





Mitochondria or Phagocytosis First?

chaeota and relatives; the eukaryotic proteins are bacterium derived and likely of
mitochondrial origin (282). While scission can also be mediated by the actin machinery
(although not through actin alone), it requires the active protrusion of the membrane
through an extracellular force such as the Shiga toxin that forms a tubule (283).

What about the remaining proteins identified with homology to components of the
eukaryotic endomembrane system and vesicle trafficking machinery? The presence of
genes encoding BAR-, longin-, TRAPP-, or Sec23/24-like domains in the new archaeal
lineages is intriguing. Zaremba-Niedzwiedzka et al. (4) speculate that these genes might
support some kind of vesicle trafficking as it occurs in eukaryotes, namely, in the
cytosol. Those authors infer that Asgard archaea might “have (had) the ability to bend
membranes and to form and transport internal vesicles, albeit at a much more primitive
level than observed in modern eukaryotes,” furthermore concluding that the increase
in eukaryotic complexity depended on the presence of the mitochondrial endosymbi-
ont (4). Those authors also mention that some archaea such as Ignicoccus hospitalis are
surrounded by two membranes. Intriguingly, I. hospitalis indeed forms vesicles, but the
vesicles are not found in the cytosol; they instead occur between the two membranes
that surround the cytosol (284). This indicates that the I. hospitalis vesicles reflect typical
archaeal (outward) (Fig. 6) OMV secretion and not inwardly directed membrane flux as
in eukaryotes. Hence, if archaeal proteins with the above-mentioned domains really are
associated with vesicle formation, the simplest interpretation is that they are associated
with the formation of outwardly secreted vesicles, which are observed in archaea (223,
285). In the case of Ignicoccus, a simple interpretation is that OMVs are involved in the
biogenesis and origin of its additional outer membrane, which similarly could apply to
the lipopolysaccharide layer of Gram-negative bacteria (sometimes called diderm
prokaryotes [286]) as well. In any case, the eukaryotic homologues of these identified
archaeal domains are not linked to the recognition of cellular cargo and the formation
of a phagocytic cavity and hence lend no support regarding the phagocytotic acqui-
sition of the mitochondrion.

The finding that the new archaeal lineages encode additional proteins or domains
previously considered unique to eukaryotes is important, but the pitfalls of extrapola-
tion from a few metagenomic genes to a biological trait as complex as phagocytosis
remain. This can be illustrated with the example of tubulins. Eukaryotic tubulins are the
building blocks of microtubules, whose functions are manifold and include providing
the tracks along which cellular compartments migrate (287, 288) as well as forming the
spindle apparatus required for chromosome segregation during mitosis and meiosis
(289, 290). Does the presence of FtsZ, the bacterial homologue of tubulin, provide
evidence for microtubule-dependent chromosome division in bacteria or the presence
of prokaryotic 9+2 flagella? Hardly. What is more, FtsZ is part of the Z ring that
mediates prokaryotic cell division, while eukaryotes make no use of tubulins for this
purpose but make use of the actin-myosin machinery instead (291). Inferring pheno-
type from genotype is a problematic undertaking (292), especially across the
prokaryote-to-eukaryote divide. Metagenomic interpretations about the host (3, 4) have
been guided by the expectation that an archezoan—a phagocytosing host aspiring to
acquire mitochondria—is out there to be discovered.

GETTING ENDOSYMBIONTS INSIDE: ALTERNATIVES TO PHAGOCYTOSIS

From the standpoint of comparative genomics, the first eukaryotic cell was a merger
of two prokaryotes, an alphaproteobacterium and an archaeon, that became the
mitochondrion and its archaeal host (97, 98, 102, 105). The concept of primitively
phagocytosing archaea is problematic from the standpoint of physiology (energy
metabolism and ATP synthesis) and as it concerns the nature of proteins and vesicles
required for phagocytosis to operate. This forces the issue of mechanisms. If the
mitochondrion was not acquired through phagocytosis, how could the mitochondrial
ancestor have ended up as an endosymbiont in the cytosol of its archaeal host?

