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Phagocytosis, or ‘cell eating’, is a eukaryote-specific process where particu-
late matter is engulfed via invaginations of the plasma membrane. The
origin of phagocytosis has been central to discussions on eukaryogenesis
for decades, where it is argued as being either a prerequisite for, or conse-
quence of, the acquisition of the ancestral mitochondrion. Recently,
genomic and cytological evidence has increasingly supported the view
that the pre-mitochondrial host cell—a bona fide archaeon branching within
the ‘Asgard’ archaea—was incapable of phagocytosis and used alternative
mechanisms to incorporate the alphaproteobacterial ancestor of mitochon-
dria. Indeed, the diversity and variability of proteins associated with
phagosomes across the eukaryotic tree suggest that phagocytosis, as seen
in a variety of extant eukaryotes, may have evolved independently several
times within the eukaryotic crown-group. Since phagocytosis is critical to
the functioning of modern marine food webs (without it, there would be
no microbial loop or animal life), multiple late origins of phagocytosis
could help explain why many of the ecological and evolutionary innovations
of the Neoproterozoic Era (e.g. the advent of eukaryotic biomineralization,
the ‘Rise of Algae’ and the origin of animals) happened when they did.
1. Introduction
The origin of eukaryotes is one of the most daunting and captivating pro-
blems in all biology, and was one of the foremost events in the history of
life on Earth. One of the primary traits separating eukaryotes from bacteria
and archaea is the ability of eukaryotes to internalize entire prey cells via pha-
gocytosis (see glossary for explanation of terms) [1]. The origin of
phagocytosis in eukaryotes set the stage for modern food webs, as phago-
trophic protists serve as one of the primary bridges connecting the
‘microbial loop’ with classical, animal-containing food chains, and are key
regulators of carbon remineralization, nutrient retention, and primary pro-
ductivity in marine, freshwater, and soil ecosystems [2–4]. Phagocytosis was
also a prerequisite for the origin of animal multicellularity, where it is
involved in nutrition, embryogenesis, tissue remodelling and immunity [5–8].
Recent palaeontological, geochemical and molecular clock evidence has
suggested that various forms of eukaryotic predation may have helped
drive certain global environmental and ecological changes during the Neo-
proterozoic Era (1000–541 million years ago, or Ma)—from the proliferation
of marine algae to the origin of animals and other multicellular clades.
Why eukaryotic predation became ecologically widespread at this time in
Earth history remains unclear, and raises the question of when phagocytosis
itself evolved—a question central to the origin of eukaryotes. Recent discoveries
of novel archaeal lineages closely related to eukaryotes, equipped with proteins
essential to phagocytosis and previously thought to be unique to eukaryotes,
have revitalized debates on when phagocytosis first evolved. These two active
and ongoing discussions—the origin of phagocytosis in the context of eukaryo-
genesis, and the role of eukaryotic predation in the Neoproterozoic Earth
system—have largely occurred independently of one another in the literature.
In this paper, I review both of these topics and argue that when and how phago-
cytosis first evolved in the context of eukaryogenesis can greatly inform our
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understanding of the earliest geologic evidence for eukaryotic
predation—and vice versa.
oyalsocietypublishing.org/journal/rsfs
Interface

Focus
10:20200019
2. The earliest evidence for eukaryotic predation
2.1. Palaeontological and molecular evidence
The oldest evidence of eukaryotic predation in the rock
record arguably comes from the earliest fossil algae [9]. If
the primary endosymbiotic origin of plastids from cyanobac-
teria in the ancestors of the Archaeplastida—the eukaryotic
supergroup containing glaucophytes, red algae and green
algae [10]—occurred via phagocytosis, as the morphology
and phagocytic behaviour of certain early-branching green
algae arguably suggests [11,12], then fossil Archaeplastida
would serve as indirect evidence for bacterivory. Likewise,
fossil taxa belonging to lineages that acquired plastids from
algae via secondary or tertiary endosymbiosis—e.g. strame-
nopiles and diatoms, respectively [13]—would serve as
indirect evidence for eukaryovory [14]. The only other
known example of primary plastid acquisition directly from
cyanobacteria (and not from algae)—Paulinella chromatophora
[15]—likely occurred via phagocytosis [16], but only 140–
90 Ma [17], and therefore cannot be considered among the
earliest evidence for bacterivory in the rock record. The
oldest widely accepted evidence for primary-plastid-contain-
ing algae in the fossil record is Bangiomorpha pubescens [18,19],
a likely fossil red alga first appearing in the ca 1.05 billion-
year-old (Ga) Angmaat Formation of northeastern Canada
[20,21]. Older, more equivocal candidates for the earliest
archaeplastid fossils exist, namely putative crown-group red
algae from the ca 1.6 Ga Chitrakoot Formation of central
India [22], and potential stem-group red or green algae (or
stem-archaeplastids) from the 1.56 Ga Gaoyuzhuang For-
mation of North China [23]. If these older taxa indeed
represent fossil Archaeplastida, then the oldest indirect evi-
dence for bacterivory could be pushed back over 500 Myr
to 1.60–1.56 Ga. If these older fossil taxa instead represent
photosynthetic stem-group eukaryotes, which has also been
proposed [21,23], then they could still potentially serve as
indirect evidence for bacterivory, although determining plas-
tid capture via phagocytosis (and by extension bacterivory) in
these unknown stem-lineages would be difficult to determine
[12]. Recent molecular clock estimates for the last common
ancestor (LCA) of Archaeplastida yield 95% credibility inter-
vals of 2.12–1.69 Ga [24] and 1.67–1.12 Ga [25], while
analyses including the most recent age constraints on
B. pubescens as fossil calibration points suggest that primary
plastid acquisition in the Archaeplastida occurred by 1.37–
1.14 Ga [21]. Given these uncertainties, it remains reasonable
that the earliest evidence for crown-group Archaeplastida
dates to ca 1.05 Ga in the rock record, with molecular clock
estimates for the first primary origin of plastids dating to ca
1.25 Ga [21]. This fossil and molecular evidence serves as
indirect evidence for bacterivory, insofar as the ancestral
plastid in stem-group Archaeplastida was truly acquired via
phagocytosis by a wall-less host—an assumption that may
not have been the case [1,12,26]. Lastly, with respect to
symbiont capture more generally, while some consider pha-
gocytosis a prerequisite to the origin of mitochondria
[27,28]—implying bacterivory among primitively amito-
chondriate stem-group eukaryotes necessarily predated
crown-group eukaryotes—this scenario is critically examined
in the following section.

