its interaction with Pex3 [30,31] is more consistent with the lack of 402 

Pex3 in this organism. Interestingly, Pex19 is the only peroxin, homolog of which we 403 

identified in E. invadens that likely lack peroxisomes. Thus, Pex19 may have a more general 404 

function in protein sorting, which is unrelated to peroxisomes. Pex10 and Pex12 (RING 405 

complex) belong to the Zn-RING finger E3 ubiquitin-protein ligase family that, together with 406 

the E2 conjugating protein Pex4, participate in Pex5 recycling. Pex5 with peroxisomal cargo 407 

associates with membrane-docking components to form a transient pore with Pex14. Upon the 408 

release of the cargo, Pex5 is dislocated from the membrane in an ATP-dependent manner by 409 

Pex1 and Pex6 (dislocase complex) [58], which we both identified in E. histolytica. 410 

Recognition of Pex5 by the dislocase complex is dependent on Pex5 ubiquitination via thiol 411 

ester bond at the conserved cysteine at the N-terminus by the RING complex [59]. The 412 

absence of Pex10, Pex12, and Pex4 in E. histolytica suggests that Pex5 might be recycled 413 

without a ubiquitination step. In support of this view, E. histolytica Pex5 lacks an N-terminal 414 

cysteine residue. Moreover, in Pichia pastoris, PTS receptors and Pex14 have been shown to 415 

form the minimal translocation machinery that can facilitate peroxisomal import independent 416 

of the RING complex [60]. Alternatively, other E3 and E2 family proteins may compensate 417 

for the absence of the RING complex and Pex4. E. histolytica possesses genes for at least six 418 

E3 ligases, of which the E3 ligase EHI_030770 was found in the proteome of the peroxisome-419 

enriched fraction, although, unlike Pex10 and Pex12, EHI_030770 does not possess any 420 

predicted transmembrane domain (Table S7). There are also two E2 ubiquitin conjugating 421 

(Ubc) proteins (EHI_083560, EHI_048700) in the proteome, of which EHI_083560 (named 422 

EhUbc5) was partially characterized and crystalized, however, its target proteins are not 423 

known [61]. In metazoans and fungi, Pex4 is absent and its function is compensated by Ubc-424 

conjugating proteins [62,63]. However, replacement of Pex10 and Pex12 has not been 425 

observed thus far. In contrast, the absence of the PTS2 receptor Pex7 observed in E. 426 

histolytica is not unprecedented, and when Pex7 is present, PTS2 targets peroxisomes much 427 

less frequently than PTS1s [64]. For example, Pex7 was found in related M. balamuthi in 428 
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which PTS2 was predicted in 15% of putative peroxisomal proteins [27]. The absence of Pex7 429 

was noticed in nematodes, several arthropods, the rhodophyte Galdieria sulpharia, and the 430 

stramenopile Thalassiosira pseudonana [50,65]. 431 

Interestingly, E. histolytica Pex11 displayed dual localization in peroxisomes and 432 

mitosomes. Previously, mitochondrial localization of Pex11 was observed only in cells such 433 

as yeast and human fibroblasts that lack peroxisomes upon deletion of Pex3 and Pex19 434 

[66,67]. It seems that Pex11 has some affinity to mitochondria, possibly via mitochondrial 435 

proteins, with which Pex11 interacts. Pex11 is involved in elongation and proliferation of 436 

peroxisomes, which share with mitochondria dynamin-related proteins (DRPs) for the 437 

peroxisomal division; Pex11 can interact with mitochondria via the ERMES complex [66] and 438 

the translocase of the outer mitochondrial membrane (TOM) complex receptor Tom22 [68]. 439 

Neither ERMES nor Tom22 are present in mitosomes of E. histolytica [69,70]; however, E. 440 

histolytica possesses two DRPs that are involved in the fission of mitosomes and may 441 

potentially interact with Pex11 [71]. Interestingly, Pex11 was previously identified in the 442 

mitosomal proteome, supporting its dual localization [9]. However, these proteomic data need 443 

to be considered with caution, as in our experiments, peroxisomes and mitosomes comigrated 444 

using standard density gradient separation and it is likely that peroxisomes contaminated the 445 

mitosomal proteome. We cannot rule out the possibility that the partial mitosomal localization 446 

of Pex11 was a result of its mislocalization due to protein overexpression. However, 447 

overexpression of Pex11 in E. histolytica estimated by RT-qPCR was the lowest compared to 448 

four other recombinant PEXs for which no association with mitosomes was observed. 449 

 The matrix of E. histolytica peroxisomes contains myo-IDH, which catalyzes 450 

reversible NAD+-dependent conversion of myo-inositol to keto-2-inositol. Myo-inositol is 451 

synthesized from glucose-6-phosphate by the activity of inositol 3-phosphate synthase and 452 

inositol-3-phosphatase, which are both present in E. histolytica. Myo-inositol is utilized for 453 

the synthesis of phosphatidylinositol and a spectrum of phosphoinositide derivatives that are 454 

produced by a set of phosphatidylinositol kinases and phosphatases [72,73]. These 455 

compounds have multiple roles as components of membrane lipids, they are used in cell 456 

signaling pathways, energy homeostasis, and as cytoprotective solutes [74,75]. In mammals, 457 

insects, yeast and Chlorophyta, the catabolism of myo-inositol is initiated by oxygen-458 

dependent myo-inositol oxygenase that converts myo-inositol to glucuronic acid [76]. 459 

However, none of these eukaryotic biosynthetic or catabolic pathways required the activity of 460 

myo-IDH. Bacteria such as Klebsiella aerogenes can grow on myo-inositol and other cyclitols 461 

as sole carbon sources. Here, myo-IDH catalyzes the first step of the catabolic pathway, 462 

leading to the production of acetyl-CoA [77]. However, our searches did not identify any 463 

enzyme downstream from myo-IDH in this pathway in E. histolytica. The distribution of myo-464 

IDH in eukaryotes is limited to a few lineages of algae [78] and invertebrates. The function of 465 

myo-IDH remains enigmatic; however, algae contain two isoenzymes that were predicted to 466 

localize in the cytosol and mitochondria. It could be hypothesized that predicted dual 467 

localization may allow shuttling of a reducing power between mitochondria and the cytosol 468 
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via myo-inositol/keto-2-inositol transport across the mitochondrial membrane [78]. 469 

Interestingly, dual localization of myo-IDH in peroxisomes and the cytosol was predicted in 470 

M. balamuthi and P. schiedti, suggesting the possibility of NAD-linked redox shuttling 471 

between the cytosol and peroxisomes to maintain intraperoxisomal redox as in the case of 472 

NAD+-linked malate dehydrogenase and glycerol-3-phosphate dehydrogenase-dependent 473 

shuttle systems that maintain the redox balance in yeast peroxisomes [79]. In Entamoeba 474 

species, we found only peroxisomal myo-IDH, which makes this explanation less plausible, 475 

although dual localization of proteins with peroxisomal targeting under specific physiological 476 

conditions has been observed [80]. Although the biochemical context of E. histolytica myo-477 

IDH needs further investigation, the enzyme displayed two unusual features. First, E. 478 

histolytica myo-IDH has a notably higher affinity for myo-inositol characterized by a Km 479 

value that is three and four orders of magnitude lower (Km 0.044 mM) than that of the 480 

characterized orthologs in Bacillus subtilis (Km 18 mM) and the red alga Galdieria 481 

sulphuraria (Km 430 mM). Similar to the bacterial enzyme, D-glucose and D-xylose can 482 

serve as substrates for E. histolytica myo-IDH with Km values increased to 8.5 mM and 13.2 483 

mM, respectively. These values are still two orders of magnitude lower than those in the 484 

bacterial enzyme (167 mM and 190 mM) [43,81]. Second, E. histolytica myo-IDH appeared to 485 

be highly active as a homodimer. In B. subtilis and G. sulphuraria, the molecular weight of 486 

native myo-IDH was approximately 160 kDa, which indicated a homotetrameric structure, 487 

which has been confirmed by structural studies in B. subtilis [48] and Lactobacillus casei 488 

[82]. 489 

 In conclusion, findings of peroxisomes in E. histolytica and previously in M. 490 

balamuthi erode the paradigm of peroxisome absence in anaerobes. It also suggested that a 491 

minimal set of only seven peroxins might be sufficient to build these organelles. Moreover, 492 

the specific parasite peroxisomes with a functional myo-IDH that is absent in host cells might 493 

be an interesting target for the development of antiparasitic drugs. However, this report 494 

represents only a starting point for further functional investigations of anaerobic peroxisomes 495 

in this important human parasite. 496 

 497 

Materials and methods 498 

Searches for peroxisomal proteins 499 

Profile hidden Markov models (HMMs) of  PEXs (Pex1, 2, 3, 4, 5, 6, 7, 10, 11, 12, 13, 14, 16, 500 

19, 26) were collected from the EggNOG database of orthologous groups (version 5.0) [83]. 501 

Predicted proteins of E. histolytica were searched for homologs of PEXs using HMMER 502 

(version 3.3) [84]. Putative PEXs were analyzed by searching against the NCBI nr protein 503 

database using BLAST [85], EggNOG database using HMMER, and the Pfam and COG 504 

databases using HHpred [86]. PTS1 was predicted in the protein sequences of E. histolytica 505 

(https://amoebadb.org/amoeba/app) using a support vector machine with support vector 506 

classification (SVC) (scikit-learn.org). The model was trained using a dataset of 217 manually 507 

http://scikit-learn.org/
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curated peroxisomal candidates selected from 11 amoebozoan proteomes, including 508 

experimentally verified peroxisomal proteins of M. balamuthi [27] with the omission of 509 

Entamoeba species (Dataset S1). The predicted proteome of Entamoeba invadens, which 510 

lacks PTS1 receptors, served as the PTS1-negative set. The script and training data are 511 

available at https://github.com/vojtech-zarsky/PredictPTS1_ML. The SVC-based machine 512 

learning score (MLS) was calculated using ten C-terminal amino acid residues, and queries 513 

with a calculated MLS≥0.1 were predicted as PTS1. Three additional PTS1 prediction 514 

methods were used, including the PTS1 predictor at PeroxisomeDB 515 

(http://www.peroxisomedb.org/), PTS1 Predictor (https://mendel.imp.ac.at/pts1/) [42] and 516 

local searches for a strict consensus triplet motif (S/A/C)(K/R/H)L [87] and a relaxed motif 517 

