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The role of mitochondrial energetics in the origin
and diversification of eukaryotes

Paul E. Schavemaker ®'32< and Sergio A. Mufioz-Gémez ©® 23X

The origin of eukaryotic cell size and complexity is often thought to have required an energy excess supplied by mitochondria.
Recent observations show energy demands to scale continuously with cell volume, suggesting that eukaryotes do not have
higher energetic capacity. However, respiratory membrane area scales superlinearly with the cell surface area. Furthermore,
the consequences of the contrasting genomic architectures between prokaryotes and eukaryotes have not been precisely quan-
tified. Here, we investigated (1) the factors that affect the volumes at which prokaryotes become surface area-constrained, (2)
the amount of energy divested to DNA due to contrasting genomic architectures and (3) the costs and benefits of respiring
symbionts. Our analyses suggest that prokaryotes are not surface area-constrained at volumes of 10°-10% um?, the genomic
architecture of extant eukaryotes is only slightly advantageous at genomes sizes of 10°-107 base pairs and a larger host cell may
have derived a greater advantage (lower cost) from harbouring ATP-producing symbionts. This suggests that eukaryotes first
evolved without the need for mitochondria since these ranges hypothetically encompass the last eukaryotic common ances-
tor and its relatives. Our analyses also show that larger and faster-dividing prokaryotes would have a shortage of respiratory
membrane area and divest more energy into DNA. Thus, we argue that although mitochondria may not have been required by

the first eukaryotes, eukaryote diversification was ultimately dependent on mitochondria.

he transition from prokaryotic to eukaryotic cells is often
thought to be the greatest transition in the history of life’. This
is because this is the largest gap, or discontinuity, in organis-
mal structure or organization across the tree of life: eukaryotic cells
are structurally much more complex, and on average, also larger in
volume than prokaryotic cells’. Many authors have thus attempted
to explain how eukaryotes evolved from prokaryotes’. However,
much debate and speculation persist about the processes that gave
rise to the first eukaryote®'*-"°.

To explain the apparent large gap or gulf in complexity between
prokaryotes and eukaryotes, the energetic hypothesis for eukary-
ote genome complexity suggests that there is also a deep energetic
divide between these two grades of organization’ (see refs. #'*-'¢ for
precursors). Lane and Martin claimed that eukaryotes have, on aver-
age, approximately 200,000 times more ‘energy per gene’ than pro-
karyotes®. Such a drastic energetic difference is supposedly caused
by two major advantages conferred by mitochondria on eukary-
otes™”", The first one is the internalization and expansion of respi-
ratory membranes within mitochondria, which released eukaryotes
from surface area constraints. The second one is the evolution of
highly reduced and specialized mitochondrial genomes that con-
ferred a genomic asymmetry on eukaryotes. Unlike prokaryotes,
which have a single genome that scales up in number proportion-
ally with cell volume, eukaryotes have a single large nuclear genome
whose copy number can remain constant, as well as many much
smaller mitochondrial genomes that scale up in number with cell
volume. The combination of these two advantages, according to
Lane and Martin, allowed a drastic increase in the energy available
per gene expressed in eukaryotes relative to prokaryotes™’~". One
possible interpretation of this hypothesis predicts a jump in ener-
getic capacity that separates eukaryotes from prokaryotes (Fig. 1a).
Mitochondria are the cause of these massive energetic differences,

Lane and Martin argue, and were thus a prerequisite for the evolu-
tion of eukaryotic complexity>"’.

