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Abstract

Twomain theories have been put forward to explain the origin of mitochondria in eukaryotes: phagotrophic engulfment (un-
digested food) and microbial symbiosis (physiological interactions). The two theories generate mutually exclusive predictions
about the order in which mitochondria and phagocytosis arose. To discriminate the alternatives, we have employed ancestral
state reconstructions (ASR) for phagocytosis as a trait, phagotrophy as a feeding habit, the presence of mitochondria, the
presence of plastids, and the multinucleated organization across major eukaryotic lineages. To mitigate the bias introduced
by assuming a particular eukaryotic phylogeny, we reconstructed the appearance of these traits across 1789 different rooted
gene trees, each having species from opisthokonts, mycetozoa, hacrobia, excavate, archeplastida, and Stramenopiles,
Alveolates and Rhizaria. The trees reflect conflicting relationships and different positions of the root. We employed a novel
phylogenomic test that summarizes ASR across trees which reconstructs a last eukaryotic common ancestor that possessed
mitochondria, was multinucleated, lacked plastids, and was non-phagotrophic as well as non-phagocytic. This indicates that
both phagocytosis and phagotrophy arose subsequent to the origin of mitochondria, consistent with findings from compara-
tive physiology. Furthermore, our ASRs uncovered multiple origins of phagocytosis and of phagotrophy across eukaryotes,
indicating that, like wings in animals, these traits are useful but neither ancestral nor homologous across groups. The
data indicate that mitochondria preceded the origin of phagocytosis, such that phagocytosis cannot have been the mechan-
ism by which mitochondria were acquired.

Significance
The origin of mitochondria within eukaryotes is often assumed to be linked with the ability of some eukaryotic species to
intake organic matter from the environment via a process known as phagocytosis. Some theories invoke phagocytosis as
a mechanism to explain how mitochondria entered the eukaryotic cell, by definition they assume that phagocytosis ori-
ginated before mitochondria. Alternative theories for the origin of mitochondria invoke microbial symbiotic interactions
that do not require phagocytosis as a mechanism of mitochondrial entry into their host cell. Here, we were able to es-
tablish that mitochondria arose before phagocytosis did; hence, phagocytosis cannot have been the mechanism by
which mitochondria arose. This indicates in turn that large complex nucleated cells (eukaryotes) required mitochondria
to become phagocytotic.
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Introduction
Phagocytosis is the process through which eukaryotic cells
specifically recognize and engulf cell-sized particles (≥ 0.4
micrometer) via cytoskeleton-dependent invagination of
the plasmamembrane. Phagocytosis is a trait widely distrib-
uted among and exclusive to eukaryotes, serving as a strat-
egy for internal digestion of food particles (Martin et al.
2017; Mills 2020) as opposed to extracellular digestion
via secreted enzymes. For as long as mitochondria have
been discussed as endosymbionts, phagocytosis has been
discussed in the context of mitochondrial origin. In her revi-
talization of the endosymbiotic theories of Mereschkowsky
(Kowallik and Martin 2021, Martin and Kowallik 1999) and
Wallin (1927), Margulis, then named Sagan (1967) sug-
gested in passing that phagocytosis was the mechanism
by which the ancestral mitochondrion and its host became
established. Cavalier-Smith proposed that phagocytosis dir-
ectly gave rise to mitochondria and chloroplasts, but not via
endosymbiosis, rather by origin of the organelles via re-
structuring of membranes in a cyanobacterial ancestor of
eukaryotes (Cavalier-Smith 1975). Many subsequent theor-
ies followed Margulis’s idea and emphasized phagocytosis
as a mechanism for mitochondrial acquisition, hereafter
collectively referred to as phagocytic models, and in most
if not all such theories, the engulfedmitochondrial ancestor
is interpreted as an undigested meal (Doolittle 1998;
Cavalier-Smith 2002; Roger et al. 2017; Poole and
Gribaldo 2014).

By contrast, a number of alternative theories for the ori-
gin of mitochondria do not entail a phagocytosing host,
placing an emphasis on microbial interactions. Two kinds
of microbial interactions are discussed: predatory bacteria
and metabolic symbioses. The predatory bacteria class of
theories posits mitochondria origin via predation by bac-
teria upon other bacteria. These theories lean on examples
of predatory bacteria that enter the periplasm of their bac-
terial host, multiply there, and consume the hosts’s cytosol-
ic content. Although initially proposed on the basis of
Bdellovibrio predators from the deltaproteobacteria
(Guerrero et al. 1986), a number of alphaproteobacterial
predators have been found and discussed in the context
of mitochondrial origin (Davidov et al., 2006; Davidov and
Jurkevitch, 2009). In models involving predatory bacteria,
the mitochondrion is seen not as an undigested meal but
as an attenuated predator.

Most current theories for mitochondrial origin involve
metabolic symbioses among free living prokaryotes,
though few take into account the low oxygen history of eu-
karyotic evolution, as recently reviewed by Mills et al.
(2022). Metabolic symbioses typically have a nutritional

basis and often involve anaerobic syntrophy (Schink 1997;
Stams and Plugge 2009; Imachi et al. 2020) and hydrogen
dependence (Martin andMüller 1998; reviewed in Zimorski
et al. 2014). Because phagotrophy is a feeding mechanism
that supports day-to-day survival, its main function for cells
is of physiological nature, involving the channeling of
growth substrates from food vacuoles to mitochondria
for ATP (Martin et al. 2017). In non-phagocytic eukaryotes,
such as fungi, digestive enzymes are secreted into the envir-
onment rather than into food vaculoes. Despite the popu-
larity of the idea that phagocytosis was the key to
eukaryote origin (Cavalier Smith 1975; Embley and
Williams 2015), physiological and cytological evidence sug-
gests that the host was likely non-phagocytotic (Gould et al.
2016;Martin et al. 2017) in line with fossil evidence indicat-
ing a late origin of phagocytosis (Mills 2020). The main
physiological evidence against the phagocytic orgin of
mitochondria is 2-fold: (1) Amitochondrion-lacking phago-
trophic archaeal host would have to ingest about 34 times
its body weight in prokaryotic prey to obtain enough ATP to
support one cell division at maximum energetic efficiency
and (2) in contrast to all other archaea, it would lack ion
gradients and chemiosmotic ATP synthesis at the plasma
membrane, because phagocytosis and chemiosmotic ATP
synthesis cannot coexist in the same membrane (Martin
et al. 2017). Furthermore, more recent observations show
that the closest archaeal relatives to the host that acquired
mitochondria are very small and simply organized archaeal
cells (Imachi et al. 2020), not phagocytotic proto-
eukaryotes. Yet despite much evidence to the contrary
(Speijer, 2015), the phagocytic origin of mitochondria
remains a very popular theory (Dacks et al. 2016).

