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Abstract

Examination and comparison of organisms have been tremendously important for the study of life’s
history on earth. The progress of our understanding of the genetic basis of heredity and the recent boom
of sequencing technologies allows us to continue in this exciting field of research from the perspective
of genes and genomes. In this work, I focus on the study of an anaerobic amoeba Mastigamoeba
balamuthi, which is related to an important human pathogen Entamoeba histolytica. Comparative
analysis allows us to draw some conclusions about the nature of the common ancestor of
Mastigamoeba and E. histolytica, how it adapted to the anaerobic lifestyle, and about the way the
Entamoeba lineage evolved to become a successful parasite. Surprisingly we also noticed that besides
hydrogenosomes (hydrogen-producing organelles related to mitochondria), M. balamuthi also harbors
peroxisomes — organelles thought to be absent in anaerobic organisms. This finding motivated us to
inquire more about peroxisomes in other eukaryotic lineages. We found out that there is a reduced set
of peroxisomal markers in certain Entamoeba species. Moreover, we showed that peroxisomes were
independently lost in several lineages of parasitic helminths and a free-living tunicate Oikopleura

dioica.



Abstrakt

Vyzkum a srovnavani organismu byly nesmirné vyznamné pro studium historie Zivota na Zemi. Pokrok
v porozuméni genetickému zakladu dédiCnosti a nebyvaly rozvoj sekvenacnich technologii nam
umoziuje pokracovat na tomto vzrusujicim poli vyzkumu z perspektivy genti a genomti. V této praci se
zaméruji na studium anaerobni améby Mastigamoeba balamuthi, ktera je pribuzna vyznamnému
lidskému parazitu Entamoeba histolytica. Srovnavaci analyza nam umozZnila ucinit nékteré zavéry o
vlastnostech spolecného predka M. balamuthi a E. histolytica, jak se pfizptisobil Zivotu bez kysliku, a
jak se linie Entamoeba vyvinula v GspéSného parazita. Zjistili jsme pritom prekvapive, Ze vedle
hydrogenosomii (odvozené mitochondrie produkujici vodik) méa M. balamuthi také peroxisomy -
organely o kterych se soudilo, Ze je anaerobni organismy ztratily. Tento objev nas podnitil ke studiu
distribuce peroxisomt u dalSich eukaryotickych linii. Zjistili jsme, Ze i u nékterych druht Entamoeba
nalézame redukovany soubor proteinti typickych pro peroxisomy. Dale jsme ukazali, Ze peroxisomy
byly nezévisle ztraceny u nékterych skupin parazitickych ¢ervii a u volné Zijiciho plasténce Oikopleura

dioica.



1 Introduction

1.1 Free-living and parasitic eukaryotes

Organisms live within an intricate network of interactions with abiotic environment and with each
other, with a variable degree of dependency and directionality. These range from interactions that span
vast time and space (think about photosynthetic organisms of the past) to very immediate proximal
interactions, for example, a prey being eaten by a predator. When the individuals of different species
live in a tight long term relationship, we call such interaction symbiosis. For example, a wood
degrading protist Trichonympha inhabiting termite gut provides the host with a critical ability to use
wood as an energy source. However, if one player in symbiosis benefits at the expense of the other, the
interaction is described as parasitism.

Parasites are ever-present in all lineages of life, including eukaryotes, that is organisms with a
unique cell structure called the nucleus and other complex features. Modern phylogeny, which is
primarily based on a comparison of the genomes of extant organisms, has helped us to resolve
evolutionary relationships between many eukaryotic lineages (Burki et al. 2020). It turns out that a vast
hidden diversity of eukaryotes is represented by one-celled eukaryotes — protists, and that parasitism is
a popular life strategy that has been adopted numerous times across the diversity of eukaryotes (Figure
1).

Poulin and Randhawa define six optimal parasitic strategies towards which all the eukaryotic
parasitic lineages evolve (Poulin and Randhawa 2015). Indeed we observe many convergent
evolutionary patterns when looking at parasites of different origins, for example, loss of certain
metabolic pathways, genomic streamlining, surface modification. Comparative studies of successful
parasitic groups and their relatives have brought many exciting insights into the evolution of
parasitism.

Certain specialized structures or mechanisms that are essential for parasite survival can be
traced back to the free-living ancestor. We call such a shift in the function of a trait in the evolution an
exaptation (formerly pre-adaptation) (S. J. Gould and Vrba 1982). For example, the apical complex that
many apicomplexans use to establish contact with host cells and secrete effector molecules, as well as a
specific kind of asexual fission called schizogony, were both found in free-living lineages related to
apicomplexans (Janouskovec et al. 2015). Similarly, a study comparing a free-living kinetoplastid Bodo
saltans with parasitic trypanosomatids revealed that B. saltans codes for surface glycoproteins that the

authors call Bodonids, that share structural similarity to and may have the same ancestry as some



trypanosomatid cell surface proteins (Trypanosoma cruzi Dispersed Gene Family-1 and Leishmania
Promastigote Surface Antigen) (Jackson et al. 2016).

So it turns out that the free-living ancestors of successful parasitic groups were possibly well
equipped to acquire parasitic lifestyle and that we can observe radiation of closely related parasitic
lineages of independent origin that can be strikingly similar in appearance. For example, it was recently
shown that two parasitic lineages formerly classified as Apicomplexa (Piridium and Platyproteum) are
both of an independent origin (Mathur et al. 2019). Similarly, phylogenetic analyses of kinetoplastids
established that several lineages related to the parasitic trypanosomatids (Trypanoplasma, Azumiobodo,

Ichthyobodo) have independently acquired parasitic lifestyle (Lukes et al. 2014; Yazaki et al. 2017).
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Figure 1. A simplified overview of eukaryotic phylogeny. Obligate parasitic groups with important
human pathogens are labeled with a red circle. Groups that contain parasitic taxa are labeled with a
pink circle. Photographs of parasitic protists are shown: Blastocystis sp. (Tan 2008), Toxoplasma gondii
(Shaw and Tilney 1999), Entamoeba histolytica (S.J. Upton, www.k-state.edu), Pleistophora
hyphessobryconis (Lom and Corliss 1967), Trypanosoma brucei (www.cdc.gov), Tritrichomonas foetus
(de Andrade Rosa, de Souza, and Benchimol 2013), Giardia intestinalis (www.nih.go.jp). The
eukaryotic phylogeny is based on (Burki et al. 2020).
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It is usually assumed that acquisition of an obligate parasitic lifestyle is a one-way ticket
because such transition requires a high level of specialization, and it is often accompanied by losses of
essential synthetic pathways. Although probably rare, counterexamples do exist. There are several
secondarily free-living trichomonads (Monotrichomonas carabina, Ditrichomonas honigbergii,
Honigbergiella sp., Tetratrichomonas undula, and Pseudotrichomonas keilini) (Yubuki et al. 2010).
Also, a phylogenomics study shows that a free-living diplomonad Trepomonas sp. evolved from a
parasitic ancestor, and this has been facilitated by the acquisition of essential genes (e.g., ribonucleotide
reductase for the synthesis of deoxyribonucleotides from ribonucleotides) via lateral transfer from

bacteria (Morin 2000; Xu et al. 2016).

1.2 The genesis of the group Archamoebae

A group of anaerobic amoebae that comprises parasitic Entamoeba and free-living Mastigamoeba,
commonly called Archamoebae, has been initially classified by Thomas Cavalier-Smith into a group of
amoeboid organisms called Sarcodina (Figure 2A) (Cavalier-Smith 1981). Later in the 80s, Cavalier-
Smith proposed a hypothesis stating that some of the anaerobic eukaryotes belong to a (paraphyletic)
group that has been called Archezoa and that this group is primarily amitochondriate, i. e. these
lineages have split from other eukaryotes before the acquisition of the mitochondrion (Cavalier-Smith
1983). One of the proposed amitochondriate lineages was Archamoebae (Figure 2B).

Although the Archezoa hypothesis was later proven to be incorrect, it boosted interest in these
understudied organisms, their evolution, and cell biology. Several lines of evidence appeared contesting
the Archezoa hypothesis, and Archamoebae have played an essential part in this quest: As in other
proposed Archezoa lineages, organelles of mitochondrial origin have been discovered; first mitosomes
in Entamoeba histolytica (Tovar, Fischer, and Clark 1999) and later hydrogenosomes in Mastigamoeba
balamuthi (Gill et al. 2007).

Furthermore, Archamoebae have been robustly placed within a large eukaryotic supergroup
called Amoebozoa, while some of the other former Sarcodina lineages have been reassigned to other
eukaryotic supergroups including Rhizaria, Heterolobosea, and Metazoa. It has also been shown that
Archamoebae is possibly a sister group of Eumycetozoa, which are aerobic slime molds represented by
e.g., Dictyostelium discoideum, an important model organism (Figure 2C) (Bapteste et al. 2002; Kang

et al. 2017).
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Phylum 1 Proterozoa: Proteromonads*, cyathobodonids (Hibberd, 1976), Opalinida.

2 Dinozoa: Dinoflagellates.

3 Parabasalia: Trichomonads and hypermastigids.

4, Metamonadina: Retortomonads, diplomonads, and oxymonads.

5. Sporozoa: Gregarines, coccidians, and piroplasms.

6 Infusoria: Ciliophora (Cavalier-Smith, 1981b; Corliss, 1979).

7 Foraminifera.

8 Sarcodina: |Amoebae, amoeboflagellates, slime moulds (Mycetozoa), Radiolaria,

Heliozoa, Acantharia, Myxosporea, Microsporea.
B C
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: —|Archamoebae
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Figure 2. The genesis of the placement of the Archamoebae taxon. Groups that contain Archamoebae
are marked by a red box. (A) Former group Sarcodina associated a variety of amoeboid organisms
(Cavalier-Smith 1981). (B) Former group Archezoa was proposed to contain primarily amitochondriate
eukaryotes (Parabasalia, Diplomonadida, Microsporidia, Archamoebae) (Cavalier-Smith 1983). (C)
Multigene phylogenetic studies robustly place Archamoebae within the Amoebozoa group as a sister to

Eumycetozoa (Bapteste et al. 2002; Kang et al. 2017).

1.3 Mitochondrion-related organelles of Archamoebae and evolutionary

adaptation to anaerobiosis

It is generally accepted that eukaryotic mitochondria arose from endosymbiosis of an
alphaproteobacterium and that the common ancestor of eukaryotes was capable of oxidative
phosphorylation (Roger, Mufioz-Gémez, and Kamikawa 2017). However, scattered among the whole
tree of eukaryotes, we find lineages adapted to live without oxygen (Stairs, Leger, and Roger 2015).

This is foremost reflected by the change in the metabolism and structure of mitochondria. An
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established term Mitochondrion-Related Organelles (MRO) describes all diversity of mitochondria of
both aerobic and anaerobic organisms. Comparing MROs from different organisms and lineages, we
observe a mosaic distribution of components and functions. However, we see many strikingly
convergent tendencies in the evolution of the MROs, not only in similar reductions but also in the
acquisition of specific genes possibly by lateral gene transfer (LGT) from other anaerobic eukaryotes or
anaerobic bacteria.

MROs were previously divided into five categories (Miiller et al. 2012): (i) Aerobic
mitochondria (found in e.g., mammals, yeast, plants) have a genome and use electron transport chain
(ETC) with oxygen as a terminal electron acceptor to produce energy. (ii) Anaerobic mitochondria
(e.g., Ascaris, Euglena) have a genome and respire aerobically under high O, conditions but switch to
an alternative terminal acceptor of electrons (e.g., fumarate) under low O2 conditions. (iii) Hydrogen
producing mitochondria (e.g., Blastocystis, Nyctotherus) have a genome but lack the complex V (ATP
synthase) and rather synthesize ATP by anaerobic substrate-level phosphorylation producing H,. (iv)
Hydrogenosomes (e.g., Trichomonas, Stygiella, Neocallimastix, M. balamuthi) lack the organellar
genome and ETC, and ATP is synthesized by substrate-level phosphorylation via anaerobic pyruvate
metabolism and H, synthesis. (v) Mitosomes (e.g., Giardia, Cryptosporidium, Entamoeba) are the most
reduced forms of MROs that neither produce ATP nor hydrogen. These are not definite categories, and
there are MROs with mixed characteristics (Gawryluk et al. 2016). The most extreme case of MRO
reduction is its complete loss that has been only recently described in an oxymonad
Monocercomonoides (Karnkowska et al. 2016).

Archamoebae are obligate anaerobic amoebozoans, and this is also reflected by the presence of
anaerobic MROs. Mitosomes and hydrogenosomes were described in E. histolytica (Tovar, Fischer, and
Clark 1999) and M. balamuthi (Gill et al. 2007), respectively. Both organelles received considerable
attention, and their known components are summarized in Figure 3. We can see a typical
hydrogenosomal anaerobic metabolism in hydrogenosomes of M. balamuthi: Pyruvate:ferredoxin
oxidoreductase oxidizes pyruvate to acetyl-CoA and hydrogenase transfers electrons from reduced
ferredoxin to protons, forming molecular hydrogen. Substrate-level phosphorylation is then
accomplished by the acetyl-CoA synthetase that forms acetate from acetyl-CoA, creating one ATP
(Nyvltova et al. 2015). Furthermore, Archamoebae acquired two unique functions not typical for other
MROs: (i) The typical mitochondrial ISC system for iron-sulfur cluster synthesis has been replaced by
a bacterial NIF system (composed of a cysteine desulfurase and a scaffold for iron-sulfur cluster
assembly). In M. balamuthi two NIF systems are present - one cytosolic and another hydrogenosomal

(Nyvltova et al. 2013), while in E. histolytica the single NIF system has been shown to be localized in
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the cytosol (Ali et al. 2004; Mi-ichi et al. 2009; Dolezal et al. 2010), although some results suggested
its presence also in the mitosome (Maralikova et al. 2010). (ii) In E. histolytica, it has been shown that
the sulfur activation pathway localizes to mitosomes and that it is essential for the synthesis of
cholesteryl sulfate (Mi-ichi et al. 2015). Components of the sulfur activation pathway were also found

in the hydrogenosomes of M. balamuthi (Nyvltova et al. 2015).

Protein import and biogenesis Metabolite transport
? . em 2
AT\P JiDP 2 2 Na‘ S0, VDAC
Moy~ @)~ et \\
P
Pyruvate metabolism
ADP ATP
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Figure 3. Comparison of M. balamuthi hydrogenosomes and E. histolytica mitosomes. Mcf,
mitochondrial carrier family; Ldh, D-lactate dehydrogenase; Hyd, hydrogenase; Fdx, ferredoxin; PFO,
Pyruvate:ferredoxin oxidoreductase; ACS, acetyl-CoA synthetase; AS, ATP sulfurylase; Apsk,
adenosine 5'-phosphosulfate kinase; Ipp, inorganic pyrophosphatase; Shmt, serine
hydroxymethyltransferase; GCS, glycine cleavage system; Sdh, succinate dehydrogenase; ETF,
electron transfer flavoprotein; ETFdh, electron transferring flavoprotein dehydrogenase; RQ,

rhodoquinone.
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Although living in low oxygen conditions, anaerobic eukaryotes still need to deal with oxidative
and nitrosative stress. As with most other anaerobes, E. histolytica lacks glutathione metabolism and
glutathione-dependent pathways (Fahey et al. 1984). Instead, thioredoxin system, superoxide
dismutase, peroxiredoxins, and enzymes typical for anaerobic prokaryotes (flavodiiron protrein, iron-
sulfur flavoprotein, and rubrerythrin) aid detoxification of reactive oxygen species and reactive
nitrogen species in E. histolytica (Loftus et al. 2005; Jeelani and Nozaki 2016). Interestingly an enzyme
for the synthesis of rhodoquinone, a low electron potential quinol, has been found in M. balamuthi

(Stairs et al. 2018).

1.4 Peroxisomes of Archamoebae

Peroxisomes were described in rat liver and a ciliate Tetrahymena pyriformis by Christian de Duve in
the 60s as organelles that contain oxidases that reduce oxygen to hydrogen peroxide and large amounts
of catalase which reduces hydrogen peroxide to water (De Duve 1969). Due to the presence of
peroxisomes in major lineages of eukaryotes de Duve realized that peroxisomes are an ancient
eukaryotic organelle. During that time, an unusual hydrogen-producing organelle of trichomonads was
characterized, and it has been suggested that it may be specialized peroxisome (Cornford and Outka
1970). However, this has been refused by others (Lindmark, Miiller, and Shio 1975), and finally, it has
been shown that the hydrogenosomes are organelles related to mitochondria (Hrdy et al. 2004). This
illustrates certain level of ambiguity when it comes to peroxisomes, their evolutionary origins, and
relationship to mitochondria and the endomembrane system, which remains until present-day
(Gabaldén et al. 2006; Schliiter et al. 2006; Speijer 2017; Sugiura et al. 2017). With the advancement of
genetic and biochemistry tools, molecular mechanisms of protein import into mitochondria and
peroxisomes have been described in detail, and distinct highly specialized protein machineries for
biogenesis and maintenance of each organelle were described (Pfanner and Neupert 1990; S. j. Gould et
al. 1990). Modes of protein import and organelle biogenesis are unambiguous defining characteristics
of each of the eukaryotic organelles. Peroxins, also called PEX proteins, are components of the protein
import and division machinery of peroxisomes. While the functions of peroxisomes are very diverse
(Pieuchot and Jedd 2012), a set of about 14 PEX proteins is highly conserved in peroxisomes of all
eukaryotic lineages, and these PEX proteins are the most reliable markers to evaluate the presence of

peroxisomes (Gabaldon et al. 2006; Schliiter et al. 2006).
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Advances in the sequencing of eukaryotic genomes allowed to perform large-scale comparisons
of peroxisomal markers throughout eukaryotic diversity. It was observed that: peroxisomes are present
in most lineages of aerobic eukaryotes except for certain apicomplexan parasites (e.g., Plasmodium,
Theileria) and that peroxisomes seem to be absent in anaerobic eukaryotes including Archamoebae

(Gabaldon 2010; Gabaldén, Ginger, and Michels 2016; Ludewig-Klingner et al. 2018) (Figure 4).

1.5 Diversity of free-living and parasitic Archamoebae

Archamoebae is a group of anaerobic amoeboid organisms with several genera: Mastigamoeba (Figure
5A-B) and Mastigella (Figure 5C) are free-living amoeboflagellates with a single flagellum.
Rhizomastix (Figure 5D) are both free-living, and endobiotic amoeboflagellates with a single flagellum.
Pelomyxa (Figure 5E) are giant free-living amoebae with many non-motile flagella. Entamoeba (Figure
5F), Endolimax (Figure 5G) and Iodamoeba are endobionts inhabiting mostly animal intestines that

have entirely lost flagellum. Prokaryotic endosymbionts are common in Archamoebae.

Figure 5. Selected representatives of Archamoebae
genera. (A) Mastigamoeba balamuthi
amoeboflagellate with an anterior flagellum and
posterior pseudopodia (Panek et al. 2016). (B) M.
balamuthi amoeba (Panek et al. 2016). (C) Mastigella
eilhardi amoeboflagellate (Zadrobilkova, Walker, and
Cepicka 2015). (D) Rhizomastix bicornata
amoeboflagellate (Zadrobilkova et al. 2016). (E)
Pelomyxa palustris (Ptackova et al. 2013). (F)
Endolimax nana trichrome-stained trophozoite
(www.cdc.gov). (G) Entamoeba coli trichrome-stained
trophozoites (www.cdc.gov). DIC (A-E) and bright-
field (F-G).

17



Efforts to unravel the phylogeny of Archamoebae brought many exciting results (Figure 6).
Contrary to earlier phylogenetic studies based on SSU rRNA (Ptackova et al. 2013; Zadrobilkova,
Walker, and Cepicka 2015), a multigene analysis revealed that the endobiotic/parasitic Entamoebida
form a basal lineage of Archmoebae (Panek et al. 2016). Parasitic or endobiotic lifestyle evolved
independently at least three times (Entamoebidae, Endolimax+Iodamoebae, and within Rhizomastix).
Striking is the similarity in morphology and lifestyle of Entamoebidae, and Endolimax, as they evolved
independently a very similar life cycle: infectious cyst is ingested, trophozoite excysts in the small
intestine and travels to the large intestine where it multiplies and produces cysts. The common ancestor

of Archamoebae was possibly a free-living anaerobic amoeboid flagellate with a single anterior cilium.

Mastigamoeba balamuthi (originally named Phreatamoeba balamuthi) has been isolated from a
well in the Gambia, and an axenic culture has been established (Chavez, Balamuth, and Gong 1986).
Three phenotypes were observed: (i) An amoeba that is typically multinucleate varying from 10 to 160
pm in length (Figure 5A), (ii) a smaller amoeboflagellate with a single anterior flagellum and a body
length from 6 to 50 pm (Figure 5B), (iii) a cyst surrounded by a resistant wall with diameter from 9 to
18 pm. It is of particular interest because it is one of the closest free-living relatives of parasitic
Entamoeba while it possibly retains ancestral characteristics of the group Archamoebae (Panek et al.

2016).
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Lifestyle  Habitat Flagellum

Mastigamoebidae
Mastigamoeba errans free living  freshwater sediment  one flagellum

_[ Mastigamoeba balamuthi free living  freshwater sediment  one flagellum
Mastigamoeba punctachora free living  freshwater sediment  one flagellum

Mastigamoeba guttula free living  freshwater sediment  one flagellum
—E Mastigamoeba simplex free living freshwater sediment  one flagellum
Endolimax nana endobiotic human intestine none
[ _E lodamoeba butschlii endobiotic mammalian intestine  none
Rhizomastixidae
Rhizomastix libera free living  freshwater sediment  one flagellum
] _[ Rhizomastix vacuolata endobiotic Goliath beetle intestine one flagellum
Rhizomastix bicornata endobiotic millipede intestine one flagellum
Pelomyxina
Pelomyxa palustris free living  freshwater sediment  several non-motile flagella
’_[ Pelomyxa schiedti free living  freshwater sediment  several non-motile flagella
i L[ Mastigella eilhardi free living  freshwater sediment  one flagellum
Mastigella erinacea free living  brackish sediments one flagellum
Entamoebida
———— Entamoeba coli endobiotic primate intestine none
Entamoeba polecki endobiotic pig intestine none
Entamoeba gingivalis endobiotic human intestine none
Entamoeba invadens endobiotic reptile intestine none
Entamoeba hartmanii endobiotic human intestine none
Entamoeba terrapinae endobiotic turtle intestine none
Entamoeba moshkovskil endobiotic human intestine none
Entamoeba dispar endobiotic human intestine none
Entamoeba histolytica endobiotic human intestine none
Entamoeba nuttali endobiotic macque intestine none

Figure 6. Evolution and diversity of selected Archamoebae. The relationships between major groups

are based on (Panek et al. 2016). The phylogeny of Entamoebida is based on (Stensvold et al. 2011).

1.6 Life cycle and pathology of Entamoeba histolytica

The human intestine is inhabited not only by bacteria but also by a number of protists (e.g.,
Blastocystis, Endolimax, lodamoeba, Entamoeba, Pentatrichomonas, Chilomastix), most of which are
asymptomatic or their pathogenesis is rather mild if any (Graczyk et al. 2005; Shah et al. 2012).
However, the human pathogen Entamoeba histolytica is unusual and dangerous because, in addition to

mild infections within the large intestine typical for all Entamoeba species, it can also develop life-
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threatening invasive amoebiasis. During the life-cycle, a mature E. histolytica cyst infects humans via
contaminated water, food, or hands. The cyst passes through the stomach and excysts in the small
intestine. This process involves detachment of the amoeba inside the cyst from the cyst wall, formation
of a crack, and active escape of the amoeba, which is also called a trophozoite (Yorke and Adams
1926). The trophozoite then migrates to the large intestine where it dwells at the intestinal wall, divides,
and produces cysts which are then passed with the stool (Figure 7).

During the initial infection, trophozoites adhere to the colonic mucin layer. The disease is
accompanied by mucin depletion, flattening of intestinal epithelial cells, and presence of neutrophils. E.
histolytica secretory molecules disrupt tight junctions and intestinal ion transport, causing diarrhea
(intraintestinal disease). Amoebic lesions in the intestinal epithelium can progress into colonic ulcers in
the submucosa. The trophozoites may further enter the bloodstream, disseminate in the liver, causing an
amoebic liver abscess (extraintestinal disease) (Marie and Petri 2014; Haque et al. 2003). Virulence
factors and mechanisms necessary for the pathogenesis include galactose and N-acetyl-d-galactosamine
(Gal/GalNAc)-specific lectin that mediates adherence of trophozoites to mucin and host cells (William
A. Petri, Haque, and Mann 2002), trogocytosis i.e., ingestion of cell fragments (“nibbling”) (Ralston et
al. 2014), secreted cysteine proteases (Serrano-Luna et al. 2013), hydrolases (Thibeaux et al. 2013) and
transcription factors (Narayanasamy et al. 2018).