Some authors expressed scepticism about the energetic hypoth-
esis for the origin of eukaryotic complexity'®'*>*-*. The notion that
the evolution of cell complexity requires an increase in energy sup-
ply has been dismissed as having no evolutionary basis*** and the
concept of energy per gene has been criticized as evolutionarily
meaningless***. Recently, Lynch and Marinov found a continu-
ous energetic scaling across prokaryotes and unicellular eukary-
otes'’; similar results have been presented by Chiyomaru and
Takemoto®. This suggests that there is no energetic gap (or shift
in energetic capacity) between prokaryotes and eukaryotes because
the amount of energy available to a cell is directly proportional to its
volume regardless of whether the cell is prokaryotic or eukaryotic.
Based on this, Lynch and Marinov argued that mitochondria
do not provide eukaryotes with a higher energetic capacity and
implied that prokaryotes are energetically unconstrained by their
cell surfaces (Fig. 1b). Moreover, Lynch and Marinov showed that
the number of ATP synthases scales continuously across prokary-
otes and eukaryotes and argued that the increase in surface area
provided by mitochondria is not particularly large when compared
to that available at the cytoplasmic membrane®. However, their data
also showed that the amount of mitochondrial membrane and the
number of ATP synthases scale superlinearly with the cell surface
area”. This suggests, in contrast to Lynch and Marinov'*?, that
prokaryotes might be constrained by their cell surfaces at larger
volumes and that mitochondria may allow eukaryotes to scale
up in cell volume without a shortage of respiratory membranes
(Fig. 1c). Furthermore, the energetic consequences of the contrast-
ing genomic architectures between prokaryotes and eukaryotes,
first emphasized by Lane and Martin®" but ignored by others,
remain unaddressed.
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Fig. 1| Three different possibilities for energetic scaling across cell volume for prokaryotes and eukaryotes. a, A hypothetical discontinuity in the

scaling of cell energy with volume between prokaryotes and eukaryotes, where the latter exhibit a higher energetic capacity or energy density due to
mitochondria. The magnitude of the energetic gap shown serves an illustrative purpose only. b, A hypothetical scaling in the absence of surface constraints
to prokaryotic cell volume where the energetic capacity of prokaryotes accompanies that of eukaryotes over the full cell volume range. ¢, A continuous
scaling of cell energy with volume over the prokaryote-eukaryote divide based on data presented by Lynch and Marinov'® and Chiyomaru and Takemoto?°.
Unlike in b, the cell volume of prokaryotes is constrained. This constraint may be caused by the lack of a cytoskeleton, endomembrane system or

mitochondrion-based respiration.

To explore the potential energetic benefits that mitochondria
bestowed on eukaryotes, our goal in this study has been to care-
fully dissect major differences between mitochondrion-less and
mitochondrion-bearing cells (that is, prokaryotes and eukaryotes,
respectively) in light of the recent scaling laws devised by Lynch and
Marinov'**. To do so, we (1) explored potential factors (cell shape,
cell division time and maximum fraction of respiratory membrane)
that affect the volumes at which mitochondrion-less cells become
surface area-constrained, (2) investigated the decreases in energy
budget associated with the contrasting genomic architectures exhib-
ited by mitochondrion-less and mitochondrion-bearing cells across
a wide range of cell volumes and (3) examined the costs and benefits
of a population of respiring symbionts in a host cell. We discuss our
observations in the context of the prokaryote-eukaryote divide and
the origin and diversification of eukaryotes.

Results

The divide between prokaryotic and eukaryotic cells. In this
article, we use theoretical models to assess the respiratory mem-
brane requirements and DNA investments of mitochondrion-less
and mitochondrion-bearing cells. These models might help explain,
from an energetic point of view, the differences observed between
modern prokaryotes and eukaryotes and thus inform our discus-
sions of the prokaryote-eukaryote transition. We start by presenting
the distributions of cell volume, genome size and gene number from
a comprehensive survey of phylogenetically disparate prokaryotes
and eukaryotes (Fig. 2 and Source Data Fig. 2).