Outside of fossil algae, the oldest fossil evidence for
eukaryotic predation currently comes from the ca 1150–
900 Ma lower Shaler Supergroup in Arctic Canada in the
form of ovoid and circulation perforations preserved in the
organic walls of diverse eukaryotic microfossils [29]. These
perforations, which broadly resemble the holes made by
modern myzocytotic and protoplast-feeding predators as
they puncture and piece their prey [30,31], are interpreted
as direct evidence for eukaryovory [29,32]. Similar perfor-
ations are also found in walls of younger organic-walled
eukaryotic microfossils (the vase-shaped microfossils, or
VSMs) from the 780 to 740 Ma Chuar Group, Grand
Canyon, Arizona, USA [30,31], which are also widely inter-
preted as the direct result of eukaryovory [9,29,32–34].
These VSMs—and others from comparably aged assemblages
ca 789–729 Ma [35,36]—are interpreted as representing the
oldest fossil evidence for arcellinid testate amoebae [37,38],
which are abundant and diverse in modern freshwater and
soil habitats, where they are largely bacterivorous and eukar-
yovorous [39–41]. Therefore, the VSMs themselves—with or
without perforations—also serve as evidence for bacterivory
and eukaryovory by ca 789 Ma [9,30,33,34,37,38]. The oldest
evidence for biologically controlled eukaryotic biomineraliza-
tion—the ca 810-million-year-old apatitic scale microfossils
(ASMs) from the Fifteenmile Group in Yukon, Canada—has
also been interpreted as indirect evidence for eukaryovory
in the early Neoproterozoic [32,42]. This conclusion is
based on the reasoning that these apatitic scales may have
been selected for their deterrence of piercing and/or inges-
tion by predatory protists [43], analogous in function to the
silica frustules and chitinous threads of modern diatoms
[44–47]. Together, fossil evidence suggests that something
like protoplast feeding or myzocytosis was an active feeding
strategy by ca 1150–900 Ma [29], that a modern bacterivorous
and eukaryovorous lineage (i.e. the arcellinid testate amoe-
bae) had diverged by ca 789–759 Ma [37,38], and that
armour potentially adapted to deter or resist eukaryovory
had evolved by ca 810 Ma [42]—collectively serving as the
oldest evidence for eukaryotic predation in the fossil record
[32] (figure 1).

The appearance of VSMs and ASMs in the fossil record
broadly correlates with an apparent increase in the taxonomic
richness of eukaryotic microfossils ca 800–750 Ma [33,34]—
although this trend may represent a sampling artefact [52].
Molecular clock estimates have also suggested that the
major eukaryotic clades began diversifying ca 800 Ma
[33,50]. As the VSMs and ASMs have both been interpreted
as some of the earliest evidence for eukaryovory, either the
origin or expansion of eukaryovory has been invoked as an
ecological mechanism for this Neoproterozoic diversification
of eukaryotes [9,32–34]. Indeed, Stanley originally proposed
that the origin of bacterivory (the crossing of the ‘heterotroph
barrier’), quickly followed by the origin of eukaryovory,
during the late Proterozoic (2.5–0.541 Ga) actively promoted
diversification at multiple trophic levels through the intro-
duction of novel predator–prey interactions [53]. Out of this
diversification, animals and macroalgae emerged and perpe-
tuated these dynamics on larger spatial scales—with animals
stimulating the diversity of macroalgae via grazing—thereby
setting the stage for the Phanerozoic (0.541–0 Ga). Similarly,
the origin or expansion of eukaryovory in the Neoproterozoic
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Figure 1. Timeline of palaeontological, organic geochemical and molecular clock evidence regarding the age of crown-group eukaryotes and the earliest evidence
for eukaryotic predation. The Sturtian (717–660 Ma) and the Marinoan (640–635 Ma) glaciations are each shown as vertical grey bars. For the molecular clock
estimates, the bars display the highest credibility intervals (95%) for the age of LECA, with the diamonds indicating the mean age estimates from each analysis.
For Berney & Pawlowski [48], these values were obtained from fig. 1 (node 1). For Chernikova et al. [49], these values were obtained from the first set of values
reported in table 2, where Bangiomorpha—then dated to 1.2 Ga—was used a fossil calibration constraint. The values from Parfrey et al. [50] come from fig. 2,
listed in table S1 under analysis ‘a’, while the values from Betts et al. [25] come from fig. 3. The range reported for Eme et al. [51] covers a variety of analyses
exploring the impact of using different tree topologies, fossil calibration constraints and substitution models on estimating the age of LECA—hence no reported
mean estimate for this overall range. Given that modern type phagocytosis may not have facilitated the capture of the ancestral plastid [1,26], Bangiomorpha may or
may not serve as indirect evidence for bacterivory—hence the question mark in the key. While the lower Shaler Supergroup microfossils and the vase-shaped
microfossils both preserve perforations likely sourced from eukaryotic predators, it is unclear if these punctures resulted from protoplast feeding, myzocytosis,
or some other form of predatory piercing. While the apatitic scale microfossils are reasonably interpreted as having been adapted to deter predation, the relatively
indirect nature of this evidence, as discussed in the main text, is reflected by the question mark in the key.
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has been invoked to explain this apparent increase in eukary-
otic microfossil richness, as well as the origin of animals and
other multicellular eukaryotic clades. Indeed, it has been
argued that the unicellular ancestors of these multicellular
groups may have escaped predatory engulfment by increas-
ing their size via coloniality and simple multicellularity
[33,34,54]. Support for this ecological driver for the origin
of animal multicellularity comes, in part, from recent molecu-
lar clock estimates placing the origin of crown-group animals
near 800 Ma [55–58], coincident with the early Neoprotero-
zoic diversification of eukaryotes and the appearance of
VSMs and ASMs in the rock record [33,34]. Further support
for the role of eukaryovory during the Neoproterozoic diver-
sification of eukaryotes comes from the reconstruction of the
ancestral feeding mode of many major eukaryotic clades,
which, coupled with molecular clock estimates [50,51,59],
suggests that many ancestrally eukaryovorous groups, like
the foraminifera and ciliates, diverged in the early-to-mid
Neoproterozoic [34]. Overall, ecological theory, the recon-
struction of ancestral feeding modes across the eukaryotic
tree, and molecular clock analyses have all been used to
argue that eukaryovory drove eukaryotic diversification,
including multiple origins of eukaryotic multicellularity, in
the early Neoproterozoic, explaining the correlation between
the appearance of VSMs and ASMs in the rock record and the
increase in the taxonomic richness of eukaryotic microfossils
ca 800 Ma [34].
2.2. Organic geochemical evidence
In addition to the fossil and molecular records, the organic
geochemical (biomarker) record has been used to argue for
the presence and importance of eukaryotic predation in
the mid-Neoproterozoic. The oldest currently recognized bio-
markers of eukaryotic origin (i.e. steranes, the geologically
stable forms of eukaryotic sterols) date to 820–720 Ma,
predominantly in the form of cholestane (C27) with traces of
ergostane (C28) and no detectable stigmastane (C29) [60].
This 100:0:0% distribution of the three most abundant
steranes in the rock record (cholestane, ergostane and stig-
mastane, respectively) has been interpreted to represent a
primarily heterotrophic eukaryotic source with potential—
and perhaps major [61]—contributions from red algae
(rhodophytes, belonging to the Archaeplastida supergroup)
[60,62]. Rocks from this time interval also preserve the C28

