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Abstract 7 

Without exception, modern hypotheses explaining the origin of eukaryotes assume evolution from 8 

two (or more) distinct prokaryotes. Almost all prokaryotic cell membranes possess a chemiosmosis 9 

system, whereas eukaryotic cell membranes have lost that ability. Nevertheless, no hypothesis 10 

describes how chemiosmosis might have been lost from one symbiont. This work proposes a novel 11 

hypothesis for the origin of eukaryotes, invoking the adhesion of two chemiosmosis-bearing 12 

membranes to promote eukaryogenesis. The intermembrane space between the adhered cell 13 

membranes accumulates protons, and the enhanced proton gradient across the membranes 14 

accelerates ATP synthesis in both symbionts. Next, the smaller symbiont is engulfed by the larger 15 

symbiont to expand the intermembrane space, and then the engulfed symbiont starts to supply a 16 

large quantity of ATP to the surrounding host to improve the evolutionary fitness of the whole 17 

symbiotic union. Finally, the host cell membrane acquires pluripotent membrane excitation in 18 

exchange for its own chemiosmosis system. 19 

 20 

Text 21 

The origin of eukaryotes is one of the greatest enigmas in evolutionary biology 1-6. In 1905, the 22 

Russian botanist Constantin Mereschkowsky articulated the idea of symbiogenesis, proposing that 23 

two distinct organisms fused and resulted in a new species 7,8. Several decades later, a seminal 24 

article by Lynn Sagan (later Margulis) in 1967 9 introduced a lively debate about the origin of 25 

eukaryotes, and Margulis later proposed that many intracellular structures unique to eukaryotes 26 
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have distinct endosymbiotic origins, known as the ‘serial endosymbiosis theory’ 10. 27 

From then until the early 1990s, the standard hypotheses assumed, often tacitly, a strict aerobic 28 

ancestor of mitochondria 10-13. These models claimed that the anaerobic host gained an energetic 29 

benefit from the aerobic symbiont. However, because the host could never obtain such a benefit 30 

unless it acquired a mechanism to exploit ATP synthesized by the symbiont simultaneously with 31 

symbiosis, these models were not at all realistic. 32 

In 1998, William Martin and Miklós Müller proposed the hydrogen hypothesis, which explained the 33 

selective advantage of the development of symbiosis 14. They proposed that the first symbiosis had 34 

been an anaerobic syntrophy mediated by hydrogen. According to the hydrogen hypothesis, an 35 

obligate anaerobic autotrophic microorganism and a facultative anaerobic heterotrophic 36 

microorganism approached each other for mutual benefit by anaerobic syntrophy, and over the 37 

course of time, the former engulfed the latter; finally, the engulfed microorganism evolved into an 38 

energy-transducing organelle such as a mitochondrion or hydrogenosome. 39 

Although it is highly plausible that the first symbiotic relationship would have been anaerobic 40 

syntrophy, there is no necessity for one of the symbionts to be a facultative anaerobic heterotroph; 41 

instead, being an obligate anaerobic heterotroph is sufficient to establish this anaerobic syntrophy. 42 

Considering that the environment where the first syntrophy occurred is absolutely anaerobic, there 43 

is no selective advantage for the symbiont to conserve aerobic respiration. Additionally, even the 44 

hydrogen hypothesis does not explicitly explain what kind of selective pressure promotes the 45 

acquisition of an ATP translocator after engulfment of the symbiont. Acquisition of an ATP 46 

translocator is one of the most crucial steps in the process of evolving energy-transducing 47 

organelles 15,16. Meanwhile, the standard hypotheses promoting the anaerobic encounter have not 48 

rationally explained why aerobic respiration would have been preserved and how the symbionts 49 

acquired ATP translocators. 50 

Almost all of the modern hypotheses assume that an obligate anaerobic host eventually acquired 51 

aerobic respiration through endosymbiosis 4,6. Since oxygen is highly toxic to obligate anaerobic 52 
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organisms, the first symbiosis must take place in a strictly anaerobic environment. All of the models 53 

supposing that the first symbiosis occurs in an anaerobic environment and does not require aerobic 54 

respiration by the symbiont implicitly assume that the symbiont has aerobic respiration by chance 55 

and that the aerobic respiration simply happened to be conserved until the chance to utilize it again. 56 

