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Abstract

The transition of free-living organisms to parasitic organisms is a mysterious process that occurs in all major eukaryotic
lineages. Parasites display seemingly unique features associated with their pathogenicity; however, it is important to
distinguish ancestral preconditions to parasitism from truly new parasite-specific functions. Here, we sequenced the
genome and transcriptome of anaerobic free-living Mastigamoeba balamuthi and performed phylogenomic analysis of
four related members of the Archamoebae, including Entamoeba histolytica, an important intestinal pathogen of
humans. We aimed to trace gene histories throughout the adaptation of the aerobic ancestor of Archamoebae to
anaerobiosis and throughout the transition from a free-living to a parasitic lifestyle. These events were associated
with massive gene losses that, in parasitic lineages, resulted in a reduction in structural features, complete losses of
some metabolic pathways, and a reduction in metabolic complexity. By reconstructing the features of the common
ancestor of Archamoebae, we estimated preconditions for the evolution of parasitism in this lineage. The ancestor could
apparently form chitinous cysts, possessed proteolytic enzyme machinery, compartmentalized the sulfate activation
pathway in mitochondrion-related organelles, and possessed the components for anaerobic energy metabolism. After the
split of Entamoebidae, this lineage gained genes encoding surface membrane proteins that are involved in host–parasite
interactions. In contrast, gene gains identified in the M. balamuthi lineage were predominantly associated with polysac-
charide catabolic processes. A phylogenetic analysis of acquired genes suggested an essential role of lateral gene transfer
in parasite evolution (Entamoeba) and in adaptation to anaerobic aquatic sediments (Mastigamoeba).

Key words: evolution of parasitism, lateral gene transfer, pathway complexity, Archamoebae, chitinous cysts,
Mastigamoeba.

Introduction
Parasitic organisms evolved multiple times in all major eu-
karyotic lineages (Blaxter and Koutsovoulos 2015), but evo-
lutionary steps leading to their transition from free-living
ancestors generally remain elusive. Parasites are organisms
that employ various strategies to obtain nutritional benefits

for growth and reproduction at the expense of the host.
These strategies are reflected by specific features of the
parasites that resulted mainly from the character of the
free-living ancestor and from the character of the host niche
to which the evolving parasite needed to adapt. The best-
known parasitic features are those involved in pathogenicity
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and virulence. Although we often tend to view such features
as innovations that evolved specifically in relation to para-
sitism, a growing list of examples suggests that some of
them may be shared by nonparasitic relatives of the para-
sitic group concerned, and have thus evolved even before
the transition to parasitism. Hence, some traits exhibited by
free-living organisms may have served as preconditions fa-
cilitating the emergence of parasitism in the given lineage or
were exapted by the parasitic descendants to foster their
newly evolved lifestyle (Ginger and Field 2016; Janouskovec
and Keeling 2016). On the other hand, other traits of the
free-living ancestors and the genes that underpin them be-
came dispensable once the organism became an obligate
parasite that lives in a relatively narrow and nutrient-rich
environment (Jackson et al. 2016; Janouskovec and Keeling
2016). This tendency is particularly apparent in intracellular
parasites such as microsporidia and apicomplexans, in which
reductions in metabolic pathways evolved together with
dramatic reductions in the genome (Heinz et al. 2012;
Woo et al. 2015; Mathur et al. 2019). However, other para-
sites, such as parasitic kinetoplastids and ciliates, seem to
have maintained most of their canonical physiological func-
tions, and reduction primarily manifests as losses of func-
tionally redundant paralogs (Coyne et al. 2011; Jackson et al.
2016). In addition to gene loss, parasite genomes are shaped
by innovations, that is, gains of truly novel parasite-specific
functions. Such innovations include expansions in certain
gene families and paralog specialization, the appearance of
novel genes of unclear origin, and the acquisition of genes
by lateral gene transfer (LGT) (Loftus et al. 2005; Carlton
et al. 2007; N�yvltov�a et al. 2015; Jackson et al. 2016;
Janouskovec and Keeling 2016).

Investigations of gene histories to distinguish evolutionary
preconditions from specific parasitic features are essential for
understanding parasite evolution. Such studies require com-
parative analyses of genome sequences of parasitic species
and their close free-living relatives. However, although
genomes of most important parasites have been sequenced,
the genomes of their free-living neighbors are rarely studied,
rendering comparative genomic studies impossible.
Moreover, those free-living lineages that have been sampled
primarily include organisms thriving in aerobic environments,
for example, free-living kinetoplastids related to trypanoso-
matids (Jackson et al. 2016), chrompodellids (Janou�skovec
et al. 2015) related to apicomplexans (Woo et al. 2015;
Mathur et al. 2019), and free-living ciliates related to
Ichthyophthirius multifiliis (Coyne et al. 2011). Therefore, there
exists an unsampled diversity of anaerobic free-living organ-
isms that could provide novel comparative insights into the
genome evolution of their parasitic relatives.

Several important human parasites, such as Entamoeba
histolytica, Trichomonas vaginalis, and Giardia intestinalis, are
anaerobes living under oxygen-limited conditions. Entamoeba
histolytica is a leading microbial parasitic cause of death and
morbidity, with 41,000–74,000 deaths annually (Lozano et al.
2012). Entamoeba belongs to the Archamoebae group, which
includes not only parasitic species—entamoebids, but also
free-living pelobionts such as Mastigamoeba balamuthi

(Bapteste et al. 2002). All members of Archamoebae are anae-
robes; they have no conventional mitochondria with cristae,
and none of the species possess typical Golgi dictyosomes
(Walker et al. 2001). Instead, Golgi-like vesicles scattered within
the cells have been observed (Barlow et al. 2018). Entamoebids
lack flagella, whereas a single flagellum exists in most pelo-
bionts. The flagellum, when present, has a standard axoneme
except for the for the lack of outer dynein arms, and the basal
body is often associated with a cone of microtubules covering
the nucleus (Walker et al. 2001; P�anek et al. 2016).
Phylogenetic analyses revealed that Archamoebae clustered
with the aerobic taxa Eumycetozoa and Variosea in the
Conosa group (also called Evosea) and that the last common
Conosa ancestor (LCCA) was clearly an aerobic free-living pro-
tist (P�anek et al. 2016; Kang et al. 2017). Therefore, the Conosa
group provides an interesting opportunity to trace the history
of parasitism from the aerobic LCCA via the last common
anaerobic ancestor of Archamoebae (LCAA) to parasitic
Entamoeba. In this sense, M. balamuthi represents a key spe-
cies for the reconstruction of LCAA features.

Mastigamoeba balamuthi, originally described as
Phreatamoeba balamuthi, was isolated from a public well in
Gambia (Chavez et al. 1986). It exhibits multinucleated amoe-
boid stages, uninuclear flagellates, and cysts. Adaptation to
anaerobiosis is reflected by the transformation of the mito-
chondrion into a hydrogenosome that contains typical
enzymes of anaerobic energy metabolism (N�yvltov�a et al.
2015), and the presence of an anaerobic peroxisome (Le
et al. 2020). There are several unusual features that
M. balamuthi shares with E. histolytica and that were most
likely present in the Archamoebae stem lineage or in the LCAA
itself. These include the loss of the mitochondrial iron–sulfur
cluster (ISC) assembly system, which was replaced by an unre-
lated nitrogen fixation (NIF) system of e-proteobacterial origin
(Gill et al. 2007; Nyvltova et al. 2013), and acquisition of com-
ponents of the sulfate activation pathway that operate in
M. balamuthi hydrogenosomes and E. histolytica mitosomes,
the most reduced form of mitochondria (Mi-ichi et al. 2009;
N�yvltov�a et al. 2015). On the other hand, M. balamuthi exhib-
its features that are related to its free-living lifestyle and thus
absent from E. histolytica. One interesting example is the ac-
quisition of enzymes of Clostridiales origin that allow for the
production of bactericidal p-cresol, presumably to suppress
the growth of competitors in the microbial community in
which M. balamuthi lives (N�yvltov�a et al. 2017). However,
the differences between parasitic and free-living
Archamoebae have yet to be investigated systematically.