(S/A/C/H/K/N/P/T)(K/R/H/N/Q/S)(L/I/M/F/A/V/Y) [88]. In a query sequence, the presence 518 

of amino acids of the strict motif was scored as 1, and any other amino acid residues in the 519 

relax motif were scored as 0.5. A sum of the triplet score TS ≥2.5 predicted PTS1. 520 

 521 

Phylogenetic analysis 522 

Representatives of the ATPases associated with various cellular activities (AAA) and protein 523 

families with various functions were selected from the Swiss-Prot protein database 524 

(https://www.uniprot.org/) and aligned with predicted Pex1 and Pex6 amino acid sequences 525 

using MAFFT (version 7) [89]. Representatives of GFO_IDH_MocA protein family were 526 

selected from the Swiss-Prot protein database and known crystal structures [47, 48].  The 527 

alignments were trimmed using Block Mapping and Gathering with Entropy (BMGE) [90], 528 

and the phylogenetic tree was estimated using IQ-TREE (version 1.5) [91] with the LG+I+G4 529 

model. Bootstrap support values were calculated using 500 bootstrap replicates. The Bayesian 530 

inference of the phylogenetic tree was estimated using PhyloBayes with the CAT mixture 531 

model [92]. The alignments are available in Mendeley Data, doi: 10.17632/dsszxzcc84.1. 532 

 533 

Cultivation and transformation 534 

E. histolytica cell line B2-5 derived from HM:IMSS was used for the study. The cell line was 535 

derived from Bernhard Nocht Institute of Tropical Medicine in Hamburg, Germany [93]. 536 

Cells were grown in TYI-S-33 medium [94] supplemented with 10% adult bovine serum 537 

(Merck/Sigma-Aldrich, St. Louis, MO, USA). E. histolytica transformations were performed 538 

using a lipofection protocol as described previously [95]. After transfection, Entamoeba cells 539 

were allowed to form a monolayer (approximately two days) before selection. Initially, 2 540 

µg/ml G-418 or 1 µg/ml hygromycin was used, and after two days, the drug concentrations 541 

were increased to 20 µg/ml G-418 and 6 µg/ml hygromycin for at least one week of selection. 542 

The successful transformation was evaluated by real-time PCR (RT qPCR) and western 543 

blotting. 544 

https://github.com/vojtech-zarsky/PredictPTS1_ML
https://mendel.imp.ac.at/pts1/
https://www.uniprot.org/
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 545 

RNA isolation and RT qPCR 546 

Total RNA was isolated using TRI Reagent (Merck/Sigma-Aldrich, St. Louis, MO, USA) 547 

and quantified using a Nanodrop 2000B (Thermo Fisher Scientific, Waltham, MA, USA). 548 

DNAse I treatment was performed for total RNA (2 µg) according to the manufacturer’s 549 

instructions (Thermo Fisher Scientific, Waltham, MA, USA). cDNA amplification and RT-550 

qPCR were performed in an RG-3000 cycler (Corbett Research/Qiagen, Hilden, Germany) 551 

using a one-step RT-qPCR kit (Merck/Sigma-Aldrich, St. Louis, MO, USA) as described 552 

[96]. Actin was used for normalization according to Meyer et al. [34]. The relative gene 553 

expression was measured using the 2-ΔΔCq method, and the statistical analysis was performed 554 

with a two-tailed Student’s t test using GraphPad Prism Version 7.0 [97]. All the primers are 555 

listed in Table S8. Each experiment was performed in biological triplicates with technical 556 

duplicates. 557 

 558 

Gene cloning and expression 559 

Genes coding putative Pex5 (EHI_179030), Pex11 (EHI_103470), Pex14 (EHI_194840), 560 

Pex16 (EHI_024620), Pex19 (EHI_198710) and myo-IDH (EHI_125740) were amplified 561 

using specific primers (Table S9) and cloned without stop codons into the pNeoCass vector 562 

[34] via KpnI and BamHI. A 6xHis tag or E. histolytica codon-optimized V5-tag sequence 563 

flanked by BglII and BamHI was added at the C-termini of PEXs. For myo-IDH, an E. 564 

histolytica codon-optimized V5-tag (Table S9) was added at the N-terminus of the gene 565 

flanked by KpnI and BglII and cloned into pHygCass, a derivative of pNeoCass bearing 566 

hygromycin resistance cassette. A truncated version of the protein without three C-terminal 567 

amino acid residues (AAs) was prepared using PCR with the 3’ primer annealing to the 920-568 

939 bp position (Table S9). 569 

 570 

Expression and localization of proteins in S. cerevisiae 571 

Peroxisomal candidates were amplified and subcloned into a modified pTVU100 vector [98] 572 

that allows protein expression in yeast with an N-terminal mCherry tag (pTVU100-N-573 

mCherry). S. cerevisiae BY4742:POX1-EGFP (kindly provided by Zdena Palková, Charles 574 

University, Czech Republic) was transformed with the pTVU constructs and selected as 575 

described [27]. Transformed strains were incubated for 15-20 h in oleate medium prior to 576 

microscopy to stimulate peroxisome formation.  577 

 578 

Cell fractionation 579 
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Cells (250 ml) were harvested [34] , washed, and resuspended in MES isolation buffer (1 M 580 

sorbitol, 5 mM methanesulfonic acid, 1 mM KCl, 5 mM EDTA; pH 5.5). The pellet was 581 

resuspended in MES buffer containing inhibitors of proteases (0.5 mg/ml E-64, 10 µg/ml 582 

leupeptin, 50 µg/ml tosyl-L-lysyl-chloromethane hydrochloride [TLCK] and 1 tablet/50 ml 583 

Roche Complete Inhibitor Cocktail [Roche]) with or without 0.05% Tween-20. The mixture 584 

was homogenized using a Dounce homogenizer. The integrity of the cells was evaluated 585 

under microscopy, and homogenization proceeded until more than 95% of the cells were 586 

broken. Then, the homogenate was spun for 4 minutes at 380 x g to remove unbroken cells, 587 

and the supernatant was subjected either to organelle pull-down or differential centrifugation 588 

at 3,000, 9,000, 15,000, 50,000, and 150,000 x g steps (15 min per step). Alternatively, the 589 

supernatant was loaded on a 2 M sucrose-containing MES cushion and centrifuged at 590 

50,000 x g for 20 min to separate soluble and sedimentable fractions. 591 

 592 

Affinity enrichment of peroxisomes 593 

Peroxisomes were pulled down via C-terminally tagged Pex14 using a recombinant E. 594 

histolytica B2-5 strain expressing His-tagged or V5-tagged Pex14 and the untagged control. 595 

Cells were harvested and washed with NaPBS, and 10 mg of protein was used for pull-down 596 

experiments. The cells were resuspended in MES buffer supplemented with protease 597 

inhibitors with or without 0.05% Tween-20. The cells were homogenized on ice using a 598 

Dounce homogenizer, and the unbroken cells were removed. The cell lysate or the crude 599 

peroxisomal fraction (obtained from the homogenate ultracentrifugation at 150,000 x g for 15 600 

min) was preincubated with magnetic beads containing non-specific mouse antibody (i. e. 601 

anti-His antibody for V5-tagged or anti-V5 antibody for His-tagged cells) to deplete the lysate 602 

of proteins binding nonspecifically; then, the precleared lysate was incubated with 50 µl of 603 

magnetic beads coupled with either anti-His or anti-V5 specific mouse antibody (MBL Life 604 

Science, Japan) for 90 min at 4°C on an overhead rotator. The beads were washed three times 605 

in 20 volumes of MES buffer. The proteins were identified by label-free quantitative-mass 606 

spectrometry. 607 

 608 

Mass spectrometry and data processing 609 

Label-free quantitative mass spectrometry (LFQ-MS) was performed according to standard 610 

procedures as described previously [70]. Briefly, the samples were digested with trypsin, and 611 

the peptides obtained were subjected to nanoliquid chromatography-MS. The MS/MS spectra 612 

were acquired using Thermo Orbitrap Fusion (Q-OT- qIT, Thermo Fisher Scientific), 613 

processed in Proteome Discoverer 2.1. (Thermo Fisher Scientific) and searched against the E. 614 

histolytica database (downloaded from AmoebaDB.org, containing 8,306 entries). The 615 

quantifications were performed with label-free algorithms using MaxQuant software (version 616 

1.6.2.1) [99], and the data were analyzed using Perseus 1.6.1.3 software [100].  617 

 618 
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Dataset processing 619 

Altogether 13 independent experiments were performed. The datasets were filtered using the 620 

following criteria: (i) the ratio of LFQ values for a given protein between cells expressing 621 

tagged Pex14 and wild-type cells was greater than 1, (ii) the protein was identified with at 622 

least 2 peptides, and (iii) the protein was identified in at least two independent experiments. 623 

The dataset from each experiment was sorted according to relative LFQ values, and each 624 

protein was scored: the protein with the highest relative LFQ was scored 100, and scores for 625 

other proteins were calculated successively [ ; x is the total number 626 

of proteins in a given dataset]. Annotations of the proteins were based on   Release 51 627 

(https://amoebadb.org/amoeba/app). The mass spectrometry proteomics data have been 628 

deposited to the ProteomeXchange consortium via the PRIDE partner repository [90] with 629 

identifier PXD026653.  630 

 631 

Production of recombinant myo-IDH and polyclonal antibodies 632 

Recombinant 6xHis tagged myo-IDH was produced in Escherichia coli BL21 Rosetta cells 633 

(Novagen, Merck/Sigma-Aldrich, St. Louis, MO, USA) using the pET42b expression vector 634 