E. histolytica can be found worldwide, but it is more common in the tropics and sub-tropics,
especially in areas with poor sanitation. About 10% of E. histolytica infections progress to an invasion
of the epithelium, and the extraintestinal disease develops in less than 1% of cases. The invasive
outcome of E. histolytica infection depends on a complex interaction of factors, which include:
nutrition, immunity, intestinal mucin layer, and the intestinal microbiome (Haque et al. 2003; Alj,

Clark, and Petri 2008).
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Cysts and trophozoites
passed in feces

Figure 7. The life cycle of Entamoeba histolytica. (A) Humans are infected by ingesting a mature cyst
with contaminated water or food; the cyst is then passed through the stomach. (B) In the small
intestine, the amoeba sheds the cyst wall and migrates to the large intestine, (C) where it divides, and
(D) forms cysts, (E) that are passed with feces. The cyst can survive in the outside environment for
weeks. (F) In about 10% of cases, trophozoites can invade and cross intestinal mucosa to the
submucosa and cause amoebic dysentery. In less than 1% of cases, the trophozoites reach the
bloodstream and disseminate in various organs, particularly the liver, but also lungs and brain

(extraintestinal disease). Drawings of E. histolytica were reproduced from (Yorke and Adams 1926).
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2 Aims

To analyze the genome of M. balamuthi and compare it with genomes of parasitic

Entamoebidae.

To describe adaptations of M. balamuthi to free-living anaerobic lifestyle.

To identify putative ancestral and novel features that allowed the evolution of Entamoebidae

into a successful parasitic group.

To explore the distribution of peroxisomal markers in Archamoebae and other eukaryotes with

respect to parasitism and anaerobic lifestyle.
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4 Summary

We sequenced and assembled the genome and transcriptome of the anaerobic amoeba Mastigamoeba
balamuthi and compared these with the genomes of parasitic Entamoebidae and other amoebozoans
(Figure 8). The draft genome sequence of M. balamuthi has 57.3 million base pairs (Mbp)
(Entamoebidae have 20.8-40.9 Mbp) with an extremely high GC content of 61% (Entamoebidae have
23-30% GC). We used the actin gene to compare GC content also with species that don’t have their
genome sequenced (Rhizomastix, Pelomyxa, Mastigella), and we observed that within Archamoebae
the GC content positively correlates with the free-living lifestyle. We predicted 16287 protein-coding
genes (Entamoebidae have between 8300 and 12500 protein-coding genes) with an average of 3.4
introns per gene (less than one intron per gene in Entamoebidae). M. balamuthi has a rich set of
transposable elements: DNA transposons (found in E. moshkovskii and E. invadens), LINE (long
interspersed nuclear elements) retrotransposons (found in E. histolytica and E. dispar) and LTR (long

terminal repeats) retrotransposons (Pritham, Feschotte, and Wessler 2005).

We reconstructed evolutionary histories of amoebozoan genes and focused on the main events
in the evolution of Archamoebae. During the transition to anaerobiosis of the common ancestor of
Archamoebae, mitochondrial genome and respiration complexes have been lost, except for the
succinate dehydrogenase complex (Complex IT) which was found in M. balamuthi hydrogenosomes.
Also, the detoxification system for ROS (reactive oxygen species) and RNS (reactive nitrogen species)
has been modified in a way that is typical for anaerobic eukaryotes: the thioredoxin system,
peroxiredoxins, and superoxide dismutase are present, while the glutathione synthesis and glutathione-
dependent pathways have been lost. Also, flavodiiron protein, iron-sulfur flavoprotein, and

rubrerythrin, enzymes typical for anaerobic prokaryotes, have been gained via LGT.

We found a complete pathway for chitin synthesis and degradation, and cell wall-binding
components that were so far found only in Entamoebidae (lectins Jessiel/2/3 and Jacob). We, however,
did not find homolog of the Entamoeba Gal/GalNAc lectin, which is attached to the plasma membrane
by a C-terminal transmembrane domain and tethers the chitin-binding lectin Jacob via protein-protein
interaction (Chatterjee et al. 2009). Instead, we discovered that in M. balamuthi, the chitin-binding
proteins (chitinase, Jessie, Jacob) have each a C-terminal transmembrane domain. Thus they are
possibly directly anchored to the plasma membrane. It has been observed that during excystation E.
histolytica trophozoite first detaches from the cyst wall and then actively escapes through a small

opening (Yorke and Adams 1926), while M. balamuthi instead degrades its cyst (J. Tachezy personal
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observation). Based on this, we propose that the indirect attachment of Entamoeba cyst wall proteins
via Gal/GalNAc lectin allows for a quick release of the trophozoite from the cyst as soon as it reaches

the small intestine.

M. balamuthi codes for an extensive repertoire of cysteine proteases, some of which are closely
related to E. histolytica cysteine proteases essential for virulence and pathogenicity (Serrano-Luna et al.
2013). We also found a homolog of E. histolytica amoebapore (a cytolytic protein) in the genome of M.
balamuthi. The M. balamuthi gene, however, resembles rather mammalian prosaposins, as it codes for
a polyprotein composed of several saposin domains, each of which is homologous to the amoebapore
(Zhai and Saier 2000). Several gene families of E. histolytica cell surface (Gal/GalNAc lectin, BspA,
Ariell, EhSTIRPS) were probably acquired in the Entamoebidae lineage, and we did not find any
homologs in M. balamuthi genome (W. A. Petri et al. 1987; Davis et al. 2006; Mai and Samuelson
1998; MacFarlane and Singh 2007).

While Entamoebidae have completely lost flagellum, M. balamuthi forms flagellated cells.
Because the genome sequencing projects of amoebozoans were mostly focused on species that lack
flagella (Acanthamoeba, Dictyostelida, Entamoebidae), the description of genes associated with the
amoebozoan flagellum has been missing. We found a rich set of proteins necessary for the assembly
and function of the flagellum. We, however, did not find any genes for dyneins of the outer dynein
arms, which is in accordance with ultrastructural observations that the outer dynein arms are absent in

Archamoebae (Walker et al. 2001; Panek et al. 2016).

We found a broad set of enzymes and metabolite transporters required for the degradation and
utilization of polymers of the plant cell wall (cellulose, hemicellulose, and pectin) in the genome of M.
balamuthi. This is a probable adaptation allowing to feed on plant debris in the anoxic sediments
typical for Mastigamoeba and other free-living Archamoebae. It is also possible that these pathways

were acquired by the common ancestor of Archamoebae and then secondarily lost in Entamoebidae.

We also discovered that M. balamuthi acquired a cresol synthesis pathway (cresol is an odorous
phenolic compound) via lateral gene transfer from prokaryotes, and we showed that M. balamuthi
produces cresol in concentrations that are bacteriostatic to non-cresol-producing bacteria (Nyvltova et
al. 2017). The acquisition of cresol synthesis may provide M. balamuthi a competitive advantage over

other microbes in its habitat.
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Aerobic free-living ancestor
of Eumycetozoa and
Archamoebae

Adaptation to anaerobiosis
I
Oxygen stress response
Chitin cyst formation

Battery of cysteine proteases
]

Amoebapore - Saposins

|
Anaerobic free-living
ancestor of Entamoebidae
and Mastigamoeba

Genome streamlining
A Y

Cellulose/hemicellulose, Host membrane adherence (Gal/GalNAC lectin,
pectin degradation BspA, Ariell, EhSTIRPS)
v N
Cresol production Cyst wall components attached non-covalently
/ through Gal/GalNAC lectin for fast excystation
N
M. balamuthi E. histolytica
57.3 Mbps Genome size 20.8 Mbps
61% GC content 24%
16287 Protein-coding genes 8306
3.4 Introns per gene 0.24

Figure 8. An overview of the preexisting features and adaptations during the evolution of M. balamuthi

and Entamoeba.

During the analysis of the M. balamuthi genome, we found a complete set of conserved
peroxins (PEX proteins) required for the peroxisomal biogenesis and protein import, which is
surprising because no peroxisomes have been described in anaerobic organisms so far (Le et al. 2020).
This encouraged us to inquire more about the distribution of peroxins in eukaryotic lineages (Figure 9).
We found a reduced set of seven peroxins in the genomes of E. histolytica, E. dispar, and E.
moshkovskii, while in E. invadens, we found only one peroxin - Pex19. We hypothesize that there are
functional remnants of peroxisomes in some entamoebids (E. histolytica, E. dispar, E. moshkovskii)
while in E. invadens peroxisomes were entirely lost (unpublished data). Independently we discovered
Pex19 in the genome of Monocercomonoides exilis, which is an oxymonad that lacks both
mitochondria and peroxisomes (Karnkowska et al. 2016). This suggests the possibility of an additional

peroxisome-independent function of Pex19.

27



Furthermore, we discovered that parasitic roundworms of the order Trichocephalida and a large
group of parasitic flatworms Neodermata (containing flukes, tapeworms, and monogeneans) had lost
peroxisomes. Most surprisingly we found, that peroxisomes were lost in a free-living tunicate

Oikopleura dioica that inhabits oxygen-rich surface sea waters (Zarsky and Tachezy 2015).

——()— Mastigamoeba balamuthi @F@
*
_O_ Entamoeba histolytica @ Archamoebae
——— Entamoeba :'nvadens*©
Loss of Pex3, Pex7, /

Pex2, Pex10, Pex12, pexi9g
Pex13 retained

——Q@— Ascaris suum' ()
—O— Trichinella spfrah's*@
——Q@— Schmidtea mediterranea ()
——)— Schistosoma mansonf*@
—O— Ciona intestinalis @
() Oikopleura dioica ()

Pex19
retained

\ ) n
——()— Monocercomonoides exilis
; ; .k
——)— Trichomonas vaginalis @"2

Nematoda

Platyhelminthes

Tunicata

Metamonada

O Presence of PEX proteins

(O Highly reduced set of PEX @ coltEEGTdHE
proteins (Pex11, Pex16, Pex19,
Pexb5, Pex14, Pex1 and Pex6) @HZ hydrogenosomes
O PEX proteins missing @ mitosomes

i ey >< complete loss of mitochondria
* Parasitic or endobiotic lifestyle

Figure 9. Novel insights into the distribution of peroxisomes in eukaryotes. Presence of mitochondria

and mitochondrion-related organelles is highlighted.
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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 p-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

Peroxisomes 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
pB-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

www.pnas.org/cgi/doi/10.1073/pnas.1909755117

the ER in the evolution of peroxisomal f$-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 p-oxidation. ATP is generated at
the substrate level using an anaerobic pathway that catabolizes
pyruvate or malate to acetate, CO,, and molecular hydrogen.
Anaerobic conditions apparently prevent the use of oxygen-
dependent p-oxidation of fatty acid metabolism in both peroxisomes
and mitochondria, as well as other oxygen-dependent catabolic

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 p-oxidation of fatty acids that utilizes molecular
oxygen and produces hydrogen peroxide. Mitochondria possess
a parallel p-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, g-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
B-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. 14 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 Pexlla
and Pex11y, respectively (SI Appendix, Table S2 and Fig. S3).
These proteins are involved in the recruitment of the perox-
isomal membrane fission machinery, as are Fisl, Mff, and
DRP1 (23, 24). Indeed, our searches identified genes for Fisl
(m51al_g2061) and DRP1 (m51al_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
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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 S/

Appendix, Fig. S2 and Table S1.
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protein Pex22 (Fig. 14). 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 (S/
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.
2A4). 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 pm? (mean + SD, n = 176). Pex11-1-
labeled vesicles were considerably smaller than hydrogenosomes
visualized with antisuccinate dehydrogenase subunit B (SdhB)
ADb (Fig. 2B). Neither hydrogenosomes nor ER structures and
vesicles of the unstacked Golgi apparatus (29) colocalized with
Pex11-1-labeled vesicles. Immunoelectron microscopy indicated

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 um.) (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 p-subunit (COPg), 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 um? (mean + SD,
n = 20), which is comparable to the 50 to 119 glycosomes per
100 pm* determined in Trypanosoma brucei (30, 31) but higher
than the 15.6 peroxisomes per 100 pm? 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
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 ST
Appendix, Table S3). As expected, NifU was localized to the
cytosol, and p-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 p-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).
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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 1000x 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) or a 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. 64). 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 S/ 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 (p-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

Le et al.

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 1000x magnification.
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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
(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
using a rat polyclonal anti-IPP-2 Ab and anti-rat I9G conjugated to 10 nm
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 Degl5 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
pathways associated with oxygen metabolism, such as p-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
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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. 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 (APTS1) 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 (m5lal_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,
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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 (S/ 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, p-glucono-1,5-lactone-6-phosphate; p-glucose-6P;
OAA, oxalacetate; p-tagatose-6P, p-tagatose-6-phosphate; b-tagatose-1,6-
bisphosphate; p-riboseP, p-ribose phosphate; and PPi, pyrophosphate. *Do-
mains of the fusion enzyme DHODH-OPRT-OMPDC.
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which is encoded in the M. balamuthi genome (m51lal_g4783)
(Fig. 8). OPRT activity required 5-phosphoribosyl-1-pyrophosphate
(PRPP), which is formed from Dp-ribose phosphate by the ac-
tivity of ribose-5-phosphate diphosphokinase. We predicted
two alternative pathways for the formation of p-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 p-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 p-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 p-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 p-oxidation (37); however, because
pB-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 p-LDH and NADP-dependent glucose-6-phosphate
dehydrogenase (G6PDH). p-lactate and malate exported from
peroxisomes can be taken up by hydrogenosomes as substrates
for hydrogenosomal p-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, TOPK was pre-
dicted to reside in the glycosome of Leishmania major (61), and

8 of 11 | www.pnas.org/cgi/doi/10.1073/pnas.1909755117

genes for TO6PK 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, p-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 p-LDH. It has
been shown that M. balamuthi possesses two closely related
copies of b-LDH (18). The first copy, p-LDH-M, is targeted to
hydrogenosomes via N-terminal targeting sequence (NTS) (18).
Here, we found that the second p-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 -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 p-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 Ctalp (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:/Avww.peroxisomedb.org/) considering 12 C-terminal residues
(73). PTS2 was locally predicted using the consensus sequence (R/K)-(L/IV)-X5-
(H/Q)-(L/A) (50, 74, 75). Transmembrane domains were predicted using TMHMM
server v2.0 (http/Avww.cbs.dtu.dk/servicess TMHMMY/). Predicted peroxisomal pro-
teins were annotated using the eggNOG database (http:/eggnogdb.embl.dey).

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 p-subunit
Ab (29), rat polyclonal anti-succinate dehydrogenase (Sdh) p-subunit Ab (19),
rabbit polyclonal anti-hexokinase Ab (a kind gift from Doron Rapaport, Uni-
versity of TUbingen, Tubingen, Germany), and mouse monoclonal anti-GFP Ab
(Santa Cruz Biotechnology, Inc.). Details of gene cloning and protein expression
are given in S/ Appendix, Materials and Methods.

Expression and Localization of Proteins in S. cerevisiae. Genes for M. balamuthi
peroxisomal candidates were amplified and subcloned (S/ 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 Palkova, 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 pm?.

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 CFl 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 (S/ 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
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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 S/ Appendix,
Materials and Methods.

LOPIT. Protein samples (50 pg) 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 um,
EVO C18, 150 x 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- gIT, 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 a (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 S/ 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 identifier
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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Summary

p-Cresol and indole are volatile biologically active
products of the bacterial degradation of tyrosine and
tryptophan respectively. They are typically produced
by bacteria in animal intestines, soil and various sedi-
ments. Here, we demonstrate that the free-living
eukaryote Mastigamoeba balamuthi and its patho-
genic relative Entamoeba histolytica produce
significant amounts of indole via tryptophanase
activity. Unexpectedly, M. balamuthi also produces
p-cresol in concentrations that are bacteriostatic to
non-p-cresol-producing bacteria. The ability of
M. balamuthi to produce p-cresol, which has not pre-
viously been observed in any eukaryotic microbe,
was gained due to the lateral acquisition of a bacteri-
al gene for 4-hydroxyphenylacetate decarboxylase
(HPAD). In bacteria, the genes for HPAD and the
S-adenosylmethionine-dependent activating enzyme
(AE) are present in a common operon. In M. balamu-
thi, HPAD displays a unique fusion with the AE that
suggests the operon-mediated transfer of genes from
a bacterial donor. We also clarified that the tyrosine-
to-4-hydroxyphenylacetate conversion proceeds via
the Ehrlich pathway. The acquisition of the bacterial
HPAD gene may provide M. balamuthi a competitive
advantage over other microflora in its native habitat.

Introduction

The aromatic amino acids tyrosine and tryptophan are, in
addition to being utilized as a carbon source, important
precursors of the biologically active derivatives p-cresol
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cz; Tel. +420 325 874 144; Fax +420 224 919 704.
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and indole respectively (Lacoste, 1961; Spoelstra, 1978).
These volatile odorous compounds are typically produced
via microbial activity in the intestines of animals, but they
can also be produced in other microbial habitats, such as
soil environments and in marine and estuarine sediments
(Updegraff, 1949; Spoelstra, 1978). Indole, an important
signaling molecule, is produced by many species of gram-
negative and gram-positive bacteria, and its production is
dependent on the enzyme tryptophanase (Newton et al.,
1965). p-Cresol acts microbiostatically by causing an
increase in membrane fluidity and, consequently, leakage
of intracellular constituents (Blum and Speece, 1991; Hei-
pieper et al., 1991; McDonnell and Russell, 1999). Due to
its toxicity, the ability to produce p-cresol in the intestinal
tract is limited to a restricted set of anaerobic bacteria that
are able to tolerate high p-cresol concentrations (Hafiz and
Oakley, 1976). There are numerous reports describing
p-cresol production by nonspecific intestinal microflora
(Scheline, 1968; Spoelstra, 1978) and by bacteria in
marine sediments (Updegraff, 1949). However, the ability
to produce p-cresol has been unambiguously demonstrat-
ed in only a few organisms, including the anaerobic
sediment inhabitant Clostridium scatologenes (Scheline,
1968; Elsden et al., 1976), the gut pathogen Clostridium
difficile and a ruminal strain of Lactobacillus sp. (Yokoyama
and Carlson, 1981).

Direct evidence that p-cresol is produced from tyrosine
was provided by Spoelstra using radiolabelled substrates
(Spoelstra, 1978). However, the complete metabolic path-
way has not been systematically studied, and only the last
step, the decarboxylation of 4-hydroxyphenylacetate (4-
HPA) to p-cresol (Elsden et al., 1976), is understood in
detail. This reaction is catalysed by the oxygen-sensitive
enzyme 4-HPA decarboxylase (HPAD), which belongs to a
group of glycyl radical enzymes (GRESs) (Craciun and Bal-
skus, 2012). GREs utilize radicals provided by cofactors
such as S-adenosylmethionine (SAM)(Lanz and Booker,
2012). The SAM-dependent activation is catalysed by the
specific [4Fe4S]-activating enzyme (AE)(Selvaraj et al.,
2013). Unlike other GREs, the activity of the HPAD of
C. difficile requires, in addition to the GRE (HpdB) and AE
(HpdA), a third component, the HpdC subunit; however,
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the exact role of the HpdC subunit is unknown (Andrei
etal., 2004).

The production of indole is rare in eukaryotic microbes,
and the production of p-cresol has not been observed.
There is only a single report in which two species of anaer-
obic protists, Trichomonas vaginalis and Tritrichomonas
foetus, were shown to produce indole (Lloyd et al., 1991).
In addition, a tryptophanase gene was identified in another
anaerobic protist, Entamoeba histolytica (Loftus et al.,
2005); however, the production of indole by this parasite
has not been studied.

Here, we investigated the volatile metabolic compounds
produced by the free-living protist Mastigamoeba balamu-
thi (formerly Phreatamoeba balamuthi), which inhabits
anoxic and hypoxic environments (Chavez et al., 1986),
and its parasitic relative E. histolytica. Our study reveals
that both Archamoebae produce indole from tryptophan
and that the tryptophanase gene was likely acquired by
their common ancestor. Unexpectedly, M. balamuthi also
produces a significant amount of p-cresol. Using a combi-
nation of enzymatic assays and genomic searches, we
traced the pathway responsible for the production of p-cre-
sol from tyrosine and identified the unique M. balamuthi
HPAD (MbHPAD).

Results
Analysis of volatile metabolic end products

Initially, we compared the production of volatile metabolic
end products between M. balamuthi and E. histolytica, with
a focus on the expected production of indole. The cells
were grown in standard media for 72 h, at which point cells
formed an approximately 90% confluent monolayer (the
growth curve for M. balamuthi is given in Supporting Infor-
mation Fig. S1). The metabolic end products were then
analysed using GC-MS. Atypical result is shown in Fig. 1.
A peak corresponding to indole was detected in the
M. balamuthi and E. histolytica samples. Unexpectedly,
one of the most prominent peaks preceding that of indole
in the M. balamuthi samples corresponded to p-cresol. No
p-cresol production was observed in E. histolytica. The
other detected compounds mainly included primary alco-
hols with increasing numbers of carbon atoms, from
ethanol to 1-octanol, as well as esters (Fig. 1).

Next, we tested whether indole and cresol production
were dependent on the availability of tryptophan and tyro-
sine, respectively, in the culture medium. Mastigamoeba
balamuthi and E. histolytica were grown for 72 h in media
that contained 1-3 mM tyrosine or tryptophan, and then,
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Fig. 1. Representative profiles of volatile metabolic end products determined using SPME-GS-MS analysis.
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Table 1. Tryptophan- and tyrosine-dependent production of indole and p-cresol, respectively, by M. balamuthi and E. histolytica.

M. balamuthi

E. histolytica

Production® (ug mg™’
protein/3 days) = SD (n)°

Concentration® (uM)

Production® (ug mg™"

Concentration® (uM) protein/3 days) = SD (n)°

Indole

1 mM Trp 42.0+7.5 (8) 43+1.5(8)
2 mM Trp 80.8+9.1 (8) 11.9+3.5(8)
3 mM Trp 110.1 = 12.1 (8) 12.3:3.33 (8)
p-cresol

1 mM Tyr 152.3+24.3 (8) 23.6+8.2 (8)
1.5 mM Tyr 670.2 =45.3 (8) 71.3+£18.3 (8)
2 mM Tyr 871.7 £58.3 (8) 97.6 +11.0 (8)
3 mM Tyr 1124.4 +298.3 (8 141.7 = 37.8 (8)

6.8+ 0.8 (6) 0.7+ 0.1 (8)
8.5+ 0.5 (6) 1.0=0.1 (6)
8.6+ 0.5 (6) 1.1+0.1 (6)
ND ND
ND ND
ND ND
ND ND

a. Concentration of indole or p-cresol in the culture medium (total volume 10 ml) after 3 day cultivation of M. balamuthi or E. histolytica. The
final number of M. balamuthi, and E. histolytica varied in individual experiments between 1 and 1.5 X 10° cells, and 0.9 and 1 X 10° cells
respectively. The protein amount was determined by Lowry method and production was expressed as pg of product per mg of protein per

3 days of cultivation.

b. SD (n), Standard deviation (number of independent experiments).

ND, not determined.

the amounts of produced indole and p-cresol were deter-
mined (Table 1). Mastigamoeba balamuthi produced
approximately 6-times more indole than E. histolytica at
1 mM tryptophan, and indole production increased twofold
to 2.5-fold with increasing tryptophan concentration. A
slight tryptophan-dependent increase in indole was also
observed in E. histolytica. The production of p-cresol by
M. balamuthi increased linearly with increasing tyrosine
concentration. The highest concentration of p-cresol mea-
sured in the medium was 1.12 mM (Table 1).

These results reveal that free-living M. balamuthi produ-
ces indole and p-cresol and that tryptophan and tyrosine,
respectively, stimulate the production of these metabolic
end-products, whereas the parasitic E. histolytica produ-
ces indole but not p-cresol.

Conversion of tyrosine to p-cresol

The unexpected discovery of p-cresol production by M.
balamuthi prompted us to investigate the pathway of p-cre-
sol production. Initially, we assayed the activity of HPAD,
which is known to catalyse the decarboxylation of 4-HPA to
p-cresol in C. difficile (Selmer and Andrei, 2001). Indeed,
HPAD activity was detected in the M. balamuthi lysate
using 4-HPA as a substrate. Importantly, the activity was
dependent on the addition of SAM, which is consistent
with the mechanisms of GREs (Table 2).

In yeast, the catabolism of amino acids to the correspond-
ing alcohols/acids includes three steps: transamination,
decarboxylation of the a-keto acid to an aldehyde and
reduction/oxidation of the aldehyde to the corresponding
alcohol/acid (Hazelwood et al., 2008). Therefore, we first
assessed the participation of tyrosine aminotransferase
(TAT) in p-cresol production by M. balamuthi. The formation

of p-cresol was dependent on the addition of tyrosine and
a-ketoglutarate (Table 2), consistent with the activity of TAT
in converting L-tyrosine to 4-hydroxyphenylpyruvate (4-HPP)
using a-ketoglutarate as an ammonia acceptor (Sivaraman
and Kirsch, 2006) (Table 2). Next, we proved that 4-HPP, a
product of L-tyrosine transamination, supports p-cresol pro-
duction in the presence of SAM (Table 2). To provide
evidence that 4-HPP is converted to 4-HPA through 4-
hydroxyphenylacetaldehyde (4-HPAL), we measured 4-HPP
decarboxylase (HPPDC) activity and the NAD-dependent
activity of p-HPAL dehydrogenase in the M. balamuthi
cell lysate, obtaining values of 421 +6 nmol min~'.(mg
protein)™' (n=12) and 368+59 nmol min '.(mg
protein) ~'(n= 10) respectively.