Here, we describe a draft genome assembly of
M. balamuthi complemented by transcriptome sequencing,
and report on analyses of the data aimed at the following key
tasks: 1) to characterize the changes associated with the tran-
sition of the Archamoebae stem lineage to the anaerobic
lifestyle; 2) to define features of free-living ancestors of
Entamoeba that may have facilitated evolution of parasitism
in the Entamoeba lineage; and 3) to identify innovations that
appeared separately in free-living and parasitic Archamoebae
as adaptations to two fundamentally different anaerobic
environments.
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Results and Discussion

The Genome of Mastigamoeba balamuthi Encodes up
to Twice as Many Genes as Those of Entamoeba
Species
The genome of axenically grown M. balamuthi was se-
quenced using the 454 GS FLX Titanium (Roche), MiSeq
(Illumina), and PacBio RS (Pacific Biosciences) platforms
and assembled into 1,926 scaffolds (N50 442.5 kb) at ap-
proximately 41� coverage, amounting to 57.27 Mb of
DNA sequence (table 1). RNA-seq was used to sequence
the M. balamuthi transcriptome, which aided in the pre-
diction of 14,840 protein-coding genes. The completeness
of the genome assembly was estimated using the
Benchmarking Universal Single-Copy Orthologs
(BUSCO) assessment (Sim~ao et al. 2015), which identified
82.8% conserved eukaryotic orthologs. The high level of
completeness of the assembly was further evidenced by
98.6% of the transcriptome sequences being mapped to
the genome using GMAP (Wu and Watanabe 2005). The
characteristics of the M. balamuthi genome are predict-
ably different from those of Entamoeba species (table 1).
The M. balamuthi genome is larger and codes for 30–96%
more genes than the genomes of various Entamoeba spe-
cies. Mastigamoeba balamuthi protein-coding genes are
richer in introns (3.4 introns/gene), with an average in-
tron size of 137 bp. The genome has a high GC content
(60.7%), which is at least twice as high as the GC content
of different Entamoeba species (fig. 1, table 1, and supple-
mentary table S1, Supplementary Material online). An
unusual property of the Entamoeba genome is the very
high number of tRNA genes (4,500) that form unique
linear arrays (Clark et al. 2006). It has been speculated
that these arrays may function as telomeres, as classical
telomeres are absent in Entamoeba (Clark et al. 2006). We
found a considerably lower number of tRNA genes (219)
in the M. balamuthi genome, and they were randomly
scattered within the genome rather than forming arrays
(supplementary table S2, Supplementary Material online).
Mastigamoeba balamuthi possesses a full set of genes for
major spliceosome RNAs, whereas those specific for the
minor (U12) spliceosome are absent, as are genes for mi-
nor spliceosome-specific proteins. The loss of the minor
spliceosome, and by extension the corresponding intron

type, is shared with Entamoeba and contrasts with the
situation in some other amoebozoans of the Conosa
group, such as Physarum polycephalum (L�opez et al.
2008). Further details on the general features of the
M. balamuthi genome and its structural RNA genes are
provided in supplementary Results and Discussion and
table S3, Supplementary Material online.

A Survey of the Mastigamoeba Genome Illuminates
the Character of the LCAA
To trace gene losses and gains that led to diversification of
free-living M. balamuthi and parasitic Entamoeba species, we
reconstructed gene histories within Archamoebae and their
relatives. First, we collected conserved orthologous groups
(OGs) in the predicted proteomes of eight amoebozoans
(M. balamuthi, E. histolytica, Entamoeba moshkovskii,
Entamoeba invadens, Dictyostelium discoideum, Acytostelium
subglobosum, Protostelium aurantium, and Acanthamoeba
castellanii) and four opisthokonts (Homo sapiens,
Amphimedon queenslandica, Saccharomyces cerevisiae, and
Batrachochytrium dendrobatidis) by searching the EggNOG
database of OGs using a profile hidden Markov model
(HMM)-based search. Based on the evolutionary relationships
between these species and assuming vertical inheritance of
OGs, we then reconstructed the evolutionary history of each
of the OGs: 1) we predicted that a given OG was gained in the
last common ancestor of species in which this OG was
detected, and 2) we predicted loss of the OG in descending
lineages in which the given OG was not detected (fig. 2 and
supplementary table S4, Supplementary Material online).

In the Archamoebae lineage, a substantial loss of OGs
(1,532) was associated with the first major evolutionary tran-
sition: the adoption of the anaerobic/microaerophilic lifestyle.
This is supported by statistical evaluation of OG terms using
the Ontologizer tool (Bauer et al. 2008), which revealed losses
of OG terms for “mitochondrion” with the highest support
(5.1e-34), followed by the term “oxidoreductase activity”
(5.1e-17). that the mitochondrion of the LCAA was similar
to the hydrogenosome of M. balamuthi, which lacks an
organellar genome and most components of typical mito-
chondrial metabolism, including the pyruvate dehydrogenase
complex (PDC), the TCA cycle, FoF1 ATPase, and all respira-
tory chain complexes except for complex II (succinate dehy-
drogenase). These were replaced by a simple anaerobic energy

Table 1. Comparison of Genome Statistics of Mastigamoeba balamuthi and Selected Entamoeba Species.

Statistics Mastigamoeba balamuthi Entamoeba histolyticaa Entamoeba invadensa Entamoeba moshkovskiia

Genome size (Mb) 57.2 23.7 40.8 25.2
GC content (%) 60.7 24.3 29.9 26.5
% Coding DNA 55.0 50.1 38.0 59.0
Protein cod. genes 16,287 9,938 12,007 12,449
Av. protein size (aa) 479.7 389 431.3 399.1
Av. intergenic dist. (kb) 1.3 1.2 2.1 0.8
Av. intron size (bp) 137 74 104 89
Av. number of introns/gene 3.4 1.27 1.5 1.3

NOTE.—Aa, amino acids; bp, basepairs; kb, kilobasepairs; Mb, million basepairs.
aData according to Wilson et al. (2019).
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metabolism based on substrate-level phosphorylation (Gill
et al. 2007; N�yvltov�a et al. 2015).

As the presence of mitochondrial cristae is correlated with
oxidative phosphorylation (Davies et al. 2011), we predict that
the mitochondria of the LCAA did not have cristae. This is
supported by the lack of all components of the mitochondrial
contact site and cristae organizing system (MICOS) in both
M. balamuthi and Entamoeba. Concomitant with oxidative
phosphorylation loss is the loss of electrochemical potential
at the inner mitochondrial membrane, which is crucial for the
import of proteins into aerobic mitochondria. This is reflected
by reduction and modifications of the protein import ma-
chinery (Pyrihov�a et al. 2018; Makki et al. 2019). In
E. histolytica, only the Tom40 component of the outer mito-
chondrial translocase (TOM) is known to exist together with
the taxon-specific subunit Tom60 (Makiuchi et al. 2013) and
the b-barrel insertion protein Sam50 (Dolezal et al. 2010),
whereas no component of the inner membrane translocase
(TIM) has been found so far. We expected that, similarly to
the hydrogenosome of T. vaginalis, the M. balamuthi hydro-
genosome may have retained more standard translocation
machinery; however, only Tom40 and Sam50 were identified.
We did not detect any components of TIM, which are likely
too divergent in all Archamoebae to be recognized by current
bioinformatic tools. However, we identified a standard mito-
chondrial protein-processing peptidase (MPP) that is re-
quired for the maturation of proteins imported into the
mitochondrial matrix and is absent in E. histolytica.
Unexpectedly, we also identified two paralogs of the
GTPase MIRO (m51a1_g9410, and m51a1_g12175).
Although MIRO is widely distributed in eukaryotes, it is ab-
sent in anaerobic protists with hydrogenosomes and mito-
somes, including Entamoeba (Vlahou et al. 2011). To date, the
stramenopile Blastocystis is the only known anaerobic organ-
ism with MIRO (Gentekaki et al. 2017), and its anaerobic
mitochondria are generally much less modified than the
hydrogenosome of M. balamuthi. MIRO is implicated in

numerous functions, such as interaction with the endoplas-
mic reticulum (ER) via the ER–mitochondria encounter struc-
ture (ERMES), and peroxisomal movement (Eberhardt et al.
2020). We did not identify ERMES components in the
M. balamuthi genome and MIRO is absent from the hydro-
genosomal proteome (Le et al. 2020). However, one of the
paralogs (m51a1_g9410) is among the proteins detected in
the proteome of M. balamuthi peroxisomes (Le et al. 2020),
suggesting that its function might be related to these organ-
elles instead of the hydrogenosomes.

Changes in physiological functions upon adaptation to
anaerobiosis are further documented by correlation between
the number of lost OGs and the corresponding COG catego-
ries (fig. 2). In addition to the reduction in pathways of energy
metabolism, this analysis also pointed to a strong reduction in
the COG category “lipid transport and metabolism” (fig. 2),
which includes both biosynthetic and catabolic pathways.
The data suggest the complete loss of fatty acid (FA) b-oxi-
dation components, including acyl-CoA dehydrogenase,
which in mitochondria is coupled with the respiratory chain
to maintain redox balance and contributes to ATP synthesis.
Alternatively, b-oxidation may be localized in peroxisomes
where FA degradation is initiated by oxygen-dependent
acyl-CoA oxidase. However, genes encoding all oxygen-
dependent enzymes in peroxisomes, such as acyl-CoA oxidase
and also catalase, were possibly lost no later than in the LCAA,
as they are missing from the anaerobic peroxisomes of
M. balamuthi (Le et al. 2020). The FA biosynthesis pathway
is predicted to have been lost prior to the emergence of the
LCAA, as both E. histolytica and M. balamuthi do not encode
enzymes dedicated to de novo FA synthesis, including multi-
functional FA synthase (type I FAS), which are all present in
D. discoideum. However, similarly to E. histolytica (Castellanos-
Castro et al. 2020), Mastigamoeba encodes enzymes of FA
elongation (supplementary fig. S1, Supplementary Material
online), which need a source of malonyl-CoA. Neither
Entamoeba nor Mastigamoeba have the conventional

FIG. 1. Comparison of genome sizes, numbers of genes, and GC contents in selected members of Amoebozoa. Because genome sequences are
available only for Entamoeba spp. and Mastigamoeba balamuthi, the GC content was estimated from actin gene sequences to allow for a broader
comparison across the Archamoebae group.
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FIG. 2. 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
searches (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: 1) number of gains (in blue) and losses (in red) of OGs that were predicted
to occur at that branch, and the resulting predicted number of OGs (in black). 2) Specific terms of the Gene Ontology enriched in the gained (blue)
and lost (red) groups with high statistical significance using the Ontologizer tool (Bauer et al. 2008). Statistical significance is shown as the P value
next to the term. 3) Net graphs showing the negative logarithms of the P values describing the statistical significance of the associations between
the COG database functional categories (Tatusov et al. 2003), and gains (blue line) and losses (red line). The negative values represent an inverse
proportion, that is, a negative association between the categories. At the terminal branches color-coded presence/absence plots of OGs with an
assigned COG functional category are shown that demonstrate the overall OG reduction in Entamoeba. The description of the COG functional
categories is shown in the bottom left corner.
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enzymes for malonyl-CoA synthesis. However, it was previ-
ously demonstrated that E. histolytica possesses an alternative
protein that functions as transcarboxylase catalyzing the syn-
thesis of malonyl-CoA from acetyl-CoA and oxaloacetate
(Clark et al. 2007; Barbosa-Cabrera et al. 2012), and
M. balamuthi encodes an ortholog of this protein (supple-
mentary fig. S1, Supplementary Material online). Therefore,
similar to Entamoeba, M. balamuthi needs to acquire fatty
acids from food; however, it has the capacity to elongate
those fatty acids to very long-chain fatty acids that may not
be available in external sources.