The presence of mitochondria at the base of eukaryotic
evolution (Martin and Müller 1998; Embley and Martin
2006; Müller et al. 2012), combined with the lack of evolu-
tionary intermediates, render the cell-morphological grade
at the prokaryote-to-eukaryote transition steep and its
phylogenetic reconstruction challenging. Most current the-
ories agree that mitochondria and their related organelles
—mitosomes and hydrogenosomes—descend from a pro-
teobacterial symbiont that took up residence within its
host (Gray et al. 2001; Fan et al. 2020; Betts et al. 2018),
whereby the host was a member of an ancient archaeal
lineage (Williams et al. 2013; Martin et al. 2015). A more
debated issue concerns the timing of mitochondrial
acquisition relative to the emergence of other eukaryotic
traits, cell complexity in particular (Lane and Martin
2010). In the context of the present study, if mitochondria
were acquired via phagocytosis, then the host had already
evolved a phagocytic lifestyle, meaning that large cell size,
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the endomembrane system, vesicle flux and cytoskeleton—
the salient components of eukaryote cell complexity—had
already arisen prior to mitochondrial acquisition (Poole
and Gribaldo 2014; Roger et al. 2017; Cavalier-Smith
2002; De Duve 2007). That is, according to phagocytic
theories, eukaryotic complexity arose independent of mito-
chondrial functions or mitochondrial genes. However, no
modern-day archaea grown in laboratory cultures or ob-
served in nature are known to phagocytose.

In current formulations, phagocytic models rely on infer-
ences from metagenome-assembled genomes (MAGs)
from uncultured asgard archaea, which are reported to en-
code homologs of phagocytosis-related genes in eukar-
yotes (Zaremba-Niedzwiedzka et al. 2017; Spang et al.
2015), such as actin and tubulins. However, the purity of
these MAGs has been questioned (Garg et al. 2021), and
the few phagocytosis-related genes found in asgard
MAGs are arguably insufficient to confer full phagocytic
capability as observed in eukaryotes today. This has been
demonstrated with enriched cultures of Candidatus
Prometheoarchaeum syntrophicumMK-D1 the only asgard
archaeon that has been cultivated in the laboratory to date.
MK-D1, the closest archaeon to the eukaryotic host,
showed no evidence of phagocytic ability under the micro-
scope, although it was able to generate membrane protru-
sions (Imachi et al. 2020) which are feeding appendages
that increase surface area for its fermentative lifestyle, simi-
lar to the function of hyphae in filamentous fungi (Scannell
et al. 2006).

Alternatives to phagocytic models for the origin of mito-
chondria, the symbiotic models, have it that the archaeal
host was not phagocytotic and that the mitochondrial an-
cestor established a symbiotic relationship living in close
physical contact with its archaeal host (Martin et al. 2001,
2015). Over the course of time, the symbiosis of prokar-
yotes stabilized, the host became strictly dependent upon
its symbiont (anaerobic syntrophy), leading to entry of the
bacterial symbiont into the host’s cytosol (endosymbiosis).
Several examples of prokaryotes that have taken up
symbiotic relationships within the cytosol of another—
nonphagocytotic—prokaryote are known (Martin et al.
2017). In addition, modern-day archaea can undergomem-
brane fusions and cell fusions (Naor and Gophna 2013),
such that symbiogenic models do not require an origin of
phagocytosis within archaea prior to mitochondrial origin.
At face value, both phagocytotic and symbiogenic theories
would predict the origin of the eukaryotic plasma mem-
brane to be of archaeal origin, but the eukaryotic outer
membrane is chemically more similar to that of bacteria.
To account for this, symbiotic models have a corollary in
which the lipids of the eukaryotic plasma membrane arose
via secretion of membrane vesicles by the bacterial endo-
symbiont, which ultimately replaced the original host outer
membrane (Gould et al. 2016).

Both phagocytic and symbiotic models for the origin of
mitochondria are currently discussed and debated, where-
by the role of environmental oxygen levels roughly 1% that
of current oxygen levels during eukaryotic and mitochon-
drial origin as well as during the first billion years of eukary-
otic evolution bear heavily upon these issues. For a
balanced and comprehensive review, see Mills et al.
(2022). Discrimination between the theories requires
more data and analyses, not more debate. One largely un-
explored issue concerns the premise underlying phagocytic
theories, namely that phagocytosis evolved prior to mito-
chondrial acquisition and hence was present in the last eu-
karyotic ancestor (LECA). An earlier study focused on the
identification of phagocytosis-related genes in eukaryotic
genomes followed by reconstruction of phylogenetic trees
and used the gene trees as proxies to speculate about the
origin of phagocytosis as a process (Yutin et al. 2009).
However, due to the multiplicity of functions a gene can
have, identifying phagocytosis-related genes can lead to
many false positives (Gotthardt et al. 2006; Okada et al.
2006; Marion et al. 2005; Jacobs et al. 2006).
Furthermore, genes that precipitated phagocytosis may
have been lost or replaced, and eukaryotic genes that are
currently known to be involved in phagocytosis may have
originated prior to phagocytosis. Hence, inferences indicat-
ing that phagocytosis-related genes originated in LECA
cannot be readily equated to an early-origin of phagocyt-
osis. For example, both archaea and bacteria are known
to possess tubulin homologues (Erickson et al. 2010), but
neither archaea nor bacteria are phagocytotic.