Since mitochondria have their own genomes, it is possible to hypothesize their ancestors using 57 

molecular phylogenetic analyses. In recent decades, much evidence suggesting that mitochondria 58 

originated from an endosymbiosis between an archaeal host 17,18 and a prokaryote closely related to 59 

α-proteobacteria as a symbiont 19-21 has been widely accepted. In 2015, the novel archaeal phylum 60 

Lokiarchaeota was identified using a metagenomic analysis of deep marine sediment; 61 

Lokiarchaeota is attracting attention as a promising candidate for the archaeal host of the first 62 

eukaryote 22. More recently, the Asgard superphylum, which contains Lokiarchaeota and three 63 

closely related archaeal groups, was proposed 23. Although comparative genomic evidence has 64 

indicated that Lokiarchaeon is hydrogen-dependent and strictly anaerobic 24, it is unclear whether 65 

the ancestors of Lokiarchaeon were also strictly anaerobic. It is worth emphasizing that 66 

Lokiarchaeota and other Asgard archaea probably possess complex and energy-demanding cellular 67 

structures, and the energy productivity of hydrogen-dependent anaerobic respiration is generally 68 

low. 69 

 70 

Chemiosmosis is particularly universal 71 

The last universal common ancestor (LUCA) definitely possessed a chemiosmosis mechanism 25-27. 72 

The chemiosmotic proton circuit is still widely distributed; almost all obligate anaerobes, including 73 

methanobacteria, as well as aerobic organisms, synthesize ATP via chemiosmosis. Prokaryotes 74 

synthesize ATP using very diverse metabolic pathways. There are remarkably varied combinations 75 

of redox couples (pair of electron donor and acceptor) 28, whereas ATP is exclusively synthesized 76 

by ATP synthase in the chemiosmotic energy-transducing circuit that uses the electrochemical 77 

gradient across the cell membrane generated by redox reactions. Even obligatory fermentative 78 
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bacteria retain ATP synthase, and no species that has completely lost ATP synthase has been found 79 

among obligate fermenters 29-31. 80 

Among all of the 6,003 complete genomes of eubacteria (GenBank, 6 Dec 2016), only thirty 81 

genomes have completely lost ATP synthase components. All of them are symbionts with reduced 82 

genomes of less than 1 Mb (average 0.44 Mb) and fewer than one thousand genes (average 404 83 

genes), such as Phytoplasma 32, Buchnera 33, and Tremblaya 34. 84 

Among all 248 complete genomes of archaea (GenBank, 6 Dec 2016), there are only two genomes 85 

lacking ATP synthase. Both belong to symbionts with extremely small genomes that have lost many 86 

biosynthetic pathways (Woesearchaeota, 0.8 MB 35; ectosymbiotic Nanoarchaeota, 0.6 MB 36). 87 

Chemiosmosis-bearing microorganisms create a proton gradient across the cell membrane through a 88 

proton drainage mechanism (Fig. 1a). ATP synthase produces ATP by using proton motive force 89 

(PMF), which is derived from a chemical gradient and a voltage gradient across the cell membrane. 90 

Almost all eubacteria and archaea have distinct F1Fo and A1Ao ATP synthases 37,38. Eukaryotic 91 

mitochondria synthesize ATP by using the F1Fo ATP synthase based on the PMF across the inner 92 

mitochondrial membrane. 93 

The diffusion of protons pumped out from the mitochondrial matrix is partially blocked by the outer 94 

mitochondrial membrane and is finally strictly regulated by the cell membrane 39 (Fig. 1c). The 95 

difference in pH between cytoplasm and mitochondrial intermembrane space is measured as 0.2 ‒ 96 