The cell volume distributions of prokaryotes and eukaryotes
point at two main conclusions. First, the ranges for each grade of
organization (approximately 1072-10?um*® for prokaryotes and
approximately 10°-10°um?’ for eukaryotes) do not overlap for the
most part: their medians (vertical dashed lines in Fig. 2, calcu-
lated over the full distribution of cell volumes) largely fall outside
of each other’s distributions (Fig. 2a). This is most obvious when
giant bacteria like Beggiatoa spp. and Thiomargarita namibiensis
are excluded (Fig. 2a and Source Data Fig. 2). Giant bacteria reach
absolute volumes >10°um® but these are mostly inert because they
contain a large central vacuole or many intracellular inclusions
made of sulfur or calcium carbonate’” (some exceptions are large
cyanobacterial cells; Source Data Fig. 2). Thus, most prokaryotes
are smaller than most eukaryotes. Second, prokaryotes and eukary-
otes mostly overlap at cell volumes of approximately 10°-10*pm?
(Fig. 2a). This overlap includes large bacteria with entirely active
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cytoplasms composed of energy-demanding macromolecules (for
example, Azotobacter chroococcum, Magnetobacterium bavaricum
and ‘Candidatus Uabimicrobium amorphum’; Source Data Fig. 2),
picoeukaryotes, which are relatively reduced (for example, algae
such as Chaetoceros calcitrans, Micromonas pusilla, Nannochloris
spp. and Nannochloropsis geditana; Source Data Fig. 2) and phyloge-
netically diverse nanoeukaryotes (for example, heterotrophic flagel-
lates such as Andalucia godoyi, Mantamonas plastica, Bodo saltans,
Malawimonas jakobiformis, Palpitomonas bilix, Ancyromonas myl-
nikovi, Reclinomonas americana; Source Data Fig. 2). Thus, many
small eukaryotes (both parasitic and free-living) can have sizes sim-
ilar to those of many bacteria.

The histogram of genome sizes follows a similar pattern to that of
cell volumes: prokaryotes and eukaryotes have distinct but overlap-
ping distributions (Fig. 2b). The genome size range for prokaryotes
is less than 1-16 megabase pair (Mbp), whereas that of eukaryotes
is approximately 8-10,000 Mbp. This suggests that there is an upper
genome size constraint to prokaryotes based on the currently avail-
able data. Prokaryotes and eukaryotes also overlap at genomes sizes
of approximately 8-16 Mbp if the genomes of highly reduced eukary-
otic parasites are excluded (Fig. 2b and Source Data Fig. 2). Thus,
many eukaryotes (protists) have genome sizes smaller than those of
some prokaryotes. For example, prokaryotes such as myxobacteria,
actinomycetes, cyanobacteria and planctomycetes may have genomes
of up to 16 Mbp in size (Source Data Fig. 2). The smallest genomes
for free-living eukaryotes are those of some small green algae, red
algae and yeasts (8-13 Mbp); some parasitic eukaryotes have genome
sizes of just 2 or 6 Mbp (for example, Encephalitozoon and Babesia;
Source Data Fig. 2). The small heterotrophic nanoflagellate A. godoyi
(Jakobea), which has the most ancestral-like mitochondrial genome,
has a nuclear genome size of approximately 20 Mbp?*, barely larger
than the largest prokaryotic genomes. For gene number, there is an
even wider overlap between prokaryotes and eukaryotes (Fig. 2c).
Prokaryotes with the greatest number of genes have 10,000-13,000
genes (Source Data Fig. 2), whereas eukaryotes with the lowest num-
ber of genes include intracellular parasites (approximately 2,000 genes
in Encephalitozoon), free-living fungi (approximately 4,500 genes in
Malassezia restricta or approximately 6,400 in Saccharomyces cerevi-
siae) and small algae (approximately 5,300 genes in Cyanidioschyzon
and approximately 7,800 genes in Ostreococcus tauri). Some of the
closest relatives of animals, the free-living flagellate Monosiga brevi-
collis (Choanoflagellata) and the symbiotic amoeba Capsaspora
owczarzaki have approximately 9,200 and 8,800 genes, respectively

NATURE ECOLOGY & EVOLUTION | VOL 6 | SEPTEMBER 2022 | 1307-1317 | www.nature.com/natecolevol


http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION

ARTICLES

a T T
: : I Prokaryotes
: : I Eukaryotes
20 - 1 1
1 1
1
@ 1
2 1
g 1
2] 1
k] 1
5 1
Qo
€
=1
=z
102 107" 10° 10" 10® 10® 10* 10° 10° 107 10°
Cell volume (um®)
b
T T
600 : : [ Prokaryotes
: : I Eukaryotes
500 H
1
8 :
3 400 H
Q
@ 1
k] 1
5 300 1
el 1
£ 1
e 1
200 1
1
1
100 !
10° 107 108 10° 10"
Genome size (bp)
€ 450
[ Prokaryotes
400