Collectively, these experiments indicate that tyrosine is
converted to p-cresol in four consecutive steps that require

Table 2. Enzymatic activities involved in p-cresol production.

p-cresol production

Substrate (nmol min~" mg) = SD (n)
TAT activity

Tyrosine 0 (10)

Tyrosine + SAM 7.4+0.9 (10)

Tyrosine + a-ktg 9.3+1.2 (10)

Tyrosine + a-ktg+ SAM
Tyrosine + a-ktg+ SAM+NAD*
HPPDC activity

4-HPP 9.1 +0.9 (10)
4-HPP + SAM 332.4+5.1 (10)
4-HPP+SAM+NAD* 503.1 £11.2 (6)
HPAD activity

4-HPA 8.2+2.38 (10)
4-HPA + SAM 292.1 £14.7 (10)

322.2+6.9 (10)
421.4+6.2 (6)

SD, standard deviation; n, number of independent experiments; «-
ktg, a-ketoglutarate.
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g L-tyrosine AT g 4-HPPDC

OH 2 oxoglutarate+PLP  glutamate+PMP+H*

L-tyrosing 4-hydroxyphenyl pyruvate

Fig. 2. Scheme of the conversion of tyrosine to p-cresol in M. balamuthi.

the activities of TAT, HPPDC, 4-HPAL dehydrogenase and
HPAD (Fig. 2).

Unique primary structure of MbHPAD. Homology
searches of the M. balamuthi genome sequence using the
HpdB component of C. difficile HPAD as the query identi-
fied three genes with significant similarity. Two of the
genes, with 28% similarity to HpdB, correspond to pyru-
vate formate lyase (PFL)(Stairs et al, 2011; Nyvltova
et al., 2015). We considered the third gene, which has the

highest similarity (41%) to HpdB, a putative M. balamuthi

HPAD. Surprisingly, the protein alignment revealed that
MbHPAD is a fusion protein, with the N-terminal domain
corresponding to HpdB and the C-terminal domain homol-
ogous to the AE (HpdA in C. difficile) (Fig. 3 and
Supporting Information Fig. S2A). The protein coding
sequence of MbHPAD predicted from the genome
sequence was confirmed by RT PCR. Neither the BLAST

M. balamuthi HPAD . VRVAGF CX;CXC GGE AE
472 850 1104

1
C. scatolensis HPAD VRVAGE OXxC GG AE

(|

1 897 1 312
M. balamuthi PFL (IN)RV(S/AGY CX;CXC GGE  AE
= il
1 426 770 1 302

Fig. 3. Domain structure of MbHPAD compared with that of HPAD
from C. scatologenes and PFL from M. balamuthi.

The conserved C503 likely harbors a thiyl radical. The VRVAGF
motif includes a radical storage site at glycine 873. The CX3CX,C
motif coordinatesthe [4Fe4S] cluster. The GGE motif binds SAM
(Nicolet and Drennan, 2004). Boxes represent the two peptide
sequences (Q121-K167 and N672-E700) surrounding the radical-
binding domain of C. scatologenes HPAD that are absent in
pyruvate formate-lyases (PFLs). AE, activating enzyme. Amino acid
residue numbers are based on the C. scatologenes HPAD
sequence (Selmer and Andrei, 2001; Feliks et al., 2013).

Vi i
OH CHg
4-HPAL dehydrogenase 4-HPAD
on  NADHO NADH+H* il co, OH
4-hydroxyphenylacetaldehyde 4-hydroxyphenylacetate p-cresol

searching strategies nor the searches using the sensitive
profile hidden Markov model-based tool HMMER (Finn
et al,, 2011) revealed the presence of HpdC in the M.bala-
muthi genome.

The unusual primary structure of MbHPAD and the
absence of an HpdC ortholog prompted us to seek direct
evidence that MbHPAD catalyses p-cresol production.
Thus, MbHPAD was heterologously expressed under
anaerobic conditions in Escherichia coli (Supporting Infor-
mation Fig. S3A).The incubation of the recombinant
protein in the reaction mixture with 4-HPA led to the pro-
duction of p-cresol (Supporting Information Fig. S3B). The
specific activity of the recombinant MbHPAD was 0.8 = 0.1
nmol min~! mg and increased to 6.9 + 0.4 nmol min~ ' mg
in the presence of SAM. These results confirm that the
MbHPAD fusion protein catalyses SAM-dependent p-cre-
sol formation.

MbHPAD phylogeny. Phylogenetic analysis of HPAD was
performed using 193 HpdB homologs, including sequen-
ces of other glycyl radical enzymes (Fig. 4 and Supporting
Information Fig. S2B). MbHPAD clustered with high statisti-
cal support within the branch of HPADs present in
Clostridium species, the actinobacterium Olsenella uli and
sequences found in the metagenome of estuarine sedi-
ments (Baker et al., 2015). Distinct branches were formed
by other GREs. The MbHPAD sequence topology together
with the observation that M. balamuthi appears to be the
only eukaryote possessing HPAD indicates that MbHPAD
was acquired by lateral gene transfer (LGT) from bacteria.

HPPDC and TAT. A single gene for the putative HPPDC
was identified in the M. balamuthi genome (MbHPPDC),
with a typical HH motif and the thiamine diphosphate
(ThDP) binding fingerprint of ThDP-dependent carboxy-
lases (Supporting Information Fig. S4A) (Andrews and
McLeish, 2012). Enzymes in this family can utilize various
2-keto acid substrates, including 4-HPP (Supporting Infor-
mation Fig S4A) (Andrews and McLeish, 2012). Thus, we
produced a recombinant MbHPPDC and confirmed that
the enzyme catalyses the conversion of 4-HPP to 4-HPAL

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 1091-1102
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Fig. 4. Phylogeny of HPAD.
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A tree for HPAD (193 taxa and 655 sites) was built using Bayesian inference (Bl). Bootstrap support (BP) and posterior probability (PP) values
were calculated for each branch using RAXML and PhyloBayes respectively.

(Supporting Information Fig. S5). Searches for MbHPPDC
orthologs and their phylogenetic analysis revealed the
presence of a putative HPPDC in only a few species from
three eukaryotic lineages: Amoebozoa, Apicomplexa and
Fungi (Supporting Information Fig. S4B). These eukaryotic
genes appear to be of polyphyletic origin; however, the
branching order has relatively low statistical support for
clarifying this issue.

In the M. balamuthi genome, we identified three genes
with conserved residues characteristic of the AT family | of
proteins that represent candidates for enzymes with TAT
activity (Supporting Information Table S1, Supporting Infor-
mation Fig.S6).

Production of p-cresol by M. balamuthi suppresses the
growth of Citrobacter freundii. Cresol is known for its bac-
teriostatic effect. Therefore, we examined whether the p-
cresol production by M. balamuthi provides advantages
against bacteria present in the same environment. First,
we tested the sensitivity of M. balamuthi to p-cresol. The
amoebae were treated with 1-15 mM p-cresol for 72 h,
and the viability of cells was then assessed by cultivation in
p-cresol-free medium. Mastigamoeba balamuthi was able
to tolerate up to 10 mM p-cresol. Next, we evaluated the

sensitivity of C. freundii, a facultative anaerobic bacterium,
to p-cresol. After 12 h of cultivation, the number of bacterial
cells in the presence of 1 and 2 mM p-cresol were 27%
and 8%, respectively, of the number of cells grown without
p-cresol (Fig. 5). Finally, we cultivated M. balamuthi in
medium with 1-3 mM tyrosine for 48 h, followed by co-
cultivation with C. freundiifor 12 h. Under these conditions,
we observed that C. freundii growth slowed with increasing
concentrations of tyrosine in the medium and that growth
was reduced to approximately 38% at 3 mM tyrosine
(corresponding to a production of over 1 mM p-cresol,
Table 1). These results indicate that M. balamuthi produ-
ces p-cresol in concentrations that affect the growth of
C. freundii.

Tryptophanase phylogeny. Searching the M. balamuthi
genome using the E. histolytica tryptophanase gene as a
query revealed two M. balamuthi genes with 56% and 57%
protein sequence similarity to the E. histolytica gene. In a
phylogenetic reconstruction using a dataset with 122 tryp-
tophanase orthologs, M. balamuthi tryptophanase formed
a statistically well-supported branch with Entamoeba
species as a sister group and Blastocystis hominis, a
member of the Stramenopila group (Fig. 6 and Supporting
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Fig. 5. Effect of p-cresol produced by M. balamuthi on the growth
of C. freundii.

M. balamuthi was cultivated in PYGC medium with 1 mM ({@),

2 mM (M) or 3 mM (A) tyrosine for 48 h to form a monolayer, and
C. freundii was then added and co-cultivated for 12 h (full lines). In
the control experiments (dashed lines), C. freundii was cultivated in
PYGC medium without (O) or with 1 mM (CJ) or2 mM (A) p-cresol.
Addition of 1-3 mM tyrosine to the medium without M. balamuthi
had no effect on C. freundii growth. Error bars represent standard
deviations, n= 6.

Information Fig. S7). Interestingly, the clade of fungi
belonging to Sordariomycota appeared at a basal position
to the Archamoebae/Blastocystis branch. The Archamoe-
bae/Blastocystis and fungal clades grouped, with high
statistical support, with the bacterial clade consisting of
Fusobacteria and several genera of firmicutes. In addition,
we found tryptophanase sequences in two members of
the Alveolata group (Vitrella and Phaeodactylum), with
filamentous thermophilic bacteria (Caldilinea and Anaeroli-
nea) as the nearest neighbors, and Dictyostelium
purpureum, which, together with T. vaginalis, was inter-
leaved with members of the Bacteroidetes phylum. The
topology of the tryptophanase phylogeny suggests that the
tryptophanase gene was present in a common ancestor of
M. balamuthi and Entamoeba species. However, the
unusual relationships with other eukaryotic sequences
(Blastocystis and fungi) do not permit an unequivocal
explanation of their origin.

Discussion

Our investigations demonstrate that the free-living anaero-
bic protist M. balamuthi can produce the aromatic
compound p-cresol from tyrosine, a feature that has not
previously been observed in any eukaryotic microbe. The
pathway includes four consecutive steps that require the
activities of TAT, HPPDC, 4-HPAL dehydrogenase and
HPAD (Fig. 2). The origin of MbHPAD exemplifies the
acquisition of genetically linked genes via LGT from

bacteria to eukaryotes. MbHPAD appears to be an ortho-
log of the enzyme that catalyses p-cresol production in
Clostridia; however, in contrast to bacterial HPAD,
MbHPAD displays a unique fusion with the AE. The closely
related pathogen E. histolytica lacks this pathway; howev-
er, both Archamoebae produce indole by tryptophanase
activity.p-Cresol production and tolerance to this toxic com-
pound have primarily been investigated for the gut
pathogen C. difficile. Although p-cresol is known as a disin-
fectant, this anaerobic bacterium has been shown to
withstand up to 38 mM p-cresol in vitro (Hafiz and Oakley,
1976). Most other microbes are considerably more sensi-
tive to p-cresol toxicity. For example, p-cresol inhibits the
growth of various environmental bacteria at concentrations
of 0.25-2.4 mM (Blum and Speece, 1991). In our experi-
ments, the growth C. freundii was decreased to
approximately 27% in the presence of 1 mM p-cresol. Sim-
ilarly, 1.4 mM p-cresol restricts the growth of the free living
protist Tetrahymena pyriformis (Schultz et al., 1996). It has
been proposed that p-cresol production provides C. difficile
with a competitive advantage against other gut microbes
(Dawson et al., 2008). Free-living M. balamuthi seems to
use a similar strategy in its anaerobic sediment environ-
ment as that of C. difficile in the gut by producing p-cresol
in concentrations that affect other microorganisms, such
as C. freundii, and tolerating this toxin at concentrations of
up to 10 mM. The growth of M. balamuthi is rather slow,
with a generation time of approximately 12 h, and could be
even slower in nature. The generation time of most bacte-
ria ranges from 12 min to approximately 60 min.
Consequently, too many fast-growing bacteria can scav-
enge available nutrients and produce metabolic end-
products in toxic concentrations for slowly growing cells.
Thus, production of p-cresol might be an important factor
for M. balamuthi to restrict the bacterial growth and alter
microenvironment to be more favourable for proliferation of
this protist. Mastigamoeba balamuthi most likely acquired
this potential ‘weapon’ against cohabiting bacteria from p-
cresol-producing anaerobic bacteria via LGT, as indicated
by the phylogenetic analysis of HPAD. In addition to C.
scatologenes, the only defined species of free-living bacte-
ria in which p-cresol production has been studied
(Scheline, 1968; Elsden et al., 1976), we identified several
novel putative HPAD orthologs in environmental samples
from estuarine sediments that clustered with MbHPAD
(Baker et al., 2015). The results of this analysis are consis-
tent with previous observations of p-cresol production by
unspecified bacteria in marine sediments (Updegraff,
1949). Therefore, the acquisition of the HPAD gene by M.
balamuthi from its bacterial cohabitants in anaerobic
niches is the most plausible explanation.

Although the reason for p-cresol production is likely
related to its toxicity, it is difficult to predict the specific role
of indole production in M. balamuthi and E. histolytica
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Fig. 6. Phylogeny of tryptophanase.

A tree for tryptophanase (122 taxa and 359 sites) was built using Bayesian inference (BI). Bootstrap support (BP) and posterior probability
(PP) values were calculated for each branch using RAXML and PhyloBayes respectively.

because indole could serve as a signaling molecule in mul-
tiple biological functions (Kim and Park, 2015). For
example, indole produced by enteric bacteria is an impor-
tant factor for cross-talk between the microbiota and the
gut wall and can serve as a beneficial signal for the modu-
lation of the mucosal barrier, inflammatory responses and
the function of enteroendocrine L cells (Bansal et al.,
2010;Chimerel et al., 2014). In this respect, comparing
indole production by pathogenic E. histolytica and non-
pathogenic E. dispar could be of interest, as both organ-
isms possess a gene for tryptophanase.

We show here that p-cresol production in M. balamuthi
proceeds in part via the Ehrlich pathway, which mediates
the catabolism of amino acids to corresponding ‘fusel’ alco-
hols and acids, including 4-HPA (Hazelwood et al., 2008).
However, in contrast to yeast, which excrete these fusel
products, M. balamuthi utilizes 4-HPA as a substrate for 4-
HPAD to produce p-cresol. Information about the specific
intermediates of the conversion of 4-HPP to p-cresol and
the corresponding enzymes is scare. Anaerobic microbes
in pig feces have been shown to produce p-cresol from 4-
HPP and 4-HPA (Spoelstra, 1978). The involvement of
tyrosine transamination in p-cresol formation has been

suggested in Clostridia (Mathus et al., 1995). We demon-
strated that p-cresol production in M. balamuthi is
dependent on tyrosine and a-ketoglutarate, which are a
substrate and a co-substrate of TAT in the production of 4-
HPP and glutamate respectively. The conversion of 4-HPP
to 4-HPA by the oxygen-dependent activity of p-HPP oxi-
dase has been described in the aerobic soil bacterium
Arthrobacter sp. (Blakley, 1977). However, the participation
of 4-HPP oxidase in p-cresol formation in anaerobes is
unlikely, as HPAD activity is highly sensitive to oxygen.
Indeed, we demonstrated that 4-HPP is first converted to
4-HPAL by the activity of HPPDC, and 4-HPAL is then
converted to p-HPA by the activity of the NAD-dependent
4-HPAL dehydrogenase.

Because the activity of HPAD and other GREs is depen-
dent on the presence of the AE, a successful bacteria-to-
eukaryote gene transfer relies on the acquisition of both
genes, which is more likely if the genes are genetically
linked (Andersson and Roger, 2002). Indeed, the compo-
nents required for HPAD activity in C. difficile are arranged
in the HPAD operon (hpdB/A/C). Interestingly, in M. bala-
muthi, we found a single ORF for the fused HPAD-AE
protein, which had an arrangement corresponding to the
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hpaB/A genes in the bacterial operon but without the hpdC
protein, which was either lost or not present in the donor
bacterium. In protists, the fusion of genes acquired via
LGT from bacterial operons is not unprecedented. Ander-
sson and Roger (2002) demonstrated the fusion of the
small and large subunits of glutamate synthase in diplomo-
nads, and fusion of two subunits of the iron-sulfur cluster
assembly machinery SufCB was observed in Blastocystis,
Pygsuia and Stygiella (Tsaousis et al., 2012; Stairs et al.,
2014; Leger et al., 2016).The fusion of PFL with the AE
has been noted in the diatom Thalassiosira pseudonana
(Stairs et al., 2011). These findings, including the demon-
stration of the MbBHPAD-AE fusion protein, strongly
support the occurrence of operon-mediated gene transfer
from an ancestral bacterial donor to evolving eukaryotes.

Whereas LGT is a generally accepted phenomenon that
contributes to eukaryotic genome evolution, our under-
standing of the mechanisms by which bacterial genes are
transferred to eukaryotic cells is rather limited. An impor-
tant factor is the opportunity to encounter bacterial DNA
(Keeling and Palmer, 2008). Indeed, phagotrophs such as
Mastigamoeba and Entamoeba species engulf and digest
bacteria, which likely enhances exposure to bacterial DNA.
Moreover, an intimate association between Mastigamoeba
aspera and ectobiotic bacteria has been observed (Sie-
mensma, 2016), which may further increase bacterial DNA
exposure. Interestingly, some bacterial species can import
DNA into eukaryotic cells via a type IV secretion system
and integrate this DNA into the recipient genome (Lacroix
and Citovsky, 2016). However, the extent to which this
mechanism contributed to bacteria-to-eukaryote LGT dur-
ing the course of evolution is not known.

The involvement of LGT in the evolution of parasitic E.
histolytica has been investigated on the whole-genome lev-
el (Clark et al., 2007; Alsmark et al., 2009). Sixty-eight
cases of LGT from various prokaryotic lineages have been
predicted, particularly from gut bacteria to E. histolytica.
An attractive explanation of this bias is that the host gut
bacteria share the same ecological niche with Entamoeba,
significantly contributing to this gene transfer (Hirt et al.,
2015). However, because the environment of an animal’'s
gut is rather anaerobic and it is likely that the free-living
Entamoeba ancestor also occupied anaerobic niches
(Edgcomb et al., 2002), in some cases, the observed bias
maybe more of a reflection of ‘ancestral’ LGT within an
anaerobic ecosystem than a ‘recent’ adaptation of the Ent-
amoeba lineage to parasitism. For example, a previous
phylogenetic analysis of tryptophanase revealed that E.
histolytica clusters with maximum support with Fusobacte-
rium (a pathogen found in oral cavities)(Clark et al., 2007;
Alsmark et al., 2009). However, when we used enriched
taxon sampling that included the tryptophanase of M. bala-
muthi, the tryptophanase of E. histolytica clustered with
those of M. balamuthi, Blastocystis and Sordariomycetes

fungi, which does not support the acquisition of the gene
from the human pathogen but instead suggests acquisition
from environmental Firmicutes.

Collectively, a comparison of free-living species with
their parasitic relatives and extensive sampling of prokar-
yotes in the same environments is essential to distinguish
between ‘recent’ LGTs associated with adaptations to par-
asitism and ‘ancient’ LGTs that might predispose free-
living protists to parasitism.

Experimental procedures
Cell cultivation

The M. balamuthi (strain ATCC 30984) was maintained axeni-
cally as previously described (Chavez et al., 1986). For indole
and p-cresol detection, the cells were grown for 72 h in PYGC
medium containing 1-3 mM tryptophan or tyrosine. Entamoe-
ba histolytica (strain HM-1:IMSS) was maintained as
described (Diamond et al., 1995) or in YI-S medium containing
1-3 mM tryptophan. Citrobacter freundii was maintained as
described (Zubacova et al., 2013). The cell density of M. bala-
muthi was determined using a hemocytometer. Entamoeba
histolytica cells were counted using a cell counter (Z™ Series
Coulter Counter, Beckman Coulter). The density of C. freundii
cells was determined spectrophotometrically at an optical den-
sity of 600 nm, and the number of cells was calculated
according to the following formula ODgyp 1.0=8 X
108cells ml™".

p-cresol susceptibility assays

Mastigamoeba cells were incubated in the presence of 1, 5, 8,
10 or 15 mM p-cresol for 72 h. After incubation, the medium
was replaced with fresh medium without p-cresol. The viability
of the cells was evaluated microscopically after 5 days. To test
the p-cresol susceptibility of C. freundii, the cells were incubat-
ed with 0.5, 1 and 2 mM p-cresol for 12 h and the cell density
was determined at different time intervals as indicated. For the
co-cultivation experiments, M. balamuthi was grown in medi-
um with 1-3 mM tyrosine until it formed a confluent cell layer
(approximately 140,000 cells). Then, 160,000 cells ml~"
C. freundii were inoculated and co-cultivated with M. balamuthi
for 12 h. Bacterial growth was measured spectrophotometri-
cally at a wavelength of 600 nm (ODgg). As a control,
C. freundii was grown in PYGC medium containing 1-3 mM
tyrosine without M. balamuthi.

Determination of volatile metabolic end-products by gas
chromatography coupled with mass spectrometry
(GC-MS)

Indole, p-cresol and other volatile metabolic end products
were measured using GC-MS as described previously (Sutak
et al., 2012). Samples were prepared using headspace solid-
phase microextraction using 1 ml of cell-free medium from cul-
tures in exponential growth phase stirred in a closed vial at
50°C. Carboxen/PDMS fibres (Supelco, Bellefonte, PA, USA)
were incubated in the sample headspace for 20 min and then
inserted into the GC injection port using splitless-mode
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injection at 250°C. GC-MS analyses were performed on a GC-
MS-QP2010 Plus system (Shimadzu, Kyoto, Japan) equipped
with a Supelcowax polyethylene glycol capillary column
(Supelco), with helium as the carrier gas at a constant linear
flow rate of 40 cm s~ '. The mass spectrometer was operated
in scan mode in an m/z range of 35-350.

Determination of p-cresol and indole production in
culture media using HPLC

Mastigamoeba balamuthi (6000 cells) or E. histolytica (3000
cells) was inoculated into 10 ml of PYGC or YI-S medium,
respectively, and grown for 3 days. The cells were harvested
by centrifugation, the cell density was determined using a
hemocytometer, and the total protein amount determined by
the Lowry method. A 300-ul aliquot of the culture medium
(supernatant) was collected and p-cresol and indole were
extracted into 300 pl of 80% acetonitrile with 20% methanol.
The mixture was incubated for 30 min at room temperature,
and the precipitated proteins were removed by centrifugation
for 15 min at 13,000 X g. Similarly, for the determination of
enzymatic activities, 300 pl of the sample, following anaerobic
incubation with the substrates, was extracted into 300 pl of
80% acetonitrile with 20% methanol. The mixture was incubat-
ed for 30 min at room temperature, and the precipitated
proteins were removed by centrifugation for 15 min at 13,000
X g.p-Cresol and indole were measured using HPLC with
fluorescence detection (270 nm excitation/340 nm emission
wavelengths) as described previously (Doerner et al., 2009)
using a Dionex Ultimate 3000 system. Samples were injected
into a Dionex Acclaim RSLC 120 C18 column that was equili-
brated with buffer containing 10% acetonitrile and 50 mM
ammonium acetate. A linear gradient (0%—60%) of acetonitrile
was established, with a flow rate of 500 pl min~" for 10 min.
Data were processed in Chromeleon 7.0 software, and the
amounts of p-cresol and indole were determined based on the
corresponding external calibration curves.

Production of recombinant enzymes

The coding genes for MbHPAD and MbHPPDC (accession
numbers KX356607 andKX352254 respectively) were ampli-
fied from cDNA by PCR using primers with Ndel and Hindlll
restriction sites (Supporting Information Table S1) and cloned
into pET42b vectors (Novagen). Escherichia coli BL21 (DE3)
GroES/EL (Novagen) transformed with MbHPAD was grown
anaerobically in 2 | of LBG medium with 0.2% glucose that
was enriched with 0.5 mM Mohr's salt, 50 mM NaNO; and
0.5 mM sodium sulfide at 37°C to ODgoo = 0.8. Escherichia
coli BL21 (DE3) GroES/EL (Novagen) transformed with
MbHPPDC was grown aerobically in 3 | of LB medium at 37°C
to an ODggo= 0.8. Then, 0.1 mM IPTG was added, and the
cells were incubated at 23°C for 3 h to ODggg = 1.2. The cells
were then harvested via centrifugation and resuspended in
20 ml of lysis buffer (50 mM HEPES, 20 mM NaCl, 10 mM
imidazole, 10% glycerol, 5 mM MgCl,, 5 mM DTT and 5 mM
cysteine [pH 8.0]) with 10 ug mI~" DNase, 5 ug mi~" lysozyme
and 0.2 mM protease inhibitors (TLCK and leupeptin). The
cells were sonicated, and the cell debris was removed by
ultracentrifugation at 150,000 X g for 35 min at 4°C. The
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recombinant proteins were purified by affinity chromatography
with an Ni-NTA agarose column under native conditions
according to the manufacturer’s protocol (Qiagen).