As with other anaerobic protists and intracellular parasites
with reduced mitochondria (Ko�ren�y et al. 2013),
M. balamuthi has lost haem synthesis. A possible reason is
that at least one biosynthetic step in mitochondria requires
oxygen that is limited or absent in anaerobic mitochondria/
hydrogenosomes. Nevertheless, anaerobes do commonly
contain several haem-binding proteins (Ko�ren�y et al. 2013;
Pyrih et al. 2014). In particular, a soluble cytochrome b5 of
unknown function is present in most anaerobes including
M. balamuthi. In addition, M. balamuthi possesses two other
proteins fused with the cytochrome b5 domain, cytochrome
P450, a haem-binding subunit of the hydrogenosomal succi-
nate dehydrogenase, a putative ferric reductase, and proteins
with Per-ARNT-Sim (PAS) domains (supplementary table S5,
Supplementary Material online). Therefore, like other anae-
robes, M. balamuthi seems to be dependent on the acquisi-
tion of external haem (Pyrih et al. 2014). The possible external
sources can include decomposed plant debris and phagocy-
tosed microbes. Interestingly, no haem proteins have so far
been identified in E. histolytica (Ko�ren�y et al. 2013), although
it secretes two proteins that could function as haemophores
to scavenge haem from environment (Cruz-Casta~neda et al.
2011). However, acquired haem may not serve as a prosthetic
group; rather, it represents a source of iron (Cruz-Casta~neda
et al. 2011).

As reported earlier, M. balamuthi lost mitochondrial ISC
assembly, which was replaced by the NIF system (Gill et al.
2007). This system was most likely acquired via LGT from
anaerobic E-proteobacteria living in the same environment
(Gill et al. 2007). There are two copies of the NIF system in
M. balamuthi, one operating in the hydrogenosome and the
second in the cytosol (Nyvltova et al. 2013). Interestingly,
both M. balamuthi and Entamoeba possess a complete stan-
dard pathway mediating cytosolic FeS cluster assembly (CIA)
(supplementary table S5, Supplementary Material online). In
organisms with the ISC machinery, the CIA pathway is de-
pendent on an FeS intermediate formed in mitochondria
(Pandey et al. 2019). Since the dual localization of the NIF
system and the absence of the ISC are inferred characteristics
of the LCAA, we can expect that the NIF machinery interacts
directly with CIA scaffold proteins such as Nbp35. In support
of this hypothesis, the available data suggest that in
M. balamuthi, Nbp35 has dual localization similar to the
NIF system. Specifically, we identified three Nbp35 paralogs,
one of which possesses a hydrogenosomal targeting

sequence, and whose presence in hydrogenosomes was sup-
ported by mass spectrometry (Le et al. 2020).

The most prominent evolutionary change in signaling
pathways of the Archamoebae group concerns eukaryotic
histidine kinases that serve as primary sensor proteins. We
found that M. balamuthi, like E. histolytica, has no member of
the eukaryotic families of histidine kinases, although they oc-
cur in other amoebozoans, including representatives of
Discosea and Eumycetozoa (Kabbara et al. 2019). Hence, their
absence from Archamoebae is most likely due to loss that
occurred before the LCAA. However, this was not necessarily
associated with adaptation to anaerobiosis or parasitism, as
the absence of histidine kinases was noticed in several eukary-
otic groups such as Metazoa, Apicomplexa, and Euglenozoa
(Kabbara et al. 2019). Interestingly, we identified three FlxL-
like histidine kinases with a generic structure comprising a
PAS domain, a histidine kinase domain, and a receiver do-
main. Phylogenetic analysis revealed that these histidine kin-
ases cluster with high statistical support within a group of
bacterial homologs, which indicates acquisition from bacteria
via LGT (supplementary fig. S2, Supplementary Material on-
line). The closest bacterial homologs of these M. balamuthi
histidine kinases serve as regulators that sense molecular ox-
ygen through haem moiety to suppress the expression of
oxygen-sensitive pathways (Gilles-Gonzalez et al. 1991). We
can speculate that such a function would be beneficial for
M. balamuthi as part of its defensive mechanisms against
oxygen stress.

Adaptation of M. balamuthi to an Anaerobic Free-
Living Lifestyle
Mastigamoeba balamuthi lives in low-oxygen organic matter-
rich freshwater sediments. The plant debris that is freely pre-
sent in such a niche is decomposed mainly by saprophytic
fungi and bacteria (Artzi, Bayer, and Moraı̈s 2017; Cheng et al.
2018). Interestingly, analysis of gene histories in M. balamuthi
inferred the presence of a large set of genes that were gained
to optimize M. balamuthi metabolism within this specific
niche (supplementary table S6, Supplementary Material on-
line). The OG term analysis revealed the highest statistical
support (1e-12) for gains of genes involved in “carbohydrate
metabolic processes” (fig. 2). Specifically, M. balamuthi gained
genes encoding enzymes for plant cell wall degradation, in-
cluding enzymes for the degradation of cellulose, pectins, and
pentose-based hemicelluloses (xylans and arabinans) (supple-
mentary fig. S3, Supplementary Material online). The cellulo-
lytic enzymes include endoglucanase, exoglucanase, and
cellobiase, which convert cellulose to glucose. The presence
of xylose and arabinose isomerases suggests that
M. balamuthi is capable of catabolizing pentoses via isomer-
ization reactions typical for bacteria (Fang et al. 2018) (sup-
plementary fig. S3, Supplementary Material online). An
interesting enzyme of the xylose degradation is bifunctional
xylulose 5-phosphate/fructose 6-phosphate phosphoketolase
(Xfp), which converts D-xylulose 5-phosphate to D-glyceral-
dehyde and acetyl phosphate (acetyl-P) and thus links xylose
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metabolism with glycolysis. Alternatively, it metabolizes fruc-
tose 6-phosphate to D-erythrose 4-phosphate and acetyl-P.
Acetyl-P is then a substrate for acetate kinase (Ack), which
produces acetate and pyrophosphate. This so-called pentose
phosphoketolase pathway, previously reported in only some
bacteria and fungi (Glenn et al. 2014), is also predicted to
operate in M. balamuthi (supplementary fig. S3,
Supplementary Material online). Interestingly, Ack was char-
acterized in E. histolytica (Reeves and Guthrie 1975), but
enzymes synthesizing acetyl-P, such as Xfp, are absent; thus,
the physiological role of Ack in E. histolytica is unknown
(Pineda et al. 2016).

When considering the largest OGs of M. balamuthi and E.
histolytica, we observed an expansion of proteins involved in
environmental sensing, interactions, and signaling (fig. 3).
Both organisms have expanded sets of nontransmembrane
tyrosine kinases of Fer family, small GTPases, their exchange
factors, and cathepsins. Mastigamoeba balamuthi has a
unique expansion of guanylate cyclases and cGMP-
dependent phosphodiesterases, indicating intricate cGMP-
dependent signaling.

Genome Streamlining in the Entamoeba Lineage
The transition to endobiosis/parasitism in the Entamoeba
lineage was the second major evolutionary step in
Archamoebae evolution, and was accompanied by a massive
loss of OGs (2,552). These losses correspond either to the
complete absence of certain physiological or structural fea-
tures, or to reduced complexity, mainly in metabolic path-
ways. Here, we discuss some prominent or interesting

examples of reductive evolution in Entamoeba illuminated
by our analyses.