There are examples of prokaryotes that reside in other prokaryotes (Fig. 7A to D).
They are rare, but at least they have been observed in nature, in contrast to archezoa

September 2017 Volume 81 Issue 3 e00008-17

Microbiology and Molecular Biology Reviews

mmbr.asm.org 23

440Qa713SS3NA MIHLOITFIgSIANYT ANN -S1AVLISHIAAINN Ad LTOZ ‘6T dunc uo /blo°wse iquiw//:dny wolj papeojumoq


http://mmbr.asm.org
http://mmbr.asm.org/

Martin et al. Microbiology and Molecular Biology Reviews

Examples of prokaryotes within prokaryotes

F

FIG 7 Prokaryotic partnerships: alternatives to phagocytosis. There are many examples of syntrophic interactions among prokaryotes and
a few rare cases of one prokaryote residing within another. (A) Transmission electron micrographs of longitudinal sections of Pleurocapsa
minor showing intracellular bacteria. (Reproduced from reference 302 with permission of John Wiley and Sons.) (B) Infection of the
Pseudomonas fluorescens periplasm by Bdellovibrio bacteriovorus. (Courtesy of Edouard Jurkevitch; reproduced with permission.) (C)
Transmission electron micrograph showing nested, multilayer endosymbiosis inside the bacteriome of a mealybug (Pseudococcidae).
Bacteriomes carry betaproteobacterial Trembleya endosymbionts, which themselves carry gammaproteobacterial Morganella endosym-
bionts. b, bacteria; n, nucleus; ss, symbiotic sphere. (Reproduced from reference 309 by permission from Macmillan Publishers Ltd.) (D)
Transmission electron micrograph of Parakaryon myojinensis harboring endosymbionts of an unknown nature (marked with “E”). NM,
nuclear membrane; PM, plasma membrane; N, nucleus. (Reproduced from reference 310 with permission [copyright the author 2012;
published by Oxford University Press {on behalf of Japanese Society of Microscopys}].) (E) Confocal laser scanning micrograph of in situ
hybridization of bacteria (green) and archaea (red). (Reproduced from reference 316 by permission from Macmillan Publishers Ltd.) (F)
Confocal images of consortia of bacteria (green) and archaea (orange). The picture on the right side is a false-color image that highlights
the nitrogen-fixing properties of archaeal cells. (Reproduced from reference 317 with permission from AAAS.) (G) Fluorescence in situ
hybridization of HotSeep-1 bacteria (green) that receive reducing equivalents from their archaeal partner (red). (Reproduced from
reference 126 by permission from Macmillan Publishers Ltd.) (H) Stacks of electron-dense hydrogenosomes (darker) in the cytosol of the
ciliate Plagiopyla frontata sandwiched between methanogens (lighter gray structures). (Reproduced from reference 318 with permission
of Springer.)

or phagocytosing archaea, for which there are no observable examples. Rarity is
furthermore a desirable property of endosymbiosis, because mitochondria arose only
once in 4 billion years, roughly the same rate at which life and the solar system arose.
Bacterial endosymbionts in the cytosol of phagocytosing eukaryotic cells are nothing
unusual; on the contrary, they are extremely common. Examples include the many
known cases of proteobacterial endosymbionts of insects (293-295), the methanogenic
endosymbionts of anaerobic ciliates (296), the purple endosymbionts of the ciliate
Strombidium (297), the sulfur-metabolizing symbionts of clam gills (298), the chemos-
ynthetic endosymbiont consortia of gutless tubeworms (299), endosymbionts that live
within the endoplasmic reticulum of diatoms (300), or the cyanobacterial endosymbi-
onts of sponges (301), to name just a few. The commonplace occurrence of bacterial
endosymbionts in phagocytic cells stands in diametric contrast to the very rare origin
of mitochondria (a singular event among the ancestors of all microbes that have left
known descendants in 4 billion years of evolution). Thus, we can safely say that
phagocytosis promotes the frequency with which endosymbionts can come to reside
within the eukaryotic cytosol, but it has no bearing whatsoever on the rate at which
mitochondria arise from endosymbionts. This is one more (strong) reason why phago-
cytosis is unlikely to have anything to do with mitochondrial origin.

One of the earliest-documented examples of a prokaryote harboring a prokaryotic
endosymbiont was that of rod-shaped structures characteristic of bacteria observed
within the cyanobacterium Pleurocapsa minor (Fig. 7A) by Wujek (302). He also noted
that the 1.5-um- by 0.2-um-long bacteria were not surrounded by an extra membrane.
The identity of these intracellular bacteria remains unknown.

