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Proton production by a symbiotic bacterium may have been the origin of two hallmark
eukaryotic features, acid digestion and mitochondria
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INTRODUCTION

Abstract

The initial relationships between organisms leading to endosymbiosis and the first
eukaryote are currently a topic of hot debate. Here, | present a theory that offers
a gradual scenario in which the origins of phagocytosis and mitochondria are inter-
twined in such a way that the evolution of one would not be possible without the other.
In this scenario, the premitochondrial bacterial symbiont became initially associated
with a protophagocytic host on the basis of cooperation to kill prey with symbiont-
produced toxins and reactive oxygen species (ROS). Subsequently, the cooperation was
focused on the digestion stage, through the acidification of the protophagocytic cavi-
ties via exportation of protons produced by the aerobic respiration of the symbiont.
The host gained an improved phagocytic capacity and the symbiont received organic
compounds from prey. As the host gradually lost its membrane energetics to develop
lysosomal digestion, respiration was centralized in the premitochondrial symbiont for

energy production for the consortium.
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broadly accepted that eukaryotes were built as a mosaic in which
one of the initial components was an archaeal-like organism that lived

The origins of the amazing complexity common to all the eukaryotic
organisms is one of the outstanding enigmas of biology. This com-
plexity, in turn, is what appears to have enabled the evolution of the
great variety of multicellular forms that we can see today. To imagine
how such complexity was initially attained, begs many questions whose
answers, for now, remain largely speculative. However, the acquisition
of information from extant living systems is narrowing the possibil-

ity space in which those origins could have taken shape. Today, it is

Abbreviations: ADMit, acid digestion-mitochondria; LECA, last eukaryotic common ancestor;
ROS, reactive oxygen species.

in the Proterozoic era.l1=3! In particular, the discovery of the asgard
archaeal*! and the isolation of one of its members has put the focus
on this clade for its possible affiliation with the eukaryotic archaeal-
component (refs. [5, 6] see also ref. [7]). Also, it seems very probable
that the organism that originated the mitochondria branched from the
alphaproteobacterial class.[89]

However, from this point on, two main groups of theories diverge,
in simplified terms, into the metabolism-based models and the
phagocytosis-first theories (see [10, 11] and references therein). The

models based on metabolism (syntrophy) propose combinations of
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host-symbiont/s that were coupled by the exchange of carbon sources
and electron donors and acceptors,[12] ensuring that the consor-
tium was not only stable, but that it would advance toward better
integration.[13! Integration and functional adaptation of its members,
with their corresponding genetic transactions, led to eukaryotic com-
plexity. However, a potential problem with the syntrophic theories is
that they need a mechanism for endogenization of the symbiont.[14]
In addition to that, once a consortium is stable, it still must, i) advance
to an endosymbiosis, and ii) transition to a phagocytic lifestyle and/or
develop other eukaryotic features.

We may consider the evolution of eukaryotic metabolism as having
two aspects; the acquisition of organic matter, and the conversion of
that matter into energy for the consortium. While the syntrophic mod-
els focus on the second part, the phagocytosis-first family of theories
focuses on the acquisition of organic matter, considering phagocyto-
sis to be the key novelty of eukaryotes, since this process is extremely
rare in prokaryotes, with only one reported case.1>1¢] |n general,
this family of theories posits a late mitochondrial acquisition, and
they prefigure an (asgard) archaeon, gradually incorporating bacterial
genes by horizontal gene transfer (HGT), or new genes by invention.
In this way, the endomembrane system and phagocytic capability took
shape in this ancestral organism,!17] at some point acquiring the mito-
chondrial endosymbiont and making use of its energetic potential to
evolve to LECA. For the premitochondrial merger, initial prey, para-
sitic, and pathogenic situations have been proposed, in addition to the
mutualistic one.[18.19]

One of the early formulations of the phagocytic theory was pro-
posed by T. Cavalier-Smith, based on a phagotrophic amitochondriate
eukaryote ancestor.!15162021] Gince evidence of this ancestor has
never been found, this early formulation was abandoned. However,
within this group of theories, a mito-intermediate scenario has also
been proposed in which the archaeon host was first able to produce
membrane protrusions and the acquisition of the symbiont enabled
the rest of the evolutionary process.!?2] In this line, the phagocytic
archaeon theory (PhAT)[23] is based on the fact that many eukaryotic-
specific proteins (ESPs) occur in archaea from the TACK superphylum,
suggesting again that the archaeal pre-host had phagocytic capac-
ity and that feature was eventually the key for the acquisition of
mitochondria.

The phagocytosis first models, in general, are less specific on the
metabolic exchange that would prompt the initial symbiosis to occur,
rather they focus on the cellular features key for eukaryogenesis.[824]
However, in this respect, even the energetic feasibility of an initial
amitochondriate phagocytic lifestyle has been questioned.[25!