Loss of Flagellum
Structurally, the most prominent change in the Entamoeba
lineage is the loss of the flagellum and the associated micro-
tubular cone that subtends the nucleus and was suggested as
a synapomorphy for the Conosa group (Cavalier-Smith 1998).
This is supported by the significantly reduced OG term for
“cilium” (P¼ 1e-13) in Entamoeba compared with
M. balamuthi. Our search for flagellar components in the
M. balamuthi genome revealed a complex set of proteins
associated with the centriole, basal body, BBSome composed
of Bardet–Biedl syndrome proteins (Nachury et al. 2007), and
axoneme (supplementary fig. S4 and table S7, Supplementary
Material online). Interestingly, M. balamuthi possesses an al-
most complete set of BBSome proteins, including an ortholog
of BBS6, which has so far been reported only from metazoans
and is absent in flagellated fungi. We did not detect any outer
dynein arm components, in keeping with an analysis of an
earlier genome draft (Kollmar 2016) and the apparent ab-
sence of outer dynein arms in the M. balamuthi axoneme
as observed by transmission electron microscopy (P�anek et al.
2016). In the Entamoeba lineage, all components associated
with the biogenesis and function of the flagellum were
completely lost (supplementary fig. S4, Supplementary
Material online). The loss of the flagellum is most likely asso-
ciated with the character of the environment. Mastigamoeba
balamuthi lives primarily as an aflagellated slowly crawling
trophozoite, but upon specific environmental changes, it
can enter a swimming uniflagellated nondividing stage

FIG. 3. The ten largest EggNOG orthologous groups of Mastigamoeba balamuthi (A) and Entamoeba histolytica (B). Note that some of the most
abundant orthologous groups of M. balamuthi (blue bars) are completely missing in E. histoytica (red bars) and vice versa.
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(Chavez et al. 1986), which presumably facilitates migration of
the organism to a new spot. However, intestinal
Archamoebae live in a narrowly defined stable environment
that they can only exit as cysts, making the flagellated form
dispensable.

The Nuclear Pore Complex
M. balamuthi trophozoites in axenic culture possess one to
tens of pyriform nuclei with typical pores arranged in rows
between cone microtubules (Chavez et al. 1986). The nuclear
pore complex (NPC) typically consists of approximately 30
nucleoporins (Nups) that form cytoplasmic fibrils; the inner
pore ring, including scaffold subunits and phenylalanine-
glycine repeat-nucleoporins (FG-Nups) of the central channel;
nuclear rings; and the peripheral basket (Beck and Hurt 2017).
We identified a near-complete set of Nups (23 proteins) in
the M. balamuthi genome (fig. 4 and supplementary table S8,
Supplementary Material online). These include the trans-
membrane protein Ndc1, the scaffold subunits Nup205 and
Nup188, and the basket subunit Nup153, which were previ-
ously suggested to be lost in Amoebozoa (Neumann et al.
2010). The finding of Ndc1 in Amoebozoa supports the pre-
vious prediction that Ndc1 together with Gp210 and Nup35
represent an ancestral system anchoring the central core
within the nuclear membrane (Neumann et al. 2010). In con-
trast, most Nups seem to be lost in E. histolytica, in which only
five have been reported before. In particular, no scaffold pro-
tein was identified, and only one candidate FG-Nup of the
three conserved FG-Nup proteins in eukaryotes was previ-
ously predicted (Neumann et al. 2010). Therefore, we used
profile HMMs built on M. balamuthi Nups to search for
homologs of these proteins in E. histolytica. We discovered
six more Nups, including three scaffold protein components

of the inner pore ring and a complete set of FG-Nups in
E. histolytica (fig. 4). However, most components of the cyto-
plasmic and nuclear rings, and all basket components seem to
be absent. Reductions in the numbers of Nups are often ob-
served in parasitic species, for example, the microsporidian
Encephalitozoon cuniculi, the metamonads G. intestinalis and
T. vaginalis, and the apicomplexan Theileria parva (Mans et al.
2004; Neumann et al. 2010). However, the causal relationship,
if any, between NPC and adaptation to parasitism remains to
be elucidated. We also cannot rule out that Nups in these
parasitic species are too divergent to be detected by the
standard in silico approaches. Continued exploration of di-
verse, free-living protists will undoubtedly aid in our under-
standing of NPC in eukaryotes.

Membrane Trafficking Complexes
A comparison of membrane trafficking complexes revealed
that M. balamuthi retains most components found in the
free-living D. discoideum and A. castellanii, whereas the
encoded E. histolytica complement reflected both losses
and expansions after the split from the Mastigamoeba lineage.
We were able to identify only a single case where
M. balamuthi shared 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, present in part in M. balamuthi, and entirely
absent from E. histolytica (supplementary fig. S5 and table S9,
Supplementary Material online). Notably, the Entamoeba
complement seems to reflect remodeling rather than reduc-
tion, with losses and expansions in functionally intercon-
nected machinery. The TRAPPII tethering complex, which
acts in the late Golgi, is absent but there are increased paral-
ogs of the COPI complex with which it interacts. In the

FIG. 4. Comparison of nuclear pore complexes in Mastigamoeba balamuthi and Entamoeba histolytica. Components of cytoplasmic filaments are
in green boxes, Nups of cytoplasmic, and inner ring complexes are in pink boxes, Nups of the nuclear ring complex are in blue, FG-Nups of the
central channel are in orange, the transmembrane Nups are in yellow boxes, and 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; Rae1, mRNA
export factor 1; Gle1, glycine-leucine-phenylalanine-glycine lethal. Topology of the components is according to Beck and Hurt (2017).
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endocytic machinery, there are expansions in the number of
AP2 complex subunits, but loss of the TSET complex, both of
which mediate internalization from the cell surface. There is a
loss of HOPS and CORVET-specific subunits that act at early
and late endosomes (and act in the process of phagosomal
maturation) but an expansion in retromer subunits and re-
tention of all five AP complexes, even the poorly conserved
AP5 complex that acts at the late endosome. Our analysis and
comparison with M. balamuthi serves to highlight sets of
machinery in Entamoeba where lineage-specific modulation
has taken place, and thus are important areas for molecular
cell biological investigation to understand Entamoeba-specific
biology.

Metabolic Pathways
To compare the complexities of metabolic pathways, we
mapped enzyme-coding genes of D. discoideum,
M. balamuthi, and E. histolytica to Kyoto Encyclopedia of
Genes and Genome (KEGG) pathways. We mapped 802
unique enzymes encoded in the D. discoideum genome, 677
in M. balamuthi, and only 301 in E. histolytica (fig. 5). The
reduction in the unique enzyme spectrum in E. histolytica was
distributed across the majority of pathways tested. The most
striking losses are apparent in nucleotide metabolism.
Whereas M. balamuthi possesses pathways for de novo pu-
rine and pyrimidine synthesis (supplementary fig. S6,
Supplementary Material online), these pathways are absent
in E. histolytica, and the parasite entirely relies on nucleotide
salvage pathways (Clark et al. 2007). It has been shown that

Entamoeba is able to import external nucleosides and secrete
nucleases that hydrolyze RNA (Das et al. 1997; McGugan et al.
2007). Thus, the inability to synthesize nucleotides could be
compensated by their acquisition from the nutrient-rich en-
vironment of the host. Mastigamoeba balamuthi also pos-
sesses a ribonucleotide reductase that was lost in E. histolytica
but retained in E. moshkovskii and E. invadens (Loftus et al.
2005). Furthermore, E. histolytica has substantial reductions in
amino acid synthesis pathways compared with M. balamuthi
(supplementary fig. S6, Supplementary Material online) (Clark
et al. 2007).

Next, we were interested to find the extent to which the
reduction in biosynthesis of nucleotides and amino acids
pathways observed in E. histolytica is similar or different in
comparison to losses described in other related pairs of free-
living and parasitic taxa, specifically the autotrophic
Chromera velia versus the apicomplexan parasite
Toxoplasma gondii (Woo et al. 2015) and free-living (Bodo
saltans) versus parasitic (Trypanosoma brucei) kinetoplastids
(Jackson et al. 2016). Therefore, we mapped enzyme-coding
genes of the selected protists to KEGG pathways and filtered
enzymes for the biosynthesis of amino acids, purines, and
pyrimidines. As expected, the comparison of de novo synthe-
sis of amino acids and nucleotides between selected free-
living protists and their parasitic relatives showed a general
tendency to reduce the biosynthetic capacity of the latter
taxa (supplementary table 10, Supplementary Material on-
line). The losses of amino acid synthesis included the loss of
histidine, glycine, proline, and threonine synthesis in
E. histolytica; arginine, histidine, aromatic acids, and branch

FIG. 5. Comparison of metabolic pathway complexity in Dictyostelium discoideum, Mastigamoeba balamuthi, and Entamoeba histolytica using
KEGG pathway mapping. KEGG enzymes were detected in the genomes using KofamKOALA (Aramaki et al. 2020). Numbers of unique enzymes
(not counting paralogs) of each KEGG category are shown.
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chain amino acids in To. gondii; and glycine formation via
hydroxymethyltransferase, and cysteine synthesis from serine
in Tr. brucei. None of the parasitic species synthesize purine,
however pyrimidine de novo synthesis was lost only in
E. histolytica. A comparison of the pathways is further dis-
cussed in supplementary Results and Discussion,
Supplementary Material online. Importantly, the particular
enzymes lost in the parasitic species are highly varied, reflect-
ing significant differences in the synthetic capacities of the
corresponding free-living ancestors (approximated by the
free-living relatives of the parasitic taxa compared).
Importantly, Tr. brucei revealed minimal losses of complete
pathways when compared with B. saltans (Jackson et al.
2016). In this case, the reduction of most biosynthetic path-
ways occurred already in free-living bodonids without relation
to the parasitism (Butenko et al. 2020). The possible reason is
that bodonids, as a heterotroph preying on other organisms,
may acquire essential nutrients from this source (Payne and
Loomis 2006). Similarly, E. histolytica is highly active in phago-
cytosis of the host gut bacteria (Iyer et al. 2019). Thus, the
access of E. histolytica to nutrients from bacterial sources may
have contributed to the loss of dispensable biosynthetic
pathways.