Another example is that of the predatory bacteria of the Bdellovibrio family (Fig. 7B).
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These bacteria cross a single membrane and invade the periplasm of other Gram-
negative bacteria, where they are known to proliferate (303). Since their discovery in
1963 (304), the infection mechanism of Bdellovibrio and relatives has been in the focus
of research, as they offer a rare example of prokaryotes infecting other prokaryotes
(303, 305, 306). It has also been proposed that a Bdellovibrio-like alphaproteobacterium
could have been the ancestor of the mitochondrion (307, 308).

Examples of prokaryotes residing within other prokaryotes are also found among
the bacterial endosymbionts of insects. In mealybugs, a betaproteobacterial bacterium
lives within a specialized organ of the insect called the bacteriome (294, 309). The
betaproteobacterium harbors its own endosymbiont, a gammaproteobacterium (Fig.
7C). Notably, it was recently shown that the gammaproteobacterial symbiont living
within the betaproteobacterium has been replaced on five different occasions during
evolution (295).

The deep-sea microbe “Parakaryon myojinensis” presents another special case (310).
The host cell has as an ~50-nm-thick cell wall, a single membrane-bound nucleoid that
contains naked DNA, and endosymbionts with a hydrogenosome-like appearance (Fig.
7D). It was speculated that this organism might represent an intermediate between a
prokaryote-like and a eukaryote-like cell (310). While the exact nature of the organism
in the reported images (310) remains to be elucidated, it might present another
example of a prokaryote residing inside another prokaryote.

There are also bacteria that invade mitochondria (311) and plastids (300) of eu-
karyotes, whereby neither mitochondria nor plastids are able to phagocytose, providing
additional albeit derived examples of prokaryotes living within other prokaryotes. The
mechanisms that mediate the process during which one prokaryote enters another
remain unknown. Similarly, it is not known whether there are bacteria that live within
modern archaea. At eukaryote origin, a bacterium came to reside within an archaeal
host. Phagocytosing prokaryotes are intellectual constructs, while the phagocytosis-
independent residence of one prokaryote within another occurs in nature (Fig. 7A to D).

Some archaea have the ability to fuse. In this process, which occurs in both
crenarchaeotes and euryarchaeotes, the walls and plasma membrane of two adjacent
cells merge to surround one cytoplasm containing the genetic material of the two
starting individuals. Following fusion and subsequent divisions, new combinations of
genes can ensue (312-315). Archaeal fusion is strikingly similar in its basic biology to
gamete fusion in eukaryotes (170).

In syntrophic consortia, bacterial and archaeal cells are intimately connected; several
examples of such close interactions are known. Syntrophic aggregates of methane-
oxidizing archaea and sulfate-reducing bacteria are common in deep-sea sediments
and have recently been shown to be crucial for marine carbon and nitrogen cycling
(Fig. 7E and F) (316, 317). One such consortium of methanogens and sulfate reducers
was shown to be capable of alkane oxidations, extending the metabolic capabilities of
archaeal/bacterial syntrophy (Fig. 7G) (126). Syntrophic interactions even occur in the
cytosol of eukaryotic cells: in the anaerobic ciliate Plagiopyla frontata, the H,-producing
hydrogenosomes are usually decorated with H,-dependent methanogenic endosym-
bionts (Fig. 7H) (318). The only model of host-endosymbiont interactions at mitochon-
drial origin that accounts for the presence of anaerobic physiology in mitochondria and
hydrogenosomes is based on such anaerobic syntrophic interactions (90).

If modern archaea can fuse, ancient ones might have been able to as well, and there
is the possibility that fusion could lead to the entrapment or inclusion of a foreign cell
so as to render a syntrophic partner a surrounded endosymbiont. If we knew of factors
that promote archaeal fusion, it might even be possible to induce such events in the
laboratory.

Of course, microbial cells snuggling up to one another should not evoke the
impression that they are only one step away from one getting inside and becoming a
mitochondrion. The endosymbiosis that gave rise to eukaryotes was rare. How rare?
Whitman et al. (319) estimated that roughly 103° prokaryotic cells exist on Earth today.
If we are granted a simplifying assumption, namely, that the environment has harbored
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roughly the same number of cells over the last 2 billion years, and furthermore granted
a pure guess that an average cell has a doubling time of about 2 months in nature
(some are slower, and some are faster [27]), we obtain a rough but round estimate of
about 1040 prokaryotic cells that have lived in the last 2 billion years. Most or all of them
had a partner from the other domain nearby. This represents a very large number of
opportunities to create eukaryotes, opportunities where nothing other than metabolic
interactions and occasional interdomain gene transfer (127, 320) ever happened,
except once during a fateful encounter at eukaryote origin. Eukaryote origin was a very
rare event.