Here, we address the origin of phagocytosis in eukar-
yotes within the framework of ancestral state reconstruc-
tion (ASR) analyses. By examining the presence of
phagocytosis as a process, rather than the presence
of a few phagocytosis-related genes, across a diverse
sample of eukaryotic species we readdress the
phagocytosis-origin problem from a novel empirical per-
spective. We specifically examine the timing of phagocyt-
osis and phagotrophy in eukaryote evolution, in addition
to the antiquity of the multinucleated (syncytial) state
(Skejo et al. 2021) and, as controls, the origin of mito-
chondria and plastids.

Results and Discussion

Framework and Data

Our dataset consists of five eukaryotic traits—mitochondria,
phagocytosis (the ability to engulf bacterial cells), phagotro-
phy (phagocytosis as a feeding habit), multinucleate organ-
ization, and plastids, as well as the distribution of these
traits across 150 eukaryotic species that span six lineages:
Opisthokonta, Archaeplastida, Hacrobia, Excavata,
Stramenopiles, Alveolates and Rhizaria (SAR), and
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Mycetozoa (fig. 1; see Materials and Methods for details).
To evaluate the potential contribution of each of the traits
to eukaryogenesis, we first set out to time their origin rela-
tive to the last eukaryotic common ancestor (LECA) using
ASR. To perform ASR, two types of data are required: a ta-
ble with the distribution of traits in some species and a
phylogenetic tree upon which ASR is calculated for all in-
ternal nodes in the tree. Typically, the tree used for ASR is
a species tree which is commonly reconstructed from se-
quences of single-copy genes common to all species under
scope (universal orthologs). By clustering 1 848936
protein-coding genes from the 150 eukaryotic genomes

using a markov clustering algorithm (MCL) (Enright et al.
2002), we obtained 239 012 gene families in total. Of the
total, 313 gene families are present in at least in 140 gen-
omes, 130 gene families are present in at least 145 gen-
omes, and 15 gene families are present in 149 genomes.
However, no gene family in our data is strictly universal,
that is, with gene-copies present in all 150 eukaryotic gen-
omes, because our species set includes species with highly
reduced genomes including the parasiteGiardia lambia and
the unicellular photosynthetic species Nannochloropsis ga-
ditana (supplemental table 1, Supplementary Material on-
line). Reconstructing a reliable species tree without

FIG. 1.—Presence (filled circle) absence (empty circle) distribution of five traits in 150 eukaryotic species. Species with no circle for a given trait indicate
missing annotation. The reference treewas inferred from the alignment of 18S RNA sequences, rooted on the Excavates branch,with the sole purpose of data
display (see Materials and Methods). Tip labels are species codes (see supplemental table 1, Supplementary Material online, for complete species names and
detailed trait annotations). The first character of the species codes indicates supergroup affiliation of the species: Excavates (E), Mycetozoa (M), Hacrobia (H ),
Archaeplastida (A), SAR (S) and Opisthokonta (O). The shades of gray show the clades of the six eukaryotic supergroups.
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universal orthologs is a challenging task, which is further
complicated by the abundance of paralogues in the present
data (Tria et al. 2021), as a result of frequent gene duplica-
tions in eukaryotic evolution.

To harness phylogenetic information contained in gen-
omes and bypass the reliance on a backbone species tree,
we used 1789 gene families to reconstruct maximum-
likelihood trees for each individual gene family. The 1789
gene families are distributed variably across eukaryotic gen-
omes (mean= 105.3, median= 114, SD= 34.8) but are
present in least one representative species from the six eu-
karyotic supergroups. The presence of the genes in six
supergroups indicates that these gene families likely trace
to LECA or prior to it. We then used each resulting gene
tree to perform an independent ASR experiment, under
the principle that each gene family is an independent data-
sample. Gene trees are informative for ASR as long as the
underlying gene families originated in LECA and not after
it. Yet, the accuracy of the ASR may vary across trees due
to tree errors and sampling effect generated by gene dupli-
cation and gene loss. Wewill address these issues along the
paper. Notably, the gene trees used here served only as
phylogenetic markers. We neither assumed nor expected
the functions of the genes to be either directly or indirectly
involved in the establishment of the eukaryotic traits
investigated.

LECA Had Mitochondria and Was Multinucleated, But It
Was Neither Phagocytic nor Phagotrophic

For each tree and trait, we labeled the species at the tips of
the tree according to their trait-state annotations
(supplemental table 1, Supplementary Material online)
and performed maximum-likelihood ASR (see Materials
and Methods for details). In each tree, we could identify
the trait-state (for example, presence or absence) that
traced to LECA. A tree was only used for ASR of a given trait
if the tree contained representative species for at least two
trait-states. Trees displaying only one state for a given
trait (for example, all taxa having mitochondria) were un-
informative and not considered for ASR of that trait. A
maximum-likelihood ASR yields probabilities for each
possible trait-state at the root of the tree, where the re-
sult may be resolved or ambiguous when alternative trait-
states are tied with equal probabilities. Because each tree
spans all major eukaryotic lineages, its root corresponds
to LECA. One way of summarizing ASR across trees is by
counting the frequency in which each trait-state appeared
in LECA across trees (the majority-rule). A trait-state occur-
ring in LECA at a high frequency across trees likely reflects
the true state in LECA, whereas trait-states occurring in
low frequencies in LECA are the result of lineage specific
origins for the trait or errors. It is important to note that
the majority-rule method does not utilize trees with

unresolved trait-states in LECA, and the magnitude of the
difference in probabilities for alternative trait-states is not
considered at all.