In the current state of the debate, it is strongly contested if
LECA was actually a phagocytic organism.[26-28] And this despite the
fact that, although extremely rare in prokaryotes,[2] phagocytosis
is widespread in eukaryotes, being present in the earliest branch-
ing representatives,[3%31] and seemingly compatible with the deduced
minimal protein set of LECA.[13233] On the other hand, it appears that
none of the extant representatives of asgard archaea are predicted to
be phagocytic.!34]

Yet, protophagocytosis would represent a new way to obtain

organic matter, and it would have put their first representatives at the

top of the trophic chain. However, regarding its origin, we must admit
that it is quite possible that protophagocytosis was initially developed
for a different function, such as the elimination of parasites. Aerobic
respiration, on the other hand, is the most efficient metabolism in the
presence of oxygen and a source of organic matter. Could both fea-
tures, protophagocytosis and aerobic respiration, have been combined
almost from the beginning in a self-reinforcing cycle? And, what specific
selective mechanisms would have been needed for that to occur, in light
of both short prokaryotic generation-times and much more extended
periods of evolutionary development?

This theory (ADMit, Acid Digestion-Mitochondria) offers a narrative
to incorporate the premitochondrial symbiont to a protophagocytic
host at atime when evolution was starting to shape the predatory capa-
bilities of that host. The main features of this theory are as follows:
(1) a series of steps for the association of the host with premitochon-
drial bacteria that would involve advantages for both sides, probably
being easily selected in evolution, and many of which are observed
in extant organisms; (2) incorporation of bottlenecks to explain the
monophyly of eukaryotes; (3) compatibility with several of the theo-
ries now in discussion regarding metabolism and phagotrophy; and (4)
being mito-early, it matches mitochondrial symbiosis with the origins
of phagocytosis. For a glossary of terms used in this article, please see
Box 1.

RESULTS
1. The beginning: A protophagocytic host

The starting point for this theory is a primitive protophagocytic host
(Box 1), with a metabolism based on organic compounds, obtained
through predation, as source of carbon and electron donors (see
Figure 1, 1.). A number of genes for membrane processes would
have already been acquired/evolved (potentially by pre-symbiosis),
and digestive enzymes that would have also been incorporated early
on. This would correspond to the beginning of phagocytic predation,
although inefficient at this stage. The environment is appropriate for
mesophiles and the oxygen concentration is moderate, albeit fluctu-
ating, and increasing geologically. This host may be a single organism
(similar to asgard archaea), a consortium, or a symbiotic organism, but
other details of its metabolism are not defined in this theory.

The question of what was the host that associated the bacterium
that eventually originated the mitochondria is very complex and
intensely debated today. Such a protophagocyte, as | take as start-
ing point, has previously been proposed as the initial stage for the
development of a phagocytic eukaryotic cell.[16! From a metabolic per-
spective, there are several models that could fit the image of this host.
Given that the host is feeding on organic compounds supplied by the
digestion of prey, the models Reverse Flow (RF),!3%] Entangle-Engulf-
Endogenize (E3),[5] or hydrogen and sulfur-transfer-based model (HS
Syntrophy)t3¢] would all be compatible with this theory, at least in its
initial stages. This is because all three hypotheses postulate a host
(archaeal in RF and E3 and a deltaproteobacterium in HS) that acquires

organic compounds from the environment to be metabolized, and sub-
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Box 1: Glossary of terms

Acid digestion: Biological process of enzymatic hydrolysis of
organic matter in a low-pH microenvironment.
Protophagocytic host: Hypothetical initial host, from a time
point before symbiosis to after the endosymbiosis event.
Capable of predation on bacteria (bacterivory) as primary
source of matter, although not necessarily being its only
source. It would capture the prey by entanglement with
membrane protrusions followed by digestion of the prey
with extracellular enzymes. The acquisition of organic matter
would be performed by transport of the digestion products
(osmotrophy) after the enzymatic degradation of prey. This
mode of predation is primitive and should not be considered
to be under the modern definition of phagocytosis.
Symbiont: Premitochondrial alphaproteobacterium associ-
ated with the host.

Prey: Bacteria, of any species.

Protophagocytic cavities: Cavities formed by the membrane
protrusions or membrane concavities of the host. They can
contain prey, commensal bacteria, or symbionts.