sterane, 26-methylcholestane (or cryostane), which has been
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interpreted as being derived from 26-methylsterols poten-
tially protective against membranolytic toxins released by
other eukaryotes either as a method of, or defence against,
predation [63]. While this interpretation further emphasizes
the role of eukaryovory at this time—especially considering
that cryostane is recovered from the Chuar Group, where
the VSMs were originally discovered—any interpretation on
the origin of cryostane remains speculative, as its natural pre-
cursor sterols remain unidentified in modern taxa [64–66].
The shift to more modern sterane distributions, as well as
higher ratios between steranes and hopanes (biomarkers
derived from bacterial bacteriohopanepolyols), apparently
occurred 659–645 Ma, between the two Snowball Earth
events of the Cryogenian Period (720–635 Ma), signalling a
proliferation of planktonic marine archaeplastids, particularly
chlorophytes, known as the ‘Rise of Algae’ [60,62]. While
the mechanisms underlying this transition remain uncertain,
bacterivory on cyanobacteria has been invoked to explain
how the incumbency of cyanobacteria in marine eco-
systems could have been broken for the first time, actively
promoting a greater relative abundance of planktonic algae
[60,67], similarly to Stanley’s ecological model for the
Proterozoic–Phanerozoic transition [53].

More recently, additional biomarker evidence has been
used to argue for the role of bacterivory in promoting algal
proliferation in the Ediacaran (635–541 Ma). Immediately fol-
lowing the Marinoan glaciation (649–635 Ma), sterane
distributions suggest a return to algal-lean, cyanobacterial-
dominated ecosystems before shifting again to algal-rich
conditions—the ‘Ediacaran Rise of Algae’ [60,68]. The
recently described biomarker 25,28-bisnorgammacerane
(BNG)—abundant in the post-Marinoan cap dolostones of
the Araras Group in Brazil—has been interpreted to reflect
the microbially degraded remains of ciliate biomass from
redox-stratified, bacterially dominated ecosystems [68]. The
decrease and ultimate disappearance of BNG correlated
with increasing sterane/hopane ratios in the earliest Edia-
caran potentially reflects active bacterivory by ciliates [68], a
lineage of predatory protists belonging to the Alveolata
supergroup [10]. Selective predation on bacteria by ciliates
may have decreased cyanobacterial concentrations, reduced
water column turbidity, and increased nutrient availability,
overall resulting in a proliferation of marine planktonic
algae and the breaking of the self-sustaining, cyanobacte-
rially dominated ecosystems of the earliest Ediacaran [68].
This argument has been reiterated by the controversial
interpretation of 24-isopropylcholestane (24-ipc) and
26-methylstigmastane (26-mes)—two C30 steranes that
appear in rock record by 640 Ma and are generally considered
the remains of demosponges [64,69,70]—as the remains of
Rhizaria [66], a eukaryotic supergroup containing primarily
heterotrophic (i.e. bacterivorous and eukaryovorous) amoebae
[10]. This particular (and, again, controversial) interpretation
of 24-ipc and 26-mes from the Cryogenian and Ediacaran
has also been used to argue for the importance of eukaryotic
predation in promoting algal proliferation through the selec-
tive feeding on bacteria by rhizarians [66]. Taken together,
the abundance and distribution of BNG, 24-ipc, and 26-mes
in Neoproterozoic rocks have been used to argue for the pres-
ence and ecological importance of both ciliates and rhizarians
(two phagotrophic lineages belonging to the SAR clade)
during the ecological transition to more algal-rich conditions
in the late Cryogenian and early Ediacaran [66,68] (figure 1).
2.3. Eukaryotic predation and the Neoproterozoic Earth
system