I Eukaryotes

Number of species

10° 10* 10°
Gene number

Fig. 2 | Cell volumes, genome sizes and gene numbers for prokaryotes and
eukaryotes. a-c, Cell volumes (a) for diverse eukaryotes were obtained
from Lynch and Marinov'® and additional data were added from several
sources (Source Data Fig. 2). Genome sizes (b) and gene numbers (c) were
acquired from the National Center for Biotechnology Information GenBank
and manually curated to remove outliers due to gene misannotations.

The vertical dashed lines show the medians. Total cell volumes, instead

of energy-demanding active cytoplasmic volume, were used for giant
prokaryotes (>102um?3).

(Source Data Fig. 2). In summary, the data suggest that, although
there is some overlap between prokaryotes and eukaryotes, there are
also upper constraints to cell volumes, gene numbers and genome
sizes that prokaryotes can attain.
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The respiratory membrane requirements of cells. The cell vol-
ume of prokaryotes is potentially constrained by respiration at the
cell surface or by not having mitochondria. In terms of energy,
the rate of ATP synthesis at the cell surface must meet the rate
of ATP consumption by the whole cell volume. However, surface
area decreases relative to volume as cells grow larger—surface area
scales with the square of the linear dimension, whereas volume
scales with the cube of the linear dimension®*'. A developmental
or evolutionary increase in cell volume thus poses a challenge to
cells because, if internal volumes remain active, processes that are
carried out at the cell surface (for example, respiration or nutrient
transport) will, at some cell volume, be unable to support processes
that occur in the cytoplasm (for example, protein synthesis). Such
scaling sets a maximum volume that cells cannot overcome in the
absence of structural adaptations (for example, mitochondria and
endomembranes in eukaryotes and intracytoplasmic membranes
in prokaryotes™).

To determine the volumes at which cells first face a deficit in
respiratory membrane, we examined the ratio between the amount
of respiratory membrane needed and the maximum amount of
respiratory membrane possible for a mitochondrion-less cell (that
is, a prokaryote). This ratio provides a measure of respiratory defi-
cit or the degree to which there is an excess or dearth of surface
area allocated to respiration. Note that we do not assume any major
structural adaptations (for example, internalized membranes, exter-
nal membrane protrusions or appendages or internal inert spaces).
The amount of respiratory membrane needed can be defined as
the membrane area occupied by all respiratory complexes (or
respiratory units) that are required to sustain the volume of a cell
throughout its lifetime (Ajeeed> in pm?). The maximum amount
of respiratory membrane, in turn, is defined as the largest possible
membrane area that can be devoted to respiratory complexes by a
cell (Apossible> in im?). This area is necessarily only a fraction (f,,,,) of
the total membrane area available (A, in um?) because a cell also
needs to allocate some of its surface area to lipids, nutrient trans-
porters, protein translocases and flagella; thus, f,,, represents the
maximum fraction of the total surface membrane that can be used
for respiration. The respiratory deficit can then be expressed as:
Aneeded _ Aneeded (1)
Apossible f maxAtotal

Respiratory deficit =

The amount of respiratory membrane needed by a cell can be
calculated by multiplying the number of respiratory units (that is,
a complete set of respiratory complexes including ATP synthase)
required by the membrane area that each one of them takes up (4,).
The number of respiratory units can be estimated by dividing the
metabolic rate of a cell (R, in ATP h~') by the ATP production rate
of a single respiratory unit (r, in ATP h™"; Supplementary Table 1).
The metabolic rate of a cell can be expressed as the total ATP budget
of a cell throughout its lifetime (E,) divided by the cell division time
(t;in h). The total energy budget of a cell (in ATP units) comprises
both growth and maintenance costs (c, and c,,, respectively) and is
calculated as in Lynch and Marinov'’; this is adjusted to only include
direct costs using the f; factor”. Growth costs are those associated
with biomass accumulation, whereas maintenance costs are those
associated with non-growth-related processes, such as protein turn-
over, metabolic reactions and intracellular transport. Opportunity
costs, which deal with the potential energy stored in previously
synthesized macromolecules (biomass), are excluded from growth
costs because this energy is not directly available as ATPs. (Note also
that GTPs used by, for example, ribosomes or tubulin are treated
as equivalent to ATPs.) The metabolic rate calculations agree with
those reported previously by Chiyomaru and Takemoto and are
thus validated by empirical data® (Extended Data Fig. 1). Thus, the
amount of respiratory membrane needed by a cell depends on its
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energy demands, cell division time and rate of ATP synthesis and
area occupied by a single respiratory unit:

. (deg + tde) /tdAr

R Ei/t
Aneeded = ?A, = tTdAr = - (2)

If the respiratory deficit is expressed as a function of cell volume
(Supplementary Information), we obtain:

(fdaVO.97/td)+ﬁV0.88 A

.
fmax Sy 23

r

(3)

Respiratory deficit =

where S is a factor that specifies the shape of a cell (for example,
a perfect sphere or differently flattened spheroids; Supplementary
Information). The parameters f;, @, f§, A, and r are constants whose
values have been previously determined'***~* (Supplementary Table
1). The parameters t,, f;,., and S are constrained within biologically
plausible ranges. For example, ¢, is varied between 1 and 10h, cor-
responding to the lower range of prokaryotic cell division times and
the geometric mean of eukaryotic cell division times, respectively'’.
The f,.. parameter varies between 8 and 18%, which are the largest
possible fraction of respiratory membrane in Escherichia coli** and
the membrane fraction at which roughly half of all membrane pro-
teins are respiratory enzymes”. The shape factor, S, varies between
4.8 and 12.1, which correspond to a sphere and an oblate spheroid
with a cell length to width ratio of 0.1 (Extended Data Fig. 2 and
Supplementary Information).

To assess the maximum possible volume that mitochondrion-less
cells can achieve, we calculated the deficit in respiratory membrane
(equation (3)) across a wide range of cell volumes (Fig. 3a). Values
of less than 1 for the respiratory deficit indicate that the cell has an
excess of respiratory membrane, whereas values of greater than 1
indicate that the cell has insufficient respiratory membrane to sus-
tain its own volume. Thus, respiratory deficit values of 1 point to
the maximum volume that a mitochondrion-less cell can achieve.
Our analyses show that spherical cells with a cell division time of
1h and a maximum respiratory membrane fraction of 8% are sur-
face area-constrained above a cell volume of about 1 um? (blue line,
Fig. 3a). These parameter values and the estimated cell volume limit
agree with what is seen for a small and fast-growing bacterium like
E. coli*®. If half of membrane proteins are respiratory enzymes (that
is, a maximum respiratory membrane fraction of 18%), the largest
volume that a cell can achieve is about 10 um?® (black line, Fig. 3a).
This large fraction of respiratory membrane would be possible if
a bacterium devotes less of its surface area to other processes (for
example, flagella or chemotactic receptors), or alternatively, if a
bacterium develops intracytoplasmic membranes for respiratory
processes®. A similar cell volume limit of 10 um?® is achieved if the
cell shape is changed to that of an oblate spheroid with a cell length
to width ratio of 0.1 (dashed black line, Fig. 3a); some small and
flattened flagellates like the eukaryote Petalomonas minor* or the
phagocyticamoeboid prokaryote Candidatus Uabimicrobium amor-
phum have such cell body shapes®. The cell volume limit is raised
even more, to about 500 um?, if the cell division time is increased to
10h (dotted black line, Fig. 3a). The combination of these 3 changes
raises the cell volume limit to higher than 10° um?® (red line, Fig. 3a).
This might correspond to giant bacteria like Thiomargarita and
Epulopiscium whose active cytoplasm is restricted to a thin envel-
oping sheet (that is, 2% of the whole cell volume*’), have long cell
division times (1-2 weeks*") and develop extensive intracytoplasmic
membranes (for example, Epulopiscium™).