Mito-early theories: Theories that postulate an early incor-
poration of the premitochondrial symbiont into the evo-
lutionary lineage that gave rise to LECA. The incorpora-
tion happened earlier than modern-type phagocytosis, an
endomembrane system or the nucleus, in case of ADmit.
Mito-late theories: Theories in which mitochondria are
incorporated relatively late in the evolutionary line that
gave rise to LECA. Traditionally, in these theories, the host
was considered to already be phagocytic and having an
endomembrane system before the acquisition of mitochon-

dria.

sequently transfer some of the resultant compounds to the symbionts.
The organic matter, according to this theory, could be obtained by
protophagocytosis.

The protophagocytotic mechanism would not, at this point, imply
an actual endosome. More likely, it would be based on the entangle-
ment of prey with membrane processes, as proposed,[1516] followed
by hydrolysis and import of the resultant monomers. A more complex
and efficient engulfment process would not be developed until later
on, which means that, at this stage, simple diffusion to the surrounding
environment during the digestion process would lead to an important
loss of organic matter. Additionally, prey would predictably develop
resistance mechanisms, prompting the protophagocyte to optimize its
capture and digestion mechanisms.

We can imagine the exterior of the protophagocyte as something
similar to that of the asgard archaeon Candidatus Prometheoarchaeum
syntrophycum. This organism degrades amino acids by means of syn-

trophy with a sulfate-reducing bacteria and a methanogenic archaeon,

1. Protophagocytic host

Y
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3. Commensalism

5. Acidification + ROS production
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FIGURE 1 Stagesinmitochondriogenesis. 1. Evolution of a
protophagocytic host; 2. Appearance of resistant bacteria; 3. Certain
bacteria become commensals; 4. Some commensals evolve a
mutualistic relationship with the host based on their ability to help kill
prey; 5. The mutualistic bacteria produce acidification of the
phagocytic microenvironment; 6. The aerobic premitochondrial
symbiont exports protons and ROS; 7. The bacterium becomes an
endosymbiont while supporting evolution of acidic digestion; 8.
Compartmentalization of acidic digestion in lysosomes and 9.
Compartimentalization of endosymbiont as mitochondrion. Key: T6SS,
type 6 secretion system; AMP, antimicrobial peptides

and, conspicuously, has long membrane protrusions.!>] Along the
eukaryotic evolutionary path, similar protrusions in a related host
organism could have served to capture the prey by entanglement (E3
model).

For an asgard archaeal-like organism to become protophagocytic,
it still would probably have had to integrate many additional genes
within its genome. We can hypothesize that the capture and diges-
tion of bacteria would require multiple genes: to direct the membrane
processes for entanglement!2221]; receptors to latch onto the surface
of bacterial37:38]; and exportable hydrolytic enzymes directed against
bacterial polymers and components.!3?! Interestingly, recent surveys
of common eukaryotic ancestral gene families suggest that before

the acquisition of mitochondria, substantial incorporation of bacterial
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genes into the genome of the host organism had already occurred [refs.
[40, 41] see also ref. [42]]. These genes apparently originated not only
from alphaproteobacteria, but also from many other bacterial groups
with possible preference for some specific clades (Deltaproteobacte-
ria, Planctomycetes, and others). While true that this gene transfer
could have occurred by standard HGT, in the case of certain groups of
genes with a clear affinity such as Deltaproteobacteria, a pre-symbiotic
origin is also possible, as has been proposed.!3¢]

Advantageously, an archaeal-like membrane and cell envelope in
a protophagocyte would not be easily attacked by the hydrolytic
enzymes required to digest its bacterial prey. This is because the lipids
and the carbohydrate coatings of the archaeal envelopes are gen-
erally different from those of bacteria (e.g., archaea do not contain
peptidoglycan), and the enzymes that degrade bacterial membranes
and walls do not hydrolyze the archaeal counterparts.[*3] Interest-
ingly, the asgard Prometheoarchaeum contains four genes for S-layer
synthesis,!>] suggesting that the most common archaeal wall would
be adequate to support membrane protrusions. Notwithstanding, a
bacterial-type exterior could also be compatible with extracellular
digestion, given that some bacteria are capable of exporting peptido-
glycan hydrolyzing enzymes, as in the case of Myxococcus xanthus, a
deltaproteobacterium.[44]

In this sense, if the host membrane were formed by archaeal lipids,
at some point in eukaryogenesis they should have been replaced by
bacterial ones, and this, at the level of whole organism is far from a
straightforward evolutionary change, with no other example known in
biology. However, there exists at least one natural example of mixed
bacterial-archaeal lipid membranes.[4°]

2. Some bacteria evolve resistance to the primitive
form of predation

Evolution of resistance to threats is a very common event for present-
day bacteria. When some form of protophagocytic predation first
appeared and got extended, it would have prompted their bacte-
rial prey to evolve resistance strategies (Figure 1, 2.). Among these,
several including, high motility,4¢] filamentation,[4”] change of sur-
face receptors,[48] and others, can be seen in many bacterial species
today.[4950] Furthermore, a number of bacterial species have been
reported to show resistance to digestion by protozoa.[51:52]

During the early stages of phagocytosis evolution, elaborate resis-
tance mechanisms would probably not have been needed. From this
theoryt's point of view, simple resistance to the external digestive
enzymes (operating at an environmental pH near neutral) would have

been enough, of which there are many present-day examples.!>3!