Preconditions to Parasitism
Comparison of the free-living M. balamuthi and its parasitic
relatives provides an opportunity to define the features of the
free-living ancestors of Entamoeba that may have facilitated
the transition to parasitism in this lineage; that is, that may be

considered putative preconditions for parasitism
(Janouskovec and Keeling 2016). We also identified features
that were either specifically gained in the parasitic Entamoeba
lineage or had specific properties associated with the free-
living lifestyle of M. balamuthi (fig. 6). As we discuss below, the
key putative preconditions for the evolution of parasitism in
Archamoebae include the inferred ability of the LCAA to live
under anaerobic conditions, the ability to form resistant cysts,
proteolytic enzyme equipment, and compartmentalization of
the sulfate activation pathway.

Adaptation to anaerobiosis is certainly advantageous for
colonizing low-oxygen niches such as the human gut.
Nevertheless, an efficient antioxidant system is still needed
during periods of aerobic stress caused by the host immune
response, and during the invasion of oxygenated tissues.
Mastigamoeba balamuthi and E. histolytica share antioxidant
system characteristics with anaerobic and microaerophilic
eukaryotic protists (supplementary table S11,
Supplementary Material online). Their antioxidant machinery
relies on the thioredoxin-based system (thioredoxin, NADPH:
flavin oxidoreductase, peroxiredoxin), Fe-superoxide dismut-
ase, rubrerythrin, and flavodiiron proteins (fig. 6).
Interestingly, M. balamuthi also possesses a homolog of the
common bacterial osmotically inducible protein C (OsmC),
which may serve as a peroxidase (N�yvltov�a et al. 2016), and
multiple homologs of hemerythrin may be involved in oxygen
sensing (Xiong et al. 2000). However, both M. balamuthi and
E. histolytica, and hence probably the LCAA before them, lack
glutathione-based pathways and catalases (fig. 6).

FIG. 6. Summary of features representing preconditions and adaptations for parasitic and free-living lifestyles in anaerobic niches. Predicted
preconditions are in brown, Entamoeba histolytica specific features are in red, and Mastigamoeba balamuthi specific features are in green. A-pore,
amoebapore/saplip; Chs, chitin synthase; Chase, chitinase; AS, ATP sulfurylase; APSK, adenosine phosphosulfate kinase; IPP, inorganic pyrophos-
phatase; MCF, mitochondrial carrier; SPLP, saposin-like protein; CL, cysteine protease 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, peroxiredoxins; Rbr, rubrerythrin; Trx, thioredoxin; TrxR, thioredoxin reductase; FDP, flavo-
diiron protein; ISF, FeS flavoprotein.
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Another crucial precondition for parasitism in
Archamoebae is the ability to form resistant chitinous cysts.
Mastigamoeba balamuthi forms cysts that allow survival un-
der adverse conditions, such as oxygen exposure or desicca-
tion stress. The cysts are periodic acid-Schiff positive (Chavez
et al. 1986) and labeled with calcofluor white (fig. 7), which is
used to detect chitin and other polysaccharides. This is rem-
iniscent of the chitinous cysts that have been studied in
E. histolytica and E. invadens (Chatterjee et al. 2009). The
Entamoeba cyst wall is known to be composed of chitin
and a unique set of lectins, including chitinase and Jacob
and Jessie lectins with cysteine-rich chitin-binding domains
(CBDs). In M. balamuthi, we found a complete pathway for
chitin synthesis and degradation and Jessie and Jacob lectins,
which were previously thought to be unique to Entamoeba
(Van Dellen et al. 2002) (supplementary figs. S7–S11,
Supplementary Material online). We identified a single
M. balamuthi chitin synthase (chs) with a C-terminal trans-
membrane domain (TMD) that is in a monophyletic group
with the membrane-anchored chs-1 of E. invadens (supple-
mentary fig. S8, Supplementary Material online). There are
five M. balamuthi chitinases, of which three possess an N-
terminal CBD, whereas the other two chitinases have no CBD
but possess a TMD domain at the C-terminus (supplemen-
tary fig. S9, Supplementary Material online). A common fea-
ture of Jessie lectins is the presence of an N-terminal CBD
with eight conserved cysteine residues. Entamoeba Jessie-1
and Jessie-2 are short Jessie variants, whereas Jessie-3 contains
an additional C-terminal specific domain downstream of the
CBD. We found three orthologs of Jessie-3 in M. balamuthi
based on a phylogenetic analysis of CBDs (supplementary fig.
S10A, Supplementary Material online): a short variant
(MbJessie-A), a long variant with a C-terminal domain of
unknown function (MbJessie-B), and another long variant
(MbJessie-C) with the Jessie-3 specific C-terminal domain
(supplementary fig. S10A, Supplementary Material online).
Homology searches revealed that this domain corresponds
to a catalytic domain of a prokaryotic chitinase whose struc-
ture was recently determined (supplementary fig. S10B,
Supplementary Material online) (Nishitani et al. 2018). The
four proposed catalytic residues (Glu532, Asp566, Glu572,
His693) are conserved in all Jessie-3 proteins and in
MbJessie-C (supplementary fig. S10C, Supplementary
Material online). Entamoeba Jacob lectins have a variable
number (two to six) of CBDs (Frisardi et al. 2000).
Mastigamoeba balamuthi possesses a single Jacob ortholog
with two CBDs and a C-terminal TMD (supplementary fig.
S11, Supplementary Material online). Although Entamoeba
and M. balamuthi possess a similar set of lectins, the cyst
wall structure may differ in detail. It has been proposed
that during the initial stage of encystation, Jacob is bound
to the surface of encysting Entamoeba by the membrane-
anchored Gal/GalNAc lectin, then chitin is synthesized, and
finally, the wall is solidified by the addition of Jessie
(Chatterjee et al. 2009). However, the Gal/GalNAc lectin is
absent in M. balamuthi (fig. 6). Notably, unlike the Entamoeba
Jessie and Jacob proteins, MbJessie-C and M. balamuthi Jacob
possess C-terminal TMDs, which might function as direct

anchors to the plasma membrane instead of Gal/GalNAc
lectin. The chitin cyst wall is possibly degraded during excys-
tation (Chavez et al. 1986) by chitinase activity (fig. 7). The use
of indirect attachment of Entamoeba chitin-binding moieties
through the Gal/GalNAc lectins may be a useful innovation
that allows rapid hatching through perforation of the cyst
wall instead of its degradation (Makioka et al. 2005). Another
difference between M. balamuthi and its parasitic relatives is
that the latter lacks homologs of chitin deacetylases previ-
ously characterized from Entamoeba (Das et al. 2006), sug-
gesting that in contrast to Entamoeba, M. balamuthi lacks
chitosan (deacetylated chitin) in the cyst cell wall. Altogether,
these findings suggest that the free-living LCAA could likely
form chitin-based cysts, and that this ability may preadapt the
parasitic Entamoeba ancestors to survive passage through the
host stomach and in the outer environment.

The LCAA most likely possessed the sulfate activation
pathway in its anaerobic type of mitochondria (fig. 6)
(Mi-ichi et al. 2009; N�yvltov�a et al. 2015). This pathway
produces 30-phosphoadenosine-50-phosphosulfate (PAPS),
which is exported to the cytosol via a mitochondrial carrier
family protein (EhMCP) in E. histolytica (Mi-ichi, Miyamoto,
et al. 2015). The identification of an EhMCP homolog in
M. balamuthi (supplementary fig. S12, Supplementary
Material online) suggests that PAPS export from the hydro-
genosome is also likely. In E. histolytica, PAPS is then utilized
by sulfotransferases (SULTs) to form sulfolipids (SLs), includ-
ing cholesteryl sulfate synthesized by the activity of SULT6
and involved in the regulation of cyst formation (Mi-ichi,
Nozawa, et al. 2015). Catabolic pathways of sulfated mole-
cules in Entamoeba include multiple sulfatases (SFs) (Mi-ichi
et al. 2017). Mastigamoeba balamuthi was shown to have
no capacity to synthesize sulfolipids and was suggested to
lack homologs of the E. histolytica SULTs (Mi-ichi, Nozawa,
et al. 2015). In fact, M. balamuthi does possess SULT genes,
but its substrate specificity cannot be predicted, and all four
genes constitute a clade specifically related to genes from
various bacteria rather than to SULTs from Entamoeba spe-
cies (supplementary fig. S13, Supplementary Material on-
line). Hence, the Entamoeba and M. balamuthi lineages
seem to have acquired SULTs via independent LGT events.
SFs in the two Archamoebae lineages are likewise of a dif-
ferent origin, as those identified in M. balamuthi are related
to eukaryotic enzymes (supplementary fig. S14,
Supplementary Material online), whereas the E. histolytica
counterparts are related to bacterial Zn-dependent alkyl SFs
(Mi-ichi et al. 2017). It is plausible that the paralogous
SULTs resulting from gene duplications in the Entamoeba
lineage gained new diverse substrate specificities associated
with adaptation to parasitism (Mi-ichi et al. 2017) and that
this was complemented by the acquisition of different cat-
abolic SFs to metabolize Entamoeba-specific sulfated mole-
cules, whereas M. balamuthi retained the ancestral
eukaryotic SFs.