Using the majority-rule, we found that the ASRs traced
the presence of canonical mitochondria to LECA in 90%
of the trees, recovering the (now) well-accepted notion of
mitochondria being present in the LECA (table 1) as posited
by most current theories that address the origin of mito-
chondria. Alone, the presence of mitochondria in LECA
has no weight in distinguishing current alternative theories
for the origin of mitochondria in eukaryotes, because all
current theories have mitochondria in LECA—a radical
change from 20 years ago (Martin et al. 2001)—but it
serves as a first validation of our approach. Another valid-
ation was obtained with the analyses of photosynthetic
plastids, a trait uncontestably thought to have originated
after the eukaryotic supergroups diverged, at the base of
photosynthetic lineages (Archaeplastida). Our analyses in-
dicated a late origin of plastids relative to LECA in 78% of
the trees, in accordance to the expectation. The ASR placed
the origin of photosynthetic plastids in LECA in only 6% of
trees, with the remaining 16% trees having unresolved
ASR. The 10%of trees that trace the origin of mitochondria
after LECA and the 6% trees that traced plastids into LECA
are clear deviations from the expected results, indicating a
roughly 10% error rate underlying the majority-rule ana-
lyses. Our ASRs also show LECA as a multinucleate (syncyt-
ial) organism in 69% of the trees, in accordance with an
independent study (Skejo et al. 2021). Multinucleate spe-
cies and stages, in which different nuclei divide independ-
ently both of each other and of cell division, are
surprisingly common among eukaryotes (Skejo et al.
2021). The results we obtained for mitochondria, plastids
and the multinucleated state are in accordance with com-
monly accepted notions of eukaryotic trait evolution, serv-
ing as an internal control and validation for our analyses.

The most relevant traits for investigating the question of
how mitochondria entered the eukaryotic lineage are
phagocytosis—the process of engulfing cells, like macro-
phages—and phagotrophy—engulfing cells as a feeding
habit as opposed to osmotrophy, whereby enzymes are
excreted outside the cell to digest and uptake digestion
products. We analyzed each trait independently.
Phagocytosis was defined as species harboring cells with
the ability to actively internalize particles larger than
400 nm (the size of a small bacterium), whereas phagotro-
phywas defined as the special case of using phagocytosis as
a feeding habit. For example, humans are phagocytic be-
cause of macrophage activity during infection but not pha-
gotrophic, because we digest food in the intestine and
uptake breakdown products via plasma membrane impor-
ters. Despite a wide distribution of phagocytosis and a
moderate distribution of phagotrophy in the 150 eukaryot-
ic species in our dataset (fig. 1), the majority-rule across
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trees indicates that LECA was neither phagotrophic nor
phagocytic. That is, the origin of phagocytosis was recon-
structed after LECA in 44% of the trees, in LECA in
27% of the trees, whereas 29% trees had unresolved
ASRs (table 1). Phagotrophy, the trait that phagotrophic
models for the origin of mitochondria require, appeared
in LECA in only 18% of the trees, with 54% of trees placing
the origin of phagotrophy after LECA. For 28% of the trees,
the ASRs of phagotrophy were unresolved.

The analyses for phagocytosis and phagotrophy yielded
a higher proportion of unresolved ASRs in comparison to
the traits mitochondria, multinucleate organization and
plastids (table 1). To assess the statistical significance of
our results, we performed a test by matching the probabil-
ities of the alternative trait-states for each tree regardless of
outcome in LECA (trait-presence, trait-absence or tie) and
assessed the differences in distributions using the
Wilcoxon signed-rank test (fig. 2). The test can be seen as
a refinement of the majority-rule as it considers the magni-
tude of probabilities for all possible trait-states in LECA,
which are directly obtained from the ASR, and integrate in-
formation from trees with unresolved ASR in LECA. The re-
sults of the two-tailedWilcoxon tests indicate that the traits
phagotrophy and phagocytosis were not present in LECA at
P, 0.01.

GTPases, tubulins, and actins are common among eukar-
yotes and play key roles in phagocytosis (Rougerie et al.
2013; Hall 2012; Lancaster et al. 2018); the likely presence
of these genes in LECA has been interpreted as evidence for
an early origin of phagocytosis relative to mitochondria.
However, the origin of phagocytosis-related genes is not

guaranteed to coincide with the origin of phagocytosis be-
cause the genes that precipitated the origin of phagocytosis
may have been lost or replaced over the course of 1.5 billion
years of evolution since eukaryotes emerged (Betts et al.
2018). Contrary to phagotrophic theories for the origin of
mitochondria, but in line with some earlier views (Martin
et al. 2003), our results show that LECAwas neither phago-
trophic nor phagocytic, obviating the requirement of these
traits for the origin of mitochondria in eukaryotes. A previ-
ous study based on the comparative analyses of gene ex-
pression data for phagocytic-related genes (Yutin et al.
2009) also suggested a late origin of phagocytosis, as did
a study of microfossil evidence for the late origin of phago-
cytosis (Mills 2020).

Tree Quality, Sampling, and Conflicting Evidence in
Phylogenomic Analyses

The accuracy of ASR depends on the quality of the individ-
ual gene trees. Because of gene duplications and gene
losses, topological discordance cannot be equated to the
ever-present problem of tree reconstruction errors. Tree re-
construction strongly depends on the quality of the se-
quence alignments, which can be assessed using the
heads or tails (HoT) analyses (Landan and Graur, 2007).
We investigated the grade of HoT scores across the 1789
trees by comparing the positional consistency of the origin-
al alignments (heads) against the alignments obtained from
the sequences in their reversed amino-acid order (tails).
Higher HoT values indicate higher positional consistency
between the original and reversed alignments, which is

Table 1
Maximum-likelihood ancestral reconstruction of five traits from 150 eukaryotic species, across a broad sample of gene trees as estimates of the underlying
phylogeny. Absolute values indicate the number of treeswith a trait state (presence/absence) tracing to LECA. The total number of trees used (N) as well as
the number of trees with ambiguous reconstructions in LECA are indicated. Multinucleate, phagocytosis, and phagotrophy were modeled as binary traits,
whilemitochondria and plastids weremodeled as traits with three states each (see supplemental table 1, SupplementaryMaterial online andMaterials and
Methods for details). For mitochondria, “presence” indicates that canonical mitochondrion is the reconstructed ancestral state, while “absence” indicates
that the reconstruction is either mitosome or hydrogenosome.