3. Resistant bacteria become associated with the
host as commensals

Commensalism by bacteriais ubiquitous in today’s world. Our gastroin-

testinal microbiota, composed of a host of microorganisms, springs to

mind.[5455] There is also evidence of widespread non-pathogenic bac-
teria associated with unicellular phagocytes,[>657] although the term
commensal is more difficult to ascertain in this case.

As mentioned above, it is conceivable that primitive phagocytosis
would not have been very efficient. Still, a nutritional mode based on
extracellular digestion of prey could, in theory, allow survival of the
host much sooner than evolution of the extremely efficient and com-
plex eukaryotic phagocytosis, as proposed in earlier theories.[ 15! In this
case, a proportion of the hydrolyzed or partially hydrolyzed organic
matter from the prey would not be absorbed by the host, at least not
quickly. That organic matter could be available for some commensal
organisms to feed on (Figure 1, 3.). Initially these commensal bacteria
would not have entailed a benefit for the host, but the physiological
burden would not have been substantial, either.!58!

The commensal bacteria could be of several different types at this
stage, but at least one would be an oxygenic respirator and faculta-
tive anaerobe, branching from the stem of alphaproteobacteria.l?] Let
us remember that some groups of extant alphaproteobacteria are spe-
cialized at modes of living inside eukaryotic hosts.[5?! The preferred
location for the commensals would be near the protophagocytic cavi-
ties (Box 1). The bacteria could home to the phagosome by chemotaxis

followed by attachment to the host exterior.[¢]

4. Soon, the bacterium starts to help the host on
prey-killing, with injectable toxins and/or bactericidal
molecules

This step would represent the beginning of true symbiosis, since amore
efficient predation leads to a greater amount of nutrients available for
the consortium (Figure 1, 4.). This scenario is also compatible with an
initial metabolic exchange.

When protophagocytosis originated, in order to be effective, it
would have had to contend with a series of problems. Once the bac-
terial prey was entangled, it still had to be killed and digested, which
would eventually happen by exposure to hydrolytic enzymes. However,
this process takes time, thus, present-day phagocytes are equipped
with specific and rapid mechanisms to deactivate bacteria.lé1] Bacte-
riathemselves are specialists in producing agents to kill or thwart other
bacteria, including antibiotics, bacteriocins, or toxins delivered through
injection structures, among others (see Box 2). Thus, if the bacterial
protosymbiont could have produced any of these bacterial-inactivating
agents (AMPs, T6SS), it would have aided in the immobilization/killing
of prey and, therefore, increased the predation efficiency of the host.
This would constitute an initial, quick, and short-term selective advan-
tage for the host-symbiont consortium that was independent of other
exchanges that could be established

While, in principle, there could have been many species capable
of establishing an association with the host, only the most benefi-
cial combination would remain over the long term. Parasitic or even
neutral associations would have been purged with time. AMPs and
T6SS (Box 2) are bacterial traits, such that the genes conferring these

traits could not have been easily transferred to the host by HGT.
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Box 2: Possible bactericidal weapons of premitochondria

Bacteriocins or AMPs (antimicrobial peptides).[62] These
are small, ribosomally produced, peptidic toxins that many
bacteria secrete to eliminate other, potentially competitor,
bacterial species. While more frequent in Gram-positive bac-
teria and considered to have narrow killing spectrum, it has
been found that most bacterial species can produce these
agents, and some bacteriocins are of wide spectrum.[63!]
The most common mode of bacteriocin action is through
insertion and destabilization of the bacterial cytoplasmic
membrane. Interestingly, it has been found that pore-forming
peptides represent a broad killing mechanism not only in
phagocytic cells, but in the majority of eukaryotes, 64-66]
although these peptides do not show a clear relationship to
bacterial ones.

T6SS (type 6 secretion system). A contact-dependent toxin
injection mechanism is another type of weapon that could
have been used by the premitochondrial symbiont, among
which a typical example is the type VI secretion system
(T65S).167:¢8] Widely extended in Gram-negative bacteria,
this system injects one or several of a series of protein
effectors directly into the cytoplasm of adjacent bacteria.
Toxicity is produced in recipient cells through activities with
wide killing spectrum such as DNases, lipases, lysozymes, or
NAD(P) hydrolases. Of course, the use of this system in the
context of premitochondrial symbiosis would have involved
the non-activation of injection against the host, something

that must happen in extant communities.