Eukaryotic predation has been invoked to explain a number of
events in the Neoproterozoic, from the Rise of Algae to the
origin of animals [33,34,60,66–68]. At the same time, the last
eukaryotic common ancestor (LECA) is generally thought to
have arisen by 1.6 Ga [14,50], and is commonly reconstructed
as a bacterivorous flagellate [71,72]. If both of these conclusions
are true, then an 800 Myr gap exists between the inferred origin
of bacterivory and the appearance of definitive geological evi-
dence for eukaryotic predation. What could possibly explain
this gap? Oxygen limitation has been invoked to explain the
gap between bacterivory (ca 1.9–1.6 Ga) and eukaryovory (ca
800 Ma) [34,50]—comparable to the observed relationship
betweenoxygen concentration andanimal-on-animal predation
inmodernmarine oxygenminimumzones [73]. Similarly, phos-
phate limitation and low bacterial prey densities have been
invoked to explainwhybacterivory did not becomeecologically
‘sustained’ until the Cryogenian [60]. Are these two arguments
compatible with one another, or two separate explanations
inspired by two different datasets? That is, why would eukar-
yovory take off ca 800 Ma in response to oxygenation before
bacterivory took off ca 659–645 Ma in response to enhanced
nutrient levels? Especially when eukaryovory demonstrably
occurs under anoxia [74], andbacterivorydemonstrablypersists
in oligotrophic settings [75]. The timing and mechanisms of
these two different narratives disagree with one another, and
arguably fail towork on their own.Meanwhile, other narratives
very clearly leave the mid-Neoproterozoic proliferation of
bacterivory a mystery, attributing it to neither oxygenation
nor nutrients [67], while others seem to overlook this tempo-
ral gap altogether, invoking an unexplained expansion of
bacterivory in the Cryogenian and Ediacaran [66,68]. These
uncertainties and discrepancies raise important questions—
namely, are we confident phagocytosis (and bacterivory)
evolved before 1.6 Ga and that such a long temporal gap, span-
ning well over half a billion years, indeed exists and needs
explaining? Answering these questions depends on dating
LECA and determining its phagocytic capacities.
3. Phagocytosis and eukaryogenesis
3.1. Models of eukaryogenesis
The distinction between eukaryotic cells from the cells of bac-
teria and archaea has been called ‘the greatest single
evolutionary discontinuity to be found in the present-day
living world’ [76]. One of the major traits separating eukar-
yotes from bacteria and archaea is the widespread ability of
eukaryotes to phagocytose. There is only one described
example of a bacterium—the planctomycete ‘Candidatus
Uab amorphum’—engaging in behaviour approaching
phagocytosis [77]. However, planctomycetes possess a defi-
nitely Gram-negative cellular organization, incompatible
with true endocytic invaginations of the outer membrane
[78]. Meanwhile, behaviour resembling phagocytosis is cur-
rently unobserved in archaea [1]. The origin of
phagocytosis itself is generally treated as either a prerequisite
for, or consequence of, the acquisition of the ancestral mito-
chondrion (in what are known as ‘mitochondria-late’ and
‘mitochondria-early’ models of eukaryogenesis, respectively)
[1,79]. The timing, or relative ordering, of mitochondrial



royalsocietypublishing.org/journal/rsfs
Interface

Focus
10:20200019

5
acquisition (i.e. early versus late, first versus last) is often
coupled (although not necessarily so) to the mechanism of
mitochondrial acquisition, as well as the affinity and nature
of the host cell [80]. As such, mitochondria-late scenarios
are also called ‘phagotrophic’ models, where an ostensibly
eukaryotic (or ‘protoeukaryotic’, neither archaeal nor
bacterial) host cell, already equipped with phagocytic
machinery and other eukaryote-specific traits (acquired ‘auto-
genously’, through point mutation and natural selection
prior to the origin of mitochondria), engulfed the ancestral
mitochondrion via phagocytosis [1,71,80,81]. By contrast,
mitochondria-early scenarios are also called ‘syntrophic’
models, where at least two kinds of prokaryotic cells (gener-
ally an archaeal host and a bacterial symbiont, the ancestral
mitochondrion), metabolically dependent on one another
via anaerobic syntrophy, became integrated into one cell
(hence the additional label of ‘fusion’ models) with many,
if not all, defining eukaryotic traits, like phagocytosis,
evolving afterward (‘endosymbiotically’, as a result of
mitochondrial acquisition) [1,71,80–82]. While virtually all
researchers agree that mitochondria descend from free-
living α-proteobacteria, and that LECA definitively possessed
mitochondria (from which mitosomes and hydrogenosomes
descend), the precise nature and affinity of the host cell and
the relative timing of the major events of eukaryogenesis
prior to LECA remain active areas of research [71,80,83,84].
Namely, was the host cell already capable of phagocytosis,
even at a rudimentary level, and did this ability mediate
the acquisition of the ancestral mitochondrion? Or was the
host cell strictly non-phagocytic, with phagocytosis evolving
sometime after (and as a result of) mitochondrial acquisition?
3.2. Archaea and phagocytosis
In recent years, phylogenetic analyses have increasingly sup-
ported what is called the ‘two primary domain’ (2D)
scenario for the tree of life [85–93]. In this scenario, the eukary-
otic nuclear lineage (i.e. the lineage belonging to the host cell
that acquired the α-proteobacterial symbiont) branches
within the Archaea, relegating Eukarya to the status of a ‘sec-
ondary’ domain, formed as a merger between Bacteria and
Archaea, the two ‘primary’ domains [87]. The 2D scenario is
also labelled the ‘Eocyte’ tree [94,95], based on the predicted
sister-group relationship between the Eukarya and the
‘Eocyta’— or ‘eocytes’, since renamed the Crenarchaeota
[96]—originally based on the comparative analysis of ribo-
some structures [97]. By contrast, the ‘three primary domain’
scenario for the universal tree of life predicts that Archaea
and Eukarya are two distinct, monophyletic groups, sister to
one another, with Bacteria on the opposite side of the root [96].