Cells with longer cell division times have lower metabolic rates
and thus require fewer respiratory units (equation (2)). This is
because longer cell division times allow cells to accumulate the same
amount of ATP required for growth over longer time spans. Thus,
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cells with longer cell division times can achieve larger cell volumes.
Our model predicts that a spherical cell with a maximum respi-
ratory membrane fraction of 8% can, potentially, reach an upper
volume of about 10°um?® at a cell division time of roughly 10°h
(Fig. 3b). However, the cumulative amount of ATP required
for cell maintenance continues to increase throughout the cell’s life-
time' and this eventually limits the maximum cell volume that is
possible (Fig. 3b).

Our model allows us to predict the number of respiratory
units and amount of respiratory membrane area required by a cell
(equation (3)). The number of respiratory units predicted by our
model follows closely, in both scaling exponent and intercept, the
empirical data on the number of ATP synthases of cells previously
reported by Lynch and Marinov* (Fig. 3c). Similarly, the amount
of respiratory membrane required by eukaryotic cells also follows
the data on mitochondrial inner membrane areas reported by
Lynch and Marinov* after adjusting for the cross-sectional surface
areas and stoichiometries of mitochondrial respiratory complexes*
(Extended Data Fig. 3).

We also calculated the respiratory deficit for prokaryotes and
eukaryotes whose cell volumes and cell division times were deter-
mined empirically’. For these calculations, we assumed a spheri-
cal cell body shape (S=4.8) and a maximum respiratory membrane
fraction of 8%. These analyses showed that mitochondrion-less
cells may have eukaryote-like volumes of up to 10*um?® without a
shortage of surface area for respiration (Fig. 3d). Therefore, many
eukaryotes might be able, theoretically, to support their cell volumes
by respiring at their cytoplasmic membranes (that is, without the
need for internalizing respiratory membranes). Overall, our analy-
ses reveal that longer cell division times (,), flattened or elongated
cell shapes (S) and a larger allocation of surface area to respiration
(fa) can, together or in isolation, allow cells to obtain larger vol-
umes without the need for expanded respiratory membranes (for
example, mitochondria). On the other hand, increasingly larger,
rounder and faster-dividing cells have higher respiratory deficits
(that is, larger than 1) and are thus dependent on an excess of respi-
ratory membranes that cannot be fully accommodated on their
cytoplasmic membranes.

The DNA investments of contrasting genomic architectures.
Another claimed advantage of mitochondria is a drastic increase
in energy per gene due to the asymmetric genomic architecture
(or ‘bioenergetic architecture’ sensu Lane and Martin) that they
allow for in eukaryotes>’~"*. Eukaryotes have both a single nuclear
genome and many small and specialized mitochondrial genomes
that scale with cell volume (that is, genomic asymmetry, Fig. 4).
Prokaryotes, in contrast, only have a single genome type whose
copy number scales with cell volume (that is, genomic symmetry,
Fig. 4). Therefore, if a prokaryote were the size of an average eukary-
ote, the massive increase in gene number that accompanies poly-
ploidy would keep its amount of energy per gene roughly equal to
that of an average prokaryote despite having a much larger volume
and energy available’. On the other hand, according to Lane and
Martin’s logic’, eukaryotes have much more energy available per
gene expressed as their nuclear genomes and gene numbers do not
scale up with cell volume®.

The concept of ‘energy per gene expressed’ has been criticized
as having no evolutionary relevance'®****. This concept, as used by
Lane and Martin, heavily penalizes large prokaryotes as their gene
numbers increase with polyploidy. However, the amount of gene
expression from each gene, irrespective of how many times the gene
is duplicated, is proportional to cell volume. In other words, the rel-
ative cost of a gene, a more evolutionarily meaningful concept'®*,
is constant. This is because the energetic demands of cells strictly
depend on their cell volumes, that is, prokaryotes and eukaryotes
of the same volume require the same amount of energy. Thus, the
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Fig. 3 | Factors that affect the volumes at which mitochondrion-less cells become constrained by their surface. a, Respiratory deficit as a function of