(Novagen, Merck/Sigma-Aldrich, St. Louis, MO, USA). The protein was purified by affinity 635 

chromatography using Ni-nitrilotriacetic acid agarose under denaturing conditions according 636 

to the manufacturer’s protocol (Merck/Qiagen, Hilden, Germany ) and used to raise 637 

polyclonal antibodies in rats and rabbits (Davids Biotechnologie GmbH, Regensburg, 638 

Germany). Enzymatically active myo-IDH was expressed as above and affinity purified under 639 

native conditions using imidazole according to the manufacturer’s protocol (Merck/Qiagen, 640 

Hilden, Germany). 641 

 642 

Western blotting 643 

Protein samples were separated by sodium dodecyl sulfate–polyacrylamide gel 644 

electrophoresis (SDS-PAGE), transferred to nitrocellulose, and probed using antibodies as 645 

indicated. Primary antibodies included mouse monoclonal anti-His [Merck/Qiagen, Hilden, 646 

Germany], mouse monoclonal anti-V5, 1:500 [Thermo Fisher Scientific, Waltham, MA, 647 

USA]; rabbit polyclonal anti-Cpn60, 1:1000 (a kind gift from T. Nozaki, Japan) antibodies; 648 

and rabbit polyclonal anti-myo-IDH, 1:500; and rabbit polyclonal anti-FeSOD antibodies, 649 

1:1000 [101]. Anti-mouse or anti-rabbit horseradish peroxidase (HRP) conjugated secondary 650 

antibodies (Merck/Sigma-Aldrich, St. Louis, MO, USA) were used for detections. 651 

Visualization was performed with chemiluminescence (Immobilon Forte, Merck/Sigma-652 

Aldrich, St. Louis, MO, USA) and images were obtained using ChemiDoc (BioRad, Hercules, 653 

USA). 654 

 655 

Immunofluorescence microscopy 656 

https://amoebadb.org/amoeba/app
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Slides for confocal microscopy were prepared as described [51]. Briefly, cells were fixed 657 

using 3% formaldehyde in PBS for 30 minutes and then detached by gentle sonication in a 658 

water bath. Cells were pelleted, washed and permeabilized with 0.05% saponin followed by 659 

treatment with 50 mM NH4Cl. Upon washing, the cells were blocked using 2% inactivated 660 

fetal bovine serum in PBS with 0.05% saponin (FNS) followed by overnight incubation with 661 

primary antibody in a refrigerator (mouse monoclonal anti-His [Merck/Qiagen, Hilden, 662 

Germany], mouse monoclonal anti-V5, 1:500 [Thermo Fisher Scientific, Waltham, MA, 663 

USA]; rabbit polyclonal anti-adenosine phosphosulfate kinase [APSK], 1:1000; anti-BiP1, 664 

1:500; and anti-Atg8, 1:1000 [a kind gift from T. Nozaki, Japan]; and rabbit and rat 665 

polyclonal anti-myo-IDH, 1:500). Alexa Fluor-488 (1:1000) or Alexa Fluor-594 (1:1000) 666 

secondary antibodies were used for visualization (Thermo Fisher Scientific, Waltham, MA, 667 

USA). Slides were observed using a Leica SP8 FLIM confocal microscope (50 optical 668 

sections of 150 nm each). Images were deconvolved using Huygens 19.04 software (SVI) and 669 

further processed with Fiji software [102] and the Imaris 9.7.2 Package for Cell Biologists 670 

(Bitplane AG, Zurich, Switzerland). Voxel-based colocalization was performed using 671 

ImarisColoc. Costes’s automatic thresholding was applied to the images in the Z stack [103], 672 

and PCC in colocalized volume was calculated. The number of labeled organelles observed 673 

by confocal microscopy (20 optical slices of 1 µm each) in E. histolytica using His-tagged 674 

Pex14 as a marker was determined per 25 cells using Icy software [104]. The number of 675 

peroxisomes was expressed per 100 µm2. 676 

Structured illumination microscopy (SIM) was performed on a 3D N-SIM microscope 677 

(Nikon Eclipse Ti-E, Nikon, Japan) equipped with a Nikon CFI SR Apo TIRF objective (100x 678 

oil, NA 1.49) as described [105].  679 

 680 

Immunoelectron microscopy 681 

Transmission electron microscopy was performed using E. histolytica cells overexpressing 682 

polyHis- or V5-tagged Pex14 and Pex16, and samples were processed as described previously 683 

[27]. The sections with V5-tagged Pex14 were blocked with 1% fish skin gelatin (FSG) and 684 

immunodecorated using mouse anti-V5 antibody (1:20, Invitrogen/Thermo Fisher Scientific, 685 

Waltham, MA, USA) and goat anti-mouse antibody conjugated with 5 nm gold nanoparticles 686 

(BBI Solutions) for 1 h in 1% fish skin gelatin. Samples with polyHis-tagged Pex14 were 687 

blocked in buffer containing 1% bovine serum albumin/0,05% Tween 20 in 0.1 M HEPES for 688 

1 h at room temperature. Labeling was performed using Ni-nitrilotriacetic acid (Ni-NTA) 689 

conjugated with 5 nm gold nanoparticles (Nanoprobes, Yaphank, USA). Sections with 690 

polyHis-tagged Pex16 were treated as described above or with mouse monoclonal anti-691 

polyHis antibody (IgG2A, Merck/Sigma-Aldrich, St. Louis, MO, USA), and protein A 692 

conjugated with 5 nm gold nanoparticles (1:50) (CMC Utrecht) in 1% fish skin gelatin. Myo-693 

IDH was detected using rabbit polyclonal anti-myo-IDH antibody and anti-rabbit IgG 694 

conjugated to 15 nm gold particles (Nanoprobes, Yaphank, USA). 695 
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 696 

Enzymatic assay 697 

The activity of myo-IDH (EC 1.1.1.18) was measured spectrophotometrically at 340 nm and 698 

room temperature, as described [106]. The reaction mixture contained 1 mM NAD+ in 10 mM 699 

sodium pyrophosphate buffer, pH 9, 30 μg of the purified enzyme, and a substrate. The Km 700 

value was determined by measurement of the reaction velocity using myo-inositol (50 µM - 701 

25 mM), scyllo-inositol (370 µM - 15 mM), D-glucose (5 mM - 400 mM), D-xylose (5 mM - 702 

400 mM), and keto-2-inositol (12.5 µM - 250 µM). For the Km of NAD+ and NADP+, 12.5 703 

mM myo-inositol was used for both NAD+ (50 µM - 1 mM) and NADP+ (500 µM - 1.5 mM). 704 

Each measurement was performed in triplicates. The protein concentration was measured 705 

using the Lowry method. All chemicals were purchased from Sigma-Aldrich (Merck/Sigma-706 

Aldrich, St. Louis, MO, USA). 707 

 708 

Size exclusion chromatography and multiangle light scattering (MALS)   709 

The native molecular mass of recombinant, 6xHis-tagged myo-IDH was determined using 710 

size-exclusion chromatography Superdex 200 Increase 10/300 GL column connected to 711 

BioLogic DuoFlow system (BioRad, Hercules, USA). The column was calibrated with 712 

BioRad gel filtration standard mixture (cat # 1511901), and the running buffer was 10 mM 713 

sodium pyrophosphate used for the enzymatic assay. Fractions of 0.5 ml were collected for 714 

monitoring the myo-IDH activity in the elution profile.  715 

For MALS analysis, samples of enzymatically active myo-IDH (0,5-2 mg/ml) were 716 

injected onto an Agilent Biosec-3 column (4.6x300 mm) at a flow rate of 0.3 ml/min in 717 

50 mM phosphate buffer (pH 7.0) and 300 mM NaCl at 15°C. The column was coupled with 718 

static light scattering (miniDAWN, Wyatt Technology), differential refractive index (Shodex 719 

RI-501) and Agilent 1260 Infinity II UV (Agilent Technologies) detectors. Data were 720 

analyzed using ASTRA software (Wyatt Technology). 721 
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Figure legends 1059 

Fig 1. Prediction of PEX coding genes. A. Predicted PEXs in E. histolytica and related Evosea 1060 

species. B. Scheme of the peroxisomal machinery identified in Entamoeba species except for 1061 

E. invadens. The white color indicates PEXs that were not identified. Ub, ubiquitin; PMP, 1062 

peroxisomal membrane protein. 1063 

Fig 2. Domain structures of E. histolytica and Homo sapiens PEXs. PFAM domain identifiers 1064 

(in brackets) and probability percentages are indicated. TMD, transmembrane domain; TPR, 1065 

tetratricopeptide domain; stars indicate Pex14 amino acid residues that are involved in Pex5 1066 

interactions [30]. 1067 

Fig 3. Phylogeny of Pex1, Pex6 and other proteins with AAA domains. The maximum 1068 

likelihood tree was inferred with IQ-TREE using 51 protein sequences and 522 positions. 1069 

Numbers at nodes of the tree indicate statistical support in the form of an ultrafast bootstrap of 1070 

the IQ-Tree and posterior probability of the PhyloBayes analysis. 1071 

Fig 4. Expression of tagged PEXs in E. histolytica. A. Western blot analysis of cell lysate (L), 1072 

organelle (P) and cytosolic soluble (S) fractions. Fe-superoxide dismutase (FeSOD) was used 1073 

as the cytosolic marker. B. Western blot analysis of Pex5 and Pex11 in seven fractions 1074 

isolated by differential centrifugation using 0.05% Tween-20 to limit protein aggregation. 1075 

Fig 5. Cellular localization of PEXs in E. histolytica. A. Immunofluorescence microscopy of 1076 

His-tagged PEXs and the mitosomal marker APSK. B. Structured illumination microscopy of 1077 

Pex11, Pex14, and APSK. BF, bright field. Scale bar: 10 µm. 1078 

Fig 6. Confocal microscopy of vesicles labeled with Pex14, ER marker BiP1 and lysosomal 1079 

marker Atg8. BF, bright field. Scale bar: 10 µm. 1080 

Fig 7. Immunoelectron microscopy detection of Pex14 and Pex16 in E. histolytica. 1081 

cryosections. Pex14 (A, B) was detected using Ni-NTA conjugated with 5 nm gold particles 1082 

(A) or anti-V5 antibody (B). Pex16 (C, D) was detected using rabbit (C) and mouse (B) anti-1083 