Other associations would not have been stable in the long run, lead-
ing to symbiont integration or loss.[®?] Probably just one symbiont
would be finally selected because the set of traits and adaptations to
resist the harsh microenvironment (residence in protophagocytic cav-
ities, resistance to digestion, and bacteria-killing mechanisms) would
have been uncommon and forbidding to other bacteria. The niche
offered by the host would be limiting, given that the hostt's growth
rate most probably would be slower than that of the potential sym-
bionts, and, therefore, the symbionts would be competing for that
niche.

5. Under anoxic conditions, fermentation by the
symbiont contributes to acidification of the
protophagocytic cavities

Under local anoxic conditions, the symbiont would engage its facul-
tative fermentative metabolism, consequently exporting acid metabo-
lites outside of the bacterial cell, this is, to the protophagocytic cavities
of the host (Figure 1, 5.). This would lead to the acidification of these

cavities as the process of digestion proceeds. It is important to note
here that it is not difficult that the host itself could also produce and
export acidic molecules, as is proposed by the hydrogen hypothesis,[ 70!
the RF or E3 models. However, the production of acidic metabolites
by the bacterial symbiont could yield higher concentrations of them,
given that the entire symbiont would be placed within the protophago-
cytic cavity, whereas in principle, the host would export the metabolites
across all its surface. Still, the host could have developed some metabo-
lite transport mechanism directed specifically to the protophagocytic
cavities. However, a possible evolution and maintenance of that trans-
port of acid metabolites to the cavities would be anti-economic for
the host, since the cavities would be acidified in any case due to the
symbiont’s fermentation.

The routine accumulation of acidic metabolites in the protophago-
cytic cavities would have driven host and symbiont to develop adapta-

tions to that acidic microenvironment.

6. Under aerobiosis, symbiont respiration produces
protons and reactive oxygen species (ROS) that are
exported to the protophagocytic cavities

Oxygenic respiration of organic matter is much more efficient than
fermentation for ATP generation. Respiration is based on pumping
protons to the outer side of the cytoplasmic membrane, building
a proton motive force that drives the ATP production, as the pro-
tons reenter into the cytoplasm via the ATP synthase [see for recent
reviews! 717211, Respiration is also more efficient than fermentation at
converting organic compounds to protons outside the cell. Starting
with a glucose molecule, only two acidic molecules would be exported
by the most common fermentative metabolisms; whereas respiration
of the same molecule with oxygen as final electron acceptor, in the-
ory, transports 93 protons.73] Under normal conditions, respiration
does not acidify the surrounding media because the protons are con-
fined to specific compartments (bacterial periplasm or intermembrane
space of mitochondria) and because they continuously reenter the
cytoplasm/matrix.

Now, let us imagine that the premitochondrial symbiont, due to
the fact that is partially shielded from the outside, gradually acquires
the ability of leaking protons to the external microenvironment (i.e.,
the protophagocytic cavities), this permeability being constitutive or
regulated. These protons would have served to acidify the diges-
tive microenvironment in aerobic conditions, similar to that seen in
anoxia, and this acidification would have been adaptive, as | discussed
below (Figure 1, 6.). For the bacterial premitochondrion, the loss of
protons would not have been critical, (i) because bacteria have mech-
anisms to compensate pH shifts in any of the two directions in the
environment,! 74! (ii) the energetic loss involved would be compen-
sated by the more efficient digestion, and (iii) a published hypothesis
points to a special, more protected, proton route within the bacterial
membrane.[75! In this scenario, acidification of the phagocytic microen-
vironment could potentially be more intense as it is driven by oxidative

respiration.
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Other respiration products exported by the symbiont to the pro-
tophagocytic environment would have been ROS, which could have
helped to kill the prey. It is true that ROS are indiscriminately toxic
molecules, so it follows that host and symbiont would have to get
adapted to certain levels of ROS. The prey-killing ability of ROS has
beenwell demonstrated in today’s phagocytes.7¢] In fact, mitochondri-
ally produced ROS have been shown to have bactericidal activity within
macrophages.[7778]1 ROS have also been proposed to be a driver for
eukaryogenesis since they would have prompted the evolution of the
nucleus for protection of genomic DNA.[11]

In agreement with the ROS production idea, it has been shown that
bacteria experimentally devoid of their peptidoglycan (L-forms) expe-
rience an increase in ROS production due to the stimulation of the
electron transport chain, and the cells must compensate this imbal-
ance inorder to grow.[79801 Thus, if the premitochondrial symbiont had
undergone a reduction in its peptidoglycan wall, as an adaptation to
live in association with the host,[81] it could have resulted in leakage of

protons and ROS, with the adaptive consequences mentioned above.