Enzyme assays

The activity of HPAD was determined as described previously
(Andrei et al., 2004). The assay mixture contained 1 ml of
50 mM Tris-HClI buffer (pH 7.4), 1 mM dithiothreitol, 1 mM pyri-
doxal phosphate, 1 mM MgCl,, 2 mM 4-HPA, 2 mM SAM
(Sigma) and an aliquot of cellular lysate or recombinant
MbHPAD. The mixture was incubated under anaerobic condi-
tions for 20, 40 and 60 min. The reaction was stopped by
extracting the mixture into 80% acetonitrile with 20% methanol
for 30 min at room temperature. This mixture was centrifuged
at 13,000 X gfor 15 min, and the extracted p-cresol was mea-
sured using HPLC as described above. The activities of TAT
and 4-HPPDC were determined based on p-cresol production
in reaction mixtures containing aliquots of the cellular fractions
in 50 mM Tris-KCI buffer (pH 7.2), 1 mM dithiothreitol, 1 mM
pyridoxal phosphate, 1 mM MgCl,, 2 mM 4-HPA, 2 mM SAM
(Sigma) and either (i) 2 mM tyrosine with 2 mM a-
ketoglutarate, to measure TAT activity, or (ii) 2 mM 4-HPP (Sig-
ma), to determine HPPDC activity. The concentrations of the
p-cresol produced were determined using HPLC as described
above.

Alternatively, the activity of HPPDC was determined based
on 4-HPP consumption (Blakley, 1977). The activity of 4-HPAL
dehydrogenase was determined based on NADH oxidation
using 4-HPA as the substrate (Blakley, 1977).

The production of 4-HPAL by recombinant MbHPPDC was
determined in a reaction mixture that contained 50 mM Tris-
KCI buffer (pH 7.2), 2 mM 4-HPP (Sigma), 1 mM MgCl, and
1 mM thiamine diphosphate. The mixture was incubated for
45 min at 25°C, and the formation of 4-HPAL was determined
using HPLC as described previously (Hazen et al, 1996).
Briefly, samples were injected into a Dionex Acclaim RSLC
120 C18 column that was equilibrated with buffer A (5% meth-
anol, 0.1% trifluoroacetic acid[pH 2.5]). A linear gradient (0%—
35%) of buffer B (90% methanol, 0.1% trifluoroacetic acid [pH
2.5]) was applied following a 35% isocratic flow of buffer B for

3 min. The flow rate was 300 pl min~".

Phylogenetic analysis

BLAST searches for homologs of MbHPAD, MbHPPDC, TAT
and tryptophanase were performed using the NCBI non-
redundant protein database, and the resulting datasets were
manually edited to remove redundant sequences, incomplete
sequences and distant homologs. Sequences were aligned
with Mafft (options: max iterate 1000, local pair) (Katoh and
Standley, 2013). Alignments were trimmed with BMGE (BLO-
SUM30 matrix, block size of 5) (Criscuolo and Gribaldo,
2010). Maximum likelihood trees were build using RAXML with
an LG amino acid substitution model with gamma correction
for the heterogeneity of evolutionary rates among sites, and
the bootstrap support was computed using 500 rapid boot-
strap replicates (Stamatakis, 2006). Bayesian inference was
conducted using PhyloBayes running two chains under the
CAT model. For each chain, 30,000 generations were run, and
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trees were sampled every 10 generations. A burn-in of 3,000
generations was discarded (Lartillot et al., 2009).The draft M.
balamuthi genome sequence is available at http://www.ebi.ac.
uk/ena/data/view/CBKX00000000.
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Additional Supporting Information may be found in the
online version of this article at the publisher's web-site:

Fig. S1. In vitro growth of M. balamuthi. 6000 cells were
added to 50 ml of PYGC medium in culture tissue flask and
cultivated at 24°C. The cell density of M. balamuthi was
counted using a hematocytometer.

Fig. S2. Analysis of the HPAD protein sequence. A) Protein
sequence alignment of 4-hydroxyphenylacetate decarboxyl-
ase (HPAD), pyruvate formate-lyase (PFL) and the corre-
sponding activating enzyme (AE). M. balamuthiHPAD
(KX356607); C. difficile, Clostridium difficile HPAD
(WP_021358752), AE (CBEO01729); C. scatologenes HPAD
(WP_029954956), AE (WP_029163541); A. burkinensis,
Anaeroarcus burkinensis HPAD (WP_027938505), AE
(WP_027937636); M. balamuthi, PFL1 (KX398023), AE1
(ADM47482); M. balamuthi, PFL2 (KX398024), AE2
(m51a1_g12196); Ch. reinhardtii, Chlamydomonas reinhard-
ti HPAD (CAF04129), AE (AAW32935); N. frontalis, Neo-
callimastix frontalis, HPAD (AAS06904), AE (AAS06905);
E. coli, Escherichia coli HPAD (WP_000184850), AE
(AJO82692; C. ultunense,  Clostridium  ultunense
(WP_040354202); T. pseudonana, Thalassiosira pseudo-
nana. Black arrows indicate C503 and G875 that likely har-
bor thiyl and glycyl radicals respectively. Black dots indicate
a conserved motif around G875 that interacts with the AE.
Amino acid residues involved in the binding of 4-
hydroxyphenylacetate are indicated by diamonds (S344,
G345, C503, E505, H536 and E637)(Feliks et al., 2013;
Selmer and Andrei, 2001). Amino acid residue numbers are
based on those of the C. scatologenes HPAD sequence.
Conserved SAM binding sites are indicated by triangles,
white arrows indicate radical-activating patterns, including
the CX3CX,C motif for the [4Fe4S] cluster of HPAD and
PFL AEs (Nicolet and Drennan, 2004). The N-terminal
methionine of AEs is indicated in bold, and stars (*) indicate
the site of the stop codon. HPAD, 4-hydroxyphenylacetate
decarboxylase; PFL, pyruvate formate-lyase; AE, activating
enzyme. B) Phylogeny of HPAD. A tree for HPAD (193 taxa
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and 655 sites) was built using Bayesian inference (Bl).
Bootstrap support (BP) and posterior probability (PP) val-
ues were calculated for each branch using RAXML and Phy-
loBayes respectively.

Fig. S3. Recombinant MbHPAD catalyses p-cresol produc-
tion. (A) MbHPAD was heterologously expressed in E. coli
with C-terminal 6xHis tag. The tagged MbHPAD was isolated
from the cell lysate by affinity chromatography using an Ni-
NTA agarose column. Lane 1, and 2; SDS-PAGE of molecular
weight markers, and a fraction with isolated MbHPAD respec-
tively. Lane 3, immunoblot analysis of the same fraction using
anti 6xHis tag antibody. MbHPAD appeared as a 130 kDa
band (calculated molecular weight is 121 kDa). Identity of
MbHPAD was confirmed by mass spectrometry. Proteins
bands of lower sizes are cleavage products. (B) HPLC analy-
sis of p-cresol production catalysed by recombinant MbHPAD.
The reaction mixture contained 1 ml of 50 mM Tris-HCI buffer
(pH 7.4) 1 mM DTT, 1 mM MgCI2, 2 mM 4-HPA, 2 mM SAM
(Sigma), and the recombinant MbHPAD. The mixture was
incubated under anaerobic conditions for 60 min. The reaction
was stopped by the extraction of the mixture into 80% aceto-
nitrile with 20% methanol for 30 min. at room temperature.
The mixture was centrifuged at 13,000 X g for 15 min, and
the extracted p-cresol was measured using HPLC with fluo-
rescence detection (270 nm excitation/340 nm emission
wavelengths) using a Dionex Ultimate 3000 system. Samples
were injected into a Dionex Acclaim RSLC 120 C18 column
that was equilibrated with a buffer containing 10% acetonitrile
and 50 mM ammonium acetate. A linear gradient (0%—60%)
of acetonitrile was with a flow rate 500 ul min~" for 10 min.
Data were processed in Chromeleon 7.0 software, and the
amounts of p-cresol and indole were determined based on
the corresponding external calibration curves. (a) Positive con-
trol: 100 ng of p-cresol in the reaction mixture without sub-
strate and the recombinant MbHPAD. (b) The reaction mixture
with substrate and without MbHPAD. (c) The reaction mixture
with substrate and with 1.8 mg or (d) 0.8 mg MbHPAD. The
bar represents 25x10° counts as detected by a fluorescence
detector.

Fig. S4. Analysis of the HPPDC protein sequence. A) Align-
ment of the M. balamuthi 4-hydroxyphenylpyruvate decar-
boxylase (MbHPPDC) against selected eukaryotic and
prokaryotic thiamine diphosphate-dependent decarboxy-
lases. AbPPDC, Azospirillum brasilense phenylpyruvate
decarboxylase; ScPPDC, Saccharomyces cerevisiae phe-
nylpyruvate decarboxylase ARO10; EcIPDC, Enterobacter
cloacae indolpyruvate decarboxylase; LIKdcA, Lactococcus
lactis branch chain 2-keto acid decarboxylase; ScPDC, S.
cerevisiae pyruvate decarboxylase Pdc1p; ZmPDC, Zymo-
monas mobilis pyruvate decarboxylase.Core residues of the
HH-motif in decarboxylases are marked with dots.Thiamine
diphosphate-binding motifs are marked with diamonds. Res-
idues suggested to influence substrate specificity are
marked with arrows (Andrews and McLeish, 2012; Versees
et al.,, 2007). Enzymes in this family can utilize various 2-
keto acid substrates, such as pyruvate, which is preferen-
tially metabolized by pyruvate decarboxylase (PDC), and
substrates with an aromatic moiety, such as phenylpyruvate

and 4-HPP,which are substrates of phenylpyruvate decar-
boxylase (Kneen et al., 2011). The substrate specificity is
influenced mainly by the amino acid composition of the
hydrophobic pocket at the active site. Whereas aromatic
resides are involved in the binding of pyruvate, these resi-
dues are replaced by aliphatic residues to accommodate
large substrates including 4-HPP. Consistent with this,
MbHPPDC possesses Met303 instead of the Y290 found
in Zymomonas mobilis PDC or the F292 of S. cerevisiae
PDC (Andrews and McLeish, 2012).

Fig. S5. Production of 4-hydroxyphenylacetaldehyde (4-
HPAL) catalysed by recombinant MbHPPDC. (A)
MbHPPDC was heterologously expressed in E. coli with C-
terminal 6xHis tag. The tagged MbHPPDC was isolated
from the cell lysate by affinity chromatography using an Ni-
NTA agarose column. Lane 1, SDS-PAGE of a fraction with
isolated MbHPPDC. Calculated molecular weight is 61 kDa.
Lane 2, immunoblot analysis of the same fraction using anti
6xHis tag antibody. (B) HPLC analysis of 4-
hydroxyphenylacetaldehyde (4-HPAL) production catalysed
by recombinant MbHPPDC. The reaction mixture contained
50 mM Tris-KCI buffer (pH 7.2) 2 mM 4-HPP (Sigma), 1
mM MgCl,, and 1 mM thiamine diphosphate. The mixture
was incubated for 45 min at 25°C and the formation of 4-
HPAL was determined using HPLC as described previously
(Hazen et al., 1996). Briefly, samples were injected into a
Dionex Acclaim RSLC 120 C18 column that was equilibrat-
ed with buffer A (5% methanol, 0.1% trifluoroacetic acid [pH
2.5]). A linear gradient (0%—35%) of buffer B (90% metha-
nol, 0.1% trifluoroacetic acid [pH 2.5]) was applied following
a 35% isocratic flow of buffer B for 3 min. Flow rate was
300 pl min~'. The bar represents 25x10° counts as
detected by a fluorescence detector.

Fig. S6. Alignment of putative M. balamuthifamily | aminotrans-
ferases (ATs) against selected eukaryotic and prokaryotic ortho-
logs. Tyrosine transamination can be catalysed by the activity of
aspartate aminotransferase (AAT) utilizing a broad range of sub-
strates, including tyrosine, and by aromatic aminotransferases
(AroATs), or specific TATs, all members of the PLP-dependent
transaminase family | (Jensen and Gu, 1996). MbAT-1 la, M.
balamuthi AT-1, subfamily family la (KX352251); ACAAT, Acan-
thamoeba castellanii aspartate AT (AAT)(XP_004340638);
RNnAAT, Rattus norvegicus AAT la, (P13221); ECAAT la, Escher-
ichia coli AAT lo (PO0509); ECTAT la, Escherichia coli tyrosine
aminotransferase la (P04693);ScHAT subfamily I8, Saccharo-
myces cerevisiae histidinol-phosphate AT (P07172); MbAT-2 Iy,
M. balamuthi AT-2 subfamily Iy (KX352252); MbAT-3 Iy, M. bala-
muthi AT-3 subfamily Iy (KX352253); RnTAT ly, Rattus norvegi-
cus TAT |y (P04694); TcTAT |y, Trypanosoma cruzi TAT Iy
(EAN99619). Invariant residues of PLP-dependent AT (), invari-
ant residues of family | AT () (Jensen and Gu, 1996).

Fig. S7. Tryptophanase phylogeny. A tree for tryptophanase
(122 taxa and 359 sites) was built using Bayesian inference
(Bl). Bootstrap support (BP) and posterior probability (PP)
values were calculated for each branch using RAXML and
PhyloBayes respectively.

Table S1. List of primers.

Table S2. List of accession numbers.

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 1091-1102
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Evolutionary loss of peroxisomes - not
limited to parasites
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Abstract

Background: Peroxisomes are ubiquitous eukaryotic organelles that compartmentalize a variety of metabolic pathways
that are primarily related to the oxidative metabolism of lipids and the detoxification of reactive oxygen species.
The importance of peroxisomes is underscored by serious human diseases, which are caused by disorders in
peroxisomal functions. Some eukaryotic lineages, however, lost peroxisomes. These organisms are mainly anaerobic
protists and some parasitic lineages including Plasmodium and parasitic platyhelminths. Here we performed a
systematic in-silico analysis of peroxisomal markers among metazoans to assess presence of peroxisomes and
peroxisomal enzymes.

Results: Our analyses reveal an obvious loss of peroxisomes in all tested flukes, tapeworms, and parasitic roundworms
of the order Trichocephalida. Intriguingly, peroxisomal markers are absent from the genome of the free-living tunicate
Oikopleura dioica, which inhabits oxygen-containing niches of sea waters. We further map the presence and predicted
subcellular localization of putative peroxisomal enzymes, showing that in organisms without the peroxisomal markers
the set of these enzymes is highly reduced and none of them contains a predicted peroxisomal targeting signal.

Conclusions: We have shown that several lineages of metazoans independently lost peroxisomes and that the loss of

peroxisomes was not exclusively associated with adaptation to anaerobic habitats and a parasitic lifestyle. Although the
reason for the loss of peroxisomes from O. dioica is unclear, organisms lacking peroxisomes, including the free-living O.

dioica, share certain typical r-selected traits: high fecundity, limited ontogenesis and relatively low complexity of the
gene content. We hypothesize that peroxisomes are generally the first compartment to be lost during evolutionary

reductions of the eukaryotic cell.

Reviewers: This article was reviewed by Michael Gray and Nick Lane.
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Background

Peroxisomes are single membrane-bound organelles that
proliferate by fission, although it has been shown that
peroxisomes can emerge de novo from the endoplasmic
reticulum [1]. Peroxisomes participate in a variety of
metabolic functions, such as the reactive oxygen species
detoxification, long-chain fatty acid beta-oxidation, plas-
malogen synthesis, amino acid degradation, and purine

* Correspondence: tachezy@natur.cuni.cz
Department of Parasitology, Faculty of Science, Charles University in Prague,
Vini¢na 7, 128 44 Prague, Czech Republic

( ) BiolVled Central

metabolism [2]. The diversity of peroxisomal functions
is well exemplified by atypical peroxisomes, termed
glycosomes, which compartmentalize the first seven en-
zymes of glycolysis and which are indispensable for the
survival of Trypanosoma brucei, the causative agent of
sleeping sickness [3]. Other types of peroxisomes with
highly specialized roles have been described, such as
glyoxysomes in plants and Woronin bodies in filament-
ous ascomycetes [4].

A unique group of proteins referred to as peroxins
(Pexs) is required for peroxisome biogenesis and protein
import. Peroxins mediate the post-translational import
of folded proteins bound to cofactors or even of protein
complexes [5]. Enzymes destined for the peroxisomal
matrix are recognized by the specific cytosolic receptors

© 2015 Zérsky and Tachezy. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Pex5 and Pex7. Pex5 recognizes the peroxisomal target-
ing signal 1 (PTS1), which is composed of a canonical
Ser-Lys-Leu tripeptide at the extreme C-terminus with
common deviations of the canonical sequence [6]. Some
other proteins carry a nonapeptide motif near the N-
terminus termed PTS2, which is recognized by Pex7 [7].

A protein (cargo) carrying the PTS1 sequence is first
recognized by soluble Pex5, which then interacts with
the peroxisomal membrane proteins Pex14 and Pex13,
which leads to a translocation into the peroxisomal
lumen [8-10]. Pex5 is then either monoubiquitinated by
Pex10 and Pex12 E3 ubiquitin ligases or polyubiquiti-
nated by the Pex2 E3 ubiquitin ligase [11, 12]. The
monoubiquitinated Pex5 is recycled to the cytoplasm by
Pex1 and Pex6, both of which carry two ATPase associ-
ated with diverse cellular activities (AAA) [13] and
which in mammals are recruited to the membrane by
the Pex26 protein [14]. In Saccharomyces cerevisiae, the
function of Pex26 is carried out by an unrelated protein
Pex15, which is specific to yeast [15]. Alternatively, poly-
ubiquitinated Pex5 is degraded by the proteasome.

Hydrophobic proteins targeted to the peroxisomal
membrane are typically recognized by the cytosolic re-
ceptor Pex19, which binds to the peroxisomal membrane
proteins Pex3 and Pex16 [16, 17]. Subsequently, the
cargo protein is inserted into the peroxisomal mem-
brane. Alternatively, some peroxisomal membrane
proteins are first inserted into the ER and are then
transported to the peroxisomal membrane via a
process that depends on Pex19 and Pex3 [18]. In some
organisms (e.g. in Saccharomyces cerevisiae) Pex16 is
absent [19].

As the enzymatic content of peroxisomes is known to
vary considerably among species or even different tissues,
the components of the peroxisomal protein import system
are the most reliable peroxisomal markers. A core set of at
least 13 peroxins is common to the main eukaryotic line-
ages (Pex1,2,3,5,6,7,10,11,12,13,14,16,19, Fig. 1la); thus,
these proteins were probably present in the last common
ancestor of eukaryotes [20, 21].

A novel trafficking route between mitochondria and
peroxisomes, which is mediated by the mitochondria-
derived vesicles (MDV) was recently described [22].
Specific subset of MDVs that contain mitochondrial-
anchored protein ligase (MAPL) was shown to fuse with a
subpopulation of peroxisomes. However the function of
MDVs in regard to peroxisomes is unknown and none of
the discovered components of MDVs can be considered
to be a specific peroxisomal marker. Thus, we didn't in-
clude these components to our dataset.

The essential role of peroxisomes is underlined by the
increasing list of diseases that are associated with disorders
of peroxisome biogenesis or even the dysfunction of a sin-
gle peroxisomal enzyme [23]. However, some unicellular
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eukaryotes are able to live without peroxisomes. These
eukaryotes includes parasitic protists that live in oxygen-
poor environments, such as Giardia intestinalis, Entamoeba
histolytica and Trichomonas vaginalis, and the loss of perox-
isomes has also been described in intracellular para-
sites of the Apicomplexa (e.g., Plasmodium falciparum,
Cryptosporidium parvum) and Microsporidia (e.g.,
Encephalitozoon cuniculi) [4, 21]. However peroxi-
somes were identified in an apicomplexan Toxoplasma
gondii [24]. More recently, the loss of many genes as-
sociated with peroxisomes was observed in the genomes
of certain parasitic helminths, including tapeworms
and flukes and a loss of peroxisomes in those lineages
was suggested [25, 26]. Here, we executed a large-
scale analysis of metazoan genomes to assess the pres-
ence of the systems required for the biogenesis and
metabolic function of peroxisomes. Our results re-
vealed the unexpected loss of peroxisomal functions
and peroxisomes in metazoans including not only
parasitic species but also, surprisingly, an aerobic free-
living organism.

Results and discussion

Loss of peroxins and peroxisomes

To assess the presence of peroxisomal components, we
collected an extensive dataset of the predicted proteomes
of 111 metazoans based on completed or advanced gen-
ome sequencing projects (see Additional file 1: Table S1).
We then assessed the presence or absence of 14 perox-
ins conserved in metazoans [21] (see Additional file 2:
Table S2) by assigning the protein sequences to the evolution-
ary genealogy of genes: Non-supervised Orthologous Groups
(eggNOG) database of orthologous groups, which was con-
structed from representative metazoan sequences [27]. For
homology analysis, we used a highly sensitive profile-hidden
Markov model (HMMER) search algorithm [28].

We found a broad set of peroxins in most metazoans
(Fig. 1a). However, not all of these metazoans contained
a complete set of peroxins. Peroxins such as Pex26 ap-
peared to be repeatedly lost during evolution, as we ob-
served the lack of this protein in nematodes and other
invertebrates. We also observed the loss of the PTS2-
binding protein Pex7 in all nematodes which is in agree-
ment with lack of the PTS2 pathway in Caenorhabditis
elegas and other lineages [29-31]. Some other peroxins
might have diverged beyond recognition by sequence
analysis, as was proposed for a hypothetical Trypanosoma
brucei Pex3 [32].

The extreme case of the reduction of the peroxisomal
components is the complete loss of peroxisomes. It has
been established experimentally that the loss of certain
peroxins that are essential for the peroxisome biogenesis,
such as Pex3 and Pex19, leads to the complete loss of
peroxisomes [1]. Thus, we interpreted absence of these
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(See figure on previous page.)

Fig. 1 Distribution of peroxins (A), and possible peroxisomal enzymes (B) in metazoan genomes. Organisms lacking peroxins are highlighted in red.

a Identification of peroxins. The green squares indicate identification with high confidence. The identification of Pex10 in the Oikopleura dioica
genome with lower confidence (marked by an asterisk) was rejected as a false-positive based on phylogenetic analysis (Figure S1). b Identification of
putative peroxisomal enzymes and enyzmes of mitochondrial beta-oxidation. Predicted subcellular localization is indicated in the following colors: grey,
no targeting signal detected; red, peroxisomal targeting sequence type 1 or 2 (pts); blue, mitochondrial localization signal (mito); and yellow, secretory
pathway signal peptide (sec). Combinations of several different localization signals are shown as follows: violet, pts and mito; orange, pts and sec; green,
sec and mito; and black, pts, mito and sec. (Acox1 - Acyl-CoA oxidase1, Acox3 - Acyl-CoA oxidase 3, Lbp - L-bifunctional protein, Dbp - D-bifunctional
protein, Acaal - Peroxisomal beta-ketothiolase 1, Scp2 - Peroxisomal beta-ketothiolase 2, Amacr - Alpha-methylacyl-CoA racemase, Crat -
Carnitine acetyltransferase, Crot - Carnitine octanoyltransferase, Ech1 - Enoyl Coenzyme A hydratase 1, Decr - Peroxisomal 2,4-dienoyl-CoA
reductase 2, Pecl - Peroxisomal 3,2-trans-enoyl-CoA isomerase, Vics - Very-long-chain acyl-CoA synthetase, Ptel - Acyl-CoA thioesterase 2,
Pte2 - Acyl-CoA thioesterase 1B, Phyh - Phytanoyl-CoA 2-hydroxylase, Hpcl2 - 2-Hydroxyphytanoyl-CoA lyase, Gnpat - Dihydroxyacetone
phosphate acyltransferase, Agps - Alkyldihydroxyacetone phosphate synthase, Far - Fatty acyl-CoA reductase 2, Agxt - Alanine:glyoxylate
aminotransferase, Pipox - Peroxisomal sarcosine oxidase/L-pipecolate oxidase, Cat - Catalase, Prdx5 - Peroxiredoxin V, Dao - d-amino acid

oxidase, Hao1 - Hydroxyacid oxidase 1, Ephx2 - Epoxide hydrolase, Gstk1 - Glutathione S-transferase class Kappa, Paox - N1-
acetylspermine/spermidine oxidase, Xdh - Xanthine dehydrogenase, Uox - Uricase, Allc — Allantoicase)

peroxins as evidence for the loss of peroxisomes per se
in the examined organisms. We did not identify any
peroxins in the genome of several lineages of parasitic
helminths: flukes (Schistosoma japonicum, S. mansoni,
and Clonorchis sinensis), tapeworms (Taenia solium,
Echinococcus multilocularis, E. granulosus, and Hymeno-
lepis microstoma) and a monogenean (Gyrodactylus sal-
aris) as was described previously [25, 26]; all of these
species belong to the Neodermata group of parasitic flat-
worms. Furthermore, we observed the independent loss
of peroxins in the parasitic roundworms of the order
Trichocephalidae, including Trichinella spiralis and the
whipworms Trichuris trichiura and Trichuris suis. Most
surprisingly, in addition to parasites, we did not identify
any convincing orthologs of peroxins in the free living
tunicate Oikopleura dioica. This organism belongs to the
class Appendicularia, occupies the pelagic zone of the
world's oceans, and exhibits a high rate of oxygen con-
sumption [33] as well as several peculiar features: (i) its
genome is extremely small (approximately 75 Mb), (ii) it
has a short generation time (as short as 24 hours [34]),
and (iii) adults of this species have a simplified body
structure that resembles the tadpole-like larvae of most
tunicates [35, 36]. Interestingly, the related marine tuni-
cates Ciona intestinalis and Ciona savignyi of class Asci-
diacea harbor a regular set of peroxins. Our analysis
revealed only one possible hit of Pex10, based on its
zinc-finger domain, in O. dioica. However, the predicted
protein lacks a typical N-terminal hydrophobic domain,
and phylogenetic analysis of the zinc finger domain
revealed that it is likely a false-positive hit as it forms
a monophyletic clade with mammalian NHLRC1 pro-
teins, while the Pex10 sequences form a distinct clade
(Additional file 3: Figure S1).