Single-copy gene trees

Trait Presence Absence Ambiguous Total (N)

mitochondria 8 (100%) 0 0 8
plastid 1 (5%) 7 (33%) 13 (62%) 21
multinucleate 14 (67%) 0 7 (33%) 21
phagocytosis 1 (5%) 7 (33%) 13 (62%) 21
phagotrophy 1 (5%) 10 (48%) 10 (48%) 21

Multi-copy gene trees

Trait Presence Absence Ambiguous Total (N)

mitochondria 1191 (90%) 4 (0,3%) 123 (9%) 1318
plastid 106 (6%) 1372 (78%) 290 (16%) 1768
multinucleate 1234 (70%) 162 (9%) 372 (21%) 1768
phagocytosis 475 (27%) 779 (44%) 514 (29%) 1768
phagotrophy 323 (18%) 963 (54%) 482 (27%) 1768
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FIG. 2.—Distribution ofmarginal probabilities for alternative trait-states in LECAacross single-copy gene trees (left;without paralogs) andmulti-copy gene
trees (right; with paralogs). Multinucleate, phagocytosis and phagotrophy were treated as binary traits, while plastids andmitochondria were treated as traits
with three states each. For plastids the states were: absence, primary plastid or secondary plastid. For mitochondriam the states were as follows: mitosome,
hydrogenosome, or canonical mitochondria (seeMethods and supplemental table 1, Supplementary Material online for details). The number of trees used in
the analyses are show in table 1. Trait-states with high probabilities in the trees have distributions (colored lines) that are right-shifted in the plots.
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indicative of well-aligned sequences. The distribution of
HoT scores for all the 1789 gene trees, grouping trees ac-
cording to trait-state outcome in LECA, for each trait separ-
ately, are shown in supplemental fig. 1, Supplementary
Material online. The HoT scores indicate little difference be-
tween forward and reverse alignments. We found that the
overall tree quality is high, with the majority of trees having
scores above 0.6 according to the mean column score
(MCS), which indicates the proportion of identically aligned
site columns, and above 0.9 for the mean residue pair score
(MRPS, identically aligned pairwise site comparisons).
Furthermore, the distributions of alignment scores under-
lying trees that recovered different trait-states in LECA
had no clear difference, suggesting that tree reconstruction
errors are unlikely to explain different ASR results.
Alignment quality does not impact our current results be-
cause the Wilcoxon-tests, using only the top 200 trees ac-
cording to HoT scores, recovered the same ASR for all five
traits (supplemental fig. 3, Supplementary Material online;
fig. 2).

Another factor that may influence ASR is the position of
the root within the trees. We used theminimal ancestor de-
viation (MAD) approach to root the trees (Tria et al., 2017),
which outperformed alternative approaches in independ-
ent studies (Wade et al. 2020; Lamarca et al. 2022) and
has the advantage of not requiring outgroups. Yet, MAD
rooting is expected to fail for trees with high levels of
molecular-clock departure, which may vary across trees.
Indeed, we found microsporidians, a highly specialized
group of fungal pathogens with highly relaxed functional
constraints (high rates) for many genes, at the base of
10% of our gene trees, which is indicative of errors due
to long branch attraction (Brinkmann et al. 2005). To ac-
count for the effect of the quality of inferences, we ana-
lyzed the distribution of two root scores calculated by
MAD: the ancestor deviation (AD) statistic for the inferred
root position, which measures the degree of deviation
from the molecular-clock associated to the inferred root,
and the root ambiguity index (AI), defined as the ratio of
AD scores for the inferred root over the second-best root.
We found the distribution of AD and AI to be remarkably
similar for trees that obtained a different trait-state in
LECA (supplemental fig. 1, Supplementary Material online),
suggesting that no significant bias of ASR was caused by
variable levels of root inference accuracy. Furthermore, by
repeating the Wilcoxon tests with the top 200 trees with
best root quality, as judged independently for AD and AI,
we recovered the same ASR as obtained with all trees in
the sample (supplemental fig. 3, Supplementary Material
online).

It is noteworthy that the results of ourASRanalysesdepend
upon the eukaryotic species sampled, which were limited to
the species with genomic sequences in RefSeq (O’Leary
et al. 2016). We deliberately avoided the inclusion of

metagenomic and transcriptomic sequences, because they
are notoriously more susceptible to contamination (false tax-
on label), base-calling, and assembly errors, which bias phylo-
genetic reconstructions (Garg et al. 2021). Nevertheless,
sampling is an important factor in ASR analyses. Since the
gene families we used to reconstruct the trees are not uni-
formly distributed across the eukaryotic genomes sampled
here, we could investigate the effect of differential sampling
upon our results, using the natural distribution of the genes
as reference. We analyzed four sampling parameters calcu-
lated for each tree: (1) the fraction of the least frequent trait-
state occurring at the tips of the trees; (2) the fraction basal
lineages measured as the number of Excavates and
Mycetozoa relative to Opisthokonts; (3) the total number of
species; and (4) the total number of OTUs (operational taxo-
nomic units). For each of the four sampling parameters, we
ranked the trees in decreasing order, selected the top 200
trees, and repeated the Wilcoxon tests (supplemental
fig. 3, Supplementary Material online). With only one excep-
tion, these tree subsamples corroborated the results shown
infig. 1, albeitwith variable P-values due to decreased sample
size. The only exception occurred for the subsample of trees
with highest fraction of basal lineages, where the ASR for
phagocytosis in LECA could not be resolved (P-value.0.05).