Association of Host and Symbiont: Syntrophy and Gene Transfer

The new archaeal lineages that, by the measure of metagenomic ribosomal protein
concatenation, are more closely related to the host than other previously known
archaea live in anaerobic marine sediments. The microbial communities in anaerobic
marine sediments have been studied to some degree. They harbor widespread syn-
trophic interactions involving interspecies hydrogen transfer (27, 29-31, 321). A char-
acteristic of syntrophic hydrogen-producing bacteria is the trimeric confurcating Fe-Fe
hydrogenase (31), which contains the 24- and 51-kDa subunits of complex | (NuoE and
NuoF) in addition to the catalytic subunit harboring the H cluster (160). These addi-
tional subunits permit H,-producing organisms to reoxidize NADH with the help of
reduced ferredoxin via electron confurcation (160), a special case of electron bifurcation
(137). The confurcating Fe-Fe hydrogenase is used because the midpoint potential of
NADH (E,” = —320 mV) is not sufficiently negative to generate H, (E,’ = —420 mV)
from NADH under physiological conditions (160). If one electron is donated to Fe-Fe
hydrogenase from NADH and one is donated from low-potential reduced ferredoxin
(E,/” = —453 mV), the overall reaction can become exergonic under physiological
conditions (31, 160), allowing organisms to reoxidize NADH using protons as the
terminal acceptor. Eukaryotes that express the long form of Fe-Fe hydrogenases
typically possess the NuoE (24-kDa) and NuoF (51-kDa) subunits of the trimeric con-
furcating hydrogenase (19-21, 120, 322).

The findings that the trimeric confurcating Fe-Fe hydrogenase is typical of syn-
trophic hydrogen production in bacteria (29) and that a trimeric confurcating Fe-Fe
hydrogenase of alphaproteobacterial ancestry (121) occurs in mitochondria and in the
common ancestor of eukaryotes (19, 120) point to H, production in the ancestral
mitochondrion and H,-based syntrophic interactions (90), not failed phagocytosis, as
the ecological basis of mitochondrial origin. Two other sets of findings from phylogeny
and physiology bear on eukaryote origin and point in the same direction.

The first set of findings concerns the physiology of the host. Methanogens are the
main H,-dependent syntrophic partners when it comes to H,-based syntrophic inter-
actions. The new ribosomal protein-based trees of life have methanogens branching
basally among archaea; hence, all other archaea ultimately appear to be derived
phylogenetically from methanogens (107, 111, 323), which means in turn that all
nonmethanogenic archaea are physiologically derived from methanogens (26). Indeed,
the new lineages of archaea that are being uncovered in marine sediments all possess
basic components of methanogenesis, such as the archaeal version of the acetyl-CoA
pathway of methyl synthesis, heterodisulfide reductase, methyl coenzyme M (methyl-
CoM) reductase, and genes involved in the synthesis of the cofactors specific for these
pathways (123, 125, 324). This places methanogenesis (H,-dependent chemolithoaut-
otrophy) at the base of the host lineage, regardless of where, specifically, it branches
within the archaea, in line with the predictions of models entailing anaerobic syntrophy
for mitochondrion-host interactions at eukaryote origin (19, 90).

The second set of findings concerns the physiology of eukaryotes. Not only are
eukaryotes ancestrally mitochondrion bearing, they are also ancestrally facultatively
anaerobic heterotrophs (19, 90). In light of the antiquity of methanogenesis (325) and
the new methanogenic root of archaea, this means that an H,-dependent chemoau-
totroph underwent the physiological transition to facultatively anaerobic heterotrophy
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in the eukaryotic lineage. Is this likely, and is it even possible? The example of the
haloarchaea is very instructive. Haloarchaea are facultative anaerobic heterotrophs that
have always branched within methanogens in ribosomal and rRNA trees. They have a
cytochrome- and menaquinone-dependent respiratory chain consisting of complexes |,
II, I, and IV in their archaeal plasma membrane (127). The haloarchaea acquired their
O,-respiring respiratory chain, in addition to 1,000 other genes, including those under-
pinning menaquinone synthesis, from bacteria (127). A single subunit of a respiratory
chain is useless if acquired by itself as a result of single-gene transfer; this indicates that
a single event of mass gene transfer underpinned the origin of the haloarchaeal
respiratory chain.