Peroxisomal pathways
To further corroborate our findings, we predicted the
presence of peroxisomal matrix-resident enzymes based

on predicted PTS1 and PTS2 motifs [7, 37]. For the de-
tection of the signals we used PTS1/2 amino acid motifs
according to the PSORT 1II software [38] and we also in-
cluded sequences of mammalian PTS1, which do not
comply with these motifs. We focused on the components
of main peroxisomal functional pathways, including
oxygen metabolism, beta-oxidation, plasmalogen bio-
synthesis, amino acid metabolism, and purine catabol-
ism [2] (Fig. 1b, Additional file 4: Table S3). We further
predicted mitochondrial and secretory signal peptides
using TargetP software [39].

In the metazoans lacking Pexs identified above, most of
the conserved peroxisomal matrix enzymes have been
lost, and the few enzymes that are retained contained
no apparent peroxisomal localization signals (Fig. 1b).
Pathways that are exclusively found in organisms har-
boring peroxisomes include peroxisomal beta-oxidation
(acyl-CoA oxidasel/Acox1, L-bifunctional protein/Lbp,
peroxisomal beta-ketothiolase 1/Acaal, and peroxisomal 24-
dienoyl-CoA reductase 2/Decr) and plasmalogen synthesis
(fatty acyl-CoA reductase 1/Farl, dihydroxyacetone phosphate
acyltransferase/Gnpat and alkyldihydroxyacetone phosphate
synthase/Agps). Interestingly, a gene coding for the typical per-
oxisomal enzyme catalase was detected in the genome of 77i-
chinella spiralis; the predicted protein, however, lacks a PTS
signal but has an N-terminal signal peptide instead.

The prediction of targeting signals in the putative per-
oxisomal proteins revealed that enzymes typically pos-
sess either peroxisomal or mitochondrial localization
signals or both, indicating a metabolic interdependence
between peroxisomes and mitochondria and, possibly,
the dual targeting of some enzymes (Fig. 1b). This is a
well known phenomenon exemplified by e.g. the human
isoform of carnitine acetyltransferase (Crat), which is
important for both the mitochondrial and peroxisomal
beta-oxidation in mammalian cells, and contains a mito-
chondrial localization signal at the N-terminus and a
typical PTS1 sequence at the C-terminus [40].
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Loss of peroxisomes and the genome complexity

The identified metazoan lineages lacking peroxisomes
have very different phylogenetic positions and life-
styles: Trichinella and Trichuris develop in vertebrate
cells and/or host tissues; schistosomes and tapeworms
first develop in intermediate hosts and then reside in
the bloodstream and the intestine of their definitive
hosts, respectively; Gyrodactylus salaris is an ecto-
parasite of fish; and Oikopleura is a marine filter
feeder. However, in ecological terms, all of these spe-
cies share certain typical r-selected traits: high fecund-
ity, early maturation, and simplified ontogenesis. To
assess the relative complexity of their genomes and to
evaluate the loss of peroxisomes in the genomic con-
text, we quantified unique orthologous groups of pro-
teins that were detected in the predicted proteomes
(Fig. 2; Additional file 1: Table S1). It is apparent
that lineages lacking peroxisomes contain a markedly
reduced repertoire of conserved metazoan orthologs
compared to their relatives harboring peroxisomes.
Therefore, the loss of peroxisomes clearly accompan-
ied the reductive evolution of the respective meta-
zoan lineages, as reflected by genome shrinkage and
gene loss.

Page 5 of 10

Conclusions

In addition to the known loss of peroxisomes in parasitic
flatworms (Neodermata) we observed the loss of peroxi-
somes in parasitic roundworms of the order Trichoce-
phalida and most intriguingly in a free-living tunicate
Oikopleura dioica. The loss of peroxisomes from Neo-
dermata and Trichocephalida likely reflects their adapta-
tion to an obligate parasitic lifestyle, which is specifically
associated with the adaptation to anaerobiosis of some
of the life stages and/or the reduced need for lipid syn-
thesis and turnover. However, not all parasitic worms
have lost peroxisomes, as we detected the presence of
peroxisomal markers in the genomes of some helminths,
such as Ascaris suum. The presence of peroxisomes in
these organisms can be explained by aerobic metabolism
during L1 and L2 larval stages of Ascaris, which live in
an external environment in eggs, and in L3 larvae that
migrate from the intestines to the lungs via the liver
after egg ingestion. Only L4 larvae and adults live in the
oxygen-poor environment of intestines and utilize an-
aerobic metabolism. In this context, the absence of
peroxisomal markers in Oikopleura dioica, a free-
living tunicate that inhabits oxygen-containing niches
of sea waters and that exhibits a high rate of oxygen
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consumption [33], is highly unexpected. Similar to
other aerobes, O. dioica possesses classical mitochon-
dria that utilize oxygen and oxidize fatty acids for
ATP synthesis. Why might this organism have lost
peroxisomes? We hypothesize that the loss of peroxi-
somes is associated with the reduction of genomic
content and generally with a shift towards r-selected
traits, which is typical for parasitic organisms. How-
ever, there might be other advantages of peroxisomal
loss, e.g., rendering the organisms resistant to xenobi-
otics that become activated in the peroxisomal lumen
in response to frequent redox reactions [41].

Comparative genomics shows that most of the typ-
ical cell compartments were present in the common
eukaryotic ancestor [42]. However there are known
cases where these compartments were radically func-
tionally and/or structurally reduced, as the divergent
anaerobic mitochondria of Giardia intestinalis called
mitosomes [43], fragmented ER of Entamoeba histolytica
[44], or absence of structured Golgi in several protist line-
ages [45, 46]. Still in all these cases the organelle and the
apparatus for its biogenesis are to various extents con-
served and retained. On the contrary it has been shown
that peroxisomes have been lost on several occasions, not
only in parasitic and anaerobic lineages. We thus further
hypothesize that peroxisomes are generally the first
conserved eukaryotic compartment to be lost during
reductive evolution of the cell.

As the loss of peroxisomes was repeatedly observed in
various metazoan lineages, it is likely that new lineages
lacking peroxisomes will emerge and that new genomic
and functional data will provide additional information
to reveal the circumstances in which selection pressure
resulted in the loss of peroxins and, consequently,
peroxisomes.

Methods

Orthologous group assignment

Orthologous groups of metazoan proteins were ex-
tracted from the eggNOG database, ver. 3 [27]. Predicted
metazoan protein sequences were searched against the
HMM profiles created from the alignments of eggNOG
groups using HMMER software [28]. Hits displaying
an e-value greater than le-3 were regarded as false
positives. The hits were scored based on their e-value
(Ehit) and the next highest hit e-value (Enext) as follows:
Score = log(Enext)-log(Ehit). Thus, only the best hits
displayed a positive score.

Subcellular localization prediction

N-terminal targeting sequences were predicted using
TargetP software with default settings [39]. The per-
oxisomal targeting signals were predicted using the
following regular expressions: PTS1: '[SAC][KRHN][LIM]'
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or 'ASL', 'THL', 'LKL', 'SKV', 'KKL', 'SQL/, or 'PRL' at the
C-terminus; PTS2: '[RK][LVIQ]..[LVIHQ][LSGAK]..[HQ]
[LAF]" within the first 100 amino acids [2, 38].

Phylogenetic analysis

Homologs of O. dioica GSOIDT00013970001 were re-
trieved from the SwissProt database using BLAST [47].
Sequences were aligned using MAFFT [48], trimmed
and the phylogeny was constructed with Phyml [49]
using the WAG substitution matrix.

Reviewers' comments

Reviewer's report 1 (Michael Gray, Dalhousie University,
Canada)

Summary: This manuscript describes the results of a
comprehensive survey to detect peroxisome gene markers
(encoding peroxins and other characteristic peroxisomal
proteins) in complete or substantially complete animal
genome sequences. The results extend previous results
that suggested the apparent absence of peroxisomes in
certain parasitic (anaerobic) helminths. Unexpectedly, the
authors also report the absence of peroxisomal markers
from the genome of a free-living (and oxygen-consuming)
tunicate. This study is straightforward in its execution and
in the results obtained. The authors employed rigorous
methods of gene identification, including HMM profile
searches, to ensure that peroxisomal markers being
sought were not missed. The results are clear-cut:
Fig. 1 is especially effective in summarizing the main
message. The authors point out that peroxisomal loss
in animals correlates with a gene content of relatively
low complexity (Fig. 2), from which they argue that
peroxisomes may be the first compartment to be lost
during evolutionary down-sizing of the eukaryotic
cell.

Author's response: We thank the reviewer for his
appreciation of our work.

Recommendations: I have no substantive criticisms of
the work, which overall is novel and will be of interest
to a wide readership. The results emphasize the import-
ance of taking a comprehensive and rigorous approach
to questions of presence/absence of genes/organelles be-
fore drawing firm evolutionary conclusions. Extension of
this work to other groups of eukaryotes, as sufficient
genome data become available, should certainly be
done: fungi are an obvious first choice, but eukaryotic
microbes (protists) should also be examined by the
same approach.

Author's response: We agree with the reviewer that
our analysis of peroxisomal markers should be extended
to a wider range of eukaryotes in the future. In fact, we
performed the preliminary analysis of peroxisomal
markers across major eukaryotic lineages, however, we
didn't find any novel losses of peroxisomes except these
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in anaerobic protists, some apicomplexans and micro-
sporidians that are mentioned in the Background sec-
tion. Nevertheless, we can expect more variation in
individual peroxins (losses and gains) as well as more
functional diversity in various lineages of unicellular eu-
karyotes than in metazoans. This has been shown for ex-
ample in the case of mitochondria that displayed
considerably higher level of diversity in unicellular eu-
karyotes in comparison to metazoans. From this point of
view, described losses of peroxisomes within metazoans
including Oikopleura dioica are really unexpected and
thus we would prefer the paper to be focused on the
analysis of metazoans to keep the publication more
straightforward.

Minor issues: While reading through the manuscript,
I did encounter a few grammatical issues that I flagged
in the attached PDF. In particular, the term ‘r-selected
traits’ should be defined for the benefit of readers who
will be unfamiliar with the concept.

Author's response: We edited the manuscript accord-
ing to the reviewer's recommendations. We also explained
the concept of 'r-selected traits'.

Reviewer's report 2 (Nick Lane, UCL, United Kingdom)
Summary: This is an interesting and short phylogenetic
paper, which shows that peroxisomes have almost cer-
tainly been lost from various lines of metazoans over
evolutionary time, not only in parasitic flukes, tape-
worms and roundworms, but also in some free-living
tunicates that inhabit oxygenated waters. The findings
extend and strengthen earlier observations of loss of
peroxisomes. These results are of interest in them-
selves, but could probably benefit from a little more
discussion about their evolutionary significance.

Author's response: We thank the reviewer for his ap-
preciation of our work.

Recommendations: The paper is clear and crisp, with
little extraneous discussion. I would be happy to see it
published more or less as it is. In my view, the paper
would be stronger if it had included an ultrastructural
study - I appreciate that it is hard to show the absence
of structures by EM, but while the genetic dataset is
fairly convincing evidence (and even if not, certainly
worth publishing) the paper would be stronger still if it
had included immunogold-labeling in the groups with or
without peroxisomes, ER and so on. As Shakespeare
said, give me the ocular proof. But I appreciate that this
is not easily done, and I reiterate that the paper could be
published as it is.

Author's response: While preparing the paper we faced
an obvious principal problem as proving a nonexistence of
anything is usually difficult and to some extend dubious.
We were considering the electron microscopy to confirm
the absence of peroxisomes, which are traditionally
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visualized by detecting the catalase activity using 3,3" di-
aminobenzidine tetrahydrochloride (DAB). However e.g.
in Plasmodium falciparum peroxidase active organelles
were discovered although there is a well supported
consensus that there are no peroxisomes present and
interpretation of such results is difficult [50]. Thus,
we decided to rely on the genomic data which shows a
comprehensive set of coding genes. In organisms with
predicted loss of peroxisomes we carefully checked for
possible peroxin homologs in the predicted protein se-
quences, genome sequences translated in all 6 frames and
in the transcriptomic data.

Recommendations: I would have appreciated a little
more discussion of the evolutionary significance of the
findings. For example, de Duve long argued that peroxi-
somes had an endosymbiotic origin, albeit with declining
evidence over the last decade. I wondered if the authors
have anything to say about the ease of loss of peroxi-
somes in relation to hydrogenosomes or mitosomes as
organelles. How do they disappear? Is their loss linked
with changes in the ER? These are all questions not
directly addressed in the paper, and so perhaps not rele-
vant, but some short discussion of these issues would
not go amiss. I find it interesting that it seems to be
so easy to lose peroxisomes but far less easy to lose
extra membranes from around secondary or tertiary
chloroplasts, or to lose mitochondria completely, or
indeed ER. Why the peroxisomes and maybe Golgi?
Does it relate to nuclear membrane dissolution during
mitosis or meiosis?

Author's response: The origin of peroxisomes is a
matter of discussion since their discovery by Christian
de Duve. He proposed an endosymbiotic origin of the
organelle [51, 52] that is supported mainly by a post-
translational import of proteins to the peroxisomes, and
the biogenesis of new peroxisomes by fission of pre-
existing peroxisomes, the features known for endosymbi-
otic organelles such as mitochondria. Later it was, how-
ever, discovered that peroxisomes can arise de novo
from the endoplasmic reticulum by knock-in of essential
peroxin gene into peroxisome-lacking mammalian cells
and yeast mutants and that peroxisomes are formed de
novo also in normal cells [1, 53]. Some of the compo-
nents of the peroxisomal protein import machinery are
also homologous to the ERAD (Endoplasmic-reticulum-
associated protein degradation) pathway of the endoplas-
mic reticulum [20]. These observations support an alter-
native hypothesis of endogenous origin of peroxisomes.

Our finding of relatively common evolutionary loss of
peroxisomes is in a contrast with primary endosymbiotic
organelles (mitochondria, chloroplasts) which are known
to undergo reductions but to our knowledge there are no
known cases of their complete loss. What is a reason for
such a difference? Based on Blobel's idea of membranes
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heredity [54], we can speculate that ER represent a source
of membranes for peroxisome formation, which allows
high dynamics of peroxisomes in respect of their size and
number, de novo formation and eventually loss upon en-
vironmental conditions. However, mitochondrial mem-
branes cannot arise de novo and cells may have
mechanisms to prevent such loses. The other reason
might be that none of peroxisomal functions is really es-
sential, whereas mitochondria possess iron-sulfur cluster
assembly (ISC) machinery that seems to be indispensable
for all viable cells (of course we can discuss exceptions
when ISC machinery is replaced by other systems). We do
not think that easier loss of peroxisomes is related to nu-
clear membrane dissolution during mitosis or meiosis be-
cause e.g. Trichomonad mitosis is the closed mitosis
without dissolution of the nuclear membrane, but they do
not have peroxisomes.

Recommendations: Fig. 2 is interesting but seems a
bit minimal in terms of identifying specific groups. For
example, where is C. intestinalis and other groups men-
tioned in the text? I appreciate that this information is
available in Table S1, but that is a frustrating format to
compare information. A few more labels on Fig. 2 show-
ing key comparators mentioned in the text would be
valuable for those who are interested but don't want to
spend a long time wading through the SI.

Author's response: We added labels in Fig. 2 for se-
lected model species and organisms related to the pro-
posed lineages missing peroxisomes.

Minor issues: I was uncertain about whether the pres-
ence/absence data for peroxins etc. are based on pro-
teomes (as stated on page 5) or whether some data are
based on full genome sequences.

Author's response: Our analysis was based exclusively
on the in silico predicted proteomes from genomic data.
When the loss of peroxisomes was suspected we further
checked the available genomic and transcriptomic data.
We clarified this issue at pages 5 and 7 in the text.

Minor issues: Many parasites have different phases of
their life cycle, and I imagine (though don't know much
about it) that their proteomes could differ significantly at
different stages. It wouldn't be surprising to find that some
parasites have peroxisomes at some stages of their life cycle
but not others. This was not discussed at all, or at least I
didn't notice it; and is not clear to me from the data.

Author's response: It is likely that in the parasitic hel-
minths with peroxisomes the significance of peroxisomal
functions, and the size and quantity of peroxisomes will
be altered during the life cycle as this is well described in
the case glycosomes of trypanosomatids [55]. However we
are not aware of any such data in the case of analyzed
parasitic helminths. Moreover, our data are based on in
silico predictions of proteins, not on proteomic studies
that could be affected by variations in proteomes.
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Minor issues: I wondered if there are any known non-
canonical pathways of peroxisome targeting that do not
involve peroxins. Plainly these are missing, and I accept
the conclusion that the peroxisomes have most likely
been lost, given that other aspects of peroxisome metab-
olism are also missing. Even so, these details could at
least be mentioned in the discussion.

Author's response: Indeed a novel trafficking route
between mitochondria and peroxisomes has been de-
scribed. We mention this pathway in the Background
section.

Minor issues: How does Oikopleura dioica survive
in oxygenated waters without peroxisomes? This is
genuinely an interesting finding, and it might be that
r-selection is indeed sufficient to explain the loss. It
would be good to know how large population sizes
(Ne) tend to be, and developmental time compared
with related tunicates such as C. intestinalis, which
do have peroxisomes. To a degree this probably cor-
relates with NOG data in Fig. 2, but not entirely. I
also wondered whether O. dioica had other mecha-
nisms of oxygen detoxification, such as an alternative
oxidase or uncoupling proteins. This is probably rea-
sonably easy to check in their proteomic data and
would be worth commenting on.

Author's response: The differences between Ciona
intestinalis (Ascidiacea) and Oikopleura dioica (Appendi-
cularia) are truly striking. The adults of C. intestinalis are
up to 15 cm long sessile sea squirts and their life cycle
takes about 2 months. On the other hand the adults of O.
dioica are pelagic tunicates of size between 0.5 and 1mm
that resemble the tadpole-like larva of ascidiaceans with a
generation time as short as 24 hours [34]. Comparison of
two distinct haplotypes of O. dioica revealed a high esti-
mate of population mutation rate, which is consistent with
large effective population size and/or high mutation rate
per generation [56].

Interestingly, our searches for alternative oxidases
(AOX) revealed homologs of AOX in the genomes of C.
intestinalis and C. savignyi. Counterintuitively we did
not identify AOX in the genome of O. dioica. Further-
more, unlike most metazoans, O. dioica possesses only a
single uncoupling protein (UCP4).
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Abbreviations

PTS: Peroxisomal targeting signa; Pex: Peroxin; ER: Endoplasmic reticulum;
L1-4: Larval stages; ATP: Adenosine triphosphate; Acox1: Acyl-CoA oxidase 1;
Acox3: Acyl-CoA oxidase 3; Lbp: L-bifunctional protein; Dbp: D-bifunctional
protein; Acaal: Peroxisomal beta-ketothiolase 1; Scp2: Peroxisomal beta-
ketothiolase 2; Amacr: Alpha-methylacyl-CoA racemase; Crat: Carnitine
acetyltransferase; Crot: Carnitine octanoyltransferase; Ech1: Enoyl Coenzyme
A hydratase 1; Decr: Peroxisomal 2,4-dienoyl-CoA reductase 2;

Pec1: Peroxisomal 3,2-trans-enoyl-CoA isomerase; Vlcs: Very-long-chain acyl-
CoA synthetase; Ptel: Acyl-CoA thioesterase 2; Pte2: Acyl-CoA thioesterase
1B; Phyh: Phytanoyl-CoA 2-hydroxylase; Hpcl2: 2-Hydroxyphytanoyl-CoA
lyase; Gnpat: Dihydroxyacetone phosphate acyltransferase;

Agps: Alkyldihydroxyacetone phosphate synthase; Far: Fatty acyl-CoA reduc-
tase 2; Agxt: Alanine:glyoxylate aminotransferase; Pipox: Peroxisomal
sarcosine oxidase/L-pipecolate oxidase; Cat: Catalase; Prdx5: Peroxiredoxin V;
Dao: d-amino acid oxidase; Hao1: Hydroxyacid oxidase 1; Ephx2: Epoxide
hydrolase; Gstk1: Glutathione S-transferase class Kappa; Paox: N1-
acetylspermine/spermidine oxidase; Xdh: Xanthine dehydrogenase;

Uox: Uricase; Allc: Allantoicase.
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Summary

Conosa is a group of protist that includes aerobic free living Eumycetozoa, and anaerobic free-living
and parasitic members of Archamoebae. Phylogenetic analyses have robustly supported that ancestor of
Conosa was an aerobic flagellate, from which the anaerobic lineage evolved. The anaerobes include
Mastigamoeba balamuthi that inhabits low-oxygen organic-rich water sediments and Entamoeba
histolytica, an important intestinal pathogen of humans. Here, we sequence genome and transcriptome
of M. balamuthi and performed phylogenomic analysis of eight Conosa genomes to trace gene histories
during adaptation to anaerobic environments, and during transition from free-living to parasitic
lifestyle. These events were both associated with massive gene losses that in parasitic lineage resulted
in reduction of structural features, in complete loss of some metabolic pathways and generally in
reduction of metabolic complexity. The reconstruction of the character of the common ancestor of
Archamoebae allows to estimate ancestral preconditions for the parasite evolution that include an
ability to form chitinous resistant cysts, proteolytic enzyme equipment, compartmentalization of sulfate
activation pathway, and anaerobic energy metabolism. After split of Entamoebidae, the parasite specific
features were associated mainly with gain of genes for surface membrane proteins that are involved in
host-parasite interactions. In contrast, gene gains identified in M. balamuthi were associated
dominantly with polysacharide catabolic processes, specifically with cell wall degradation. The
phylogenetic analysis of acquired genes suggested an essential role of lateral gene transfer in the
parasite evolution (Entamoeba) as well as in the adaptation to anaerobic water sediments

(Mastigamoeba).



Introduction

Parasitic organisms evolved multiple times in all major eukaryotic lineages (Blaxter & Koutsovoulos,
2015), however evolutionary steps leading to their transition from presumably free-living ancestors
remains elusive. The parasites are organisms that employed various strategies with the common aim to
get nutritional benefits for growth and reproduction at the expense of the host. These strategies are
reflected by specific features of parasites that resulted mainly from the character of free-living ancestor
and from character of the host niche, to which evolving parasite needed to adapt. The best known
parasitic features are those involved in the parasite pathogenicity and virulence. Because these features
are usually absent in the host cells, they are seemingly unique to the parasite. However, some of these
features could be lineage-specific and functional before origin of parasitic members and just absent in
the host lineage (Janouskovec & Keeling, 2016)(Ginger & Field, 2016). For example,
compartmentalization of glycolysis to glycosomes discovered in Trypanosoma brucei was initially
thought to reflect adaptation to parasitism in the glucose-rich host bloodstream (Opperdoes & Borst,
1977), however soon after, glycosomes appeared to be common to kinetoplastids including free-living
species (Jackson et al., 2016)(Gualdrén-Loépez et al., 2012). In other words, some properties of
parasites represent rather precondition to parasitism than a result of transition from free-living-to-
parasitic life strategy. Once the organism becomes an obligate parasite that lives in relatively narrow
and nutrient-rich environment, various functions and consequently genes became dispensable. This
tendency is particularly apparent in intracellular parasites such as microsporidia and apicomplexans, in
which reduction of metabolic pathways evolved together with dramatic reduction of the genome (Heinz
et al., 2012)(Mathur et al., 2019)(Janouskovec et al., 2015). However, other parasites such as parasitic
kinetoplastids and ciliates seem to keep most of physiological functions and underwent more a

reduction of diversity within the genes families and consequently functional redundancy than complete
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loss of particular physiological function (Jackson et al., 2016)(Coyne et al., 2011). In addition to gene
loses, parasite genomes are shaped by parasite innovations to gain truly new parasite-specific functions.
These innovations include expansions of certain gene families and paralog speciation, appearance of
novel genes of unclear origin and acquisition of genes by lateral gene transfer (LGT) (Jackson et al.,
2016)(Loftus et al., 2005)(Carlton et al., 2007)(Nyvltova et al., 2015).

Investigations of gene histories to distinguish precondition and unique parasitic features are
essential for understanding of parasite evolution. Such studies are dependent on availability of genomes
from parasitic species together with close free-living relatives. However, although genomes of most
important parasites have been sequenced, currently there are only few cases of free-living neighbors
which could be used for comparative genomics. These include for example free living kinetoplastids
related to Trypanosomatids (Jackson et al., 2016), chrompodellids that are neighbors of obligate
parasite of Apicomplexa group (Mathur et al., 2019), and free-living ciliates related to pathogenic
Ichthyophthirius multifiliis (Coyne et al., 2011). Of note, all these studies were focused on organisms
that occupied aerobic niches. However, several important human parasites such as Entamoeba
histolytica and Trichomonas vaginalis are anaerobes living under oxygen limited conditions of human
gut and urogenital tract, respectively. The mode of evolutionary processes that led to appearance of
anaerobic parasite is puzzling and there are not known primarily free-living relatives of T. vaginalis for
comparative studies. In contrast, Entamoebae belong to Archamoeba group of anaerobic protists that
includes free-living species such as Mastigamoeba balamuthi (Bapteste et al., 2002). Moreover,
phylogenetic analyses revealed that Archamoebae clustered with aerobic Eumycetozoa in Conosa
group and that the last common Conosa ancestor (LCCA) was probably aerobic free-living protists
(Bapteste et al., 2002)(Panek et al., 2016). Therefore, Conosa group provides unique opportunity to

trace history of parasitism from aerobic LCCA, via common anaerobic ancestor of Archamoebae



(LCAA) to parasitic Entamoeba. In this sense, M. balamuthi represents a key species for predictions of
LCAA features.