This recent proliferation of 2D (or eocyte) phylogenies
has bolstered support for fusion models of eukaryogenesis,
involving the integration of a bona fide archaeal host with the
α-proteobacterial symbiont [82,94]. While a 2D tree of life
certainly represents a major prediction of syntrophic models
of eukaryogenesis [98,99], it importantly does not falsify a
phagotrophic origin of mitochondria [80,100]. For example,
the recovery of 2D phylogenies supporting a eukaryotic origin
from within the archaeal ‘TACK superphylum’ (comprising
the Thaumarchaeota, Aigarchaeota, Crenarchaeota and Kor-
archaeota), as well as the discovery of actin and tubulin (two
major and essential components of the eukaryotic cytoskeleton)
homologues within the TACK [26,101,102], led to the
formulation of the ‘phagocytosing archaeon theory’ (PhAT)
[103]. In PhAT, the host cell is envisioned as a secondarily
wall-less archaeon, likely representing a TACK lineage, with
an actin-based cytoskeleton sufficiently ‘complex’ for phagocy-
tosis, through which the host cell internalized the ancestral
mitochondrion [103]. In this sense, PhAT represents both a
fusion model [94] and a mitochondria-late model [79], involv-
ing a bona fide archaeon autogenously evolving phagocytic
abilities prior to the origin of mitochondria. In other words,
PhAT involves a phagocytosing archaeon serving as the ‘primi-
tive phagocyte’ or ‘protoeukaryote’ of other phagotrophic
models [28], despite being a fusion model, and is therefore pre-
dicated upon the plausibility of an archaeal lineage capable
of phagocytosis.

Shortly after the proposal of PhAT, metagenomic data
revealed that a new lineage of archaea—originally identified
though environmental 16S rRNA genes from marine sediments
and categorized as the Deep Sea Archaeal Group [104,105]—
branches more closely to eukaryotes than any other known
archaeal lineage [106]. The renamed ‘Lokiarchaeota’—which
branch deeply within the TACK superphylum—form a clade
with eukaryotes, and contain, in the composite Lokiarchaeum
genome, a number of proteins previously thought to be exclu-
sive to eukaryotes, namely actin and GTPases, which are
essential to phagocytosis. These observations lead to the
prediction that the Lokiarchaeota might possess dynamic,
actin-based cytoskeletons and the capacity for endo- and/or
phagocytosis [106,107], consistent with PhAT [103]. These con-
clusions were reinforced by the subsequent metagenomic
discovery of the Thor-, Odin- andHeimdallarchaeota—lineages
closely related to the Lokiarchaeota, together forming the
‘Asgardsuperphylum’, thearchaeal lineagesmost closely related
to (and paraphyletic to) the eukaryotic nuclear lineage [108,109].

In 2020, descriptions of the first cultured representa-
tive of the Asgard archaea were published [110]. This
archaeon—‘Candidatus Prometheoarchaeum syntrophicum’
strain MK-D1—forms membrane supported protrusions with
unique branching patterns, consistent with PhAT [103] and ear-
liermodels like it [26]. However,MK-D1 is apparently unable to
phagocytose, as it is only 500 nm in diameter, and lacks the pro-
teins and means of energy production arguably required to
evolve and perform phagocytosis [111,112]. Indeed, while the
Asgard archaea, and the TACK archaea more generally, feature
certain proteins that are both critical to phagocytosis and
currently unobserved in other archaea and bacteria, they lack
many of the phagocytosis-related proteins truly specific to
eukaryotes, as well as the phagocytosis-related proteins most
likely sourced to eukaryotes from bacteria [112]. Therefore,
while actin and tubulin are necessary for phagocytosis, they
are insufficient, suggesting that the archaeal host cell was incap-
able of phagocytosis [110,112]. Given this conclusion, Imachi
et al. [110] propose an alternative fusion model of eukaryogen-
esis—the entangle-engulf-endogenize (E3) model—in which
the ancestral mitochondrion was not internalized by the
archaeal host viaphagocytosis (oranyother endocytosis-like be-
haviour), but through interactions between the symbiont and
extracellular structuresprojectedout by thehost cell into the sur-
rounding environment—similar to the ‘inside-out’ model
proposed by Baum & Baum [113].