His antibodies and the corresponding antibody conjugated with 5 nm gold particles. Scale bar: 1084 

100 nm. 1085 

Fig 8. Affinity purification of peroxisomes. A. Lysate of cells (L) expressing His-tagged 1086 

Pex14 was used for differential centrifugation at 50 000 and 150 000 x g, and pellet (P) and 1087 

soluble (S) fractions were analyzed by western blotting. In the last step, peroxisomes were 1088 

purified using anti-His antibody-conjugated beads (His-beads) that were used for mass 1089 

spectrometry. Antibodies against Cpn60 were used as mitosomal markers. B. Relative protein 1090 

enrichment was calculated with densitometry of Pex14-His and Cpn60 signals. 1091 

Fig 9. Localization of PTS1-containing candidate proteins in yeast peroxisomes. Fluorescence 1092 

microscopy of mCherry-tagged myo-IDH and two hypothetical proteins (EHI_051440 and 1093 

EHI_045060) (red) expressed in yeast. Pox1 fused with GFP was used as a peroxisomal 1094 
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marker (green). Signal colocalization analysis (white) was performed by Imaris Coloc 1095 

software. 1096 

Fig 10. Localization of IDH in E. histolytica. A. Detection of myo-IDH (green) and APSK 1097 

(mitosomal marker protein, red) in wild- type cells. Bar=10 µm. B. Detection of native myo-1098 

IDH (red) in cells expressing C-terminally His-tagged PEXs (green). Signal colocalization 1099 

analysis (white) was performed by ImarisColoc software. Bar=10 µm. C. Immunoelectron 1100 

microscopy. Myo-IDH was detected using a rabbit polyclonal anti-myo-IDH antibody and 1101 

anti-rabbit IgG conjugated to 15 nm gold particles (white arrows, a-f), Pex16 was detected 1102 

using a mouse monoclonal anti-poly-His antibody, and anti-mouse IgG conjugated to 5 nm 1103 

gold nanoparticles (black arrows, d-f).  Empty arrows indicate membranes. Bars 100 µm.  1104 

Fig 11. Effect of myo-IDH PTS1 tripeptide deletion. A. Detection of N-terminally V5-tagged 1105 

full-length myo-IDH (IDH-V5) and its C-terminal truncated version (ΔIDH-V5) in the cell 1106 

lysate (L), organelle (P) and cytosolic (S) fractions using western blot analysis. FeSOD was 1107 

used as the cytosolic marker. B. Relative expression of IDH-V5 and ΔIDH-V5 using RT-1108 

qPCR. The level of native IDH was determined in wild-type cells and used for 1109 

standardization. 1110 

Fig 12. Phylogeny of myo-IDH. The maximum likelihood tree was inferred with IQ-TREE 1111 

using 103 protein sequences and 289 positions. Bootstrap support and Bayesian posterior 1112 

probability are given at nodes. Sequences with known crystal structures are highlighted in red. 1113 

Numbers in triangles indicate the number of included sequences. PTS1 triplet is given in 1114 

brackets. 1115 

Supplementary data 1116 

Supplementary Figures 1117 

Fig S1. Full-length Western blot images for analysis of PEXs associated with E. histolytica 1118 

cell fractions (A, Fig 4; B, Fig 8; and C, Fig 11).  1119 

Fig S2. 2D histograms from colocalization analysis for Fig 5, 6, and 10 using ImarisColoc in 1120 

Imaris package. The frequency plot is shown on a logarithmic scale (the high frequencies are 1121 

shown in red-to-yellow, low frequencies are shown in blue-to-violet. The number indicates 1122 

border bins. Pearson correlation coefficients in volume are given in Table S5. 1123 

Fig S3. Protein sequence alignment of E. histolytica myo-IDH to IDH orthologs of other 1124 

Archamoebae species and selected bacterial sequences of known crystal structure. 1125 

Fig S4. Purification of recombinant His-tagged myo-IDH using Ni-NTA column under native 1126 

condition and western blot analysis of E. histolytica cellular fractions using polyclonal 1127 

antibodies raised against purified myo-IDH. 1128 
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Fig S5. Lineweaver–Burk plots constructed for determination of kinetic parameters of E. 1129 

histolytica myo-IDH (Table 1). Each point was calculated from three measurements, error 1130 

bars represent standard deviations.    1131 

Fig S6. Determination of the native molecular mass of recombinant 6xHis-tagged IDH using 1132 

size exclusion chromatography.  Superdex 200 Increase 10/300 GL column connected to 1133 

BioLogic DuoFlow system (BioRad) was used for the analysis. 1134 

Fig S7. MALS analysis of myo-IDH. Elution profile at three different concentrations, 2.0 1135 

mg/ml (red), 1.0 mg/ml (magenta) and 0.5 mg/ml (green), with the indicated molar mass. 1136 

Fig S8. Phylogenetic tree of IDHs including their accession numbers. 1137 

Supplementary Tables 1138 

Table S1. Accession numbers of identified PEXs in Entamoeba species. 1139 

Table S2. Protein sequence identity of Entamoeba PEXs. 1140 

Table S3. Relative expression of PEXs and three housekeeping enzymes in E. histolytica 1141 

determined by qRT-PCR. 1142 
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Abstract 23 

Pelomyxa schiedti is a free-living amoeba belonging to the group Archamoebae, which 24 

encompasses anaerobes bearing mitochondrion-related organelles (MROs) – hydrogenosomes 25 

in free-living Mastigamoeba balamuthi and mitosomes in the human pathogen Entamoeba 26 

histolytica. Anaerobic peroxisomes, another adaptation to anaerobic lifestyle, were identified 27 

only recently in M. balamuthi. We found evidence for both these organelles in the single-cell-28 

derived genome and transcriptome of P. schiedti, and corresponding vesicles were tentatively 29 

revealed in electron micrographs. In silico reconstructed MRO metabolism seems similar to that 30 

of M. balamuthi harboring respiratory complex II, electron-transferring flavoprotein, partial TCA 31 

cycle running presumably in reductive direction, pyruvate:ferredoxin oxidoreductase, [FeFe]-32 

hydrogenases, glycine cleavage system, and sulfate activation pathway. The cell disposes with an 33 

expanded set of NIF enzymes for iron sulfur cluster assembly, but their localization remains 34 

unclear. Quite contrary, out of 67 predicted peroxisomal enzymes, only four were reported also 35 

in M. balamuthi, namely peroxisomal processing peptidase, nudix hydrolase, inositol 2-36 

dehydrogenase, and D-lactate dehydrogenase. Other putative functions of peroxisomes could be 37 

pyridoxal 5′-phosphate biosynthesis, amino acid and carbohydrate metabolism, and hydrolase 38 

activities. Future experimental evidence is necessary to define functions of this surprisingly 39 

enzyme-rich anaerobic peroxisome. 40 

 41 

 42 

Author summary 43 
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A major part of the microbial diversity cannot be cultured in isolation, and so it escapes from 44 

traditional ways of investigation. In this paper, we demonstrate the successful approach for 45 

generating good-quality genome and transcriptome drafts from a peculiar amoeba Pelomyxa 46 

schiedti using single-cell methods. P. schiedti is a member of Archamoebae clade harboring 47 

microaerobic protists including a free-living Mastigamoeba balamuthi and a human parasite 48 

Entamoeba histolytica. Mitochondria and peroxisomes represent two organelles that are most 49 

affected during adaptation to microoxic or anoxic environments. Mitochondria are known to 50 

transform to anaerobic mitochondria, hydrogenosomes, mitosomes, and various transition 51 

stages in between, all of which encompass different enzymatic capacity. Anaerobic peroxisomes 52 

have been first noticed in M. balamuthi, but their function remained unclear for now. Data 53 

obtained in this study were used for revealing the presence and for the detailed functional 54 

annotations of anaerobic derivates of mitochondria and peroxisomes in P. schiedti, which were 55 

corroborated by transmission electron microscopy. 56 

 57 

 58 

Introduction 59 

Transition to life in low oxygen environments requires significant modifications of cell 60 

biochemistry and organellar make up. Several lineages of protists have undergone such 61 

transitions and exemplify partly convergent solutions [1–3]. Mitochondria and peroxisomes have 62 

been most significantly remodeled in this process, as they are the key places of oxygen-63 

dependent metabolism and oxygen detoxification.  64 
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Mitochondria are double-membrane-bound organelles, which have arisen from 65 

engulfment of a prokaryotic lineage related to alphaproteobacteria [2,4–6]. Since then, they have 66 

diverged into a range of categories [1] and plethora of transitional forms [7,8], collectively 67 

designated as mitochondrion related organelles (MROs), while only a single case of complete loss 68 

has been reported [9]. Substantial collection of typical mitochondrial functionalities, such as 69 

oxidative phosphorylation, carbon, amino acid and fatty-acid metabolism, iron-sulfur (FeS) 70 

cluster assembly, homeostasis, and apoptosis, has been reduced to various extent in MROs [10–71 

12]. 72 

 Peroxisomes are bound by a single membrane and characterized by a highly conserved 73 

set of proteins (peroxins) essential for their biogenesis [13,14]. The matrix content and 74 

consequently the repertoire of metabolic pathways is very variable reflecting high versatility of 75 

peroxisomal functions [15]. Most frequently, they possess oxidases reducing molecular oxygen 76 

to hydrogen peroxide (H2O2), and catalase for its detoxification. Not surprisingly, they are absent 77 

from most anaerobes, such as Giardia and Trichomonas [16]; however, anaerobic peroxisomes 78 

were recently reported from Mastigamoeba balamuthi [17]. 79 

Archamoebae represents a clade of microaerophilic protists nested within a broader 80 

group of predominantly aerobic amoebozoans [18,19] represented e.g. by Dictyostelium 81 

discoideum, known to bear a classical aerobic mitochondrion [20], or by their more distant 82 

amoebozoan relative Acanthamoeba castellanii (Centramoebida) with mitochondria potentially 83 

adapted to periods of anaerobiosis and exhibiting a highly complex proteome [12,21]. Small to 84 

almost inconspicuous MROs have been characterized in two Archamoebae, the parasitic 85 