To find out which species were enriched in
the subsample of 200 trees with enriched basal lineages,
we calculated the frequency of appearance for each species
across the tree subsample and compared to that of the en-
tire tree sample. We found that the three microsporidia
species present in our genome set and one SAR species
had the highest degree of sampling improvement, when
comparing how frequently these species appeared in the
tree subsample relative how frequent they appeared in all
trees (supplemental table 2, Supplementary Material on-
line). By restricting the analyses to trees with high sampling
of basal species resulted in a subsample of trees that are
also rich in species with highly reduced genomes. This is a
noteworthy result because the Microsporidia and SAR spe-
cies, enriched in the subsample of 200 trees, are
fast-evolving lineages known to introduce bias in phylogen-
etic analyses (Brinkmann et al. 2005). Unrestricted species
sampling, although theoretically desirable to cover grades
of biological diversity, can hinder phylogenetic analyses
by increasing heterogeneity in the data. Indeed, we found
a significant negative correlation of HoT scores with the
total number of species in the sequence alignments
underlying the trees (rho=−0.4, P,0.01, two-tailed
Spearman-rank correlation).

As in all molecular phylogenetic studies, there is conflict-
ing evidence in the form of conflicting signals in the present
data. Conflicting signals can arise as a result of fragmented
or contaminated data and therefore lead to falsely con-
structed clades in tree topologies (Wägele et al. 2009),
which we avoided by excluding metagenomic and
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transcriptomic data. An important source of conflict in eu-
karyotic gene families is gene duplication and the presence
of paralogs. An earlier independent study found that at
least 475 genes were duplicated in LECA (Tria et al.
2021). Although these duplications complicate the analysis
of eukaryotic phylogenies, it is important to keep in mind
that duplications are the hallmark of eukaryotic genes
such that phylogeny-based analyses of eukaryote evolution
have to take this into account. Eliminating geneswith dupli-
cations or paralogs would eliminate almost all gene families
from this or any other study of eukaryote gene or genome
evolution, as nearly half of all eukaryotic protein-coding
genes exist as multiple copies in at least one genome (Tria
et al. 2021). The “manual” removal of paralogs from indi-
vidual trees would also introduce biases of effectively arbi-
trary nature. Nonetheless, we could rule out paralogues as
a potential bias because independent analyses of multi-
copy and single-copy trees rendered the same ASR for the
five eukaryotic traits we analyzed (table 1 and fig. 2).
Whether or not paralogues actually hinder phylogenetic re-
constructions is still unanswered, possibly case-dependent,
and our analyses will motivate further investigations.

Phagocytosis and Phagotrophy Evolved Multiple Times
within the Eukaryotic Lineage

A late origin of phagocytosis and phagotrophy, together
with the wide distribution of these traits across eukaryotic
species, raises the question of how many times these traits
evolved within eukaryotes. One possibility is that phagocyt-
osis and phagotrophy evolved only once prior to the

divergence of some eukaryotic supergroups or multiple in-
dependent times within supergroups. To test the multiple
origin hypothesis, we counted for each tree the number
of trait-origins. The average number of trait-origins across
trees is shown in table 2, for each of the five traits investi-
gated here. Only mitochondria showed up as a clear single
origin trait, with an average of one origin per tree. By count-
ing the number of origins for plastids, regardless of its type
(that is, primary or secondary), rendered an average of four
to six origins which is in line with one primary acquisition of
plastids in the Archaeplastida ancestor followed by subse-
quent acquisitions via secondary and tertiary plastids in
Hacrobia and SAR (Gould et al. 2015).

Our analyses show that even though LECA was multinu-
cleated, the trait had on average three to seven origins
across trees, indicating a high turnover rate (loss with re-
appearance) for this trait in eukaryote evolution. Instances
of multiple origins for the multinucleate state may reflect
the selective trade-offs imposed by the co-existence of mul-
tiple nuclei within the same cell. It has been suggested that
the existence of multiple nuclei in LECA permitted muta-
tions, chromosomal rearrangements, and aneuploidies to
occur freely during chromosomal segregation, because
the eventual loss of gene function in one nucleus, arising
from defective mutations, can be compensated by the
proper functioning of the same gene in another nucleus
(Garg and Martin 2016; Skejo et al. 2021). While stable en-
vironmental conditions may favor individuals with few nu-
clei per cell, the multinucleate state offers important
adaptive capacity for populations inhabiting rapidly chan-
ging environments. In that sense, the multinucleated state
is a special case of polyploidy, which can postpone the ef-
fects of Muller’s ratchet in asexually reproducing eukar-
yotes (Kondrashov 1994), which LECA was at some point
during the transition from a symbiosis of prokaryotes to a
nucleated cell with mitochondria.

Phagocytosis originated as a trait two to five times on
average in the trees. Even though some key genes for these
processes were already present in LECA such as GTPases,
tubulins, and actins, which also exist in prokaryotes (Shih
and Rothfield 2006; Verstraeten et al. 2011; Fletcher and
Mullins 2010), the presence of these genes alone does
not imply in the capacity to perform phagocytosis. Themul-
tiple independent origins of phagocytosis supported by our
data align very well with previous observations that
phagocytosis-related genes are rarely shared among dis-
tantly related eukaryotes (Yutin et al. 2009). Gene expres-
sion analyses have shown thousands of genes being
differentially expressed during phagocytosis (Gotthardt
et al. 2006; Okada et al. 2006; Marion et al. 2005; Jacobs
et al. 2006). Among these, only about a dozen are common
to phagocytic eukaryotic genomes, with the vast majority
of differentially expressed genes being supergroup exclu-
sive (Yutin et al. 2009). Overall, both ASR and comparative

Table 2
Summary statistics for the number of trait origins across trees (see note
below the table). Trait origin in internal and terminal nodes are
distinguished. Single-copy trees (without paralogs) were distinguished
from multi-copy trees (with paralogs)

Single-copy gene trees

n. origina

trait
Terminal nodes Internal nodes All nodes

mitochondria 0, 0, 0 1, 1, 0 1, 1, 0
plastid 3, 3, 1.6 1.1, 1, 0.8 4.1, 4, 1.4
multinucleate 2, 1, 2.7 1, 1, 0.6 3, 2, 2.8
phagocytosis 4.4, 4, 1.8 0.7, 1, 0.6 5.1, 5, 1.65
phagotrophy 4.1, 4, 1.7 0.6, 1, 0.6 4.7, 4, 1.4