7. A self-reinforcing cycle is established: acid
enzymes evolve in response to the lowering of the
pH of the cavities, which facilitates the digestion of
prey. The premitochondrion becomes an
endosymbiont

Acid digestion, a hallmark eukaryotic capability, has received little
attention from the point of view of its evolutionary origins. Commonly,
it is associated with the appearance of the lysosome and the endomem-
brane system,[82] yet, acid digestion may have been key to the process
of eukaryogenesis.

As this theory posits, whether by fermentation or aerobic
metabolism, the protoendosome would have been acidified, lead-
ing the digestive enzymes to evolve to work optimally at lower
pH (Figure 1, 7.). From that point, a self-reinforced cycle would have
been established: as enzymes adapted to withstand acidic conditions, it
would have allowed the protoendosome to become progressively more
acidic. This would entail an evolutionary gain, given that strong acid
digestion would decisively facilitate the digestion of prey, increasing
nutrient yield, and probably avoid the rise of resistance to digestion.

This cycle can be considered as a point of no return toward the mito-
chondrial endosymbiosis since the most successful symbiosis would
have closed the window of opportunity for other associations to take
place or survive. An inefficient protophagocyte would disappear upon
the evolution of optimized hosts able to exploit the symbiosis, and,
reciprocally, no other bacterial species would be able to outcompete
the symbiont (now probably obligate) that became so closely associ-
ated and adapted to the host. The least efficient phagocytes would be
counterselected by the evolution of prey and competitors, and by pre-
dation itself. Eventually, the symbiont would become obligate because
the export of protons would require outer membrane and peptido-

glycan modifications that would finally render the symbiont unfit to

survive outside the host, while, at the same time, being well adapted
not only to withstand but also to generate, the protophagosomal acid
digestion conditions.

An acidic milieu denatures biopolymers (polysaccharides, proteins),
making them more susceptible to the action of hydrolytic enzymes.
For example, DNA itself is easily degraded under acid conditions. Evo-
lution of resistance to acid digestion is not easy, and many current
cell-invading pathogens block the formation of the late endosome or its
fusion to the lysosome rather than withstanding the acid digestion.[74]
Other bacteria can live in the mammalian stomach,[84] or can survive
digestion by protozoa,!52! for instance, but they usually are specially
adapted.

Why would the host need the symbiont to develop acid digestion
capability? As mentioned above, the acidic species would concentrate
around the bacterial volume while the much larger host cell area would
not easily favor accumulation in specific regions. More importantly,
rising environmental oxygen concentrations gradually drove aerobic
respiration to take the place of other metabolisms, and, according to
this theory, respiration would function as a much better proton source
for acidification. Thus, it would be adaptive for the symbiont to harbor
and maintain the oxygenic respiratory metabolism.

By this stage, probably, the premitochondrion was totally adapted
to the protophagocytic compartment, with a metabolism complemen-
tary to that of the host. In this sense, the membrane energetics would
be gradually reduced in the host, and the energy production by respi-
ration dependent mostly or totally on the symbiont. An energy transfer
from symbiont to host in the form of high-energy molecules is likely at
this point. It would probably be based on fermentable sugars or mem-
brane vesicles, (possibly contributing to the process of membrane lipid
substitution), and, eventually, of ATP. If we assume that the growth rate
of the larger host would have been slower than that of the symbiont,
then the transfer of energy equivalents would have served to channel
excess matter or energy from symbiont to host. Thus, the growth of the
symbiont would be slowed and the cycles of the two partners would be
synchronized.

Thus, at this advanced stage, the benefits contributed by the

symbiont would have been:

a. Killing of prey by bacterial-specific mechanisms (AMPs and T6SS).

b. Acidification of the digestive compartment by fermentation or
respiration.

c. Killing of prey with exported ROS.

d. Transfer of high-energy molecules.

The contribution of the host would have been to perform the pro-
tophagocytosis itself, and the symbiont would feed on the organic
matter acquired in this particular way.