Entamoeba histolytica and the free-living M. balamuthi. The only known function of E. histolytica 86 
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mitosome is production and export of activated sulfate – phosphoadenosine-5’-phosphosulfate 87 

(PAPS) [22]. Metabolic capacity of M. balamuthi hydrogenosome is substantially broader 88 

involving pyruvate and amino acid metabolism, ATP production, and FeS cluster assembly [23–89 

25]. Another adaptation of M. balamuthi to the low oxygen environment is represented by 90 

anaerobic peroxisomes that lack catalase and enzymes of β-oxidation of fatty acids but harbor 91 

several enzymes of pyrimidine and CoA biosynthesis and acyl-CoA and carbohydrate metabolism 92 

[17]. 93 

Pelomyxa is a free-living archamoeba distantly related to M. balamuthi [18], and so it 94 

represents valuable point for tracing the evolution of anaerobic adaptations. There is a single 95 

report on MROs in the giant species P. palustris [26] but their metabolism in unknown. Using 96 

methods of single-cell -omics and electron microscopy, we bring clear evidence for the presence 97 

of both MROs and peroxisomes in its smaller cousin P. schiedti [27].  98 

 99 

 100 

Results and discussion 101 

General features of assemblies 102 

P. schiedti single-cell genome assembly of 52.4 Mb contained 5,337 scaffolds with an N50=51,552 103 

bp (S1 Table) and 19,965 predicted proteins. We identified a single small subunit ribosomal RNA 104 

gene (18S rDNA). In the 18S phylogeny, P. schiedti was sister to other Pelomyxa species inside 105 

the Pelomyxidae clade (88% standard bootstrap) within a robust clade (94% standard bootstrap) 106 

of Archamoebae (Fig 1, S1 Fig). The decontaminated transcriptome assembly of 76.6 Mb 107 

comprised 43,993 contigs. BUSCO was used to estimate completeness of assemblies and to 108 
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compare them to the M. balamuthi genome (S2 Fig, S1 Table). Transcriptome contained 83.2% 109 

of complete and 2.0% of fragmented BUSCO genes, while in the genome-derived proteome the 110 

proportions were 81.9% and 3.6%, respectively. With 82.8% complete and 3.0% fragmented 111 

genes [28], the completeness of M. balamuthi data was comparable. 36.0% of BUSCOs were 112 

duplicated in the transcriptome assembly, while only 8.6% in genomic, reflecting a higher number 113 

of contigs or presence of isoforms in the former. It should be noted that for non-model 114 

eukaryotes, which Pelomyxa certainly is, the BUSCO completeness is not expected to reach 100%, 115 

because some of the orthologues might be absent and/or diverged beyond recognition. 116 

Altogether, our analyses showed considerably high completeness of both assemblies. 117 

 118 

Fig 1. Phylogenetic analysis of amoebozoan 18S rDNA.  119 

The Maximum Likelihood tree places Pelomyxa schiedti in monophyletic Pelomyxidae group 120 

inside monophyletic Archamoebae. Standard bootstrap support values are shown when  50%. 121 

Outgroup was collapsed for simplicity (for full tree see S1 Fig). 122 

 123 

P. schiedti genes encompass 149,016 introns (S1 Table), which accounts for an intron 124 

density of 7.46, almost twice higher than in M. balamuthi (3.74). While protists’ genomes have 125 

usually lower intron densities, several organisms in IntronDB [29] exhibit similar intron density as 126 

Pelomyxa, e.g., the choanoflagellates Monosiga brevicolis (6.53) and Salpingoeca rosetta (7.44), 127 

the chromerid Vitrella brassicaformis (7.45), or the chlorarachniophyte Bigelowiella natans 128 

(7.85). The vast majority of introns (98.41%) contained canonical GT-AG boundaries, 1.59% 129 
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possessed GC-AG boundaries, and one an unusual GT-GG intron boundary (S1 Table). Similar 130 

frequencies of intron boundaries were observed in M. balamuthi (S1 Table and [28]). 131 

 132 

Putative MRO proteome  133 

The major focus of this study was to reveal the presence and to characterize the putative 134 

proteomes of MRO and peroxisome of P. schiedti. We used a combined approach to search for 135 

proteins possibly involved in the MRO metabolism and biogenesis by: (i) retrieving homologues 136 

of MRO- or mitochondrion-targeted proteins of E. histolytica, M. balamuthi, and A. castelanii, 137 

and (ii) predicting N-terminal mitochondrial targeting sequence (NTS) by four tools. The resulting 138 

in silico predicted MRO proteome consists of 51 proteins (Fig 2, S2 Table) and provides 139 

functionalities described below.  140 

 141 

Fig 2. Overview of the Pelomyxa schiedti MRO metabolism.  142 

Proteins were identified by BLAST or HMMER searches and their intracellular localization was 143 

predicted by TargetP, PSORT II, MultiLoc2, and NommPred tools. Confidence of MRO localization 144 

is enhanced by shades of blue as explained in graphical legend above the scheme. Multiple copies 145 

of a protein are shown as overlapping ovals. Potential end-products are boxed in dark-fuchsia 146 

color. ATP production and consumption are highlighted by dark- and light-pink boxes around ATP, 147 

respectively. Abbreviations: AAT, aspartate alanine transferase; ACL, ATP-citrate lyase; ACO, 148 

aconitase; ACS, acetyl-CoA synthetase; AK, adenylate kinase; APS, adenosine-5'-phosphosulfate; 149 

APSK, adenosine-5'-phosphosulfate kinase; AS, ATP sulfurylase; cpn10, chaperonin 10; cpn60, 150 

chaperonin 60; CIC, citrate carrier; CoA, coenzyme A; ETFa, electron transferring flavoprotein 151 
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subunit alpha; ETFb, electron transferring flavoprotein subunit beta; ETFDH, electron transferring 152 

flavoprotein dehydrogenase; Fe-ADH, iron-containing alcohol dehydrogenase; Fd, ferredoxin; FH, 153 

fumarase; GDH, glutamate dehydrogenase; H, GCSH protein; HSP70, heat shock protein 70; 154 

HydA, [FeFe]-hydrogenase; HydE, hydrogenase maturase; HydF, hydrogenase maturase; HydG, 155 

hydrogenase maturase; IDH, isocitrate dehydrogenase; IPP, inorganic pyrophosphatase; L, GCSL 156 

protein; D-LDH, D-lactate dehydrogenase; LPLA, lipoamide protein ligase; MCF, mitochondrial 157 

carrier family; MDH, malate dehydrogenase;  MPP a+b, mitochondrial processing peptidase 158 

subunit alpha and beta; NaS, sodium/sulfate symporter; NifS, cysteine desulfurase; NifU+FdhD, 159 

scaffold protein + formate dehydrogenase accessory sulfurtransferase; OGC, 2-oxoglutarate 160 

carrier; P, GCSP protein; P5CDH, pyrroline-5-carboxylate dehydrogenase; P5CR, pyrroline-5-161 

carboxylate reductase; PAPS, 3’-phosphoadenosine 5’-phosphosulfate; PC, pyruvate carboxylase; 162 

PFO, pyruvate:ferredoxin oxidoreductase; PNT, pyridine nucleotide transhydrogenase; ProDH, 163 

proline dehydrogenase; RQ, rodoquinone; RQH2, rhodoquinol; RquA, RQ methyltransferase; 164 

SAM, sorting and assembly machinery; SDH5, succinate dehydrogenase assembly factor; SDHA, 165 

succinate dehydrogenase subunit A; SDHB, succinate dehydrogenase subunit B; SDHC, succinate 166 

dehydrogenase subunit C; SDHD, succinate dehydrogenase subunit D; SHMT, serine 167 

hydroxymethyltransferase; T, GCST protein; THF, tetrahydrofolate; THF-CH2, N5,N10-168 

methylenetetrahydrofolate; TOM/TIM, translocase of the outer/inner membrane; UQ, 169 

ubiquinone; Zn-ADH, zinc-containing alcohol dehydrogenase. 170 

 171 

Protein import machinery 172 
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Despite sensitive HMMER searching we identified only three subunits of the outer membrane 173 

translocase (TOM) and the sorting and assembly machinery (SAM) complexes — Tom40, Sam50, 174 

and Sam37 (Fig 2). All three proteins had corresponding domains predicted by InterProScan. 175 

Many homologues of the canonical opisthokont subunits are missing (S2 Table), as are all parts 176 

of the translocase of the inner membrane (TIM), and so the mechanism of protein import across 177 

this membrane remains unclear. The situation resembles other Archamoebae [23,28,30], 178 

suggesting that their translocons are either highly streamlined and/or contain highly divergent 179 

or lineage-specific subunits as reported from trichomonads or trypanosomes [31,32]. 180 

Enzymes involved in processing (matrix processing peptidase) and folding (chaperonins 181 

cpn10 and cpn60) are present. HSP70 was detected in 14 copies, none of them confidently 182 

predicted to mitochondrion (S2 Table). Phylogenetic analysis revealed a single MRO candidate 183 

(Pelo10550) branching sister to M. balamuthi mtHSP70 within the mitochondrial clade (S3 Fig). 184 

The other HSP70 paralogues fell into the ER or cytosolic clades, the latter being diversified in ten 185 

copies all forming robust clades with M. balamuthi sequences. 186 

Although we have probably revealed only a fragment of the inventory needed for the 187 

protein import into the P. schiedtii MRO, the presence of the hallmarks—Tom40, Sam50, 188 

mtHSP70, and cpn60—conclusively shows that the MRO is truly present.   189 

 190 

Tricarboxylic acid cycle and electron transport chain 191 

P. schiedti encodes four enzymes of the tricarboxylic acid (TCA) cycle possessing NTS (S2 Table) 192 

and catalyzing consecutive reactions. ATP citrate lyase (ACL) is typical for the reductive direction 193 

of TCA, while others, fumarate hydratase (fumarase/FH), malate dehydrogenase (MDH), and four 194 