Multi-copy gene trees

n. origina

trait
Terminal nodes Internal nodes All nodes

mitochondria 0, 0, 0.2 1, 1, 0.2 1, 1, 0.4
plastid 2.9, 3, 1 2.9, 3, 1.3 5.8, 6, 2.4
multinucleate 3.5, 1, 4.6 3.6, 3, 2.9 7.1, 4, 7.1
phagocytosis 4.6, 4, 3.3 2.5, 2, 1.5 7.1, 7, 4.3
phagotrophy 5.8, 6, 3.3 2, 2, 1.3 7.8, 8, 3.9

a

Note: Numbers indicate mean, median, and standard deviation across trees.
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genome analyses point to multiple origins of phagocytosis
in eukaryotes. One important implication of our finding is
that phagocytosis, as a process, is not homologous among
eukaryotic species capable of phagocytosis. Hence, com-
parative analyses targeting a better understanding of
phagocytosis as a process need to take process homology
among species, or lack thereof, into account. One possibil-
ity is to restrict comparative genome analyses to species
suspected to share phagocytic homology, which might
assist the identification of currently unknown
phagocytic-related genes. In a broader context, assessing
trait homology using ASR as done here has the potential
to improve studies aimed towards a better understanding
of trait evolution across the tree of life. It also allows us to
address the relative order of appearance of the eukaryotic
traits investigated here, as outlined in the following.

Timing the Origin of Eukaryotic Traits Relative to the
Emergence of Eukaryotic Supergroups

To time theoriginof traits relative to thedivergenceof sixwell-
known eukaryotic supergroups considered here, we identi-
fied the eukaryotic species that descend from the origin
node and recorded the corresponding supergroup affiliation
of descending species.We repeated this process for each trait
and trait-origin independently using all origin nodes as in-
ferred by theASR, across all trees, and plotted the distribution
supergroups descending from the origin nodes (fig. 3). For
each reconstructed origin, all the species (tips) descending
from it in the tree were used to score an origin as a combin-
ation of supergroups so identified. In this way, we were
able to estimate the approximate origin of the traits relative
to the supergroups without committing to any particular eu-
karyotic supergroup phylogeny, which is a recognized chal-
lenge and hotly debated topic (Burki et al. 2020).
Furthermore, the possibility that some of the supergroups
used here might not be monophyletic has no influence on
our results because the species were allowed to assume any
relationship in the trees, without topological constraints.
The supergroups only serve the purpose of displaying the re-
sults, as higher order leaf labels regardless of underlying back-
bone species tree, and some traits map well to supergroup
assignments used here. As it concerns the traits that origi-
nated in LECA, we only considered the ASRs that placed an
origin at the root of the trees (red circles in fig. 3).

We distinguish origins that occurred after the root node,
for which the descending species represent all six super-
groups (black circles) which could also be indicative of trait
origin at LECA but with some level of uncertainty since they
could alternatively be the result of phylogenetic errors. The
combination of supergroups with high frequency of origins
across trees are likely to coincide with a true trait-origin in
the underlying supergroup phylogeny, while low-frequency
supergroup combinations are more likely spurious results.

Formitochondria the result is very clear, for 1326 gene trees
a high number of origin nodes (n= 1199) occurred in LECA.
For plastids, the highest number of origins occurred in an
Archaeplastida ancestor (n= 1705) for 1789 gene trees,
followed closely by the number of origins in SAR (n=
1240). A moderate number of plastids origins was also ob-
served in the SAR+Hacrobia ancestor (n= 282) and the
Hacrobia exclusive ancestor (n= 200). The multinucleate
trait had the highest number of origins in LECA (n=
1234) for 1789 gene trees, albeit a high to moderate num-
ber of origins was also observed in the ancestor of each
supergroup (fig. 3), indicating presence in LECA in addition
tomultiple lineage specific (secondary) origins for themulti-
nucleate form. That is, the multinucleate state was likely
lost several times subsequent to LECA’s divergence but re-
currently reemerged within each supergroup. For phago-
cytosis, the highest number of origins occurred in
Opisthokonta (n= 891) for 1789 gene trees, followed by
Excavata (n= 641) and Mycetozoa (n= 620). The natural
diversity of the processes usually classified as phagocytosis
across eukaryotic supergroups, together with our results,
indicates that the phagocytic processes evolved independ-
ently in Opisthokonta, Mycetozoa, and Excavata. For pha-
gotrophy, the highest numbers of origins for 1789 gene
trees were found within three supergroups: Mycetozoa
(n= 805), Excavata (n= 793), and SAR (n= 528). For clar-
ity, 805 origins of phagocytosis refer to the sum of origins
scored across 1789 separate trees having on average 105
species, each tree containing representatives from all six eu-
karyotic supergroups sampled here.

Conclusions
In the context of eukaryogenesis, our findings reject phago-
cytic models because the results indicate that the under-
lying premise of an ancestral phagocytic state for
eukaryotes (in LECA) is unlikely to be true. Furthermore,
our results indicate multiple independent origins of four
of the five traits studied here, namely, plastids (including
secondary plastids), themultinucleated state, phagocytosis,
and phagotrophy. By contrast, mitochondria appearedwith
a clear single-origin in our analyses, tracing to LECA or
prior. While recurrent acquisitions of photosynthetic plas-
tids were previously described, multiple origins of multi-
nucleate state, phagocytosis, and phagotrophy in
eukaryotes are under-investigated issues. As such, our
study here provides new insights into early eukaryote his-
tory and new methods for ASR that do not require the
use of an agreed or accepted backbone species tree. All
we require for this approach to work is codable information
about traits, a sufficient number of genes present across
members of the group in question, and taxonomic assign-
ments regardless of phylogenetic relationship. Our results
have implications for understanding the mechanism
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FIG. 3.—Distribution of supergroups descending fromorigin nodes across 1789 trees. For each internal node reconstructed as a trait origin, all the species
(tips) descending from it were used to score an origin to the combination of supergroups (filled circles) to which the descending species belong. Origins at the
root node (LECA) are shown in red.
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underlying the acquisition of mitochondria, a feature exclu-
sive to eukaryotic cells. The broader significance of these
findings is that the origin of mitochondria can be attributed
to a fateful case of microbial symbiosis but cannot be attrib-
uted to a fateful case of indigestion.