Such large-scale gene transfer events with “quantum” physiological transformation
are not unprecedented in prokaryote evolution: they happened with photosynthesis in
six different prokaryotic lineages (326), with each transfer of the photosynthetic ma-
chinery entailing the transfer of up to 100 genes or more for photosystem biogenesis,
chlorophyll, and carotenoids (327) and with each event founding a new photosynthetic
lineage. The acquisition of bacterial genes also corresponds to the origin of several
archaeal lineages (127). Mass gene transfer, but involving more than 1,000 genes, also
occurred during the acquisition of photosynthesis by eukaryotes via plastids at the
origin of the Archaeplastida lineage (108). Thus, haloarchaea underwent the same kind
of physiological transformation as syntrophic models for the origin of mitochondria
predict, the main difference being that haloarchaea express their respiratory chain in
their archaeal plasma membrane, while eukaryotes express it in the mitochondrial inner
membrane (127). The mitochondrial configuration of bioenergetic membranes is key to
eukaryote cell complexity (93), because it frees the eukaryotic cell from the constraints
imposed by chemiosmotic coupling at the plasma membrane. Mitochondria thus freed
the incipient eukaryotic cell to use its plasma membrane for other purposes such as
endocytosis (199). A mass acquisition of bacterial genes also corresponds to the origin
of major archaeal clades (320) and to the origin of the mitochondrion in the eukaryotic
lineage itself (100, 102).

There have been some distinct discontinuities in prokaryotic evolution, and many of
them have to do with bacterial-to-archaeal gene transfers. Why from bacteria to
archaea? If archaea started out as methanogens (107, 325, 328), they ancestrally lacked
cytochromes and quinone-based respiratory chains. Cytochrome- and quinone-
dependent respiratory chains are very prevalent among bacteria and were apparently
invented by bacteria. Like photosynthesis (326), they are very useful if transferred but
not generally easy to donate in a fully functional form because of the number of genes
for subunits and cofactor biosynthesis involved. Physiology like that of mitochondria
would not have easily been transferred to eukaryotes one gene at a time, because one
subunit of complex |, for example, is useless and will be lost (127). For such a dramatic
change in physiology as the common ancestor of eukaryotes underwent, gene transfer
in large chunks harbors far greater utility and probability of successful physiological
transformation than single-gene transfers. The greatest discontinuity in prokaryotic
evolution was clearly the one that gave rise to eukaryotes; the main evolutionary
mechanisms involved were endosymbiosis and gene transfer during endosymbiosis, it
would seem.

CONCLUSION

For as long as the endosymbiont hypothesis has been around, so has the notion that
the host that acquired the mitochondrion was a phagocytosing cell. Here we have
explored the bioenergetic implications of that assumption. We found that an archaeon
would have no benefit from phagotrophy; on the contrary, its bioenergetic situation
would deteriorate for the consumption of its bioenergetic membrane. Phagotrophy is
a highly complex process that requires the coordinated interactions of hundreds of
different proteins and dozens of protein families. Moreover, it requires outward and
inward membrane flux within a preexisting endomembrane system that can direct food
particles to digestion and recycle proteins and membrane back to the plasma mem-
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brane. A fully functional endomembrane system was thus a prerequisite for the origin
of phagocytosis, even primitive forms thereof. Because the evolution of cellular com-
plexity comes at an energetic price, mitochondria were involved in the origins of the
many eukaryote-specific protein families that underpin both vesicle flux and phagocy-
tosis. Furthermore, newer findings implicate bacterial outer membrane vesicles and
mitochondrion-derived vesicles in the origin of the eukaryotic endomembrane itself.
For a cell that had already evolved endomembrane flux for the transport of food
particles to the digestive vacuole and that already possessed internalized bioenergetic
membranes in mitochondria for the breakdown of an ingested substrate (with or
without oxygen as the terminal acceptor), phagocytosis could be useful, but not
superior to extracellular digestion and endosomal feeding, as the example of two very

successful eukaryotic lineages, fungi and animals, underscores.
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