Cysteine proteases (CPs) are important virulence factors of
E. histolytica (Hellberg et al. 2001; Lidell et al. 2006). The most
important are CPs of the C1 papain superfamily, including 36
members categorized into three clades (EhCP-A, EhCP-B, and
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EhCP-C) (Bruchhaus et al. 2003; Clark et al. 2007). We found
54 C1 papain CPs in E. histolytica and a considerably larger
repertoire in M. balamuthi (156 CPs) (fig. 6). The
M. balamuthi CPs clustered into ten groups that also included
EhCPs (supplementary fig. S15, Supplementary Material on-
line). Two M. balamuthi CPs were closely related to EhCP-B,
and five M. balamuthi CPs were related to EhCP-C.
Importantly, although the overall CP repertoire was reduced
in E. histolytica, the number of paralogs in each E. histolytica
clade was expanded. For example, there are 11 E. histolytica
EhCP-A paralogs and 13 EhCP-B paralogs (supplementary fig.
S15, Supplementary Material online). In contrast, some of the
M. balamuthi clades without E. histolytica representatives
were highly expanded, such as the 84 paralogs of the CP
group with m51a1_g146 as the representative gene.
Therefore, we can predict that the LCAA was equipped
with a broad spectrum of CPs, from which the E. histolytica
CP complement associated with virulence evolved by reduc-
tion of the ancestral set and secondary expansion of the CP
types that had been retained.

Entamoeba histolytica amoebapore is a pore-forming pro-
tein of the saposin-like protein (SAPLIP) family that is in-
volved in the degradation of bacterial (Andr€a et al. 2003)
and possibly host cell membranes (Leippe et al. 1991;
Bujanover et al. 2003). We found a gene of the SAPLIP family
in the M. balamuthi genome that resembles the E. histolytica
amoebapore gene (fig. 6 and supplementary table S11,
Supplementary Material online). Thus, members of the
SAPLIP family were likely present in the LCAA.

The features of Entamoeba that could be considered spe-
cific adaptations to parasitism and that are absent in free-
living M. balamuthi include a set of membrane proteins that
are involved in parasite–host cell interactions. These proteins
include Gal/GalNAc lectin (Petri et al. 2002), a highly ex-
panded family of BspA adhesins (111 paralogs in
E. histolytica, 1,320 in E. moshkovskii), an Ariel1 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
and Singh 2007). Mastigamoeba balamuthi also lacks GTPases
of the AIG1 family (Nakada-Tsukui et al. 2018), which are
involved in E. histolytica virulence via regulation of host cell
adhesion (fig. 6). These features were most likely absent in the
LCAA.

The Role of LGT
The comparison of OGs within the Conosa group revealed
that Archamoebae and M. balamuthi in particular have
gained a number of genes that provide functions specific to
these organisms. Some of these genes have previously been
studied and identified as putative acquisitions from prokary-
otic lineages via LGT (Gill et al. 2007; Nyvltova et al. 2013;
N�yvltov�a et al. 2015). To systematically assess the overall con-
tribution of LGT to the M. balamuthi gene repertoire, we
conducted a large-scale analysis of gene phylogenies. Based
on homology searches against the UniProt database, we se-
lected conserved domains of M. balamuthi proteins and built

FIG. 7. Cysts of Mastigamoeba balamuthi. (A) Labeling of M. balamuthi cyst with calcofluor white stain. (B) Scanning electron microscopy of
M. balamuthi cyst. (C) Comparison of cyst wall components in M. balamuthi and Entamoeba invadens and their predicted structure. The model for
E. invadens is based on Chatterjee et al. (2009).
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phylogenies for each of them. For the LGT evaluation, we
introduced an LGT score (for details see supplementary
Materials and Methods and fig. S16, Supplementary
Material online) as a tool to identify cases when the following
two conditions are met: 1) the gene transfer was directed
from prokaryotes to eukaryotes, and 2) the gene tree topol-
ogy was more plausibly interpreted as a result of LGT than as
independent losses of an ancestral eukaryotic gene.
Altogether, we calculated the LGT score for 5,254 genes
(paralogs resulting from duplications in the M. balamuthi
lineage, i.e., in-paralogs, counted as a single gene). Of these,
528 M. balamuthi genes (or groups of in-paralogs) have strong
support for having been gained by LGT from prokaryotic
sources (LGT score >0.75) (fig. 8A and supplementary table
S12, Supplementary Material online).

To evaluate which functional gene categories were most
frequently transferred from prokaryotes to M. balamuthi, we
correlated the LGT score with the functional annotation of
M. balamuthi proteins (fig. 8D). The most significant positive
correlation between the LGT score and COG enrichment was
observed for enzymes and small molecule transporters,
namely for products of genes functioning in amino acid me-
tabolism, carbohydrate transport and metabolism, and energy
conversion (with Pearson correlation coefficients of 0.31, 0.25,
and 0.23, respectively). Conversely, genes involved in genetic
information processing, signal transduction, and intracellular
trafficking correlated negatively with the LGT score, except for
the COG category “cell wall/membrane/envelope biogenesis,”
which includes genes for cyst wall components (fig. 8D).

The more than 500 LGT candidates in M. balamuthi rep-
resent one of the largest LGT sets reported in any protist
species, although any comparison of LGTs frequencies inferred
in various organisms must be done with caution, as various
approaches have been used for LGT detection in different
studies. The estimated numbers of LGTs that have contributed
to the genetic toolkit of particular eukaryotic species vary im-
mensely from zero to hundreds (Keeling and Palmer 2008). For
example, only one and ten LGT events were inferred for the
yeasts Ashbya gossypii and S. cerevisiae, respectively (Hall et al.
2005). Considerably more frequent LGTs have been observed
in extremophiles and anaerobes, for whom LGT allows them
to live in highly specialized environments (Keeling and Palmer
2008; Husnik and McCutcheon 2018). Thus, 75 gene acquis-
itions were detected in the extremophilic red alga Galdieria
sulphuraria, which lives in hot, toxic metal-rich, acidic environ-
ments (Schönknecht et al. 2013), whereas the anaerobic com-
mensal Blastocystis sp. living in the human intestinal tract was
found to contain up to 167 LGT candidates (Eme et al. 2017).
The largest set of LGT candidates was estimated in anaerobic
rumen-dwelling ciliates (�1,000 genes) (Ricard et al. 2006;
Keeling and Palmer 2008). The majority of LGTs in ciliates
were associated with the ability to degrade plant cell wall-
derived carbohydrates and anaerobic energy metabolism. In
this context, the large set of LGT candidates in M. balamuthi is
not surprising, as similarly to rumen ciliates, M. balamuthi is
adapted for living under anaerobiosis and in an environment
rich in metabolisable plant polymers. In contrast, the role of
LGT in the adaptation of the Entamoeba lineage to the

endobiotic lifestyle appears to have relied less on acquiring
genes from external sources, as indicated by the only 96
E. histolytica genes of prokaryotic origin identified in an early
genome analysis (Loftus et al. 2005).

To infer possible prokaryotic donors for the 528 best LGT
candidates in M. balamuthi, we calculated the so-called domain
boundary frequency (DBF) value for each taxon within all 528
phylogenetic trees. The DBF value is used to evaluate prokary-
otic taxa that are in the closest proximity to the boundary
between eukaryotes and prokaryotes (see supplementary
Materials and Methods, Supplementary Material online, for
details, supplementary table S12 and fig. S16, Supplementary
Material online). Strong support for emergence from within a
particular prokaryotic taxon was obtained for only 32 out of 528
LGT candidates (supplementary table S12, Supplementary
Material online). The most common putative donor taxon
was Actinobacteria (8 genes), followed by anaerobic bacteria
of the Bacteroidetes group (6 genes) (fig. 8B). Among these
well-supported LGTs, we identified two genes that encode
enzymes catalyzing consecutive reactions in proline biosynthe-
sis: glutamate 5-kinase (G5K) and glutamate-5-semialdehyde
dehydrogenase (G5SD). In the M. balamuthi genome, these
genes are organized in a head-to-head arrangement, and both
show specific affinities to homologs from the same bacterial
taxon in the class Verrucomicrobiae (supplementary fig. S17,
Supplementary Material online). These bacteria also tend to
have these two genes physically clustered in the genome, so it
is likely that both were acquired by M. balamuthi from the same
source en bloc. Neither of these genes is present in Entamoeba,
which supports their possibly recent acquisition after the M.
balamuthi/Entamoeba split. We attribute the small number of
well-supported prokaryotic groups as LGT sources to several
factors: generally low resolution of single gene phylogenies, in-
sufficient taxon sampling or poor taxonomic placement of pro-
karyote metagenomic sequences, and possibly complicated
nonvertical histories of many of these gene families in
prokaryotes.