Materials and Methods

Phylogenetic Trees

Protein sequences from all 150 eukaryotic genomes were
clustered as follows: all-vs.-all Basic Local Alignment Search
Tool (BLAST) (Altschul et al. 1990) of the protein sequences
was performed. The reciprocal best BLAST hits, with an ex-
pectation value (e-value)≤10−10 were selected and globally
aligned with the Needleman–Wunsch algorithm, as imple-
mented in the European Molecular Biology Open Software
Suite (EMBOSS) needle program (Rice et al. 2000). Protein
pairs with a global identity ,25% were discarded. The re-
maining pairs were then used for clustering with MCL algo-
rithm (Enright et al. 2002), version 12-068 using default
parameters. One-thousand seven-hundred eighty-nine pro-
tein clusters for proteins distributed in at least one species
of each eukaryotic supergroup were selected to derive esti-
mates for underlying eukaryotic phylogeny. Protein align-
ments were generated using Multiple Alignment using Fast
Fourier Transfrom (MAFFT) (Katohet al 2002), using the itera-
tive refinement method that assimilates local pairwise align-
ment information (L-INS-i). The nontrimmed alignments
were used to reconstruct maximum likelihood trees with
IQ-TREE (Nguyen et al. 2015), using the best-fit model. The
applied parameters were “-bb 1000” and “-alrt 1000.”
Trees without paralogs, here termed single-copy gene trees,
were distinguished from trees with paralogs, termed here
multi-copy gene trees, for the purpose of evaluating the ef-
fect of paralog inclusion in ancestral reconstructions. All trees
were rooted with MAD (Tria et al. 2017), and none of the
1789 trees showed ambiguous root inferences.

Trait Annotation, Coding, and Definition

In thefield of eukaryogenesis phagocytosis is often usedas an
overarching term encompassing all forms of membrane en-
gulfment, while ignoring specific cell biological differences
between the various processes. Phagocytosis here was de-
fined as internalization of particles typically larger than 400
nanometers. Themain function of phagocytosis in unicellular
organisms is feeding on prokaryotes, while for the immune
system of multicellular animals phagocytosis serves other
functions like apoptotic cell removal. The use of phagocytosis
to feedonbacteria for energy is distinct from its use by the im-
mune system and thereforewe distinguished feeding phago-
cytosis using the termphagotrophywhich refers to unicellular
eukaryotes that ingestbacteria for feeding.Bothphagotrophy
and phagocytosis were treated here as binary traits (presence

“1” or absence “0” in the supplemental table 1,
Supplementary Material online), as was the multinucleate
trait. Photosynthetic plastids and mitochondria were treated
as multi-state traits. For plastids, we distinguished no plastids
(0), primary plastids (1) and secondary plastids (2). While for
mitochondria we distinguished canonical mitochondria (1),
mitosome (2) and hydrogenosome (3).

For the distribution of traits across the species, see
supplemental table 1, Supplementary Material online.

ASR

The reconstruction of ancestral states was performed using
PastML version 1.9.20 (Ishikawa et al. 2019). PastML is an
algorithm that requires a rooted phylogenetic tree and an-
notated tips for the tree. The analyses were conducted with
using a maximum likelihood approach based on marginal
posterior probabilities approximation with the F81 model
of character evolution (Felsenstein 1981). The annotation
of the tips of the trees was based on the trait matrix for
the 150 eukaryotic species (supplemental table 1,
Supplementary Material online), with the inclusion of miss-
ing data (unknown tip state). For a given trait, trees with the
same state of a trait for every tip of the tree were discarded
from the analysis.

The analysis of the constructed phylogenetic trees and
trait origins was conducted with the python toolkit
Environment for Tree Exploration ETE v3 (Huerta-Cepas
et al. 2016).

Statistical Tests

For testing the significance of ASR across a sample of trees
we collected from each tree (ASR) the marginal probability
for the trait being present in LECA and the marginal prob-
ability for the trait being absent in LECA, as given by
PastML. Differences in the distribution of marginal prob-
abilities for alternative trait-states were assessed with the
two-tailed paired Wilcoxon test and considered significant
at P≤0.05. The test assesses whether the distribution of
probabilities across all trees are significant larger for one
of the trait-states. The test permits the resolution of ASR
for which a simple count of trait-states (majority-rule) is
not sufficient, such as for phagocytosis.

18S RNA Reference Tree

For the construction of a reference tree for our 150 eukar-
yotes, we collected 18S RNA sequences for each species.
We therefore searched primarily in the SILVA rRNA data-
base (release 138.1 from November 2020) (Quast et al.
2013). As we were not able to find sequences for all 150
eukaryotic species in the SILVA rRNA database, we second-
arily searched for sequences in the PR2 sequence database
(version 4.12.0 from August 2019) (Guillou et al. 2013). For
eight species, wewere not able to find a 18S RNA sequence
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in both databases and therefore used alternatives from the
same genus. The alignment was generated using MAFFT
(Katoh et al. 2002), using the iterative refinement method
that assimilates L-INS-i. The alignment was then used to re-
construct a maximum likelihood tree with IQ-TREE (Nguyen
et al. 2015). The resulting tree was rooted on the branch
leading to Excavates. The tree was constructed and rooted
for the sole purpose of data display.

HoT Analyses

For each gene family from which gene trees were recon-
structed, the original protein alignments (heads) were com-
pared with the alignments for the sequences in their
reversed amino-acid order (tails). The positional consistency
between the “heads” and “tails” alignments was assessed
using two scores: the mean column score and the mean
residue pair score. The analyses were performed with the
HoT program (Landan and Graur 2007).

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