M. balamuthi was isolated from public well in Gambia (Chavez et al., 1986). It forms
multinucleated amoeboid stages, uninuclear flagellates with a single flagellum, and cysts. Adaptation to
anaerobiosis is reflected by transformation of mitochondria to hydrogenosomes that contain typical
enzymes of anaerobic energy metabolism (Nyvltova et al., 2015), and anaerobic type of peroxisomes
(Le et al., 2020). There are several unusual features that M. balamuthi shares with E. histolytica and
that were most likely gained by LCAA. These include loss of mitochondrial iron-sulfur cluster (ISC)
assembly which was replaced by e-proteobacterial nitrogen fixation system (NIF)(Nyvltova et al.,
2013) and acquisition of components of a sulfate activation pathway that operate in M. balamuthi
hydrogenosomes and E. histolytica mitosomes, the most reduced form of mitochondria (Nyvltova et al.,
2015)(F Mi-ichi et al., 2009).

Here we sequenced and analyzed a genome of M. balamuthi with aim to characterize the changes
associated with adaptations from aerobic to anaerobic niches, to estimate common features of M.
balamuthi and Entamoeba ancestor that may facilitate evolution of parasitism in Entamoeba lineage as
well as a unique innovation that appeared separately in free-living and parasitic Archamoebae to adapt

to fundamentally two different anaerobic environments.

Results and Discussion

Genome of Mastigamoeba balamuthi
Genome of axenically grown M. balamuthi was sequenced using 454 GS FLX Titanium system

(Roche) and NexSeq (Illumina) and assembled into a 57.27 megabase pair genome over 1926 scaffolds
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(N50=442.5 kbp)(Table S1). RNA-seq was used for sequencing of M. balamuthi transcriptome, which
aided prediction of 16287 protein coding genes. Completeness of the genome was estimated using the
Benchmarking Universal Single-Copy Orthologs (BUSCO) assessment that identified 82.8% conserved
eukaryotic single-copy orthologs in M. balamuthi genome. Furthermore 98.6% of the transcriptome
sequences were mapped to the genome using GMAP (Wu & Watanabe, 2005).

Characteristics of M. balamuthi genome are remarkably different in comparison to Entamoeba
species (Fig. 1, Table S1). M. balamuthi genome is larger and codes for 30-96% more genes than
Entamoeba species (Fig. 1, Table S2). The protein coding genes, that constitute 41.2% of M. balamuthi
genome, are 6-41% longer than Entamoeba species. Interestingly intergenic regions that span 35.2% of
M. balamuthi genome are of 8% and 66% longer in comparison to E. histolytica and E. moshkovskii,
respectively, but 62% shorted when compared with E. invadens. M. balamuthi proteins coding genes
are more rich for introns (3.38 introns/gene) with average intron size 137 bp (Table S1). The M.
balamuthi genome is rich in GC content (60.7%) that is on the opposite end of the scale compared to
low 24.3% GC content of E. histolytica genome (Fig. 1). Because there are no genomic sequences of
Archamoebae available outside of Entamoeba lineage, we selected actin genes to compare GC content
within this group. We can observe that obligate free-living organisms incline to higher GC content
while the groups with both endobiotic representatives (Rhizomastix) and predominantly parasitic
organisms (Entamoeba) tend to have progressively lower GC content. Outside of Archamoebae, low
GC content comparable to Entamoeba species displayed only the slime mold Dictyostelium discoideum
(Fig 1).

All expected structural RNA genes required for splicing (spliceosomal RNAs), tRNA
maturation (Ribonuclease P), translation (ribosomal RNAs, transfer RNAs) and ER translocation
(signal recognition particle (SRP) RNA) were detected in support of the genome completeness (Table

S3 RNA). Unusual property of Entamoeba genome is very high number of tRNA genes (4500) that
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form unique linear arrays (C. Graham Clark et al., 2006). Therefore we were interested in distribution
of tRNA in M. balamuthi. We found considerably lower number of tRNA genes (219) that did not form
such arrays and were randomly scattered within the genome (SI TableS4-tRNA). Interestingly we
found a missing homolog of SRP RNA in Entamoeba that is coded as a part of threonine-tRNA coding
array. The proximity of tRNA genes and SRP RNA may have functional role as they are transcribed by
the same RNA polymerase III.

Analysis of trasposable elements (TEs) revealed that their overall contribution to the M. balamuthi
genome size is about 1.7% (Fig. 2, Fig. S1, Table S5). The TEs localize predominantly to intergenic
regions and scaffold ends (56.5% and 28.0% respectively), about 12.5% within coding sequences, and
3.0% within introns. TEs include 421 complete or degenerated retrotransposon (RT) and similar
number (464) of DNA transposons. This is interesting in comparison with Entamoeba species that
contain predominantly either RTs (E. histolytica and E. dispar) or DNA transposons (E. invadens and
E. moshkovskii)(Fig. 2, (Pritham et al., 2005). Most of M. balamuthi RTs (268) belong to the order of
Long terminal repeat (LTR) RTs that is absent in Entamoeba species (Pritham et al., 2005)(Table S5).
Non-LTR RT in M. balamuthi includes three superfamilies (L1, R2 and I) of the order of long
interspersed nuclear elements (LINE). DNA transposons in M. balamuthi include Tc1-Mariner that is
dominant in E. invadens and E. moshkovskii, Pif-Harbinger that is absent in Entamoebidae and a
number of unclassified TEs. M. balamuthi lacks DNA transposons of family Mutator that is
predominant in E. invades/E. moshkovskii. LINE R2 appeared as the only common TEs to all compared
species, which suggests that related TEs might be present in LCAA. However phylogenetic analysis of
LINEs members did not support monophyletic origin of LINE R2 TEs in M. balamuthi and
Entamoebidae (Fig. S2_phylogeny). The observed different assortment of TEs in M. balamuthi and

Entamoeba species seems to be more consistent with a lateral transmission of TEs within specific



ecosystems (Gilbert et al., 2010) than a vertical transmission from a common ancestor (Pritham et al.,

2005).

Gene histories and character of LCAA

To trace gene losses and gains that led to diversification of free living M. balamuthi and parasitic
species of Entamoeba group we reconstructed gene histories within Archamoebae and their relatives.
First we collected conserved orthologous groups (OGs) in predicted proteomes of 8 amoebozoans (M.
balamuthi, Entamoeba histolytica, E. moshkovskii, E. invadens, Dictyostelium discoideum,
Acytostelium subglobosum, Planoprotostelium fungivorum and Acanthamoeba castelanii) and 4
opisthokonts (Homo sapiens, Amphimedon queenslandica, Saccharomyces cerevisiae and
Batrachochytrium dendrobatidis) by searching the EggNOG database of OGs using a profile hidden
Markov mode (HMM) based search. Based on the evolutionary relationships between these species and
with assumption of a vertical inheritance of OGs, we then reconstructed evolutionary history of each of
the OGs: (i) We predicted that given OG was gained in the last common ancestor of species in which
this OG was detected. (ii) We predicted losses of the OG in descending lineages in which given OG
was not detected (Fig. 3, Table S6).

In Archamoebae lineage, the substantial loss of orthologous groups (1532) was associated with the
first major evolutionary transition: the adoption the anaerobic/microaerohpilic life style. This is
supported by statistical evaluation of OG terms using Ontologizer tool (Bauer et al., 2008) that revealed
losses of OG terms for “Mitochondrion” with the highest support 5.1e-34, following by term
“Oxidoreductase activity” (5.1e-17). We can expect that mitochondrion of LCAA was similar to
hydrogenosome of M. balamuthi which lacks most of oxygen dependent pathways and mitochondrial
components namely the oxidative phosphorylation (OXPHOS), and the respiratory chain complexes

except the complex II (succinate dehydrogenase, SDH). Pyruvate dehydrogenase complex (PDC), and
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TCA cycle were substituted by a simple anaerobic energy metabolism based on substrate level
phosphorylation (Nyvltova et al., 2015)(Gill et al., 2007).

Furthermore, we can predict that evolving anaerobic mitochondria lost cristae, presence of which
correlates with OXPHOS (Davies et al., 2011). This is supported by lack of all components of
mitochondrial contact site and cristae organizing system (MICOS) in both M. balamuthi and
entamoebids. A concomitant event to OXPHOS loss is a loss of the redox potential at the inner
mitochondrial membrane that is crucial for import of proteins into aerobic mitochondria. This is
reflected by reduction and modifications of protein import machinery (Pyrihova et al., 2018)(Makki et
al., 2019). In E. histolytica, only Tom40 component of outer mitochondrial translocase (TOM) is
known together with unique subunit Tom60 (Makiuchi et al., 2013), and Sam50 (Dolezal et al., 2010),
whereas, no component of inner membrane translocase (TIM) has been found so far. We expected that
M. balamuthi hydrogenosome may retain more standard translocation machinery as hydrogenosome of
T. vaginalis, however, only Tom40, and Sam50 were identified. We did not detect any components of
TIM that are likely too divergent to be recognized by current bioinformatic tools. However, we
identified a standard mitochondrial protein processing peptidase (MPP) that is required for maturation
of proteins imported into mitochondrial matrix, and that is absent in E. histolytica.

Changes in physiological functions upon adaptation to anaerobiosis are further documented by
correlation between a number of lost OGs and corresponding COG categories (Fig. 3). In addition to
reduction in pathways of energy metabolism, this analysis also pointed out on strong reduction in COG
category lipid transport and metabolism” (Fig. 3) that include both biosynthetic and catabolic
pathways. The data suggest a complete loss of fatty acid (FA) B-oxidation including acyl-CoA
dehydrogenase, which in mitochondria is coupled with respiratory chain to maintain a redox balance.
Alternatively, FA B-oxidation can be localized in peroxisomes where the FA degradation is initiated by

oxygen-dependent acyl-CoA oxidase. However, all oxygen dependent enzymes in peroxisomes adapted
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to anaerobiosis including catalase and acyl-CoA oxidase were possibly lost as observed in anaerobic
peroxisomes of M. balamuthi (Le et al., 2020). Presence of FA biosynthesis in LCAA is not supported
by available data. Neither E. histolytica, nor M. balamuthi possess complete FA synthesis pathways.
Interestingly, E. histolytica encodes an unusual acetyl-CoA carboxylase (ACC) that includes 2
bacterial-type carboxylase domains, an acetyl-CoA carboxylase and a pyruvate carboxylase (C. G.
Clark et al., 2007). This protein has been implicated in formation of malonyl-CoA, a starting substrate
for fatty acid synthesis. We identified an ortholog of ACC in M. balamuthi, however its function needs
to be tested. In addition, M. balamuthi possesses a single component of type II FAS: 3-oxoacyl-[acyl-
carrier protein] reductase. Neither E. histolytica, nor M. balamuthi possess fatty acid synthase of type I
FAS that is present in D. discoideum.

Adaptation to anaerobiosis further resulted in a loss of haem synthesis that in mitochondria
requires oxygen in two biosynthetic steps, and loss of mitochondrial FeS cluster assembly (ISC), which
was replaced by two copies of NIF system that operate in both mitochondria and the cytosol (Nyvltova
et al., 2013). Interestingly, both M. balamuthi and entamoebids possess a standard pathway mediating
cytosolic FeS cluster assembly (CIA)(Table S7). In organisms with ISC machinery, CIA pathway is
dependent on an export of FeS intermediate that is formed in mitochondria (Pandey et al., 2019).
Because ISC was most likely absent in LCAA with dual localization of NIF, we can expect that NIF
machinery interacted directly with CIA scaffold proteins such as Nbp35. In support of this hypothesis,
we found that in M. balamuthi, Nbp35 have dual localization as NIF. We identified three Nbp35
paralogs, of which one possess hydrogenosomal targeting sequence and its presence in
hydrogenosomes was supported by mass spectrometry (Le et al., 2020).

The most prominent change in signaling pathways is loss of eukaryotic histidine kinases. No

member of four eukaryotic families of histidine kinases were found in either M. balamuthi or E.
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histolytica although they were identified in other amoebae such as Discosea and Eumycetozoa and thus

likely presented in their common ancestor (Kabbara et al., 2019).

Adaptation of M. balamuthi to free-living lifestyle

M. balamuthi is living in low-oxygen organic-rich water sediments. Plant debris that is freely present in
such a niches is known to be decomposed mainly by saprophytic fungi and bacteria (Artzi, Bayer, &
Morais, 2017)(Cheng et al., 2018). Analysis of gene histories in M. balamuthi inferred a presence of a
large set of genes that were gained to optimize M. balamuthi metabolism within this specific niche
(Table S8). OG term analysis revealed the highest statistical support for gains of genes involved in
“Carbohydrate metabolic processes” (1e-12)(Fig 3). Specifically, M. balamuthi gained proteins for
plant cell wall degradation including enzyme for degradation of cellulose, pectins as well as pentose-
based hemicelulose (xylans and arabinans) (Fig. S3). Cellulolytic enzymes include endoglucanase,
exoglucanase and cellobiase that convert cellulose to glucose. Pentoses are catabolised based on
bacterial isomeration reaction catalyzed by xylose or arabinose isomerases. A unique enzyme is
bifunctional xylulose 5-phosphate/fructose 6-phosphate phosphoketolase (Xfp). This enzyme converts
D-xylulose 5-phosphate to D-glyceraldehyde and acetyl phosphate (acetyl-P) and thus links xylose
metabolism with glycolysis. Alternatively, it metabolises fructose 6-phosphate to D-erythrose 4-
phosphate and acetyl-P. Acetyl-P is a substrate for acetate kinase (Ack) that produced acetate and
pyrophosphate. This so called pentose phosphoketolase pathway was known to be present only in some
bacteria and fungi (Glenn et al., 2014). Interestingly, Ack was characterized in E. histolytica (Reeves &
Guthrie, 1975), however enzymes synthesizing acetyl-P such as Xfp are absent and physiological role
of Ack in E. histolytica is unknown (Pineda et al., 2016). In addition, M. balamuthi gained genes to

defense against microbial flora in its vicinity. It has been shown that M. balamuthi acquired enzymes of
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Clostridiales origin that allows production of bactericidal p-cresol to suppress growth of putative
competitors (Nyvltova et al., 2017).

When considering the largest OGs of M. balamuthi and E. histolytica we can see an expansion of
proteins involved in environmental sensing, interactions and signalling (Fig. 4_Ten largest EggNOG A
B). In both organisms have expanded tyrosine kinases, small GTPases, their exchange factors and
cathepsins. M. balamuthi has a unique expansion of guanylate cyclases and cGMP-dependent
phosphodiesterases pointing to an intricate cGMP-dependent signaling. Interestingly, although M .
balamuthi lacks eukaryotic histidine kinases, we identified three histidine kinases with a generic
structure Per-ARNT-Sim (PAS) domains, and a histidine kinase domain. Phylogenetic analysis revealed

that these histidine kinases are of bacterial origin (Fig. S4).

Genome streamlining of Entamoebae

The transition to endobiosis/parasitism in the Entamoeba lineage was the second major evolutionary
step that was accompanied with massive loss of OGs (2552). These losses correspond either to
complete absence of certain physiological or structural features, or to reduced complexity of mainly
metabolic pathways. Structurally, the most prominent change is the loss of flagellum and associated
microtubular cone that subtends the nucleus and defines Conosa group (Cavalier-Smith, 1998). This is
supported by significantly reduced OG term for “Cillium” (p=1e-13).

Loss of flagellum: Presence of flagellated cells is common among Amoebozoa including M.
balamuthi, however currently there is not any survey of amoebozoan flagellum and associated
components due to the bias of sequenced genomes towards aflagellated dictyostelids and Entamoebae.
Our search for flagellar components in M. balamuthi genome revealed a complex set of proteins
associated with centriole, basal body including BBSome of Bardet-Biedl Syndrome proteins (Nachury

et al., 2007), and axonemes (Fig. S5. Flagellum, Table S9). Interestingly, M. balamuthi possesses
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almost complete set of BBSome proteins including an ortholog of BBS6 that seemed to be present until
now only in metazoans and it is absent in flagellated fungi. We did not detect any outer dynein arm
components, which supports an ultrastructural observations (Walker et al., 2001). In Entamoeba
lineage, all components associated with biogenesis and function of the flagellum were completely lost
(Fig. S5). The loss of flagella is most likely associated with the character of environments. M.
balamuthi is living without flagella in form of trophozoit however, it can form flagellated non-dividing
organisms most likely upon environmental changes as Naegleria species to move to a new habitat.
However, intestinal Archamoebae are living in narrow defined type of environment from which they
can escape only in the form of cysts. Thus, their flagellated forms become dispensable.

The nuclear pore complex: M. balamuthi trophozoits in axenic culture possess one to tens pyriform
nuclei with typical pores arranged in rows between cone microtubules (Chavez et al., 1986)(Walker et
al., 2001). The nuclear pore complex (NPC) consists of approximately 30 nucleoporins (Nups) that
form cytoplasmic fibrils, inner pore ring including scaffold subunits and phenylalanin-glycin repeat-
nucleoporins (FG-NUPs) of the central channel, nuclear rings and the peripheral basket (Beck & Hurt,
2017). Searches for Nups in M. balamuthi detected almost the complete set of Nups (23 proteins) (Fig.
5)(Table S10). They include transmembrane protein Ndc1, scaffold subunits Nup205 and Nup188, and
the basket subunit Nup153 that were previously suggested to be lost in Amoebozoa (Neumann et al.,
2010). Finding of Ndc1 in Amoebozoa supports the previous prediction that Ndc1 together with Gp210
and Nup35 represent an ancestral system anchoring central core within the nuclear membrane
(Neumann et al., 2010). In contrast, most Nups seems to be lost in E. histolytica, in which only 5 Nups
were found so far. Particularly, no scaffold protein was identified and only one candidate of three FG-
NUPs of the central channel was predicted (Neumann et al., 2010). This is surprising as the nuclear
pore is one of the most conserved and defining features of eukaryotic cell, although the primary protein

structure could be rather variable. Therefore we used profile-HMMSs build on M. balamuthi Nups to
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search E. histolytica sequences and discovered six more Nups including three scaffold proteins
components of the inner pore ring and a complete set of FG-NUPs in E. histolytica (Fig. 5.).
Nevertheless, most components of cytoplasmic ring, and nuclear ring and all basket components seem
to be absent. Reduction of Nups is often observed in parasitic species e.g. microsporidians
Encephalotozoon cuniculi, excavates G. intestinalis and T. vaginalis, and apicomplexan Theileria
parva (Neumann et al., 2010)(Mans et al., 2004). However, what is a causal relationship, if any,
between NPC and adaptation to parasitism remains to be elucidated. We also cannot rule out that Nubs
in these parasitic species are too divergent to be detected.

Membrane trafficking complexes: Comparison of membrane trafficking complexes revealed that
M. balamuthi retains most components found in free-living D. discoideum or A. castellanii, whereas E.
histolytica lost all components of the HOPS and CORVET complexes that are involved in tethering of
endosomes and lysosomes, and substantially reduced components of TRAnsport Protein Particle I
complex (TRAPPI) and oligomeric Golgi (COG) complex. We were able to identify only a single case
where M. balamuthi share a partial loss of a complex with Entamoeba. The TSET complex that was
recently described to be involved in endocytosis from the cell surface is complete in D. discoideum,
partial in M. balamuthi and absent entirely from E. histolytica. In contrast, there are more gene copies
for COPI and COPII components in E. histolytica (Fig S6 Joel Dacks). The examples of loss in
Entamoeba seem to reflect a remodeling of the endocytic machinery after the split with Mastigamoeba
and at the same time, Entamoeba has an expanded retromer complement (retrograde transport from
endosomes to TGN), has all 5 adaptins, including the ones that act in the endosomal system in
mammals, and uses late endosomal Rabs extensively.

To compare metabolic pathways complexity, we mapped enzyme coding genes of D. discoideum,
M. balamuthi and E. histolytica to Kyoto Encyclopedia of Genes and Genome (KEEG) pathways. We

were able to map 802 unique enzyme coded in D. discoideum genome, 677 enzymes of M. balamuthi
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and only 301 enzymes of E. histolytica (Fig. 6). The reduction of unique enzyme spectrum in E.
histolytica is distributed across majority of tested pathways. The most striking losses are apparent in
nucleotides metabolism. Whereas, and M. balamuthi possesses de-novo purine and pyrimidine
synthesis (Fig. S7B and C, KEGG pathways) these synthetic pathways are absent in E. histolytica and
the parasite entirely relies on the nucleotide salvage pathways (C. G. Clark et al., 2007). The reduction
of purine and pyrimidine metabolism most likely reflects adaptation of E. histolytica and other parasite
such as G. intestinalis and T. vaginalis to nutrient rich environment of the host. M. balamuthi also
possesses ribonucleotide reductase that was lost in E. histolytica but it was retained in E. invadens and
E. moshkovskii (Loftus et al., 2005). Furthermore, E. histolytica substantially reduced or lost enzymes

of amino acids synthesis (Fig. S7D and E, KEEG pathways)(C. G. Clark et al., 2007).

Preconditions to parasitism

Comparison of free living M. balamuthi and its parasitic relatives provides unique opportunity to
estimate features that were present in LCAA and may represent preconditions to parasitism and those
that were specifically gained in the pathogenic lineage as well as specific properties associated with
free-living lifestyle of M. balamuthi (Fig. 7).

Key preconditions for Archamoebae parasitism include an ability of LCAA to live under anaerobic
conditions, an ability to form resistant cysts, proteolytic enzyme equipment, and compartmentalization
of sulfate activation pathway. Adaptation to anaerobiosis is certainly advantageous for colonizing of
low-oxygen niches such as human gut. Nevertheless, efficient antioxidant system is still needed during
periods of aerobic stress caused by the host immune response and during the invasion of oxygenated
tissues. Both M. balamuthi and E. histolytica share antioxidant system characteristic for anaerobic and
microaerophilic eukaryotic protists (Table S11 Virulence). Their antioxidant machinery rely on the

thioredoxin-based system (thioredoxin, NADPH:flavin oxidoreductase, peroxiredoxin), Fe-superoxid
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dismutase, rubrerythrin and flavodiiron proteins, the latter two being good candidates for LGT from
anaerobic bacteria. However both M. balamuthi and E. histolytica and possibly LCAA lack
glutathione-based pathways, catalases and peroxidases.

Another crucial precondition for parasitism is an ability to form resistant chitinous cysts. M.
balamuthi forms cysts that allows to survive adverse conditions e.g. oxygen exposure or desiccation
stress. The cysts are Periodic Acid-Schiff (PAS) positive (Chavez et al., 1986) and labeled by calcoflour
(Fig. 8), which is used to label polysaccharides on chitin. This is reminiscent of the Entamoebae
chitinous cysts that have been studied in E. histolytica and E. invadens (Chatterjee et al., 2009). The
Entamoebae cyst wall is known to composed, in addition to chitin, of a unique set of lectins including
chitinase, Jacob and Jessie with cysteine-rich chitin-binding domains (CBDs). In M. balamuthi, we
found a complete pathway for chitin synthesis and degradation, as well as Jessie and Jacob lectins,
which were previously thought to be unique to Entamoebae (Van Dellen et al., 2002) (Fig. S8). We
identified a single M. balamuthi chitin synthase (chs) with a C-terminal transmembrane domain (TMD)
that is monophyletic with membrane-anchored chs-1 of E. invadens (Fig. S9 Chitin synthase). There
are five M. balamuthi chitinases of which three possesses N-terminal CBD, whereas two more
chitinases have no CBD but they possess a TMD domain at the C-terminus (Fig. S10 chitinase tree). A
common feature of Jessie lectins is presence of N-terminal CBD with 8 conserved cysteins. Entamoeba
Jessie-1 and Jessie-2 are short Jessie variants, whereas Jessie-3 contains except CBD an additional C-
terminal specific domain. We found three orthologs of Jessie-3 in M. balamuthi based on phylogeny of
CBD domains (Fig. S11A): a short variant MbJassie-A, a long variant with C-terminal domain of
unknown function (MbJassie-B), and another long variant (MbJassie-C) with the Jessie-3 specific C-
terminal domain (Fig. S11A). Homology searches revealed that this domain corresponds to a catalytic
domain of a prokaryotic chitinase, whose structure was recently determined (Fig. S11B)(5XSV_A)

(Nishitani et al., 2018). The four proposed catalytic residues (Glu532, Asp566, Glu572, His693) are
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conserved in all Jessie-3 proteins and MbJassie-C (Fig. S11C). Entamoeba Jacob lectins have a variable
number (2-6) of CBDs (Frisardi et al., 2000). M. balamuthi possesses a single Jacob ortholog with two
CBDs and C-terminal TMD (Fig S12). Although Entamoeba and M. balamuthi possess all required
lectins, the detail cyst wall structure might be different. It has been proposed that during initial stage of
encystation, Jacob binds to the surface of encysting Entamoebae by Gal/GalNAc lectin, then chitin is
synthesized and finally the wall is solidified by the addition of Jessie (Chatterjee et al., 2009).
However, Gal/GalNAc lectin is absent in M. balamuthi. Noteworthy, unlike Entamoebae Jassie and
Jacob proteins, MbJassie-C and Jacob possess C-terminal TMDs that might function as a direct anchor
to the plasma membrane instead of Gal/GalNAc lectin and the chitin cyst wall is possibly degraded
during excystation by the chitinase activity (Fig. 8) (Chavez et al., 1986). The use of indirect
attachment of Entamoeba chitin-binding moieties through Gal/GalNAc lectin may be a useful
innovation that could allow to hatch fast through a perforation of the cyst wall (Makioka et al., 2005).
Altogether, these findings suggest that the free living LCAA was most likely able to form the chitin-
based cyst and that this ability may represents a well prepared aid for evolving parasitic Entamoebids to
survive the passage through the host stomach and in the outer environment.