0.7 40,41. In contrast, in the case of prokaryotes, the outside of the chemiosmosis-bearing cell 97 

membrane is the external environment, which is far larger than the cytoplasm or the mitochondrial 98 

intermembrane space, and the environmental pH is not always stable. Protons pumped out by 99 

prokaryotes quickly diffuse into the external environment, never accumulate around the cells, and 100 

do not increase the PMF. In this respect, the prokaryotic energy-transducing membrane is at a 101 

disadvantage compared to the inner mitochondrial membrane. It is known that protons accumulate 102 

in the periplasmic space between the inner and the outer membranes and that PMF increases in 103 

some microorganisms with cell walls 42. 104 
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In the world before eukaryogenesis, a prokaryote that had acquired traits overcoming this 105 

disadvantage might have been able to improve its evolutionary fitness. 106 

 107 

 108 

Figure 1 Closed intermembrane space improves the efficacy of chemiosmosis. a, Chemiosmosis 109 

of solitary prokaryote. b, Chemiosmosis around adhered cell membranes. c, Chemiosmosis of 110 

mitochondria. ATP, adenosine triphosphate; ADP, adenosine diphosphate; Pi, inorganic phosphate; 111 

CM, cell membrane; IM, inner mitochondrial membrane; OM, outer mitochondrial membrane; 112 

IMS, intermembrane space; AS, ATP synthase; ET, electron transport mechanism. Areas with high 113 

and low pH are shaded dark and light grey, respectively. Circled ‘-’ and ‘+’ indicate relative 114 

potential derived from an electrochemical gradient across a membrane. 115 

(End of legend) 116 

 117 

Membranes adhesion generates more energy 118 

Since almost all prokaryotes have the chemiosmosis-bearing type of cell membrane, the two 119 

microorganisms that became the ancestor of eukaryotes also almost undoubtedly had such energy-120 

transducing membranes. 121 

Let us briefly explore a hypothetical symbiosis between chemiosmosis-bearing microorganisms 122 
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(Fig. 2a). They would encounter each other in an environment that was comfortable for one or both 123 

of them. If two cells closely approach each other and their cell membranes form patches of 124 

adhesion, bubbly and semi-closed ‘intermembrane spaces’ will be generated. Such quasi-125 

intermembrane spaces restrict the diffusion of protons, consequently increasing the PMF (Fig. 1b, 126 

Fig. 2b). 127 

Derick Brown and colleagues have theoretically and experimentally shown that the energy 128 

efficiency of bacteria improves when they adhere to a solid surface, narrowing the extracellular 129 

space 43,44. The highly permeable outer mitochondrial membrane still produces a pH difference 130 

between the cytoplasm and the mitochondrial intermembrane space. Therefore, even if the 131 

intermembrane adhesion bordering the quasi-intermembrane space is leaky, the proton equilibrium 132 

concentration should increase as the diffusion decelerates. As a result of PMF enhancement due to 133 

the formation of quasi-intermembrane space, the rate of ATP synthesis increases in both adherent 134 

cells. In addition, the pH of the quasi-intermembrane space should be more stable than that of the 135 

external environment, which can be perturbed. These will improve the evolutionary fitness enough 136 

to stabilize the formation of the quasi-intermembrane space, finally allowing the quasi-137 

intermembrane space to develop into a true intermembrane space. 138 

 139 

Each adhering microorganism gains a selective advantage, regardless of the type of redox couple 140 

used in their chemiosmotic mechanisms. It does not even matter if both microorganisms utilize 141 

aerobic respiration. 142 

Since energy efficiency improves as the ratio of the area of the intermembrane space to the area of 143 

whole cell membrane increases, the intermembrane space will evolve to become wider and wider. 144 

Here, if the volumes of the two cells are not equal, the smaller cell (hereafter called the ‘S cell’) will 145 

be engulfed in the larger cell (hereafter called the ‘L cell’) with expansion of the intermembrane 146 

space (Fig. 2c). The S cell can incorporate the greater part of its cell membrane area into the 147 

intermembrane space by getting stuck in the surface of the L cell. In contrast, the outside of the L 148 
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cell membrane, which is in contact with the external environment, cannot be incorporated into the 149 

intermembrane space, so the L cell cannot improve its energy productivity as much as the S cell. 150 