Finally, we investigated the extent to which M. balamuthi
shares LGT candidates with other eukaryotes, particularly
with Entamoeba. To do so, we searched for eukaryotic genes
that form monophyletic groups with the M. balamuthi LGT
candidates. This analysis revealed that 358 out of 528 LGT
candidates were unique to M. balamuthi (i.e., resulting from
an independent LGT from a prokaryotic source to the
M. balamuthi lineage), whereas 170 LGT candidates were
shared with various eukaryotes as a result of vertical inheri-
tance from a deeper eukaryotic ancestor or intereukaryote
LGT following the initial gain from prokaryotes (fig. 8C). Of
them 34 had genes from the Entamoeba genus as the imme-
diate sister group, which was the highest number among all
different eukaryotic taxa with genes directly affiliated to the
M. balamuthi LGT candidates. These 34 genes were thus pre-
sumably inherited from a common ancestor of M. balamuthi
and Entamoeba, and 24 were unique to Archamoebae, indi-
cating that they were gained from prokaryotes specifically in
the Archamoebae stem lineage (supplementary table S12,
Supplementary Material online). Previous analyses by differ-
ent authors predicted 68–138 gene transfers from prokaryotic
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sources to the E. histolytica lineage (Loftus et al. 2005; Clark
et al. 2007; Grant and Katz 2014). The 138 LGT candidates in
E. histolytica identified by the most recent analysis (Grant and
Katz 2014) include 14 of the 34 LGTs identified by us as shared
by M. balamuthi and Entamoeba (supplementary table S12,
Supplementary Material online). The 17 missing cases corre-
spond to two genes missing in E. histolytica but present in
other Entamoeba species, one gene that was not analyzed by
Grant and Katz (2014), two genes that were interpreted by
these authors as an LGT into the Entamoeba lineage from an
unrelated eukaryotic donor, and 12 genes that were consid-
ered as unique for Entamoeba or whose phylogenetic place-
ment was not resolved in previous study.

Hence, our analyses refine the picture of the LGT history in
the Entamoeba lineage by expanding the list of acquired genes
and distinguishing gains specific for Entamoeba from those
preceding the radiation of extant Archamoebae.
Encouragingly, the NIF system components, which were pre-
viously suggested to have been acquired by an archamoebal
ancestor (Nyvltova et al. 2013), were recovered using our

approach. Furthermore, these ancestral acquisitions included
several enzymes crucial for anaerobic metabolism, such as [Fe,
Fe] hydrogenase, pyruvate-phosphate dikinase, pyruvate ki-
nase, acetate kinase, and iron–sulfur flavoprotein; and also
enzymes for amino acid metabolism including serine O-ace-
tyltransferase of the de novo cysteine biosynthetic pathway,
methionine gamma-lyase, and arginine decarboxylase.
Interestingly, the latter enzyme mediates the survival of en-
teric bacteria during passage through acidic parts of the di-
gestive tract, a need that is shared by E. histolytica (Iyer et al.
2003). Flavodiiron protein (A-type flavoprotein) is shared by
M. balamuthi and Entamoeba and, interestingly, by the free-
living anaerobic jakobid Stygiella incarcerata.

Dikaryan fungi were the group with the second highest num-
ber (26) of prokaryotic LGTs shared with M. balamuthi. These
OGs included enzymes important for polysaccharide degrada-
tion, such as xylan 1,4-b-xylosidase, a-amylase, and cellulase
(fig. 8D and supplementary table S12, Supplementary Material
online). Based on the tree topologies, it seems likely that these
genes were first gained by dikaryan fungi and subsequently

FIG. 8. Evaluation of LGT contribution to Mastigamoeba balamuthi genome. (A) Distribution of LGT scores 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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transferred to the M. balamuthi lineage, although we cannot
exclude the possibility that the two eukaryote lineages acquired
these enzymes independently from the same group of prokary-
otic decomposers of organic matter.

Conclusions
Analysis of the M. balamuthi genome has enabled us to make
inferences about the transition of the common ancestor of
Eumycetozoa and Archamoebae to the common anaerobic
ancestor of M. balamuthi and Entamoeba species (the LCAA)
and to separate the evolutionary origins of parasitism in the
Entamoeba lineage from earlier events of adaptation of free-
living amoebae to low-oxygen organic matter-rich water sedi-
ments. Two events, adaptation to anaerobiosis and adapta-
tion to parasitism, were both accompanied by massive gene
loss, although the gene categories affected were quite differ-
ent. During the transition to the anaerobic lifestyle, the loss
concerned mainly oxygen-dependent pathways and func-
tions related to mitochondria and peroxisomes. In the second
step, gene loss in the parasitic Entamoeba lineage was signif-
icantly associated with amino acid and nucleotide metabo-
lism, but the majority of losses were distributed across most
OGs, resulting in an overall decrease in metabolic complexity.
In contrast, there was no such dramatic gene loss in the
M. balamuthi lineage.

On the other hand, gene loss in Archamoebae has been
compensated for by numerous LGTs from prokaryotes that
have conferred new metabolic capacities. In general, eukar-
yotes are expected to acquire genes from their cohabitants,
and Archamoebae seem to comply with this notion.
Members of the Entamoeba lineage interact with the rich
and dense mucosal microbiota within the host, and the
donors of the putative LGTs identified in E. histolytica are
indeed enriched for the bacterial phyla Bacteroidetes and
Firmicutes, which constitute a substantial portion of the mu-
cosal bacteria (Alsmark et al. 2009). The same analysis
revealed that donors of LGT candidates in the aerobic free-
living D. discoideum are instead enriched for Proteobacteria,
consistent with their prevalence in the environment inhab-
ited by dictyostelids. However, this picture did not consider
adaptation to anaerobiosis, which in Archamoebae most
likely preceded parasitism, and consequently, most LGTs re-
lated to adaptation to an oxygen-poor niche may have hap-
pened under the conditions of a free-living lifestyle. Our
analysis revealed that Bacteroidetes, as putative gene donors,
are also enriched among LGT cases in free-living
M. balamuthi. As these bacteria are present in the gut but
are also widely distributed in water, sediments, and soil, we
can predict that ancestral Archamoebae gained Bacteroidetes
genes related to anaerobiosis from environmental bacteria
and not from intestinal microbiota. After the split of the
M. balamuthi and Entamoeba lineages, the former seems to
have gained genes to increase its metabolic capacity as a
decomposer, whereas the latter has acquired genes related
to pathogenicity and virulence. Genes providing these specific
properties are indeed of different origins. For example,
Entamoeba BspA surface adhesins were suggested to have

been acquired from Bacteroidetes, whereas most transferred
OGs of M. balamuthi are related to Actinobacteria. However,
we cannot rule out the possibility that some of the gains that
we have inferred as having occurred along the M. balamuthi
lineage had already happened in or before the evolution of
the free-living LCAA, but were followed by the loss of the
respective genes in the Entamoeba lineage. Our study of gene
histories of the Conosa group underlines the importance of
comparative genomics for understanding how aerobic pro-
tists become anaerobes and how free-living anaerobes be-
come parasites.

Materials and Methods
This section summarizes the most important methods used
in this study. Further technical details are provided in the
supplementary Materials and Methods, Supplementary
Material online.

Cell Culture
The M. balamuthi strain is a descendant of the culture iso-
lated by R.S. Bray in Gambia and axenized by L.A. Chavez and
colleagues (Chavez et al. 1986). The culture was kindly pro-
vided by M. Müller (Rockefeller University) and it is also avail-
able at the American Type Culture Collection (ATCC 30984).
Mastigamoeba balamuthi was grown 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 the axenically grown M. balamuthi culture was
isolated using phenol–chloroform extraction.

Shotgun (500–800 bp) and paired-end (8–20 kb) fragment
genomic libraries were prepared and sequenced on the 454
GS FLX platform with Titanium chemistry following the man-
ufacturer’s protocol (Roche Diagnostic, Rotkreuz,
Switzerland) to generate 76.8 million reads. A TruSeq DNA
library was analyzed using Illumina HiSeq 2000 (San Diego) at
EMBL (Genomics Core Facility, Heidelberg, Germany) to gen-
erate 42.9 million paired-end reads. PacBio RS (EA Sequencing
& Bioinformatics, Durham, NC) was used to generate 295,000
long reads (details are given in the supplementary Materials
and Methods, Supplementary Material online).

RNA Isolation and Sequencing
Total RNA was isolated using TRIzol (Total RNA Isolation
Reagent, Gibco BRL) and purified from DNA with the
RNeasy Minelute Cleanup Kit (Qiagen). cDNA was prepared
using the Transcriptor High Fidelity cDNA Synthesis Kit
(Roche). The transcriptome was sequenced with Illumina
HiSeq 2000 (San Diego) at EMBL (Genomics Core Facility,
Heidelberg, Germany) using the TruSeq RNA library (non-
stranded) to generate 86.6 million paired-end reads.
Transcriptome assembly was obtained using Trinity with
the default parameters (Grabherr et al. 2011).

Genome Assembly and Annotation
The genome sequence was assembled using Newbler
(Software Release: 2.6 20110517_1502) (Margulies et al.
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2005), with further refinements described in detail in the
supplementary Materials and Methods and figure S18,
Supplementary Material online. Gene prediction was per-
formed using Augustus 3.0.2 (Stanke and Morgenstern
2005) with a set of 298 manually curated training gene models
and hints from the transcriptome mapped onto the genome
assembly, which yielded 14,840 protein-coding genes. Manual
curation was employed for genes of interest using the inter-
face provided by the Online Resource for Community
Annotation of Eukaryotes (ORCAE) webserver (Sterck et al.
2012). Gene annotation was performed using InterProScan
(Jones et al. 2014) and Blast2GO (Conesa et al. 2005).
Structural RNA genes were predicted and annotated using
the Rfam database (Griffiths-Jones et al. 2004) (supplemen-
tary table S3, Supplementary Material online). The annotated
genome sequence has been deposited in the online resource
for community annotation of eukaryotes (ORCAE, https://
bioinformatics.psb.ugent.be/orcae/overview/Masba).