cell volume. The blue line reflects cells that have a cell division time (t,) of Th, a maximum membrane occupancy of respiratory proteins (f,..,) of 8% and

a shape factor (S) of 4.8. The black lines reflect cells for which a single parameter, either t,, f,.., or S, has been changed (inset). The red line reflects cells
for which all parameters have been simultaneously changed. The intersection between each line (a defined set of parameters; inset) and a respiratory
deficit of 1 determines the maximum volumes that cells can achieve. b, The surface area-limited cell volume, V., plotted as a function of the cell division
time. Fold deficit=1, f,.,,= 8% and S=4.8. ¢, The number of respiratory units (or ATP synthases) as a function of cell surface area. Empirically determined
numbers of respiratory units (represented by ATP synthases) and cell surface areas, for prokaryotic and eukaryotic species, were obtained from Lynch and
Marinov?? (blue points). The number of respiratory units was calculated (red points) using ((fdavo-97/td) + ﬂVOBS) /r, with the cell volumes and cell
division times for a range of prokaryotic and eukaryotic species obtained from Lynch and Marinov'®. The solid line is a fit to the data: y=83x"%". The dashed
line is a fit to the model: y=221x"%. d, Respiratory deficit calculated for individual prokaryotic and eukaryotic species whose cell volumes and cell division

times were previously estimated. f,,,=8% and S=4.8 (spherical cells).

concept of energy per gene unfairly penalizes prokaryotes or any
polyploid. Furthermore, the measurements of energy per gene
previously performed by Lane and Martin® unfairly favour eukary-
otes because gene copies due to mitochondrial genome polyploidy
(which scale with cell volume) were ignored’. Because the concept
of energy per gene is inappropriate, our approach below relies on
estimating the cost of cellular features (that is, DNA synthesis) rela-
tive to the entire energy budget of a cell'>*.

To test the hypothesis that the genomic architecture of eukaryotic
cells provides an overwhelming advantage, we developed an explicit
model that compares the energetic capacity of eukaryotes to pro-
karyotes. The goal was to isolate the genomic architecture of a cell
from other confounding factors that also separate eukaryotes from
prokaryotes. Because ATP demands depend on cell volume (and
not complexity or gene number'**’), we considered the amount of
ATP that remains (1 — cpya e a0d 1= Cpya o) after accounting for
the relative cost of DNA that is associated with each genomic archi-
tecture (Cpna eu AN Cpa prois Fig. 4 and equation (4)). This remaining
amount of ATP is devoted to all cell processes other than DNA syn-
thesis (for example, translation, transcription, lipid biosynthesis);
the more ATP a cell invests in DNA, the less ATP there is to sustain
other cellular processes. Thus, the ratio between the remaining ATP
of a mitochondrion-bearing and mitochondrion-less cell provides a
measure of the energetic advantage (>1), or disadvantage (<1) that
mitochondrion-bearing cells might have. This can be expressed as:
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1— CDNA> euk

Energetic advantage (%) = (m
— CDNA>»

- 1) x 100 (4)

Tocalculatethecostof DNA foraprokaryote (amitochondrion-less
cell), we considered a cell with only a single main genome type. In
prokaryotes, the number of genomes increases proportionally with
cell volume, as seen in Synechococcus elongatus* or in giant bacteria
like Epulopiscium* (Fig. 4). The cause of this scaling might be the
need to either bypass a diffusion constraint in the absence of active
intracellular transport'® or maintain genomes physically adjacent to
respiratory membranes for efficient regulation'”. We compiled data
for several prokaryotes that showed that the cell volume per genome
does not exceed 2 um” in several prokaryotes (V. in equation (5);
Supplementary Table 2). Our model thus assumes that if cell volume
increases, the number of genomes must increase accordingly (see
Supplementary Information for more details). The absolute total
cost of DNA (in units of ATP) for a prokaryotic cell is the product
of the amount of ATP required for synthesizing a single bp (101
ATPs; we used the cost value by Lynch and Marinov'’, which dif-
fers slightly from that of Mahmoudabadi et al.**), the length of a
single genome in base pairs (L,,, in equation (5)) and the number
of genomes. The number of genomes is the ratio between the total
cell volume (V) and cell volume serviced by a single genome (V,,)
(equation (5)). Note that, in contrast to the respiratory deficit cal-
culations, we included the opportunity costs of synthesizing DNA
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Prokaryote