From the point of view of this theory, it is possible that archaeal
and bacterial membranes could have still coexisted as late as this
stage. However, in my opinion, from this point on, it would have been
an evolutionary benefit to change to a bacterial membrane (for rea-

sons of membrane homogeneity), in case that event hadnt't happened

85U8017 SUOWWIOD BAII8.D 3(edl|dde ayy Aq peusenob ke o e YO 8sn Jo Sa|ni Joj Akeid18UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI WO A8 | 1M ARe.d 1 jBul [UO//SNL) SUOIPUOD Pue SIS | &) 88S *[2202/TT/0E] Uo AriqiTauliuo Ao|IM ‘PUpe N 0 BwouoINy pepsieAlun AQ 9T002202 S910/200T 0T/I0p/uod A 1M Ariq1puljuo//sdny wouy pepeojumod ‘0 ‘8/8TTZST



MENCIA

B?oEssastﬂ

yet. The bacterial membrane should remain in any case for efficient
respiration.l”>]

8. As the acid digestion becomes more aggressive,
the host is prompted to compartmentalize the
process

Although the protophagocyte’s cell membrane would need to oper-
ate at environmental pH to capture and engulf the prey, it would have
to withstand the acid digestion too. Thus, the endosome-lysosome
system would evolve to separate the acid-adapted membranes from
the external neutralophilic membranes of the cell (Figure 1, 8.). The
protolysosome evolves as part of the anterograde membrane trans-
port developed in the protoeukaryote, carrying the digestive enzymes
within an acidic milieu for the targeted delivery to the phagocytic
endosome by membrane fusion. Upon development of the endosome-
lysosome, the archaeal ATPase would probably have been repurposed
to acidify this compartment.[858¢] The endosome also acquired the
enzyme NOX2!87] to produce ROS to kill prey independently of the
symbiont. In this sense, phylogenesis shows that there are two large,
related clusters of NOX gene sequences, one formed by the bacterial
(NADPH) NOXs, and the other being the eukaryotic NOXs.[88] The sim-
plest explanation would be that eukaryotes originally acquired NOX
from bacteria, and one of the variants was incorporated as a way to

generate ROS for use in the phagosome.

9. The respiring endosymbiont is also
compartmentalized becoming the cell power plant in
the form of the mitochondrion

Simultaneous to the compartmentalization of the digestion, the pro-
tomitochondrion probably lost its association with the digestive func-
tion and fully assumed its role as cellular power plant, its membrane
energetics serving as the main source of ATP for the consortium
(Figure 1, 9.). The appearance of the mitochondrial ATP carrier enabled
the ATP-based energy exchange between host and endosymbiont.

Available evidence suggests a symbiont entry event in which the
outer membrane of the symbiont is key; this membrane was sub-
sequently maintained, and probably played an important role in the
evolution of the host endomembrane system.[8289] As the integration
with the host advanced more and more, most of the bacterial genes
were lost from its genome.

The evolutionary drive pushes in the direction of more integration
with the host because this permits better coordination and regula-
tion. The hallmark of the integration for the premitochondrion would
be the influx of alphaproteobacterial genes to the host genome. From
recent phylogenetic data, it is interesting to note that the evolutionary
appearance of the lysosome occurred at approximately the same time
as and the peak of alphaproteobacterial gene acquisition in the host

genome.[41]

10. Postmitochondrial evolution to LECA

After the appearance of the mitochondrion as an organelle, the evo-
lution of the protoeukaryote would probably have continued, adding,
among other things, functions and pathways that are now typical or
depend on the mitochondria, such as calcium regulation,[901 apoptosis
pathways,!?1] and others. Simultaneously, higher levels of optimization
and integration between the different cell compartments would have
been grown, up to the appearance of the organism that we call LECA.

DISCUSSION

The ADMit theory offers an alternative to the current “mito-early,
mito- late” discussion. By fusing the phagocytosis and mitochondria ori-
gins, we can better explain observations suggesting that the origin of
mitochondriais deeply ingrained in the evolution of the eukaryotic cell.
Not only that, this theory provides a basis for the initial symbiosis and
suggests the possible gains for both partners. Additionally, this theory
could help to explain the monophyly and uniqueness of the eukaryotic
domain. After the initial window starting with a protophagocytic organ-
ism as the host, there likely would not exist the opportunity for the right
type of symbiosis to occur again. After a relatively short period, a point
would be reached where it would be extremely difficult for a new can-
didate symbiont to outcompete the one that had already accumulated
specific adaptations and significant mutual advantages with the host.

This theory connects the optimization of predation as the primary
matter/energy source with a more efficient utilization of that income
by respiratory metabolism, embodied by the symbiont, whose proper-
ties in turn helped to perfect predation. In this sense, ADMit theory
would explain the extant amitochondriate phagocytes (see ref. [17]);
while mitochondrial symbiosis was required to evolve the eukaryotic
complexity, once evolved, it can operate without mitochondria under
certain conditions.

This theory has also several issues to contend with. First, no sym-
biosis based on sharing protons has, so far, been described. However,
this does not necessarily mean that such mechanism does not exist or
has not in the past. In order to demonstrate its existence, we would
have to search specifically for it, applying techniques that are not the
usual ones to characterize microorganisms. Also, this theory is based
on other symbiotic exchanges (prey killing with bacteriocins and ROS;
and metabolite exchange) and it is compatible with at least three of the
metabolic models proposed. So, even if some aspect of this theory is
falsified, the central narrative of this model could still hold. It is impor-
tant to note here that to the best of my knowledge there is no actual
clue that would allow us to connect mitochondria with acidification of
the phagosomal compartment. Still, we have to keep in mind that more
than one eon has passed since the proposed events and possible traces
could have been simply lost in evolution.