Therefore, unless the two cells are equal in size, the selective advantage obtained from the 151 

intermembrane space is inevitably asymmetric. The membrane adhesion itself is symmetrically 152 

mutual; thus, it does not allocate the roles of host and symbiont. To assign the roles, some fixed 153 

asymmetry is required. Not only the cell size but also other relationships such as syntrophy may 154 

cause the asymmetry, and these determinants may act additively, synergistically, or 155 

antagonistically. 156 

 157 

158 
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 159 

Figure 2 Hypothetical model to derive the ancestral state of eukaryotic energy transduction. 160 
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(Legend of figure 2, continued) 161 

a, Two chemiosmotic cells, future symbionts. b, Generation of intermembrane space by cell 162 

adhesion. c, Engulfment of one symbiont in another. d, Acquirement of ATP translocator. e, Loss of 163 

chemiosmotic mechanism from one symbiont. f, Eukaryote with mitochondria and membrane 164 

excitation. PMF, proton motive force; IMS intermembrane space; SMF, sodium motive force; ANT, 165 

adenine nucleotide translocator. The cytoplasm of the larger cell (L cell) and the smaller cell (S 166 

cell) are coloured in two slightly different shades of light green. Cell membranes are drawn as 167 

double lines, membranes with normal PMF are shaded orange, membranes with higher PMF are 168 

shaded red, and membranes with lower PMF are shaded dark yellow. The extracellular 169 

environments are coloured pale blue. Areas with lower pH values are shaded in a darker shade of 170 

blue, and areas with higher pH values are highlighted in a paler shade of blue. Blue gradients 171 

represent proton leakage from incompletely adhered membranes. 172 

(End of legend) 173 

 174 

Not exploitation but supply of ATP 175 

When the S cell is almost completely engulfed in the L cell, the S-L symbiotic union encounters the 176 

external environment primarily via the membrane of the L cell. If the membrane of the L cell does 177 

not provide sufficient protection against natural selection, both the S-L symbiotic union and the S 178 

cell will be destroyed. The S cell has a high capacity for ATP production, even though it has little 179 

contact with the environment. In contrast, the L cell has limited energy productivity, whereas it 180 

must confront most of the selective pressures from the environment. 181 

One of the ways to overcome this paradoxical situation is by the S cell supplying excess ATP to the 182 

L cell. Transfer of ATP from the S cell to the L cell contributes to improving the fitness of not only 183 

the L cell but also the S-L symbiotic union and the S cell itself. Therefore, it should be 184 

advantageous for the S cell to acquire an ATP translocator molecule. The ATP translocator 185 

improves the fitness of the whole S-L symbiotic union in which the S cell increases its ATP 186 
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production rate as much as possible and supplies excess ATP to the L cell (Fig. 2d). 187 

Conversely, even if the L cell acquires an ATP translocator to deprive the S cell of ATP, both 188 

should gain in fitness. However, if the S cell is the proto-mitochondrion and the L cell is the proto-189 

cytoplasm, the L cell is likely to be an archaeon. To date, no ATP translocator encoded by archaea 190 

has been identified, except for partial fragments from a marine sediment metagenome 45. In 191 

contrast, many eubacterial species, even α-proteobacteria, which are closely related to 192 

mitochondria, contain an adenine nucleotide translocator (ANT) protein 16. Therefore, it is 193 

reasonable to assume that an S cell derived from eubacteria could have acquired an ATP 194 

translocator to supply ATP to an L cell derived from archaea. 195 

The present mitochondrial ANT is considered to have no phylogenetic relationship with the 196 

prokaryotic ANT 16. This can be explained by the ancestor molecule of the present mitochondrial 197 

ANT having evolved later, from the eukaryotic transporter proteins, and replacing the ancestral 198 