While bacteria and archaea are apparently unable to inva-
ginate their outer membranes in a truly endocytic manner
[1,78], they are able to form and secrete outer membrane
vesicles derived from membrane-supported protrusions, or
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blebs, that form away from the cytosol [114]. Tube-like projec-
tions and other surface appendages—likely involved in a
range of processes, from nutrient exchange to genetic trans-
fer—are also exhibited by a number of archaea [115–117].
With respect to the archaeal host cell, such protrusions
would have increased its surface area to volume ratio, and
may have enhanced physical contact and metabolite exchange
with the α-proteobacterial symbiont [110,113]. A combination
of protrusion formation (entangling) and blebbing (engulfing),
as depicted in the E3 model, may have therefore been involved
in surrounding and ultimately encapsulating the ancestral
mitochondrion. While the acquisition of the bacterial symbiont
is often envisioned to have occurred via invaginations of the
host’s plasma membrane—what have been called ‘outside-in’
models—a scenario involving protrusions and blebbing, like
E3, serves as the inverse—an ‘inside-out’ model of eukaryo-
genesis [113]. Inside-out models have the advantage of being
based on behaviours readily observable in archaea (i.e. protru-
sion formation and blebbing), while outside-in models, like
PhAT, rely on behaviours never before described in archaea
(i.e. phagocytosis). Overall, despite the presence of actin, tubu-
lin and other proteins essential to phagocytosis in the archaeal
lineages most closely related to eukaryotes, there is currently
no evidence for phagocytosis (or endocytosis more generally)
in archaea [1].
3.3. Last eukaryotic common ancestor and phagocytosis
If the archaeal host cell, prior to the acquisition ofmitochondria,
could not phagocytose, then when in eukaryotic evolution did
phagocytosis evolve? LECA is generally reconstructed as a pha-
gotrophic flagellate, suggesting that phagocytosis necessarily
evolved along the eukaryotic stem-lineage before the origin of
the eukaryotic crown-group [71,72]. However, there are alterna-
tives to, and modifications of, this scenario. Firstly, LECA has
also been reconstructed as an osmotroph [34,118], depending
on an opisthokont rooting of the eukaryotic tree [50,119].
Although there is currently no agreed upon topology for the
tree of eukaryotes [10], an opisthokont rooting, if ultimately
supported, would potentially suggest that LECAwas an osmo-
troph, andperhaps anobligate (i.e. non-phagocytic) osmotroph,
and that phagocytosis evolved independently in virtually every
eukaryotic supergroup. Indeed, even primarily non-phagocytic
clades, like Archaeplastida and Fungi, contain phagocytosing
representatives [11,120], suggesting either a secondarily loss of
phagocytosis in these groups, or an independent origination
within certain lineages [121]. An alternative scenario to both
of these reconstructions (phagotrophic LECA and a strictly
osmotrophic LECA) is the sort of intermediary scenario pro-
posed by Yutin et al. [26]. Similar to PhAT (yet published four
years earlier), this fusion model of eukaryogenesis suggests
that the fundamental actin-basedmachinery underlying phago-
cytosis, present and conserved across the eukaryotic tree, was
ultimately inherited from the eukaryotic host cell, a bona fide
archaeon [26]. However, while these generic components were
present in LECA, they were only fully elaborated upon within
the eukaryotic crown-group, in multiple, independent origins
of ‘full-fledged’ or ‘modern-type’ phagocytosis. This conclusion
is based on the diversity and distribution of phagosome-
associated proteins across different eukaryotic lineages,
suggesting that LECAwasperhaps unable to performphagocy-
tosis as it is currently expressed inmodern amoeba, ciliates, and
other sampled phagotrophs. For instance, while actin, tubulin,
and numerous actin-binding proteins are apparently universal
to eukaryotes, forming the core phagocytic machinery almost
certainly present in LECA, other proteins involved in phago-
cytosis, namely receptor proteins, are poorly conserved with
no universal examples extending back to LECA [26]. This
apparent lack of conservation contrasts with the results of
similar efforts to reconstruct the evolutionary origins of
other eukaryotic systems, such as the nuclear pore complex,
which is more confidently reconstructed as being present in
LECA in more or less its modern form [122–125]. Together,
these results suggest that while LECA was almost certainly
able to engage in endocytosis as is expressed in many modern
eukaryotes, the same cannot be said of phagocytosis, which
arguably does not extend to LECA in any of its modern
expressions. In this case, LECA may have, therefore, been pri-
marily dependent on endocytic osmotrophy (i.e. pinocytosis)
for nutrition, and perhaps only performed phagocytosis
incidentally, if at all.

The earliest forms of phagocytosis, even if inefficient com-
pared to those of modern phagotrophs, would have still
offered a significant selective advantage at a time in Earth his-
tory when no other cells were capable of engulfing one
another [71]. Therefore, LECA may have engaged in phago-
cytosis, but perhaps unreliably or inconsistently compared
to modern bacterivores and eukaryovores. Indeed, among
modern eukaryotes, many parasitic and phagotrophic
lineages, including animals, have lost the biosynthetic
capacity for many essential amino acids, which they instead
obtain from their hosts and prey [71,126–128]. The obser-
vation that these amino acid biosynthesis pathways are
conserved across the eukaryotic lineages that retain them,
such as primarily non-phagotrophic clades like fungi [71],
potentially suggests that LECA itself was not a dedicated or
‘advanced’ phagotroph, otherwise these pathways would
have been lost along the eukaryotic stem-lineage. In other
words, while LECA may have been mechanistically capable
of a rudimentary form of particle capture via endocytosis
(i.e. the beginnings of phagocytosis), it may not have been
a true phagotroph primarily reliant on phagocytosis for
nutrition—instead it may have relied on osmotrophy via
pinocytosis. Overall, as a sort of intermediate scenario
between a ‘truly’ phagocytosing LECA and an obligately or
strictly osmotrophic (non-phagocytic) LECA, LECA instead
may have exhibited a sort of rudimentary, yet selectively
advantageous, form of phagocytosis that was independently
elaborated upon (and completely lost) in various eukaryotic
lineages [26]. If this was the case, the multiple, relatively
‘late’ (i.e. post-LECA) origins of ‘true’ phagotrophy may
help explain the apparent temporal gap separating the
inferred origin of crown-group eukaryotes from the earliest
evidence of eukaryotic predation in the rock record, as
described in the previous section. However, defining this
gap also depends on constraining when LECA originated.
4. Scenarios for last eukaryotic common ancestor
The age of LECA is only very broadly constrained (figure 1).
Both fossil data and molecular clock estimates suggest an
origin of the eukaryotic crown-group sometime between 2.0
and 1.0 Ga [14,25,48–51,129,130]. While total-group eukary-
otic fossils likely extend back to the Paleoproterozoic Era
(2.5–1.6 Ga), the oldest widely accepted crown-group



Table 1. The uncertainties surrounding LECA’s age (figure 1) and phagocytic abilities suggest at least four different scenarios for when and how phagocytosis
evolved. Phagocytosis here refers strictly to its modern form, which may or not extend back to LECA, as discussed in the main text.