Analysis of Orthologous Groups
We gathered predicted proteomes of selected amoebozoans
(A. castellanii, Protostelium aurantium, Acytostelium subglobo-
sum, D. discoideum, Mastigamoeba balamuthi, E. invadens, E.
moshkovskii, and E. histolytica) and opisthokonts (Homo sa-
piens, Amphimedon queenslandica, S. cerevisiae,
Batrachochytrium dendrobatidis) (supplementary table S4,
Supplementary Material online). The protein sequences
were searched against the profile HMMs of the EggNOG
database version 4.5 using HMMER3 (Eddy 2011). Only
EggNOG OGs with the best hit e-values �1e-10 were con-
sidered. For each protein sequence, nonoverlapping hits with
e-values �1e-5 were selected. The gain of the orthologous
group was assigned to the last common ancestor of all the
species in which the orthologous group was detected. The
losses were assigned to the nodes descending from the last
common ancestor in which none of the descendants had the
orthologous group considered. At each node of the tree of
selected amoebozoan and opisthokont species, for each event
type (gain or loss) and each COG category, we created a
contingency table of orthologous groups categorizing them
according to the presence of the given COG category in the
EggNOG annotation, and according to whether the ortholo-
gous group was gained or lost, matching the given event type.
The statistical significance of the association between those
categorical variables was tested using the v2 test. Protein
sequences of E. histolytica, To. gondii, Chromera velia,
Tr. brucei, and B. saltans were downloaded from the
UniProt database (https://www.uniprot.org/) and annotated
using KofamKOALA (Aramaki et al. 2020).

Phylogenetic Analyses
Phylogenies were estimated for each predicted M. balamuthi
protein. The respective protein sequences were used as
queries to search the UniProt protein database using the
DIAMOND protein aligner (version diamond/0.9.10)
(Buchfink et al. 2015) in sensitive mode. Up to 10,000 best
hits were used for further analysis, discarding those with e-
values higher than 1e-5. NCBI taxonomy was assigned to

homologous sequences (hits), and hit regions homologous
to the query sequence were clustered at the 80% identity
level using CD-HIT (Fu et al. 2012). The presence of hits
from both eukaryotes and prokaryotes in a given 80% identity
group was suspected to result from contamination. The
source of contamination was determined based on the num-
ber of unique taxa in the 80% identity group and the con-
tamination was removed. The sequences were assigned to
one of the predefined major eukaryotic taxonomic groups
(generally corresponding to an intermediate hierarchy level
in the NCBI taxonomic database, see supplementary table
S13, Supplementary Material online), and from each 80%
identity group up to one sequence per each taxonomic group
was chosen for further analysis to minimize redundancy. A
multiple sequence alignment was constructed for each se-
quence group using MAFFT with the default settings (Katoh
and Standley 2013) and trimmed with BMGE (Criscuolo and
Gribaldo 2010) using the BLOSUM30 matrix with a block size
of 1. Phylogenetic trees were inferred with IQ-TREE (Nguyen
et al. 2015) with automatic model selection and 1,000 ultra-
fast bootstraps or 500 bootstraps. The selected models are
summarized in supplementary table S12, Supplementary
Material online. Nodes with statistical support below 90%
were removed. Analysis and manipulation of the trees were
implemented using the ETE package (Huerta-Cepas et al.
2016).

Analysis of LGT
Taxon Frequency
For the analysis of gene trees, we introduced a measure, com-
puted for each node of a rooted tree, which we named “taxon
frequency” (see supplementary fig. S16C, Supplementary
Material online). It provides information about the possible
taxonomic identity of the organism carrying an ancestral se-
quence that corresponds to the particular node of the gene
tree. The taxon frequency is calculated iteratively from the
tips of the tree to the root. Starting at the tips of the tree, the
frequencies of taxa (considering taxa listed in supplementary
table S13, Supplementary Material online) at the descendant
tips of a node were calculated and assigned to that internal
node. Then, taxon frequencies of the next “deeper” node are
calculated as the average of the frequencies calculated for the
two descendant nodes. This procedure is iterated until the
root is reached.

T, taxon
fT, frequency of taxon T at a given node
Nchildren, number of children at the node
i, identifier of a child (1, 2. . ., Nchildren)
fTi, frequency of taxon T at child i

fT ¼
PNchildren

i¼1 fTi

Nchildren
:

Estimation of Eukaryotic Orthologs
Sequences of eukaryotic organisms in the gene trees (inferred
as described in the Materials and Methods) were evaluated to

�Z�arsk�y et al. . doi:10.1093/molbev/msab020 MBE

16

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

sab020/6126414 by U
niversity of East Anglia user on 25 M

arch 2021

https://bioinformatics.psb.ugent.be/orcae/overview/Masba
https://bioinformatics.psb.ugent.be/orcae/overview/Masba
https://www.uniprot.org/


determine whether we could refute that they formed a clade
of eukaryotic sequences together with the query
M. balamuthi sequence (see supplementary fig. S16D,
Supplementary Material online). The tree was arbitrarily
rooted by the M. balamuthi query sequence. Taxon frequen-
cies at the level of superkingdoms (i.e., Bacteria, Archaea, and
Eukaryota) were computed. For each eukaryotic sequence,
the path to the bottom of the gene tree (rooted by the query
sequence) was followed, and the taxonomic frequency of the
“Eukaryota” taxon was recorded. Whenever the frequency of
the “Eukaryota” taxon was below 0.5, it was an indication that
the eukaryotic sequence in question may not form a clade of
eukaryotic sequences with the query sequence. We com-
puted such a measure of orthology as the minimal
“Eukaryota” frequency along the path.

Orthology Score¼Min (Taxon Frequency of “Eukaryota”).

For the subsequent analyses, eukaryotic sequences with
orthology scores above 0.25 were considered to possibly
form a eukaryotic clade with the query M. balamuthi
sequence.

LGT Evaluation
We focused specifically on LGTs from prokaryotes to eukar-
yotes that occurred after the diversification of eukaryotes
(excluding, for example, endosymbiotic gene transfers from
the ancestors of mitochondria). The directionality of the LGT
was evaluated by comparing the number of all unique pro-
karyotic taxa in the phylogenetic tree and the number of
unique eukaryotic taxa that formed a eukaryotic clade with
the M. balamuthi query. The taxa considered are listed in
supplementary table S13, Supplementary Material online.
Each of the selected prokaryotic and eukaryotic taxa has a
column in supplementary table S11, Supplementary Material
online. The measure of this directionality is called the “LGT
prokaryotic coefficient” (LGTPC) and is computed
accordingly:

Nproktaxa, the number of prokaryotic taxa
Neuktaxa, the number of eukaryotic taxa that formed a eu-

karyotic monophylum with the M. balamuthi query

LGTPC ¼ Nproktaxa

NproktaxaþNeuktaxa
:

To distinguish genes that were not present in the common
ancestor of eukaryotes, we evaluated the scenarios of both an
early transfer (the gene was present in the common ancestor
of eukaryotes) and a late transfer (the gene was acquired later,
after the radiation of eukaryotes), and compared them using
maximum parsimony, that is, favoring those that involve a
lesser number of events. We call the measure of the late
transfer scenario the LGT eukaryotic coefficient (LGTEC),
and compute it accordingly:

Nancestral losses, minimal number of losses if the gene was
present in the common ancestor of eukaryotes

Nnew transfers, minimal number of transfers between eukary-
otic lineages if the gene was gained after the radiation of
eukaryotes

Nnew losses, minimal number of losses if the gene was gained
after the radiation of eukaryotes

LGTEC ¼ NancestralLosses

NancestralLossesþNnewTransfersþNnewLosses
:

For the LGT score, we selected the lower of the values calcu-
lated for the two coefficients (supplementary fig. S16,
Supplementary Material online). Strong support for LGT
was considered for a gene if both coefficients were �0.75
(supplementary table S11, Supplementary Material online).

Domain Boundary Frequency
To assess possible sources of prokaryote-to-eukaryote LGTs
based on the phylogenetic tree, we introduced a measure that
we call domain boundary frequency (DBF). It is defined as the
prokaryotic taxon frequencies at the root of the eukaryotic
subtree, that is, at the boundary between eukaryotic and
prokaryotic sequences (see supplementary fig. S16A,
Supplementary Material online). The most significant pro-
karyotic taxon was that with the highest DBF value. We clas-
sified the DBFs into three classes: 1) 0<DBF �0.25: unclear
origin, 2) 0.25<DBF �0.75: possible sister relationship with
the given taxon, and 3) 0.75<DBF �1: the given taxon is a
likely source of the LGT. Automated tools for the calculation
of taxon frequency, LGTPC, LGTEC, and DBF are available at
https://github.com/vojtech-zarsky/vojta-tools/blob/master/
LGTanalysis.py.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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