ATP translocator. I assume that the ATP translocator encoded by the S cell would not be a direct 199 

ancestor of the current mitochondrial ANT. 200 

Unlike the highly permeable mitochondrial outer membrane, the L cell membrane, which is itself an 201 

energy-transducing membrane, must not have been permeable to ATP. Thus, it is necessary to 202 

transport ATP across not only the S cell membrane but also the intermembrane space and the L cell 203 

membrane. Actually, many eubacteria possess proteins that meet this requirement. Some 204 

endospore-forming bacteria such as Bacillus subtilis possess some channel proteins that enable the 205 

transport of metabolites from the mother cell to the forespore 46-48. The forespore is encased within 206 

a double membrane and the intermembrane space, and the channel complex bridges the mother cell 207 

and the forespore across that distance. The channel proteins show similarity with the channel 208 

proteins in type III secretion systems 46,47. Type III secretion systems are widely distributed in 209 

eubacteria, including �-proteobacteria, and they form the core of the flagellum and the 210 

injectisome 49. This type of channel protein may be a candidate for the first ATP transporter. At the 211 

very least, it is plausible as a transporter of ATP across double membranes and is derived from 212 
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proteins widely distributed in eubacteria. 213 

 214 

Liberated membrane from chemiosmosis 215 

If the amount of ATP supplied by the engulfed S cell greatly exceeds that produced by the L cell 216 

itself, the L cell does not necessarily need to conserve its own energy-transducing system. Under 217 

such conditions, accidental mutations in the components of the energy-transducing system of an L 218 

cell in an S-L symbiotic union do not significantly impair the fitness of the symbiotic union, which 219 

can survive as well as intact siblings (Fig. 2e). In such a chemiosmosis-deficient L cell, the 220 

membrane potential becomes less polarized, and not only the PMF but also the sodium motive force 221 

decreases; consequently, passive sodium transport into the cytoplasm decreases. As sodium influx 222 

decreases, the demand for active sodium transport out of the cell in order to maintain cytoplasmic 223 

sodium homeostasis also decreases, thereby lessening ATP consumption. Thus, the L cell can lose 224 

its own chemiosmosis system if it satisfies its energy demands with only ATP supplied from the 225 

engulfed S cell, thereby slightly improving energy efficiency and fitness as well. 226 

I propose another reasonable explanation for how the L cell lost its own energy-transducing system. 227 

If an S-L symbiotic union, in which the S cell is completely encased in the L cell, migrated into a 228 

higher pH environment, the cytoplasmic pH value of the L cell could have been lower than the pH 229 

of the external environment. Even in this case, as long as the low pH of the intermembrane space 230 

was preserved, both the L cell and the S cell could have sustained energy production by 231 

chemiosmosis along the intermembrane space. However, in this situation, ATP synthase, which is 232 

located on the outside membrane and is in contact with the high pH environment, hydrolyses ATP 233 

to generate the PMF instead of dissipating it (Fig. 2d). Under these conditions, the evolutionarily 234 

optimal strategy for the S-L symbiotic union would be for the L cell to abandon ATP synthase, 235 

suppress the ATP waste, and depend entirely on the S cell for ATP. 236 

Once the L cell loses its own chemiosmosis system, it can no longer dissolve the symbiosis with the 237 

S cell. If the L cell were to lose the encapsulated S cells, it would quickly fall into severe energy 238 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2802v1 | CC BY 4.0 Open Access | rec: 13 Feb 2017, publ: 13 Feb 2017



 12 

starvation. Therefore, the L cell should evolve a robust mechanism to retain the engulfed S cells. 239 

For example, if some essential genes of the S cell are transferred to the L cell genome, the L cell 240 

will be able to forcibly keep the S cell. 241 

 242 

Initially, the evolutionary fitness gained by loss of L cell chemiosmosis may not be so large. 243 

However, this change provides an indispensable foundation for acquiring the prominent and diverse 244 

functions peculiar to eukaryotes in the long term. 245 

Because the membrane potential has a striking impact on energy production efficiency as well as on 246 

chemical gradients of ions, preserving the membrane potential optimal for energy production 247 

inevitably takes the highest precedence as long as the membrane is capable of energy transduction. 248 

In contrast, an L cell that has lost its chemiosmosis system can choose other membrane potentials 249 

and can utilize them for other functions without any constraint of the PMF. 250 

Not only is membrane excitation one of the unique characteristics of eukaryotes, it is also 251 

widespread among them. As is widely known, higher animals utilize membrane excitation for a 252 

broad range of intracellular functions, such as vesicle secretion and myocyte contraction, and 253 

intercellular communications, such as neurotransmission and heart contraction. In addition to 254 

multicellular organisms, many unicellular eukaryotes are also known to use membrane excitation. 255 