LECA-early (>1.6 Ga) LECA-late (<1.2 Ga)

pre-LECA

phagocytosis

(1) phagocytosis is ancestral to crown-group eukaryotes,

which originated by the end Palaeoproterozoic

(2) phagocytosis is ancestral to crown-group eukaryotes,

which originated towards the end Mesoproterozoic

post-LECA

phagocytosis

(3) phagocytosis evolved independently within crown-group

eukaryotes, which originated by the end Palaeoproterozoic

(4) phagocytosis evolved independently within crown-group

eukaryotes, which originated towards the end

Mesoproterozoic
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eukaryotic fossils date from ca 1.05 Ga [18,19,21] to ca 789–
759 Ma [37,38]. Likewise, the oldest eukaryotic steranes date
to ca 820 to 720 Ma [60]. A conservative reading of these com-
bined records (biomarker, fossil, and molecular) might
suggest an origin of LECA after 1.2 Ga or so [129,131], with
all older total-group eukaryotic fossils necessarily belonging
to eukaryotic stem-lineages [48]. Overall, we could then put
the origin of LECA into two camps or possibilities: ‘LECA-
early’ (ca 1.8–1.6 Ga) and ‘LECA-late’ (less than 1.2 Ga)—or
alternatively ‘old LECA’ and ‘young LECA’ [49] (figure 1
and table 1). Likewise, as described in the previous section,
LECA may have been a phagotroph (in the modern sense),
a strict (non-phagocytosing) osmotroph, or perhaps an ‘inef-
ficient’ or ‘primitive’ phagotroph [26]. The eukaryovory
hypothesis for the Neoproterozoic diversification of eukar-
yotes described above [33,34] presumes an early,
phagotrophic LECA (1.9–1.6 Ga) [50] (table 1, Scenario 1),
implying a temporal gap of 450–900 Myr between the
origin of bacterivory and the origin (or proliferation) of
eukaryovory (using the ca 1150–900 Ma Shaler Supergroup
microfossils as the oldest direct fossil evidence for eukaryov-
ory) [29]. This considerable gap is then explained by invoking
low oxygen availability [34]—although see Mills & Canfield
[6] for a response to this mechanism. Alternatively, if LECA
dates to ca 1.2 Ga, and was capable only of ‘rudimentary’
phagocytosis (i.e. endocytic osmotrophy, or pinocytosis,
with only incidental phagocytosis) (table 1, Scenario 4),
then the temporal gap between LECA and the oldest fossil
evidence for eukaryovory would be only 50–300 Myr, and
could be explained by the relatively late (post-LECA) origin
of phagocytosis itself. This particular scenario (table 1,
Scenario 4) could be falsified if predatory perforations (com-
parable to those seen in the Shaler Supergroup microfossils
and the VSMs) and/or other signs of eukaryotic predation
are discovered in the fossil record prior to ca 1.2 Ga. Such
findings would then imply that specialized, modern forms
of phagocytosis (e.g. protoplast feeding) evolved prior to
LECA, if LECA is determined to have evolved ca 1.2 Ga or
later (table 1, Scenario 2). Alternatively, if LECA evolved ear-
lier in time (greater than 1.2 Ga), these fossils could still be
compatible with a post-LECA origin of phagocytosis,
depending on the age of the fossils and the estimated age
of LECA. For instance, if new predatory perforations from
the Mesoproterozoic (1.6–1.0 Ga) are discovered, but LECA
is understood to have originated in the Palaeoproterozoic
(LECA-early), then these new fossils would still be consistent
with a post-LECA origin of phagocytosis (table 1, Scenario 3).
In this case, falsifying a post-LECA origin of phagocytosis
would probably have to rely on the comparative analysis of
neontological data [26,112]. Overall, before invoking environ-
mental factors, such as nutrient and oxygen limitation, to
explain the temporal gap separating LECA from the prolifer-
ation of eukaryotic predators in the Neoproterozoic [34,60],
the age and phagocytic capacities of LECA first need to be
determined (table 1).
5. Conclusion
Crown-group eukaryotes are generally thought to have
emerged over 1.6 Ga from an ancestrally bacterivorous
state. On the other hand, palaeontological and organic geo-
chemical evidence suggests that eukaryotic predation (both
bacterivory and eukaryovory) became ecologically wide-
spread in the early-to-mid Neoproterozoic (figure 1). This
apparent temporal gap—spanning over a half a billion
years—remains difficult to explain. As one potential solution,
a late origin of the eukaryotic crown-group (less than 1.2 Ga),
coupled with multiple late, post-LECA origins of ‘modern’
phagocytosis (i.e. phagocytosis as it is currently expressed
in many extant eukaryotic lineages, such as amoebae, ciliates
and animals), could dramatically reduce the duration of this
temporal gap, leading to a scenario remarkably similar to that
predicted by Stanley in 1973 [53]. Indeed, the eukaryotic host
appears to have been a bona fide archaeon, a major prediction
of mitochondria-early hypotheses based on anaerobic syntro-
phy [98], even if an archaeal host does not definitively falsify
mitochondria-late scenarios [80,100]. While this archaeal host
likely sourced the major components of the eukaryotic cytos-
keleton, essential to phagocytosis, it was arguably unable to
phagocytose by itself prior to the origin of mitochondria
[1,110,112]. This ‘bottom-up’ approach to eukaryogenesis,
therefore, arguably supports mitochondria-early scenarios,
suggesting that the eukaryotic host cell was incapable of pha-
gocytosis, and used phagocytosis-independent mechanisms
(capture facilitated by protrusions and blebs that formed
away from the host cytosol, rather than endocytic invagina-
tions) to ultimately encapsulate the ancestral mitochondrion
[110,113]. At the same time, ‘top-down’ approaches, based
on the diversity and distribution of phagosome-associated
proteins across the eukaryotic tree, suggest that while
LECA almost certainly possessed the basic cytoskeletal