 10 

subunits of the succinate dehydrogenase complex (SDH/complex II/CII), are common for both, 195 

oxidative and reductive TCA. The absence of CII subunit SDH5/SDHAF involved in the flavination 196 

of SDHA subunit [33] is likely common for Archamoebae as it is absent also from M. balamuthi 197 

[24]. 198 

Homologues of A. castellanii respiratory complexes were not identified, except for the 199 

aforementioned CII and a quinone-dependent electron-transferring flavoprotein (ETF; S2 Table). 200 

Both soluble subunits, alpha (ETFa) and beta (ETFb), and the membrane-bound ETF 201 

dehydrogenase (ETFDH), are present but only ETFDH and ETFa contain a recognizable NTS. It has 202 

been proposed in M. balamuthi that electrons may be transferred in an unknown direction 203 

between ETF and rhodoquinone (RQ), a quinone molecule with a lower electron potential than 204 

ubiquinone [3,34]. RQ is in M. balamuthi synthetized by a hydrogenosomal methyltransferase 205 

dubbed RquA [34], which was detected also in P. schiedti (S2 Table). RQ presence allows delivery 206 

of electrons to CII that could function as fumarate reductase [35] producing succinate, the 207 

putative end product of the partial reverted TCA in both Archamoebae [24], which may be 208 

secreted as in Trypanosoma [36].  209 

 210 

Pyruvate and ATP metabolism  211 

Pyruvate is in aerobic mitochondria oxidatively decarboxylated to acetyl-coenzyme A (CoA) by 212 

the pyruvate dehydrogenase (PDH) complex. In most MROs, PDH is substituted by 213 

pyruvate:ferredoxin oxidoreductase (PFO), pyruvate:NADP+ oxidoreductase (PNO), or pyruvate 214 

formate lyase (PFL) [2]. We identified six copies of PFO and one copy of PNO in the P. schiedti 215 

genome, all without NTS (S2 Table). However, one of the P. schiedti PFOs was sister to one of the 216 



 11 

M. balamuthi putatively hydrogenosomal PFOs [24] (S4 Fig). We assume that this PFO homologue 217 

operates in P. schiedti MRO. Another pyruvate-metabolizing enzyme predicted to MRO is 218 

pyruvate carboxylase (PC; S2 Table) producing oxaloacetate [37], a substrate of MDH. In M. 219 

balamuthi, pyruvate may be produced by the activity of NAD+-dependent D-lactate 220 

dehydrogenase (D-LDH), of which one is present in hydrogenosome and the other in peroxisome 221 

[17,24]. P. schiedti bears only one homologue of D-LDH that is predicted to peroxisomes (S3 222 

Table), thus pyruvate is likely imported to MRO from cytosol. 223 

Two ATP-synthesizing enzymes are putatively present. Acetyl-CoA synthetase (ACS), 224 

enzyme converting acetyl-CoA to acetate, CoA, and ATP, was found in eight copies, four of which 225 

possessed a putative NTS. ATP may be formed also by the adenylate kinase (AK) catalyzing 226 

interconversion of adenine nucleotides. Three of the six AKs are putatively localized in the MRO 227 

(S2 Table). In this respect, the situation resembles M. balamuthi hydrogenosome [24]. Third 228 

putative source of ATP is the antiport against PAPS.  229 

 230 

Amino acid metabolism 231 

Glycine cleavage system (GCS) is at least partially retained in many MROs [38]. It consists of four 232 

enzymes (H-, L-, T-, and P-protein) and methylates tetrahydrofolate (THF) while decomposing 233 

glycine into CO2 and ammonia. THF methylation is also provided by the serine 234 

hydroxymethyltransferase (SHMT) [39]. We identified all GCS enzymes and SHMT in P. schiedti, 235 

all with predicted NTS (Fig 2, S2 Table). L-protein was present in two copies with only one bearing 236 

NTS, similarly to M. balamuthi. The function of the second copy is unknown [24]. Lipoamide 237 

protein ligase (LPLA) necessary for lipoamide attachment to GCSH was present with NTS. The 238 
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resulting N5,N10-methylenetetrahydrofolate (CH2-THF) is an intermediate in one-carbon 239 

metabolism and cofactor for the synthesis of pyrimidines and methionine in both mitochondria 240 

and cytosol. Two cytosolic enzymes requiring this cofactor, B12-dependent methionine synthase 241 

and THF dehydrogenase/cyclohydrolase, were detected (S2 Table). Glycine can be produced in 242 

mitochondria from threonine by threonine dehydrogenase (TDH) and alpha-amino-beta-243 

ketobutyrate CoA ligase (AKL) [40] but both proteins lack a recognizable NTS in P. schiedti (S2 244 

Table). Consistently, TDH activity was measured only in the cytosolic fraction of M. balamuthi 245 

[24]. It is highly probable that this pathway operates in the cytosol of P. schiedti and glycine is 246 

imported to MRO. 247 

To our surprise, we identified remnants of the proline degradation pathway presumably 248 

residing in P. schiedti MRO (Fig 2). In mitochondria, proline is usually degraded to glutamate by 249 

the function of proline dehydrogenase (ProDH) and pyrroline-5-carboxylate dehydrogenase 250 

(P5CDH) [41]. While ProDH is missing in P. schiedti, an alternative enzyme pyrroline-5-carboxylate 251 

reductase (P5CR) was predicted to be mitochondrion-targeted by one predictor (S2 Table). 252 

P5CDH is present in P. schiedti but lacks predictable NTS. Glutamate can be further metabolized 253 

to 2-oxoglutarate by glutamate dehydrogenase (GDH) [41], which is present and predicted to be 254 

mitochondrion-targeted also by one tool (S2 Table). 255 

 256 

Cofactor regeneration 257 

NADH produced by GCS or during putative proline degradation would be in most mitochondria 258 

reoxidized by NADH dehydrogenases in the electron transport chain [41]. Since this is absent in 259 

P. schiedti, we explored other ways for regeneration of this cofactor. One possibility is 260 



 13 

fermentation of aldehydes to alcohols by alcohol dehydrogenases [42] putatively targeted to the 261 

MRO (S2 Table). Another option is the reductive partial TCA cycle running from citrate to 262 

succinate consuming not only NADH but also electrons from ETFDH via CII producing succinate 263 

[43]. Citrate or oxaloacetate are necessary to fuel this pathway. We identified a mitochondrial 264 

citrate carrier (CIC; S2 Table) which belongs to SLC25A family and is known to exchange malate 265 

for cytosolic citrate in cancer cells under low concentration of oxygen [44]. ACL produces acetyl-266 

CoA and oxaloacetate from citrate on the expense of ATP [45]. Acetyl-CoA may become a 267 

substrate for anabolic reactions or be used by ACS to regenerate both ATP and CoA (Fig 2), while 268 

oxaloacetate may enter the reverse TCA cycle becoming substrate of MDH, regenerating NAD+. 269 

The malate pool is maintained also by 2-oxoglutarate carrier (OGC; S2 Table). In the cytosol, 2-270 

oxoglutarate can be reductively carboxylated to replenish citrate [46]. Oxaloacetate may 271 

alternatively be produced from pyruvate by PC with ATP consumption or by the action of 272 

aspartate amino transferase (S2 Table). The latter enzyme may balance the ratio of 2-273 

oxoglutarate + aspartate: oxalacetate + glutamate; however, the origin and fate of aspartate is 274 

unclear due to the absence of the glutamate-aspartate antiporter (S2 Table). 275 

Pyridine nucleotide transhydrogenase (PNT) is predicted to MRO by a single predictor (S2 276 

Table). PNT usually localizes in the inner mitochondrial membrane and pumps protons while 277 

transferring electrons between NADH and NADPH [47]. PNT is present in M. balamuthi and E. 278 

histolytica [23,48], however in E. histolytica, it was shown to localize outside mitosomes [49], 279 

which calls into question its MRO location in other Archamoebae. 280 

MRO contains two additional electron sinks with unclear purpose. ETF and ETFDH 281 

proteins are known to use electrons from oxidation of fatty acids, which is absent in P. schiedti 282 
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MRO. Finally, [FeFe]-hydrogenases uptake electrons from reduced ferredoxins and produce 283 

molecular hydrogen. Three of the six detected hydrogenases bear putative NTS. Hydrogenases 284 

contain catalytic H cluster and its maturation is dependent on maturases (HydE, HydF, and HydG) 285 

[50], which are all present and contain NTS (S2 Table). Reduced ferredoxin may originate from 286 

pyruvate oxidation. 287 

 288 

Iron-sulfur cluster assembly 289 

Mitochondria usually house the iron-sulfur cluster assembly (ISC) pathway inherited from 290 

alphaproteobacteria serving for maturation of both, mitochondrial and cytosolic FeS proteins 291 

[51]. Some organisms, including Archamoebae, have replaced it by another machinery via 292 

horizontal gene transfer [25,52]. M. balamuthi bears two copies of the nitrogen fixation (NIF) 293 

system, both comprising NifS and NifU proteins. While one pair of NIFs operates in cytosol, the 294 

other localizes in the hydrogenosome [25]. In E. histolytica, only cytosolic copy has been retained 295 

[24]. 296 

In P. schiedti MRO, hydrogenases and their maturases HydE and HydF, SDH, ferredoxin, 297 

and PFO are putative clients for NIF system. We identified seven NifS and three NifU proteins, of 298 

which only NifU (Pelo10620) contained predicted NTS (S2 Table). Interestingly, this protein 299 

consists of a NifU N-terminal domain fused to a formate dehydrogenase accessory 300 

sulfurtransferase (FdhD) C-terminal domain (S5A Fig). The Escherichia coli FdhD transfers sulfur 301 

from IscS to formate dehydrogenase (FdhF) and is essential for its activity [53]. P. schiedti indeed 302 

encodes a FdhF homologue without NTS (S2 Table). In the NifU phylogeny (Fig 3A), the NifU 303 

domain of the fusion protein formed a long branch within a moderately supported (80% ultrafast 304 
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bootstrap) clade of all Archamoebae NifUs. The other P. schiedti NifU sequences branched sister 305 

to hydrogenosomal and cytosolic M. balamuthi homologues. All three P. schiedti NifU sequences 306 

contained conserved cysteine residues (S5B Fig) necessary for their function [54]. 307 