LCAA most likely possessed sulfate activation pathway in anaerobic type of mitochondria
(Nyvltova et al., 2015)(F Mi-ichi et al., 2009). This pathway produced 3’-phosphoadenosine 5’-
phosphosulfate (PAPS) that is exported to the cytosol via mitochondrial carrier family protein in E.
histolytica (EhMCP)(Mi-Ichi et al., 2015) and most likely in M. balamuthi that possesses EhMCP
ortholog (Fig. S13). In E. histolytica, PAPS is then utilized by sulfotransferases (SULTs) to form
sulfolipids (SLs) including cholesteryl sulphate that is a substrate for SULT6 and is involved in
regulation of cyst formation (Fumika Mi-ichi et al., 2015). Catabolic pathways of sulfated molecules
then includes sulfatases (SFs)(Fumika Mi-ichi et al., 2017). M. balamuthi was shown to have no

capacity to synthesize sulfolipids and absence of SULTs and SFs has been suggested (Fuika Mi-ichi et
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al., 2015). We identified four genes for SULTs and two genes for SFs in M. balamuthi. Phylogenetic
analysis suggested that SULTs of E. histolytica and M. balamuthi are related and they were possibly
acquired via LGT by LCAA (Fig. S14). However, origin of SFs is different. M. balamuthi SFs are
related to eukaryotic enzymes (Fig. S15), whereas E. histolytica counterpart are related to bacterial Zn-
dependent alkylSFs from Bacteroides (Fumika Mi-ichi et al., 2017). It plausible that after split of
Entamoeba, SULTs underwent gene duplication, paralogous SULTs gained various substrate
specifications associated with adaptation to parasitism (Fumika Mi-ichi et al., 2017) and consequently
acquired different catabolic SFs to metabolize Entamoebae specific sulfated molecules, whereas M.
balamuthi retained eukaryotic SFs.

Cystein proteases (CPs) are important virulent factors of E. histolytica (Lidell et al., 2006)
(Hellberg et al., 2001). The most important are CPs of C1 papain superfamily that consists of 36
members categorized into three clades (EhCP-A, EhCP-B and EhCP-C) (C. G. Clark et al., 2007)
(Bruchhaus et al., 2003). We found 54 C1 papain CPs in E. histolytica and considerably larger
repertoire in M. balamuthi (156 CPs) (Table S11 Virulence). In phylogenetic analyses M. balamuthi
CPs clustered to ten groups that include EhCPs (Fig. S16 tree). There two M. balamuthi CPs closely
related with EhCP-B and a single CP with EhCP-C. Importantly, although overall CP repertoire is
reduced in E. histolytica, a number of paralogs in each E. histolytica clade is expanded. For example,
there is 13 E. histolytica EhCP-B paralogs and 18 EhCP-C paralogs (Fig. S16 tree). In the contrary,
some of M. balamuthi clades that have no orthologs in E. histolytica are highly expanded such as the 84
paralogs of CP m51al_g146. Therefore, we can predict that LCAA was equipped with broad spectrum
of CPs, from which E. histolytica CPs associated with virulence evolved.

E. histolytica amoebapore is a pore-forming protein of saposin-like protein (SAPLIP) family that is
involved in the degradation of bacteria (Andra et al., 2003) and possibly host cells (Bujanover et al.,

2003)(Leippe et al., 1991). We found a homolog of amoebapore in M. balamuthi genome, which
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resembles the animal prosaposin gene, composed of three saposin domains (Table S11 Virulence).
Thus, members of SAPLIP family were likely present in LCAA.

Features that could be considered as specific adaptation to parasitism and that are absent in
free-living M. balamuthi include unique membrane proteins that are involved in parasite-host cell
interactions. These proteins includes Gal/GalNAc lectin (Petri et al., 2002), highly expanded family of
BspA adhesine (111 paralogs in E. histolytica, 1320 in E. moshkovskii), Ariell surface antigen family
protein (Willhoeft et al., 1999), a lysine- and glutamic acid-rich protein (KERP1)(Seigneur et al.,
2005), and E. histolytica serine-, threonine and isoleucine-rich proteins (EhSTIRP) involved in
adhesion and cytotoxicity (MacFarlane & Singh, 2007). M. balamuthi also lack small GTPases AIG1
(Nakada-Tsukui et al., 2018) that is involved in E. histolytica virulence via regulation of the host cell

adhesion. These features were most likely absent in LCAA.

The role of LGT

The comparison of OGs within Conosa revealed that Archamoebae and M. balamuthi in particular
gained a number of genes that provided specific functions to these organisms. Many of these genes
were likely transferred from prokaryotic lineages via LGT (Gill et al., 2007)(Nyvltova et al., 2013)
(Nyvltova et al., 2015). To asses overall contribution of LGT on M. balamuthi gene repertoire we
conducted a large scale analysis of gene phylogenies. Based on homology searches against the Uniprot
database we selected conserved domains of M. balamuthi proteins and build phylogenies for each of
them. For the LGT evaluation we introduced an LGT score as a tool to estimate cases when following
two conditions are met: (i) the gene transfer is directed from prokaryotes to eukaryotes, and (ii) a gene
tree topology is more plausible to be interpreted as a result of LGT rather than independent losses of an

ancestral eukaryotic gene. Altogether we calculated LGT score for 5254 genes, eliminating redundant
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paralogs. Out of these, 528 genes have a strong support for an LGT (LGT score > 0.75) (Fig. 9A LGT)
(Table S12).

To evaluate for which functions genes more often are transferred from prokaryota, we correlated
LGT score with functional annotation of M. balamuthi proteins (Fig. 9D). The most significant positive
correlation between LGT score and COG enrichment was observed for enzymes and small molecule
transporters, namely for genes functioning in amino acid metabolisms, carbohydrate transport and
metabolism, and energy conversion (pearson correlation coefficient 0.31, 0.25, 0.23 respectively).
Conversely, the genes involved in genetic information processing, signal transduction and intracellular
trafficking correlated negatively with the LGT score except COG “cell wall/membrane/envelope
biogenesis” that include genes for cyst wall components (Fig. 9D).

To estimate possible prokaryotic donor for the best 528 LGT candidates, we calculated domain
boundary frequency (DBF) value for each taxon within all 528 phylogenetic trees. DBF aims to
evaluate prokaryotic taxons that are in the closest proximity to the boundary between the eukaryotes
and prokaryotes (see Material and Methods for detail, Table S12, Fig. S17). This analysis revealed only
32 out of 528 LGT candidates with a strong support for rooting within the specific prokaryotic taxon
(Table S12). These genes were associated mostly with Actinobacteria (8 genes) that are ubiquitous
aquatic and terrestrial bacteria, and mostly anaerobic bacteria of Bacteroidetes group (6 genes)(Fig.
9B_LGT). As an example of well-supported recent LGT, we can name two enzymes of proline
synthesis pathway: glutamate 5-kinase (G5K) and glutamate-5-semialdehyde dehydrogenase (G5SD)
that were acquired most likely from Verrucomicrobiae bacterium (Fig. S19 Proline synthesis). Because
these enzymes are functionally interdependent, we can expect that corresponding genes were
genetically linked in the donor and transferred together. Indeed G5K and G5SD are part of
Verrucomicrobiae bacterium operon and corresponding two coding loci were located next to each other

in M. balamuthi genome. The closest Verrucomicrobiae bacterium sequences were obtained from
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samples of fresh water ponds of about 10-20 meters depth (Cabello-Yeves et al., 2017), which could be
cohabited by Mastigamoeba. Neither of these genes is present in entamoebids, which supports their
possibly recent acquisition after M. bamamuthi/Entamoeba split. We attribute the small number of
well-supported prokaryotic groups as LGT sources to several factors: insufficient resolution of single
gene phylogenies, lack of taxon sampling or poor taxonomic placement of metagenomic sequences of
prokaryota and possible complicated non-vertical history of genes in prokaryotes.

Finally, we were interested to which extend M. balamuthi share LGT candidates with other
eukaryotes, particularly with entamoebids. To do so, we search for eukaryotic lineages that form a
monophyletic group with the M. balamuthi LGT candidates. This analysis revealed that 358 out of 528
LGT candidates were unique to M. balamuthi and 170 LGT candidates were shared with various
eukaryotes (Fig. 9C_LGT). As expected, the most LGT candidates (34 OGs) were shared with
Entamoebidae and 24 out of 34 OGs were unique to M. balamuthi and Entamoebidae (Table S12). NIF
system components that were previously suggested to be acquired by LCAA were recovered using this
approach (Nyvltova et al., 2013). Furthermore, the unique 24 OGs include several enzymes crucial to
the anaerobic metabolism such as [Fe,Fe] hydrogenase, pyruvate-phosphate dikinase, pyruvate kinase,
acetate kinase, and iron-sulfur flavoprotein as well as enzymes of aminoacid metabolisms including
serine O-acetyltransferase of de novo cysteine biosynthetic pathway, methionine-gamma-lyase, and
arginine decarboxylase. Interestingly, the later enzyme mediates survival of the passage of enteric
bacteria through acidic parts of digestive tract as needs E. histolytica (Iyer et al., 2003). Type A
flavoprotein is shared in addition to M. balamuthi and entamoebids by a free-living anaerobic excavate
Stygiella incarcerata. Dikaryotic fungi were the second group with the highest number of the common
LGT OGs (26). These OGs includes important enzyme for polysaccharide degradation such as xylan
1,4-beta-xylosidase, a- amylase, and cellulase (Table S12, Fig. 9D). Base on the three topologies, it

seems more plausible that the gene transfer was directed from dikaryotic fungi to M. balamuthi,
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although we cannot exclude a possibility that both eukaryotes acquired these enzymes from the same

prokaryotic source of organic matter decomposer living in the common niche.

Conclusions
Analysis of the M. balamuthi genome allowed us to reason about the transition of the common ancestor
of Dictyostelida and Archamoebae to common anaerobic ancestor of M. balamuthi and Entamoeba
species (LCAA) and to separate the evolution of parasitism of Entamoeba lineage from adaptation of
free-living amoeba to low-oxygen organic-rich water sediments. Two events, adaptation to anaerobiosis
and adaptation to parasitism were accompanied with massive gene losses, although these were quite
different. During the transition to anaerobic lifestyle, the losses of gene families were related mainly to
oxygen-dependent pathways and function of organelles, particularly mitochondria and peroxisomes. In
the second step, gene losses in parasitic Entamoeba are significantly associated with amino acid and
nucleotide metabolism, however, majority of losses are distributed across most OGs resulting in overall
decrease in metabolic complexity. In contrast, there is not such a dramatic gene loss in M. balamuthi.
Gene losses were compensated by numerous LGTs from prokaryotes to acquire new metabolic
capacity. There is a growing list of reports suggesting that LGT from various prokaryotes to different
eukaryotic lineages played a significant role in eukaryotic adaptation to specific niches. For example,
E. histolytica and T. vaginalis interact with the rich and dense mucosal microbiota within the host and it
seems plausible that these eukaryotes acquired genes from the mucosal bacterial sources. Comparison
of putative gene donors between anaerobic E. histolytica and aerobic free-living D. discoideum showed
that the former was enriched for Bacteroidetes and Firmicutes donors, while then latter for
Proteobacteria. This analysis could be interpreted as a result of LGTs in the different habitats for the
two Amoebozoa, and further support acquisition of genes from the gut microbiota by E. histolytica.

However, this picture did not consider adaptation to anaerobiosis that most likely preceded parasitism

22



and consequently most LGTs related with adaptation to oxygen-poor niche happen in free habitat. Our
analysis of M. balamuthi LGT donors revealed that Bacteriodetes as putative gene donors are also
enriched in this free-living organism. As these bacteria are present in the gut but also widely distributed
in water, sediments and soil, we can predict that LCAA gained Bacteriodetes genes related to
anaerobiosis from environmental bacteria not from the gut microbiota. After split of M.
balamuthi/Entamoebidae, M. balamuthi seems to gain genes to increase the metabolic capacity as
decomposer, while entamoebids acquired gene related to pathogenicity and virulence. Genes providing
these specific properties are indeed of different origin. For example Entamoeba BspA surface adhesine
were suggested to be acquired from Bacteriodetes, while most OGs of M. balamuthi are related to
Actinobacteria. However, we cannot rule out the possibility that some gains that we suggested for M.
balamuthi lineage were gained already by free-living LCAA and subsequently lost in entamoebids. Our
study of gene histories of Conosa group underlined an importance of comparative genomics for

understanding how aerobic protists become anaerobes and how free living anaerobes become parasites.

Materials and methods

Cell culture
Axenic culture of M. balamuthi strain ATCC 30984 (kindly provided by M. Miiller, Rockefeller
University, USA) was cultured in PYGC medium (Chavez et al., 1986) at 24°C in 50 ml tissue culture

flasks. The cells were transferred to fresh medium weekly.

DNA isolation and sequencing

DNA from axenically grown M. balamuthi culture was isolated using phenol-chloroform extraction.
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Shotgun (500-800 bp) and paired-end (8-20 kb) fragment genomic libraries were prepared and
sequenced using 454 GS FLX platform with Titanum chemistry (Roche Diagnostic, Rotkreuz,
Switzerland) that generate 4.5 mil reads, and [llumina MiSeq (San Diego, USA) at EMBL (Heildeberg,

Garmany)

RNA isolation and sequencing

Total RNA was isolated using TRIzol (Total RNA Isolation Reagent, Gibco BRL) and purified from
DNA with RNeasy Minelute Cleanup Kit (Qiagen). The cDNA was prepared using Transcriptor High
Fidelity cDNA Synthesis Kit (Roche). The transcriptome was sequenced using Illumina RNA-seq.

Transcripts were assembled using Trinity (Grabherr et al., 2011).

Gene assembly and annotation

The genome sequence was assembled using MaSuRCA genome assembler (Zimin et al., 2013). Gene
prediction was performed using Augustus (Stanke & Morgenstern, 2005) with 298 manually curated
training gene model dataset that yielded 16287 protein coding genes. The gene annotation was
performed using Interproscan (Jones et al., 2014) and Blast2GO (Conesa et al., 2005). Structural RNA

genes were predicted and annotated using Rfam database (Griffiths-Jones et al., 2005).

Detection of TEs

Initially, ORFs coding for transposable elements were detected using HMMER search against
translated genome of M. balamuthi with low threshold (e-value 10). As a query, reverse transcriptase
related (“RNA dependent RNA polymerase” Pfam clan) and DDE endonuclease related (“Ribonuclease
H-like superfamily” Pfam clan) Pfam domains were used to predict possible retortransposons and DNA

transposons, respectively. This analysis detected 4935 putative ORFs that were further analyzed by
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HHsearch to detect conserved protein domains (Pfam, https://pfam.xfam.org/) and searched against the
TrepDB database (Wicker et al., 2002) using protein BLAST. Repeats and palindroms in the vicinity of
ORFs were detected using local nucleotide BLAST. Based on the combined data, 885 ORFs were
classified according to Wicker (Wicker et al., 2007). Those ORFs that showed homology to a group of
TEs but lack any specific features (protein domains, flanking repeats) were manually annotated as
incomplete.

Orthologous groups prediction

Prediction of orthologous groups was based on the eggNOG database ver. 4.5 (Powell et al., 2014),
2014) using HMMER (Finn et al., 2011). Proteomes of selected members of Amoebozoa and
Opisthokonta (Table S6) were searched against the EggNOG database using HMMER. Only Eggnog
Orthologous Groups (OGs) with best hit e-value < 1e-10 were considered. For each protein sequence

non-overlapping hits with e-value < 1e-5 were selected.

Phylogenetic analysis

Phylogenies were builded for each predicted M. balamuthi protein. M. balamuthi protein sequences
were used as queries to search the Uniprot protein database using DIAMOND protein aligner (version
diamond/0.9.10) in a sensitive mode. DIAMOND hits with e-value higher than 1e-5 were discarded.
10000 best hits were used for further analysis. NCBI taxonomy was assigned to the homologous
sequences (hits) and hit regions homologous to the query sequence were clustered at 80% identity level
using CD-HIT (Fu et al., 2012). Presence of hits from both eukaryota and prokaryota in the 80%
identity group was suspected as contamination. The source of contamination was estimated based on
the number of unique taxons in the 80% identity group and the contamination was removed. Only one
sequence per taxonomic group of the 80% identity group was chosen for further analysis to limit

redundancy. The multiple sequence alignment was constructed using MAFFT with default settings
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(Katoh & Standley, 2013) and trimmed with BMGE (Criscuolo & Gribaldo, 2010) using BLOSUM30
matrix and block size 1. Phylogenetic trees were computed with IQ-TREE (Nguyen et al., 2015) with
1000 ultra-fast bootstraps and automatic model selection. Nodes with statistical support bellow 90%

were removed. Futher analysis of the trees was implemented using the ETE package (Huerta-Cepas et

al., 2016).

LGT evaluation

LGT evaluation was based on calculation of two coefficients: (i) LGT Prokaryotic Coefficient
(LGTPC) to estimate whether the gene transfer was directed from a prokaryotic lineage to eukaryotes.
LGTPC compares the number of all unique taxons of the prokaryotes in the phylogenetic tree and the

number of eukaryotic sequences that are monophyletic with the M. balamuthi query:

N
LGTPC= proktaxons

N proktaxons +Neuktaxons

Nproktaxons, the number of unique prokaryotic taxons; Neuktaxons, the number of unique eukaryotic taxons

that are monophyletic with M. balamuthi.

(i) LGT Eukaryotic Coefficent (LGTEC) to estimate based on the principle of maximal parsimony
whether the gene was present in the common ancestor of eukaryotes, or whether it was possibly
transferred by LGT to more eukaryotic lineages. We modeled both scenarios, estimated a minimal

number of transfers and losses for each scenario and compared the results:

N
LGTEC= ancestralLosses

ancestralL.osses +NnewTransfers +N newLosses
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NancestralLosses ; Minimal number of losses if the gene was present in the common ancestor of eukaryotes;
NnewTransfers , Minimal number of transfers between eukaryotic lineages if the gene was gained after the

radiation of eukaryotes; Npewrosses, minimal number of losses if the gene was gained after the radiation
of eukaryotes. As an LGT value we selected the lower number calculated for the two coefficients (Fig
S17). The strong support for LGT was considered for gene if both coefficients were > 0.75 (Table S12,

Fig. S17).

Domain boundary frequency

To assess possible source of prokaryota-to- eukaryota LGTs based on the phylogenetic tree, we
introduce a measure that we call domain boundary frequency (DBF) that is calculated for each taxon at
each node as follows:

T, taxon (defined in Table 12)

Pr, proportion of taxon T at given node.

Nnilaren, NumMber of children at the note
i, identifier of a child (1, 2, 3..., Nchiidren)

Py ... taxon frequency for the child i

Nchildren

; fr

P
I N

children

The Domain boundary frequencies (DBFs) are the prokayotic taxonomy frequencies at the root of
eukaryotic subtree i.e. at the boundary between eukaryotic and prokaryotic sequences. The most

significant is prokaryotic taxon with the highest DBF value. We classify the DBFs into three classes: (i)
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0 < DBF < 0.3: unclear origin, (ii) 0.25 < DBF < 0.75 : possible sister relationship with given taxon,

(iii) 0.75 < DBF < 1 : given taxon is likely source of the LGT.

Data Availability
The genomic sequences have been deposited in the online resource for community annotation of

eukaryotes (ORCAE, https://bioinformatics.psb.ugent.be/orcae/overview/Masba).
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Figure Legends

Figure 1. Comparison of genome sizes, number of genes and GC contents in selected members of

Amoebozoa. Parasitic lifestyle is highlighted.
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Figure 2. Comparison of DNA transposons and retrotransposons identified in M. balamuthi and two
Entamoeba species. Reverse transcriptase related (“RNA dependent RNA polymerase” Pfam clan) and
DDE endonuclease related (“Ribonuclease H-like superfamily” Pfam clan) Pfam domains were used
for TE searches in M. balamuthi genome. Identified TEs were classified according to the TREP

database. TEs in E. histolytica and E. invades are according to Pritham et al. (2005).
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Figure 3. Losses and gains of orthologous groups in dictyostelids and Archamoebae. Predicted proteins
of amoebozoans and selected representatives of opisthokonts were assigned to the orthologous groups
(OGs) of the EggNOG database (Powell et al., 2014) using profile-HMM homology search (HMMER).
Gains and losses of OGs were reconstructed for each node of the organismal phylogeny with the
assumption of vertical inheritance of these OGs. For each branch these parameters are shown: (i)
Number of gains (in blue) and losses (in red) of OGs that were predicted to occur at that branch and
resulting predicted number of OGs (in black). (ii) Specific terms of the Gene Ontology enriched in the
group of gained (blue) and lost (red) with high statistical significance using Ontologizer tool (Bauer,
2008). Statistical significance is shown as p-value next to the term. (iii) Net graphs show pearson
correlation coefficients between the COG database functional categories (Tatusov, 2003), and gains
(blue line) and losses (red line) respectively. The gray areas demarcate correlation coefficient values
with low statistical significance (p-value >= 0.01). At the terminal branches color-coded
presence/absence matrices of OGs with an assigned COG functional category are shown. The

description of the COG functional categories is shown in the bottom left corner.
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Figure 4. Ten largest EggNOG orthologous groups of M. balamuthi (A) and E. histolytica (B)
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Figure 5. Comparison of nuclear pore complexes in M. balamuthi and E. histolytica. Components of
cytoplasmic filaments are in green box, Nups of cytoplasmic, nuclear and inner ring complexes are in
pink boxes, FG-Nups of central channel are in orange, the transmembrane Nups are in yellow box,
nuclear basket components are in violet. NPC subunits of E. histolytica identified in this work are in
red. TPR, translocated promoter region; Ndc1, nuclear division 1; Gp201, glycoprotein 210; Rael,
mRNA export factor 1; Glel, glycine-leucin-phenylalanine-glycine lethal. Topology of the components

is according to (Beck & Hurt, 2017).
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Figure 6. Comparison of metabolic pathways complexity in D. discoideum, M. balamuthi and E.

histolytica using KEGG pathways mapping. KEGG enzymes were detected in the genomes using

KofamKOALA (Aramaki et al., 2019). Numbers of unique enzymes (not counting paralogs) of each

KEGG pathway are shown.
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Figure 7. Summary of features representing pre-conditions and adaptations for parasitic and free-living

lifestyle in anaerobic niches. Predicted preconditions are in brown, E. histolytica specific features are in

red, M. balamuthi specific features are in green. A-pore, amoebapore/saplip; Chs, chitin synthase;

Chase, chitinase; AS, ATP sulphurylase; APSK, adenosine phosphosulfate kinase; IPP, inorganic

pyrophosphatase; MCF, mitochondrial carrier; SPLP, saposin-like protein; CL, cysteine proteases

cathepsin L; CF, cysteine protease cathepsin F; CP C1, cysteine protease C1 family; Rom, rhomboid

protease; Fe-SOD, iron-dependent superoxide dismutase; NADH ox., NADH oxidase; NADPH ox.,

NADPH oxidase; NFO, NADPH: flavin oxidoreductase; Prxs, peroxiredoxines; Rbr, rubrerythrin; Trx,

thioredoxin; TrxR, thioredoxin reductase; FDP, flavodiiron protein; ISF, FeS flavoprotein.
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Figure 8. Cysts of M. balamuthi. (A) Labelling of M. balamuthi cyst by calcofluor white stain. Bar is
X pm. (B) Scanning electron microscopy of M. balamuthi cyst. Bar is X pm. (C) Comparison of cyst
wall components in M. balamuthi and E. invadens and their predicted structure. The model for E.

invadens is based on (Chatterjee et al., 2009).