The fact that phagocytotic asgard archaea have not been found
should not be an important obstacle, because it is apparent that the

vast majority of transitional forms in the eukaryotic stem have been
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lost. And, more generally, to judge the Proterozoic earth biosphere
using as measure the extant biodiversity may lead us to discard plau-
sible scenarios. Genomes, molecular characteristics and metabolisms,
commonly, do not fossilize, and it is prudent to imagine that many
lifeforms of entire eras remain lost to modern scientific consideration.

As commented in the Introduction, several recent articles have
pointed to a non-phagocytic LECA.[2627.28] While the most straight-
forward course for the ADMit theory would end up with a phagocytic
LECA, we are considering phagocytosis as defined in extant organ-
isms. This theory describes a protophagocytic organism, and ends not
in LECA, but in an intermediate form (see ref. [26]), that probably
had lysosomes, and by extension Golgi apparatus, endoplasmic retic-
ulum, and mitochondria which are considered features common to all
eukaryotes.[9293] From that point to LECA, many events could have
occurred including the secondary loss of protophagocytosis.

A recent report of a planctomycete bacterium with phagocytic-like
capacity can provide a counterexample for ADMit theory.[2] The “Can-
didatus Uab amorphum” can effectively prey on other bacteria and
picoeukaryotes by engulfing them with invaginations that comprise
both the outer and the inner membrane of the planctomycete to form
phagocytic-like vacuoles. It was not ascertained whether these vac-
uoles completely close, or if they maintain a connection with the outer
surface instead. Interestingly, this organism carries few genes with sim-
ilarity to eukaryotic phagocytosis genes, and acidic species or ROS
were not detected. This finding would suggest that an alternative route
to phagocytosis exists. However, at the moment, it appears that such
a route did not result in a symbiotic process or bona fide eukaryotic

phagocytosis.

How to prove or falsify this theory

Although the ADMit theory includes an explanation for the monophyly
of eukaryotes, the same evolutionary bottlenecks would make it diffi-
cult to find extant examples close to the lines proposed by this theory.
In any case, possible ways to falsify the ADMit theory would be the
demonstration of several independent origins of phagocytosis or acid
digestion in eukaryotes, the bona fide temporal dissociation between
acquisition of phagocytosis and that of mitochondria in any of the two
possible ways (first mitochondria then phagocytosis or the reverse), or
even the discovery of a phagocytic organism that evolved acid digestion
in a way not connected to eukaryotes, or symbiosis.

A special characteristic of this theory is that it would be possible to
generate an experimental narrative based on the biological simulation
of protophagocyte, symbiont and prey, and their evolution, and then
observe whether and how, we can recapitulate the key steps put forth
by the ADMit theory. In this sense, the main prediction would be that,
without the right symbiont, acid digestion would not appear (see the
planctomycete casel2?]) or it would represent an evolutive dead-end
for the protophagocyte. By mutualistic association with the symbiont,
on the other hand, acid digestion would be developed, followed by
metabolic specialization and a gradual increase in the complexity of the

host (i.e., primitive endomembrane system).

CONCLUDING REMARKS

The ADMit theory offers a series of plausible stepping stones that
allow the progressive selection of a more and more integrated consor-
tium ending up with mitochondria in the cytoplasm of the host around
the same time as the phagocytic ability took shape. This would help to
explain the deep integration of mitochondria as a key actor in many
functions of the eukaryotic cell. From the beginning, the mitochon-
drial precursor functionally participated in the evolution of eukaryotic
complexity beyond the key role in energy production for which it is
recognized.

With its main thread the evolution of acid digestion, the ADMit the-
ory provides immediate benefits for both, host and symbiont, through
optimized capture and digestion of prey, via bacteria-specific mech-
anisms. Then, the respiratory metabolism of the symbiont would be
channeled to produce ROS to kill the prey and protons for the acid
digestion. Higher levels of integration are incrementally gained as the
protophagocytosis is continuously optimized and the energetic func-
tion is centralized in the symbiont to eventually yield a pre-LECA,
phagocytic host, home to mitochondria. This path to eukaryogenesis is
connected to ecology and prokaryotic physiology, and it may accommo-
date proposed metabolism-based models. New findings on the extant
diversity of organisms and symbiosis, along with refinement of molecu-
lar phylogenies should provide ways to put this theory to the test in the
future.
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