 308 

Fig 3. Analyses of NIF system components.  309 

(A-B) The Maximum Likelihood phylogenetic trees show that Pelomyxa schiedti possesses 310 

orthologues of hydrogenosomal and cytosolic NifU (A) and NifS (B) proteins from Mastigamoeba 311 

balamuthi. Hydrogenosomal proteins of M. balamuthi are marked with stars. The Maximum 312 

Likelihood tree was estimated with standard (BS) and ultrafast bootstrapping (UFB). The tree 313 

topology shown is from the ultrafast bootstrap analysis. Support values for <50% BS and <75% 314 

UFB are denoted by a dash (-), whereas an asterisk (*) marks a topology that does not exist in a 315 

particular analysis. Fully supported nodes are shown as black circles, while nodes that were not 316 

supported are without any value. (C) Heterologous expression of two NifS sequences of Pelomyxa 317 

schiedti showed their cytosolic localization. Proteins were expressed in Saccharomyces cerevisiae 318 

with a GFP-tag at their C-terminus. Mitochondria were stained with MitoTracker. DIC, differential 319 

interference contrast. Scale bar: 5 m. 320 

 321 

None of the seven NifS proteins was predicted to MRO (S2 Table). Two sequences were 322 

identical but incomplete at their C-termini and could not be completed by read mapping or PCR 323 

amplification. In the phylogenetic analysis (Fig 3B), Pelo13211 and Pelo6206 branched sister to 324 

the hydrogenosomal and cytosolic M. balamuthi sequences, respectively. Pelo14142 was sister 325 

to candidate Riflebacteria species and the last four formed a long branch nested within the 326 
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Archamoebae clade. All amino acid residues required for function [55] were present in both P. 327 

schiedti sequences that were sister to M. balamuthi (S5C Fig).  328 

The phylogenetic pattern offers an elegant hypothesis in which NifS Pelo6206 and NifU 329 

Pelo14273 act in the cytosol, while NifS Pelo13211 and NifU Pelo19958 in MRO. The remaining 330 

NifS copies might be functional partners of the NifU-FdhD fusion protein (Pelo10620). 331 

Surprisingly, our experiments with heterologous localization of the MRO and cytosolic NifS 332 

candidates in Saccharomyces cerevisiae revealed cytosolic localization of both (Fig 3C), leaving 333 

the question of the FeS cluster assembly in P. schiedti MRO unresolved. 334 

 335 

Sulfate activation pathway 336 

Sulfate activation pathway produces PAPS necessary for sulfolipid synthesis [22]. It is present in 337 

E. histolytica [22,56] and M. balamuthi [24] MROs, and we identified all of its components also 338 

in P. schiedti (Fig 2, S2 Table). The pathway requires two transporters. A sodium/sulfate 339 

symporter (NaS) is necessary for substrate delivery, however,  its homologues in P. schiedti (S2 340 

Table) are unrelated to E. histolytica mitosomal NaS [22] (S6A Fig) yielding their role unclear. The 341 

PAPS exporter belongs to the mitochondrial carrier family (MCF) and, indeed, one of P. schiedti 342 

MCF proteins branched sister to a clade of PAPS transporters of E. histolytica and M. balamuthi 343 

[28,57] (S6B Fig). As this transporter exchanges PAPS to ATP, it plays role in supplementing the 344 

ATP pool in MRO, yet cannot provide a net ATP gain, because two ATP molecules are required 345 

for production of one PAPS.  346 

 347 

Anaerobic peroxisomes 348 
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 We have also investigated the presence of anaerobic peroxisomes, which were recently 349 

characterized in M. balamuthi [17]. P. schiedti encodes genes for 13 proteins required for 350 

peroxisome biogenesis (peroxins, Pexs) strongly suggesting presence of peroxisomes. Identified 351 

peroxins include Pex5 and Pex7 required for the recognition of peroxisomal targeting signal 1 and 352 

2 (PTS1 and PTS2), respectively, Pex13 and 14 mediating the protein import, Pex1, 2, 6, 10, and 353 

12, which are receptor-recycling peroxins, Pex3, 16, and 19 involved in protein import to the 354 

peroxisomal membrane, and Pex11 participating in the peroxisome fission (S3 Table). Prediction 355 

of putative peroxisomal matrix proteins based on the PTS1/PTS2 presence revealed 67 356 

candidates (S3 Table). Interestingly, only four candidates were previously found in anaerobic 357 

peroxisomes of M. balamuthi that include peroxisomal processing peptidase (PPP), inositol 2-358 

dehydrogenase, nudix hydrolase, and D-lactate dehydrogenase, all with clear support for 359 

localization in P. schiedti peroxisomes (S3 Table). Unlike in M. balamuthi, P. schiedti peroxisomes 360 

possibly contain pyridoxamine 5'-phosphate oxidase (PNPO) that utilizes molecular oxygen as an 361 

electron acceptor to catalyze the last step of the pyridoxal 5′-phosphate (PLP) biosynthesis with 362 

concomitant formation of ammonia and H2O2. The presence of PNPO raises a question how H2O2 363 

is detoxified as typical antioxidant enzymes, such as catalase and peroxidase, are not present. 364 

However, H2O2 could be decomposed also nonenzymatically by antioxidants, such as 2-365 

oxoglutarate, in which the ketone group of the α-carbon atom reacts with H2O2 to form succinate, 366 

CO2, and water [58]. P. schiedti contains a putative glutamate dehydrogenase that may produce 367 

2-oxoglutarate and that possesses –SKL triplet, a typical PTS1. However, the peroxisomal 368 

targeting was not supported by the PTS predictor, which considers twelve C-terminal amino acid 369 

residues. The other proteins with predicted peroxisomal localization include several enzymes of 370 
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amino acid synthesis and degradation, carbohydrate metabolism and hydrolases, however 371 

without clear biochemical context. More experimental studies are required to verify predicted 372 

localizations and to delineate function of peroxisomes in P. schiedti. 373 

 374 

Electron microscopy 375 

Finally, we were interested whether the two organelles described by the genomic data can be 376 

visualized by microscopy. Careful inspection of electron micrographs, indeed, revealed two 377 

populations of small vesicles, one presumably bounded by a double membrane while the other 378 

by a single (Fig 4). We ascribe them to putative MROs and peroxisomes in silico characterized in 379 

this work but leave the confirmation for further studies. 380 

 381 

Fig 4. Transmission electron micrograph of Pelomyxa schiedti, ultra-thin sections. (A) The 382 

nuclear area. N, nucleus; black arrow, putative mitochondrion-related organelle; white arrow, 383 

small dense body (putative peroxisome); asterisk (*), prokaryotic endosymbiont. (B-C) High 384 

magnification of putative mitochondrion-related organelle; black arrow, bounding double 385 

membrane. (D) Detail of the bounding double membrane. (E) High magnification of the small 386 

dense body (putative peroxisome). Scale bars: 400 nm for (A); 50 nm for (B-E). 387 

 388 

Conclusions 389 

Our bioinformatic survey of the putative proteome of Pelomyxa schiedti MRO revealed several 390 

interesting insights and opened many questions for further investigation of this amoeba. Most 391 

importantly, P. schiedti clearly does harbor an MRO with a very streamlined or lineage specific 392 
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set of protein translocases, and peroxisomes with a set of 13 soluble and membrane associated 393 

peroxins. Our in silico predictions showed that the MRO provides the cell with the synthesis of 394 

PAPS, contains glycine cleavage system, [FeFe]-hydrogenase, and likely also a part of a TCA cycle 395 

running in reverse direction from citrate enabling concomitantly the production of acetyl-CoA. 396 

The electron transport chain is reduced to complex II and electron-transferring flavoprotein 397 

dehydrogenase, and possibly uses rhodoquinone as the electron transporter. We predict that the 398 

source of reduced ferredoxin for [FeFe]-hydrogenase comes from pyruvate. The situation with 399 

the FeS cluster assembly in this amoeba seems rather complex as it contains the most diverse set 400 

of NIF pathway proteins of all previously investigated Archamoebae. These proteins very likely 401 

provide parallel FeS synthesis in MRO and cytoplasm, but in addition to this, some may be 402 

involved in the activation of formate dehydrogenase as seen in some prokaryotes. P. schiedti 403 

anaerobic peroxisomes, similarly to M. balamuthi, lack enzymes of β-oxidation of fatty acids and 404 

catalase. Although the function of these peroxisomes needs to be clarified, the set of predicted 405 

enzymes suggested significant metabolic diversity between the two amoebae as well as from 406 

their aerobic counterparts. 407 

 408 

 409 

Materials and methods 410 

Cell culture 411 

Polyxenic (and polyeukaryotic) culture of Pelomyxa schiedti strain SKADARSKE was maintained in 412 

Sonneborn’s Paramecium medium [59] as described previously [27]. 413 

 414 
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Genome and transcriptome sequencing and assembly 415 

Genome sequencing was performed from whole genome amplified DNA (WGA). Individual cells 416 

were picked by micromanipulation and washed twice in Trager U media [60]. Genomic DNA was 417 

amplified using Illustra Single Cell GenomiPhi DNA Amplification Kit (GE Healthcare Life Sciences) 418 

according to the manufacturer’s protocol and purified using ethanol precipitation. Presence of 419 

the eukaryotic DNA was confirmed by amplification of a partial actin gene using specific primers 420 

(S4 Table). Sequencing libraries from seven positive samples were prepared using Illumina TruSeq 421 

DNA PCR-Free kit (Illumina). Samples Pelo2 and Pelo5 were sequenced on Illumina MiSeq (2x300 422 

bp; Genomic Core facility, Faculty of Science) and Nanopore (Oxford Nanopore Technologies), 423 

samples P1 – P5 on Illumina HiSeq X (Macrogen Inc.). The Nanopore library was prepared using 424 

Oxford Nanopore Technologies ligation sequencing kit (SQK-LSK108) from 4 μg of T7 425 

endonuclease I (New England Biolabs) treated WGA. Sequencing was performed using a R9.4.1 426 