machinery underlying endocytosis, phagocytosis as it is cur-
rently exhibited by various extant eukaryotic clades
potentially evolved independently multiple times within the
eukaryotic crown-group [26]. As no unequivocally crown-
group eukaryotic fossils, or biomarkers of eukaryotic origin,
currently pre-date 1.05 Ga, a relatively late origin of LECA
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(less than 1.2 Ga) [129,131], coupled with a relatively long
eukaryotic stem-lineage dating back to 1.6 Ga or greater
[25], further suggests that modern-type phagocytosis may
have only evolved toward the end of the Mesoproterozoic
Era. These predictions suggest a dramatically reduced tem-
poral gap between the evolutionary origin of phagocytosis
and the earliest signs of phagocytosis in the rock record, con-
sistent with Stanley’s prediction of a late-Proterozoic crossing
of the ‘heterotroph barrier’—a key prerequisite to the origin
of modern ecosystems [53].
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Glossary of terms
Bacterivory
 (also bacteriotrophy) a predatory mode
whereby organisms (generally microbial
eukaryotes, but also bacteria like Bdellovi-
brio and Micavibrio) obtain and ingest
nutrients directly from bacterial prey
[132,133], irrespective of the bacterial
carbon source or metabolism [3]. While a
variety of bacteria prey upon other bac-
teria for nutrition [134], for the purposes
of this effort, bacterivory refers to the pre-
dation of bacteria bymicrobial eukaryotes
via phagocytosis, unless otherwise noted.
Crown-group
 a clade consisting of the last common
ancestor plus all of its descendants,
living or extinct [135,136].
Endocytosis
 the eukaryote-specific process in which
cells internalize foreign materials and
molecules via invaginations of the
plasma membrane that pinch off from
the cell surface to form intracellular ves-
icles within the cytosol [137,138].
Eukaryogenesis
 the origin of the eukaryotic cell—the
major evolutionary transition from
FECA to LECA [84,109].
Eukaryophagy
 eukaryovory in which microbial
eukaryotes phagocytose entire, and gen-
erally ‘large’, eukaryotic prey cells for
nutrition [14,33,139]. Eukaryophagy
arguably contrasts with myzocytosis,
where myzocytosis is categorized as a
form of non-phagocytic endocytosis
[140–142].
Eukaryotic
predation
any kind of eukaryotic predatory behav-
iour, regardless of prey (bacterivory or
eukaryovory), or feeding mechanism
(phagocytosis or myzocytosis).
Eukaryovory
 (also eukaryotrophy) a predatory mode
whereby organisms (generally microbial
eukaryotes) obtain and ingest nutrients
from ‘large’ microbial eukaryotic prey
[132,133], whether through eukaryo-
phagy or myzocytosis.
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FECA
royalso
the first eukaryotic common ancestor,
marked by the divergence of total-
group Eukarya from its sister-lineage.
ciety
LECA
publish
the last eukaryotic common ancestor (the
most recent common ancestor of all
living eukaryotes).
ing.o
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(cell sucking) a predatory mode and form
of endocytosis in which microbial eukar-
yotes pierce the cortex of prey cells to
draw out the cytoplasmic contents,
either entirely or partially [133]. This
predatory style is often very explicitly
contrasted with phagocytosis in that
only the cytosol—not the plasma mem-
brane or the entire organism—is
ingested via vesicular uptake [140–142],
although some taxa, such as the euglenid
Peranema trichophorum, can perform both
phagocytosis and myzocytosis [143].
Myzocytosis is sometimes treated as
specific to the Myzozoa—the clade
encompassing the Apicomplexa,
chrompodellids, and dinoflagellates
[142,144].
Osmotrophy
 a feeding mechanism in which an organ-
ism uptakes dissolved nutrients and
metabolites via osmosis, active transport
or pinocytosis [145]. Osmotrophy very
explicitly contrasts with phagocytosis
[146], yet overlaps with endocytosis
through pinocytosis.
Phagocytosis
 (cell eating) the form of endocytosis in
which ‘large’ (greater than or equal to
0.5 µm) particles (traditionally those vis-
ible by light microscopy and generally
thought of as entire cells) are captured
(e.g. via pseudopodia) and internalized
while excluding most, if not all, of the
surrounding extracellular fluid
[1,114,138,140,147].
Phagotrophy
 the nutritional mode whereby ‘large’
food particles, such as entire prey cells,
are ingested via phagocytosis [133].
While phagotrophy includes bacterivory
and eukaryophagy, it arguably excludes
myzocytosis [140].
Pinocytosis
 (cell drinking) the form of endocytosis in
which extracellular fluid, small particles,
soluble macromolecules, and low-mol-
ecular-weight solutes are internalized
via vesicular uptake [138]. Pinocytosis
was coined as a contrast, and analogue,
to phagocytosis [148], and classifies
under osmotrophy as a mechanism for
dissolved nutrient uptake [145].
Protoplast feeding
 a predatory mode whereby microbial
eukaryotes, namely vampyrellid amoe-
bae (Vampyrellidae, Rhizaria) and the
Viridiraptoridae (Filosa, Rhizaria),
locally dissolve the cell wall of their
prey—primarily algae, as well as fungal
spores and hyphae [149]—to phagocy-
tose the entire protoplast without
engulfing the entire cell [150].
Stem-group
 a paraphyletic group of all extinct taxa that
diverged before the last common ancestor
of any particular crown-group, but after
the split from its most closely related
sister-group [135,136]. Note that a ‘stem-
group’ placement only refers to a particu-
lar set of nodes—dinosaurs, for instance,
are stem-group birds, but are also crown-
group amniotes and tetrapods.
Total-group
 the combined stem-group and crown-
group of any particular clade [135,136].
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