A B

C
E. invadens M. balamuthi
Jacob
(2-6 ChBD) .
Chitinase Jessie 1/2
Jessie 3 Chitinase dacep Jessie 1/2
- / Chitin Jessie 3
Chltlnase\\ Chitinase / Chitin
R

/
Chitin
deacetylase

Plasma membrane P

B Chitin synthase
Chitin synthase  Gal/Gal-NAc
lectin

O Chitin-binding domain B C-terminal TMD
(cysteine-rich)

47



Figure 9. Evaluation of LGT contribution to M. balamuthi genome. (A) Distribution of LGT score

among M. balamuthi orthologous groups. (B) Predicted prokaryotic sources of LGT (for LGT score >

0.75). (C) A number of genes acquired by LGT in eukaryotic groups that are shared with M. balamuthi

(LGT score > 0.75). (D) Pearson correlation coefficients between the LGT score and COG functional

categories.The gray area demarcates correlation coefficient values with low statistical significance (p-

value >=0.01).
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Supplementary Figures

Fig S1. Analysis of transposable elements in M. balamuthi

Complete Incomplete

]

g Long terminal Gyp_sy (RLG) 4 261

@ repeat (LTR) Copia (RLC) 0 1

2 unclassified LTR 0 13

%]

S e - a L1 (RIL) 6 72

= ong intersperse

o nuclear element R2Z (RIR) 4 43

5 (LINE) 1 (RIN) 0 7

x unclassified LINE 0 7

DNA transposon Tcl-Mariner (DTT) 45 72
Pif-Harbinger (DTH) 5 14
unclassified DNA transposon 0 328

178nt, 100% identity 258nt, 73% identity
Gypsy +|4 GAG |-{AP RT RH_INT |-»»

m51_s00014: 226591-222826

L1 APE RT RH
m51_s00097: 42260-49582

36nt, B9% identity
36nt, 94% identity

Tcl-Mariner

m51_s00043: 224603-223532

29nt, 76% identity

Pif-Harbinger

m51_s00010: 549941-550570

TASE - Transposase
RT - Reverse transcriptase
APE - Apurinic endonuclease
RH - RNAse H
GAG - Capsid protein
AP - Aspartic proteinase
INT - Integrase
» - Repeat
® - Palindrom

49




Fig S2. Tree R2
Reverse transcriptase domains of LINE and LTR elements from amoebozoans were aligned using

MAFFT and a phylogeny was build using FastTree. The leaves are color coded according to the

organism.
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Fig S3. Cell wall degrading enzymes in M. balamuthi. (A) Identified enzyme with color-coded circles
that represent an excerpt of the M. balamuthi gene phylogeny (see B for details). (1) 3.2.1.4
Endoglucanase (m51al_g3901), 3.2.1.91 Exocellulase (m51al_g1275); (2) 3.2.1.21 Celobiase
(m51al_g271); (3) Hexokinase (m51al_g287); (4) Glucose-6-phosphate isomerase (m51al_g1654);
(5) PPi dependent Phosphofructokinase (m51al_g10351); (6) Aldolase (m51al_g12673); (7)
Triosephosphate isomerase (m51al_g5662); (8) Bifunctional xylulose 5-phosphate/fructose 6-
phosphate phosphoketolase (m51al_g11684); (9) Acetate kinase (m51al_g5669); (10) 3.2.1.8. Endo-
1,4-beta-xylanase (m51al_g11098), 3.2.1.37 Exo-1,4-beta-xylosidase (m51al_g3206); (11) 5.3.1.5
Xylose isomerase (m51al_g7379); (12) 2.7.1.17 Xylulokinase (m51al_g8016); (13) 5.1.3.1 D-
ribulosephosphate-3-epimerase (m51al_g1638); (14) 5.3.1.6 Ribose-5-phosphate isomerase
(m51al_g11023); (15) 2.7.6.1 Ribose-phosphate diphosphokinase (m51al_g4408); (16) 5.3.1.4. L-
Arabinose isomerase (m51al_g3016); (17) 2.7.1.16 Ribulokinase (m51al_g3020); (18) 3.1.1.11
Pectinesterase (m51al_g7028); (19) 3.2.1.15 Polygalacturonase (m51al_g8114); (?) 5.1.3.4 L-
ribulose-5-phosphate 4-epimerase, a candidate not identified.

B. A color-coded excerpt of M. balamuthi gene phylogeny. The left half shows estimated prokaryotic
sources of the gene. The right half shows estimated eukaryotic taxons that are possibly monophyletic
with M. balamuthi gene. White field means that given prokaryotic or eukaryotic taxons were not
included to the analysis. A gray field means there isn’t support for given prokaryotic taxon being source
of LGT or given eukaryotic taxon doesn’t form a eukaryotic monophylum with M. balamuthi gene. A
colored field means given prokaryotic taxon is supported to be a possible LGT donor or given

eukaryotic taxon is probably monophyletic with M. balamuthi gene.
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Fig S4. Phylogeny of M. balamuthi histidine kinases. A maximum-likelihood tree was constructed with

IQ-TREE using 60 protein sequences and 122 sites. Bootstrap support values were calculated using 1000

ultrafast bootstrap replicates.
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Figure S5. M. balamuthi flagellum reconstruction. A. Coulson plot of flagellar proteins found in
representatives of the Conosa (uniflagelleted cells) and Chlamydomonas reinhertii (biflagelleted cells).

B. Model of M. balamuthi flagellum that lack outer dynein arms.
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Fig S6. Detection of vesicular transport complexes in Amoebozoa.
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Fig S7. Selected KEEG pathways. KEGG pathways were predicted in predicted proteomes of D.
discoideum, M. balamuthi and E. histolytica using KofamKOALA. Here we show selected pathways
with color coded enzymes to indicate distribution among these three species. A. Legend. B. Purine
metabolism. C. Pyrimidine metabolism. D. Glycine, serine and threonine metabolism. E. Histidine

metabolism.
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Fig S8. Chitin synthesis and degradation in M. balamuthi. Color-coded circles next to the enzymes
represent an excerpt of the M. balamuthi gene phylogeny (see Figure S3 B). (1) Hexokinase
(m51al_g287); (2) Glucose-6-phosphate isomerase (m51al_g1654); (3) 3.5.99.6 Glucosamine-6P
isomerase (m51al_g13796); (4) 2.3.1.4 Glucosamine 6P N-acetyltransferase (m51lal_g8246); (5)
5.4.2.10 Phosphoglucosamine mutase (m51al_g1707); (6) 2.7.7.23 UDP-N-acetylglucosamine
diphosphorylase (m51al_g2078); (7) 2.4.1.16 Chitin synthase (m51al_g11433); (8) 3.2.1.14 Chitinase
(m51al_g3348); (9) 3.2.1.52 Beta-N-acetylhexosaminidase (m51al_g2284); (10) 2.7.1.59 N-
acetylglucosamine kinase (m51al_g11792); (11) 3.5.99.6 Glucosamine-6-phosphate deaminase

(m51al_g13796).
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Fig S9. Monophyly of M. balamuthi and Entamoeba chitin synthase-1. A maximum-likelihood tree was
constructed with IQ-TREE using 48 protein sequences and 209 sites. Bootstrap support values were
calculated using 1000 ultrafast bootstrap replicates. Branches with high support (bootstrap support value =

100%) are depicted with black circles. Numbers in black triangles indicate a number of analyzed genes.
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Fig S10. Phylogenetic analysis of catalytic domains of chitinases (glycosyl hydrolases family 18). A
maximum-likelihood tree was constructed with IQ-TREE using 82 protein sequences and 119 sites.
Bootstrap support values were calculated using 1000 ultrafast bootstrap replicates. Branches with high
support (bootstrap support value = 100%) are depicted with black circles. Chitinase structure is indicated:
brown circle indicates chitin-binding domain, violet box indicates transmembrane domain, gray structures

indicate a catalytic domain.
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Fig. S11. Comparison of M. balamuthi and Entamoebae Jessie lectin. (A) Phylogenetic analysis of N-
terminal chitin-binding domains. A maximum-likelihood tree was constructed with IQ-TREE using 24
protein sequences and 69 sites. Bootstrap support values were calculated using 1000 ultrafast bootstrap
replicates. Jessie structure is indicated: brown circle indicates N-terminal chitin-binding domain, violet box
indicates transmembrane domain, gray structure indicates Jessie specific domain of unknown function, blue
structure indicates Jessie-3 specific domain with homology to a prokaryotic chitinases. (B) Phylogeny of
C-terminal domains of Jessie-3. A maximum-likelihood tree was constructed with IQ-TREE using 71
protein sequences and 322 sites. Bootstrap support values were calculated using 1000 ultrafast bootstrap
replicates. A number in black triangle indicates the number of sequences of Clostridium genera in the
analysis. (C) Protein sequence alignment of partial M. balamuthi and Thermococcus chitinophagus

chitinase. Conserved catalytic amino acid residues are marked by red circles (Nishitani et al., 2018).
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Fig S12. Analysis of Jacob lectins. A. Phylogenetic analysis of C-terminal chitin-binding domains. A
maximum-likelihood tree was constructed with IQ-TREE using 21 protein sequences and 57 sites.
Bootstrap support values were calculated using 1000 ultrafast bootstrap replicates. Jacob structure is
depicted: brown circle indicates chitin-binding domain (CBD), violet box indicates transmembrane domain
in M. balamuthi sequence (m51al_g3344). B. Protein sequence alignment of CBD sequences in M.
balamuthi (m51a1_g3344), and Entamoeba species. EHI, E. histolytica; EDI, E. dispar; EIN, E. invadens.

Conserved cysteine residues involved in chitin biding are indicated in red.
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Fi

g S13. Phylogenetic analysis of mitochondrial carrier proteins (MPC). A maximum-likelihood tree

was constructed with IQ-TREE using 195 protein sequences and 273 sites. Bootstrap support values

were calculated using 1000 ultrafast bootstrap replicates.

gor EHI_095150 PAPS, ADP/ATP

%] 'EDI_013040

100 Entamoebidae

EMO_063880
. 9 L EIN_291330
% mblal g9104 M. balamuthi
a L MCFA_DICDI
601 158 ] BRT1 ARATH ATP, ADP, AMP
73 TAAC_ARATH Thylakoid ATP/ADP

o5 —2 YPO11_YEAST PAPS, APS
02 L GDC_HUMAN CoA

wul

L 134

46

E———-—q SCMC1_HUMAN Mg-ATP, Mg-ADP | phosphate
= ———T] ADT1 HUMAN ADP/ATP
H TPC1_YEAST thiamine pyrophosphate
i —SNEEEEFTY UCP1 HUMAN Mitochondrial uncoupling protein
SAMC_HUMAN S-adenosylmethionine
——FE] I FRN1_HUMAN Fe*?

—lF] S2538 HUMAN glycine
MTM1_ARATH Mn*?

CMC1_HUMAN glutamate/aspartate

——m] CRNT1 HUMAN ornithinelcitrulline

ODC_HUMAN 2-oxodicarboxylate

e ——ET] \PCP_HUMAN phosphate

(1 100 EHI_153760
100 | | EDI_093860
100 Entamoebidae
EMO_100840

EIN_095110

38

100

33

mb5l1al g7059 M. balamuthi

PMP34_HUMAN CoA, FAD, FMN, AMP, NAD+
FOLT1_ARATH Chloroplast folate

¢ MFTC_HUMAN folate

FLX1 YEAST FAD

MCFM_DICDI

L 100 ] YEA6 YEAST NAD+ TR

D

48

100

69



Fig S14. Phylogeny of sulfotransferases. A maximum-likelihood tree was constructed with IQ-TREE

using 59 protein sequences and 342 sites. Bootstrap support values were calculated using 1000 ultrafast

bootstrap replicates.
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Fig S15. Phylogeny of sulfatases. A maximum-likelihood tree was constructed with IQ-TREE using 52

protein sequences and 361 sites. Bootstrap support values were calculated using 1000 ultrafast

bootstrap replicates.
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Fig S16. Phylogeny of cysteine proteases. A maximum-likelihood tree was constructed with IQ-TREE
using 570 protein sequences and 121 sites. Bootstrap support values were calculated using 1000
ultrafast bootstrap replicates. Concatenated branches of M. balamuthi and Entamoeba are in yellow and
pink respectively. Numbers of paralogs for each Entamoeba species are shown. EHI, E. histolytica; EDI,

E. dispar; EMO, E. moshkovskii; EIN, E. invadens.
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Figure S17. Domain Boundary Frequency (DBF) value. A. An example phylogenetic tree. B. Count of
events in scenario when the gene is an ancestral eukaryotic gene. C. Count of events in scenario
allowing for a late LGT from prokaryotes and further LGTs between eukaryotic lineages. D.

Calculation of Domain boundary frequencies for prokaryotic taxons (possible sources of LGT) and

LGT score.
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A Phylotenetic tree analysis - example Taxon:

_[ Mastigamoeba balamuthi Conosa

Blastocystis hominis Stramenopila

Thermaerobacter subterraneu Clostridia (clo)
Domain boundary frequencies for each taxon:
clo:0.75, tis:0.125, ana:0.03125, eur:0.03125,
fus:0.03125, gam:0.03125

Clostridium lavalense Clostridia (clo)

Peptoniphilus sp. Tissierellia (tis)

clo:0.5, tis:0.25, ana:0.0625, eur:0.0625, fus:0.0625, gam:0.0625

ana:0.5, fus:0.5
1is:0.5, ana:0.125, eur:0.125, fus:0.125, gam O.125/

Longilinea arvoryzae Anaerolineae (ana)
ana:0.25, eur:0.25, fus:0.25, gam:0.25
Proportions of gam:1
prokaryotic taxons at

Dictyostelium discoideum Conosa Eukaryota

Fusobacterium naviforme Fusobacteriales (fus)

Pseudomonas syringae Gammaproteobacteria (gam)

Escherichia coli Gammaproteobacteria (gam)

each node eur:0.5, gam:0.5
Methanosarcina mazei Euryarchaeota (eur)
B Ancestral eukaryotic gene C Gene acquired late via LGT
Gene acquired via LGT
P :
® Elicoseab'd from prokaryotes Discosea
Mn aImOE‘ | ?:.ed Entamoebidae
Ej‘;lgzaertggzal ae Mastigamoebidae
Vario):f;ea \ Eumycetozoa
Vol \ Variosea
P Apusozoa
Dikarya Dikarya
Mucoromycota
Gene acquired/ L Chytridi t Mucoromycota
! ytridiomycota Chytridiomycota
present in Microsporidia Micyros or\§|a
common Protostomia LGT between Prutoslpornla
ancestor of Deuterostomia eukaryotic lingages Deuterostomia
eukaryotes Other metazoa Other metazoa
Choanoflagellata Choanaflagellata
Rhodophyta Rhodophyta
L — i
PS Streptophyta Streptophyta
® Cryptophyta _
Haptista \ Cl’ypyophyta
Haptista
Ochrophyta Ochrophyta
E Oomycetes Oomycetes
gl_asmhcyslldae Blastocystidae
AIHOP yﬁleae+c —— Dinophyceae
picomplexa+Colpodellida E Apicomplexa+Colpodellida
Ciliophora Ciliophora
_ per
G Rhizaria Rhizaria
Heterolobosea
= Heterolobosea
pug Eﬁoz?a Euglenozoa
Dlar‘al F:Sra: IZ\da Parabasalia
plomona Diplomonadida
@® Presence in contemporary lineage @ Predicted gain @® Predicted loss
D LGT score calculation:
N Euk. taxons = 2
N Prok. taxons = 6 N
prokia

LGT prokaryotic coeff = = 6/(6+2) = 0.75

proktaxon:

Losses if the gene was present in common ancestor of Eukaryotes (N=9):
Discosea, Variosea, Entamoebidae, Obazoa. Archaeplastida+Cryptophyta+Haptista, Ochophyta+Oomycetes,

Minimum number of additional transfers in case of LGT (N=1):
Conosa -> Blastocystidae (or vice versa)

Minimum number of losses in case of LGT (N=1):
Entamoebidae

NancestralLosses
ancestralLosses - 29‘(9-*'1 +1) = O 82

NancestralLosses HNnewTransierstNnewLosses

LGT eukaryotic coeff =

LGT score = minimum(LGT prokaryotic coeff, LGT eukaryotic coeff) = minimum(0.75, 0.82) = 0.75
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Figure S18. Proportion (in percent) of prokaryotic taxons at the prokaryota/eukaryota boundary of M.

balamuthi genes with high LGT score (> 0.75)
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Figure S19. Example of metabolic pathway acquired by LGT. Phylogenies were constructed using 1Q-
TREE and 1000 ultrafast bootstraps. A. An overview of the proline synthesis pathway from glutamate.
The first two enzymes seem to be a recent LGT from a Verrucomicrobiae bacterium with sequence
identities > 60%. The closest Verrucomicrobiae genomes were isolated from fresh water ponds from a
depth of about 10 meters. B. Phylogeny of the glutamate 5-kinase from M. balamuthi using 51 protein
sequences and 244 sites. C. Phylogeny of the glutamate-5-semialdehyde dehydrogenase from M.
balamuthi using 51 protein sequences and 406 sites.

A

Glutamate
l mb51al_¢g9218 glutamate 5-kinase
Glutamyl 5-phosphate
l mb51al _g9219 glutamate-5-semialdehyde dehydrogenase
Glutamate 5-semialdehyde
(spontaneous reaction)

1-Pyrroline-5-carboxylate
l m51ail_g4253 pyrroline-5-carboxylate reductase

Proline
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E’_|:AOAZS?T‘(R[] 9BACT.Rubritalea.profundi

ADALIMBEXTA 9BACT.Rubritalea.squalenifaciens. DSM.18772
ADATM6I148_9BACT.Rubritalea.squalenifaciens.DSM. 18772
|— AOAZEBMAU2 9BACT . Verrucomicrobiales.bacterium

ADALZB8ZQX4 9BACT Verrucomicrobiaceae.bacterium. TMEDS6
100 ADASZ0LCP1_9BACT.Verrucomicrobiaceae.bacterium
AOA3ZBO9GE659 9BACT.Verrucomicrobiales.bacterium
4 100 AOALZ9FJIPT7_9BACT.Verrucomicrobiaceae.bacterium. TMED137
m ADAZSAFTIV _9BACT.Verrucomicrobiales. bacterium

AOAZEGL3I9 9BACT.Verrucomicrobiales.bacterium
ADA3DZKEDS5_9BACT Verrucomicrobiales.bacterium

AODA3BAEBN1 9BACT Akkermansia.sp
100 AOAZNBI716_9BACT.Akkermansia.muciniphila
ADAZNBINLS 9BACT Akkermansia.muciniphila
RBJCUZ 9BACT.Akkermansia.muciniphila.CAG 154
ADA1QBUQQL_9BACT.Akkermansia.sp..54_ 46
ADAZNBIFZ9 9BACT.Akkermansia.muciniphila
B2UNZ7 AKKMS.Akkermansia.muciniphila. strain. ATCC.BAA-835

ADAZNBIW43_9BACT Akkermansia.muciniphila
ADAZNEBHKGSE SBACT.Akkermansia.muciniphila
AOAZNBHVGS _9BACT.Akkermansia.muciniphila
R7DVI4_9BACT. Akkermansia.sp..CAG_344
AOAZNBHGKS 9BACT. Akkermansia.muciniphila

|': ADAL39TQJI0_9BACT.Akkermansia.sp..KLE1798

44 ADASBSWLEY 9BACT.Akkermansia.sp..BIOML-AGL

100

B4CYZ7_9BACT.Chthoniobacter.flavus.Ellin428
D2DXX2_9BACT.uncultured.Verrucomicrobia.bacterium
100 ADA2VEIVTL 9BACT.Verrucomicrobia.bacterium
_5'8_(——{,&0#\2\!6D|X2_9 BACT.Verrucomicrobia.bacterium

ADAZVERVI4_9BACT.Verrucomicrobia.bacterium
100 ADAZAZQ9I9_9BACT. Verrucomicrobiae bacterium.Tous-CATDCM
o8 ADAZAZYC32_9BACT.Verrucomicrobiae.bacterium. AMD-G2 Erashwater
mb5lal g9218.Mastigamoeba balamuthi ) )
[ 99 | ADASNSVGEL 9BACT. Verrucomicrobiaceae.bacterium Verrucomicrobiae
L”E ADA4Q2X914_9BACT Verrucomicrobiaceae.bacterium + M. balamuthi
- ADAZAZQB90 SBACT.Werrucomicrobiae. bacterium.Tous-C5FEB
ADAZ57MAE2 9BACT.Verrucomicrobiales.bacterium.Vvv1
— AOA2E686A3 9BACT.Roseibacillus.s

ADAZDADOS2 9BACT. Verrucomicrobiales bacterium
AOAZEBM3EZ_9BACT.Roseihacillus.sp.
AOAZE3NBEZ2 9BACT.Roseibacillus.sp.

ADAZESDBRZ 9BACT.Roseibacillus.sp.
ADAZE3IL63_9BACT Roseibacillus.sp.

ADA42412U6 9BACT.Roseibacillus. sp. TMED18
ADA3CIWEDS5_9BACT Verrucomicrobiales.bacterium
AOA2DEDZVI 9BACT.Roseibacillus.sp.
AOA2E8ICF8 SEURY.Euryarchaeota.archaeon

AOA3DACSI1_9BACT. Verrucomicrobiales.bacterium
ADAZE3HBUG 9BACT Roselbacillus.sp

ADA2 EOV4F2_QBACT.Verruc0m\Crébiaéeae,bacterium
ADAZETYWI7_9BACT. Roseibacillus.sp.

0.2
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AOAE12MELT 9BACT.Brevifollis.gellanilyticus
ADA3D3NSD3_9BACT Verrucomicrobiales.bacterium
AO0A257XBI5_9BACT.Chthoniobacter.sp..12-60-6
ADAZ5E8B2J8 9BACT.Verrucomicrohia.bacterium.12-59-8
AOA354TB81_9BACT.Verrucomicrobiales.bacterium
ADALTAYNMB 9BACT.Prosthecobacter.debontii
ADA4V3FI38_9BACT.Prosthecobacter.fusiformis

100 | g

100

o9 100 ADALT7RAV3 9BACT.Verrucomicrobiaceae bacterium.SCGC.AG-212-N21
_|——|: ADA266HVE0 9BACT.Roseimicrobium.gellanilyticum
ADASREKSED3 9BACT.Glutamate-5-semialdehyde.dehydrogenase OS_Verrucobacter.flavum
100 ADALA6GZR7 TERSA. Terrimicrobium.sacchariphilum
ﬁOA?TGDSXI_SBACT Spartobacteria.bacterium.LR76

ADALIM3CDRY 9BACT Verrucomicrobia.bacterium.61-8
AOA4Q3BHRY 9BACT.Verrucomicrobiaceae bacterium
AODA3ELEQCS 9BACT.Verrucomicrobia.bacterium
AOA3ELEHX8 9BACT.Verrucomicrobia.bacterium
100 AODAZE3EHUZ_S9BACT Verrucomicrobiales.bacterium
ACOAS20LVNE 9BACT.Verrucomicrobiaceae.bacterium
AOAZEDQL19 _9BACT.Verrucomicrobiales.bacterium
100 r ADAZDSAMGL 9BACT.Verrucomicrobiales bacterium
AOAZEBCPH3 9BACT.Verrucomicrobiales.bacterium
100 ADAZSTUTT77_9BACT. Rubritalea.profundi
ADALMBGIL04 9BACT.Rubritalea.squalenifaciens.DSM. 18772
AODAZESMBY4 9BACT. Verrucomicrobiales.bacterium
AOAZEEBL1C4 9BACT.Verrucomicrobiales.bacterium
ADA3C1Q087_9BACT.Verrucomicrobiales.bacterium
AOA3DAEWGO_9BACT.Verrucomicrobiales bacterium
ADAZBOGTT8 9BACT Verrucomicrobiales. bacterium

AOA3D3DTQ6_9BACT Verrucomicrobiales.bacterium
ADAZAZYCL17 9BACT.Verrucomicrobiae bacterium AMD-G2

100

98

m5lal g9219. Mastigamoeha balamuthi

ADAZ5TMSBS_9BACT.Verrucomicrobiales.bacterium VvVl Fresh water

ADAZAZQBF3 9BACT Verrucomicrobiae.bacterium.Tous-C5FEB Verrucomicrobiae

ADALQ2XATZ_9BACT Verrucomicrobiaceae.bacterium + M. balamuthi

ADAAQ2ZYETY 9BACT.Verrucomicrobiaceae. bacterium '

ADAZAZQAB3_9BACT Verrucomicrobiae bacterium. Tous-C4TDCM

93 AQA42412V6_9BACT.Roseibacillus.sp.. TMED18

AOAZE3IL16 9BACT.Roseibacillus.sp.

ADA3CIWBBI_9BACT Verrucomicrobiales.bacterium

ADA2E8JCGY BEURY.Euryarchaeota.archaeon

ADAZDBDZY3_9BACT.Roseibacillus.sp.

94| 22 ADAZESDBQ3 9BACT.Roseibacillus.sp.

ADAZE3NBF4 9BACT.Roseibacillus.sp.

100 | AOA3DAD054 SBACT Verrucomicrobiales.bacterium

ADAZEBM397 9BACT Roseibacillus.sp.

ADA355S2M0_9BACT . Verrucomicrobiales.bacterium

AOA3DACTVE OBACT. Verrucomicrobiales bacterium

100 1 ADAZE7YYRE _9BACT.Roseibacillus.sp.
ADAZESQMWY_9BACT.Roseibacillus.sp.

100 - ADAZEOVACZ2 _9BACT.Verrucomicrobiaceae.bacterium

AOAZE3HBSY_9BACT.Roseibacillus.sp. 0.1
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Supplemetary Tables:

Table S1. Characteristics of M. balamuthi genome sequence

Table S2. Comparison of M. balamuthi and three Entamoeba species genome properties

Table S3. RNA coding genes

Table S4. Distances of M. balamuthi tRNA genes.

Table S5. Analysis of transposable elements in M. balamuthi genome.

Table S6. OGs analysis

Table S7. CIA pathway

Table S8. M. balamuthi gains — polysaccharide metabolism

Table S9. Flagellum

Table S10 Nuclear pore complex

Table S11. Virulence factors

Table S12. LGT candidates

Link for download:

https://drive.google.com/open?id=1a0YolPVVAFGqFDqosZwf-NYVE9S_S9fQ

79