Spot-On Flow cell (FLO-MIN106) for 48 hours. 427 

For transcriptome sequencing, single-cells of P. schiedti were washed twice in Trager U 428 

and amplification by 19 cycles was performed [61]. Five libraries were prepared using Nextera XT 429 

DNA Library preparation Kit (Illumina) and sequenced on Illumina MiSeq (PE 2x300bp; Genomic 430 

Core facility, Faculty of Science).  431 

Raw Illumina DNA- and RNA-Seq reads were quality and adapter trimmed using BBDuk 432 

v36.92 (part of BBTools suite: https://jgi.doe.gov/data-and-tools/bbtools/). Firstly, individual 433 

single-cell genome assemblies for Pelo2, Pelo5, and P1 – P5 were generated with SPAdes v3.11.1 434 

[62] using single-cell (--sc) mode and a k-mer size of 127. As the 18S rDNAs extracted from 435 

individual assemblies were identical, all reads (i.e., Illumina HiSeqs and MiSeq, and Nanopore) 436 
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were assembled together by SPAdes v3.11.1 using --sc and k-mers of 21, 33, 55, 77, 99, 121. The 437 

resulting assembly was binned and decontaminated using tetraESOM [63] and a BLASTing 438 

strategy described previously [64]. The final assembly was scaffolded using P_RNA_scaffolder 439 

[65]. Prediction was done using Augustus v3.3.1 [66], and further improved by PASA and EVM 440 

[67] using the transcriptomic data. RNA-Seq reads were assembled using Trinity v2.6.5 [68] with 441 

default parameters, and contaminants were removed by BLASTing against the decontaminated 442 

genome assembly. RNA-Seq reads were mapped to the transcriptome using Bowtie2 v2.3.0 [69] 443 

and to the genome using HISAT2 v2.0.5 [70]. Genome and transcriptome completeness were 444 

assessed using BUSCO v3 with the eukaryota_odb9 dataset [71]. 445 

 446 

Sequence searches and localization predictions 447 

Proteins predicted to localize in M. balamuthi hydrogenosome, E. histolytica mitosome, and A. 448 

castellanii mitochondria served as queries in BLAST v2.6.0+ [72] searches through P. schiedti 449 

assemblies. Sensitive searches for components of TOM/TIM machinery were done using HMMER 450 

v3.3 [73]. Protein domains were predicted by InterProScan [74] implemented in Geneious Prime 451 

v2020.2.3 [75]. 452 

Potentially mitochondrion-targeted proteins were identified using TargetP v2 [76], PSORT 453 

II [77], MultiLoc2 [78], and NommPred [79] tools. Since P. schiedti does not harbor plastid, the 454 

plant setting from MultiLoc2 was omitted and NommPred was used in the MRO and in the 455 

Dictyostelium settings [19]. A protein was considered as mitochondrial if predicted by at least 456 

one setting of MultiLoc2 or NommPred. 457 
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Peroxins were identified by BLAST searches using M. balamuthi queries. Peroxisomal 458 

matrix proteins were predicted by searching for peroxisomal targeting signals (PTS). The 459 

tripeptides SRI and [SAP][KR][LM] (excluding AKM, PKM, and PRM) were used to search for the 460 

C-terminal PTS1. Proline at position -3 and methionine at position -1 were included based on 461 

experimental verification in M. balamuthi [17]. Two nanopeptides R[LI](x5)HL were used for N-462 

terminal PTS2 searches [80]. All putative transmembrane proteins determined by TMHMM 463 

Server v2.0 [81] were filtered out. PTS1 candidates were submitted to the PTS1 Predictor using 464 

GENERAL function [82] evaluating twelve C-terminal residues.  465 

 466 

Phylogenetic analyses 467 

An 18S rRNA gene dataset was aligned by MAFFT v7 [83] server with the G-INS-i algorithm at 468 

default settings and manually edited in BioEdit v7.0.4.1 [84] resolving 1,437 positions. 469 

Phylogenetic tree was constructed using Maximum-Likelihood in RAxML v8.0.0 [85] under the 470 

GTRGAMMAI model, 100 starting trees, and 1,000 bootstrap pseudoreplicates. 471 

For selected proteins, datasets were aligned by MAFFT v7.313 [83], trimmed by trimAl 472 

v1.4 [86] and Maximum-Likelihood trees were inferred by IQ-TREE v1.6.8 [87] using the posterior 473 

mean site frequency method [88], LG+C20+F+G model, with the guide tree inferred under 474 

LG+F+G. Branch supports were obtained by the ultrafast bootstrap approximation [89]. 475 

 476 

Immunofluorescence analysis 477 

NifS genes (Pelo6206 and Pelo13211) were amplified from cDNA using specific primers (S4 Table) 478 

and PrimeSTAR® Max DNA Polymerase (Takara Bio Inc.) premix, cloned into pUG35 vector 479 
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containing C-terminal green fluorescence protein (GFP), and transformed to S. cerevisiae strain 480 

YPH499 using the lithium acetate method [90]. Transformants were grown on selective medium 481 

without uracil (SD-URA) at 30 °C. For localization, transformed cells were incubated with 482 

MitoTracker Red CMXRos (1:10,000; Thermo Fisher Scientific) for 10 minutes, followed by two 483 

washes with PBS, and mounted in 1% low-melting agarose and imaged using a Leica SP8 confocal 484 

microscope. Deconvolution was performed using Huygens Professional v17.10 and ImageJ 485 

v1.50b. 486 

 487 

Transmission electron microscopy 488 

A grown culture of P. schiedti was pelleted by centrifugation and fixed one hour on ice with 2.5% 489 

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). After washing in 0.1 M cacodylate buffer, the 490 

cells were postfixed one hour on ice with 1% OsO4. After washing with distilled water, the fixed 491 

cells were dehydrated in a graded series of ethanol, transferred to acetone, and embedded in 492 

EPON resin. Ultrathin sections were prepared on an ultramicrotome (Reichert-Jung Ultracut E) 493 

with a diamond knife. Sections were stained with uranyl acetate and lead citrate and examined 494 

using JEOL 1011 transmission electron microscope. 495 

 496 

 497 

Data availability 498 

The raw sequencing data and final assemblies are available at NCBI 499 

(https://www.ncbi.nlm.nih.gov/) as BioProject PRJNA672820. 500 

 501 
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S1 Fig. Phylogenetic analysis of amoebozoan 18S rDNA. The Maximum Likelihood tree places 764 

Pelomyxa schiedti in monophyletic Pelomyxidae group inside monophyletic Archamoebae. 765 

Standard bootstrap support values are shown when  50%. 766 

 767 

S2 Fig. BUSCO analysis of the Pelomyxa schiedti transcriptome and predicted proteins. 768 

Completeness of P. schiedti datasets were assessed using the odb9_eukaryota dataset and 769 

compared with completeness of predicted proteins from Mastigamoeba balamuthi. 770 

 771 

S3 Fig. Phylogenetic analysis of HSP70 proteins. The Maximum Likelihood phylogenetic tree 772 

documents that one of the Pelomyxa schiedti HSP70 sequence is related to mitochondrial 773 

orthologues from other eukaryotes. Ultrafast bootstrap support values are shown when  75%. 774 

 775 

S4 Fig. Phylogenetic analysis of PFO enzymes. The Maximum Likelihood phylogenetic tree 776 

identified a PFO version putatively operating in Pelomyxa schiedti MRO. Hydrogenosomal PFO 777 

copies of Mastigamoeba balamuthi are marked with stars. Number in parenthesis shows number 778 

of species in the collapsed clade. Ultrafast bootstrap support values are shown when  75%. 779 

 780 

S5 Fig. Sequences of Pelomyxa schiedti components of NIF system. (A) The diagram depicts P. 781 

schiedti protein Pelo10620 composed of a NifU N-terminal domain fused to a FdhD (formate 782 

dehydrogenase accessory sulfurtransferase) C-terminal domain as determined by InterProScan. 783 

(B-C) Sequence alignment of NifU (B) and NifS (C) proteins from P. schiedti and Mastigamoeba 784 
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balamuthi in comparison with bacterial homologues from Thermotoga maritima. The amino acid 785 

residues necessary for the function of NifU and NifS are labeled according to the legend.  786 

 787 

S6 Fig. Phylogenetic analysis of transporters involved in the sulfate activation pathway. (A) The 788 

phylogenetic analysis did not resolve which one of the sodium/sulfate symporters of Pelomyxa 789 

schiedti is related to the Entamoeba histolytica mitosomal transporter. (B) The Maximum 790 

Likelihood phylogenetic tree confirms one P. schiedti transporter as PAPS (3’-phosphoadenosine 791 

5’-phosphosulfate) transporter, while two others belong to a broader mitochondrial carrier 792 

family of transporters. Experimentally proven mitosomal transporters of E. histolytica are marked 793 

with stars. Ultrafast bootstrap support values are shown when  75%. 794 

 795 

S1 Table: Statistics of Pelomyxa schiedti assemblies were compared with those of 796 

Mastigamoeba balamuthi. 797 

 798 

S2 Table: Proteins targeted to MRO of Pelomyxa schiedti. Localization of proteins was predicted 799 

by several tools, as listed in columns E - J. Mitochondrial predictions are highlighted by white font 800 

on blue background. Column K shows final inferred prediction of localization. mit, mitochondrial; 801 

cyt, cytosolic; SP, signal peptide; ER, endoplasmic reticulum; nuc, nuclear; extracell, extracellular; 802 

sec, secretory system; perox, peroxisomal; PM, plasma membrane; Other, other localization; -, 803 

protein not localized in MRO; +, protein localized in MRO; +?, protein localized in MRO with low 804 

confidence. 805 

 806 
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S3 Table. Proteins required for peroxisome biogenesis and targeted to peroxisome. Proteins 807 

identified in Mastigamoeba balamuthi are highlighted by white font on blue background. 808 

Proteins were considered peroxisome-targeted, if they contained PTS1 (SRI or [SAP][KR][LM]) or 809 

PTS2 motif (R[LIV](x5)HL), and/or were predicted by PTS1 predictor [82]. 810 

 811 

S4 Table: Primers used in this study. 812 
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