For example, ciliate protozoans such as Paramecium, which branched early from other eukaryotes, 256 

use membrane excitation to control swimming behaviour 50. By acquiring novel functions based on 257 

membrane excitation, eukaryotes have improved their fitness and adapted to unexplored niches 258 

(Fig. 2f). 259 

It would be too idealistic to think that the eukaryotic cell membrane accidentally lost chemiosmosis 260 

before or after symbiogenesis and consequently acquired significant convenience derived from the 261 

unconstrained membrane potential. It is much more plausible that the host (the L cell) had acquired 262 

the symbiont (the S cell), which took over energy production by supplying ATP, followed by the 263 

host rationally abandoning its chemiosmosis system and thereby obtaining the function of fast and 264 
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flexible membrane excitation. 265 

 266 

Conclusion 267 

My hypothetical model is not necessarily incompatible with established hypotheses such as the 268 

hydrogen hypothesis; instead, it can complement several other models. Moreover, it also 269 

emphasizes the possibility that both microorganisms in the symbiotic union could be aerobic.  270 

This hypothesis can explain the origins of mitochondria and hydrogenosomes. Because 271 

mitochondria and hydrogenosomes have a single origin, their common ancestor would have been a 272 

facultative anaerobic prokaryote. If the aerobic respiration mechanism of the mitochondrion was 273 

reasonably conserved under selective pressures rather than by chance, then it is unlikely that the 274 

ancestral symbiotic union was harboured in a strictly anaerobic environment for enough time for 275 

neutral genes to be lost by genetic drift. In this case, the possible route is one of the following. (1) 276 

The first symbiosis occurred in an aerobic or a microaerobic environment and was followed by 277 

some symbiotic unions that migrated into a strictly anaerobic environment and lost aerobic 278 

respiration. Hydrogenosomes evolved from these symbiotic unions, while mitochondria evolved 279 

from their siblings, which had remained in the aerobic environment. (2) The first symbiosis 280 

occurred in a strictly anaerobic environment. Then, some symbiotic unions, which became free-281 

living, escaped into an aerobic environment before loss of the aerobic respiration function through 282 

genetic drift, and mitochondria evolved from these symbiotic unions. Clearly, the former 283 

explanation is simpler and less restrictive than the latter. 284 

It is very likely that both of the organisms in the first symbiotic union had an energy-transducing 285 

membrane, whether they used aerobic or anaerobic respiration. If that was the case, the cell 286 

membrane of the host microorganism must have lost its chemiosmosis system sometime during the 287 

evolution of eukaryotes. 288 

Here, I have illustrated a highly plausible process of mitochondriogenesis in which adhesion of the 289 

two energy-transducing membranes gives rise to a selective advantage by itself and in which, if 290 
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there is a difference in the cell size, one membrane should lose its energy production ability after a 291 

series of evolutionary adjustments. Furthermore, the model demonstrates that the evolution of an 292 

ATP translocator can be promoted by the mutual benefit derived from ATP transport between 293 

symbiotic cells. The model also suggests that the host cell can free its membrane potential from the 294 

constraint of energy production by disrupting chemiosmosis, consequently acquiring membrane 295 

excitability, which is a highly effective and multipurpose trait that has never been acquired by 296 

prokaryotes. 297 

Numerous testable predictions can be derived from this hypothesis, as various metagenome analysis 298 

technologies are rapidly being developed along with long-read and single-cell sequencing 299 

technologies 51. If phylogenomic analyses reveal the aerobic ancestry of the host, the hypothesis 300 

proposed here becomes one of very few candidates that can explain the aerobic origin of 301 

eukaryotes. I predict that symbiotic-adhered prokaryotes, which can be detected as frequently 302 

accompanying genomes owing to their lower separability, should be found. Finally, I predict that 303 

proto-eukaryotic endosymbiotic unions, in which the host and the symbiont are an archaeon and an 304 

eubacterium, may be discovered using the forthcoming single-cell metagenome technologies. 305 

Furthermore, some endosymbiotic unions may be found, showing that the host cell membrane is 306 

deficient in chemiosmosis. 307 

 308 

 309 
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