Eukaryote

Nprok =1 Noona =1
Cell volume Number of genomes Cell volume | Number of mtDNAs
increases (Nyro) increases increases (Nona) increases

Nprok =5

Nriona = 2

mi

Fig. 4 | Graphical representation of contrasting genomic architectures

in prokaryotes and eukaryotes. From equation (4); see the main text

for an explanation of the parameters. a, The genomic symmetry of
prokaryotes. We have represented a large prokaryotic cell as a shell of
cytoplasm surrounding a large inert central space, as seen in giant bacteria
like Epulopiscium and Thiomargarita. Even though this cell architecture is
irrelevant for our calculations (equation (5)) since only the number of
genomes is considered (filled black circles), prokaryotic cells have to scale
up in cell volume with such an architecture to remain viable in the absence
of an active intracellular transport network*. The total number of genomes
Nprok is a function of the ratio of the cell volume and the volume controlled
by a single genome (that is, V/Vgser; see equation (5)). b, The genomic
asymmetry of eukaryotes. The dashed circles hypothetically represent the
amount of volume that can be energetically supported by mitochondria.
Because of cristae (expanded internalized respiratory membranes),
mitochondria can, in principle, energetically support large cytoplasmic
volumes. The total number of mitochondrial genomes Niipna is @
function of the total volume of mitochondria and the number of mtDNA
molecules per um? of mitochondrial volume (nipnafmt V; equation (6)
and main text)*-*°,

because we wanted to account for the complete, evolutionarily sig-
nificant drain on cell resources. Finally, to obtain the relative cost
of DNA for a prokaryotic cell, the absolute cost of the DNA was
divided by the total ATP budget of the cell throughout its lifetime
(equation (5)). This can be expressed as a function of cell volume:"

10110 (L)
CDNA,prok = P\ e (5)
aVO97 1 1, BV 088
To calculate the cost of DNA for a eukaryote (a mitochondrion-
bearing cell), we considered a cell with a single main (nuclear)
genome and a variable number of mitochondrial genomes (mito-
chondrial DNA (mtDNA)). If the cell volume increases, the num-
ber of mitochondrial genomes increase proportionally but the main
genome does not (see Supplementary Information for more details).
The total number of mitochondrial genomes (N, in Fig. 4) is
the number of mtDNA molecules per um? of mitochondrial volume
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(Mpna)’~* multiplied by the total mitochondrial volume of the cell
(fuV) (equation (6)). We compiled data that showed that the cell vol-
ume fraction occupied by mitochondria (f,,) ranges from 1 to 20%
across diverse eukaryotes; our calculations thus use the geometric
mean of 4.4% (Fig. 5a and Supplementary Table 3). The number
of mtDNA molecules per nucleoid (or per um® of mitochondrial
volume, N, pva), and the size of the mitochondrial genome (L, px4)
varied between 1 and 100 and 10 and 70kilobase pairs (kbp)>**!,
respectively, with negligible effects on the results (Extended Data
Fig. 4). Thus, the total cost of DNA comprises the cost of the main
genome and of all mitochondrial genomes required to support the
whole cell volume (equation (6)). The relative cost of DNA for a
eukaryotic cell is calculated as shown above. If expressed as a func-
tion of cell volume, we have:

101Leyk + 101LmipNamiDNASmtV

aV/0.97 + tdﬂVO.SS (6)

CDNA,euk =

Our model (equations (4-6) and Supplementary Table 1) allows us
to compare the contrasting genomic architectures of extant eukary-
otes and prokaryotes across a range of cell volumes and genome sizes
(Fig. 5). Note that for these calculations, we kept the (main) genome
size for eukaryotes equal to that of prokaryotes (that is, L = L)
because we are only interested in determining whether the genomic
asymmetry of eukaryotes provides an advantage over prokaryotes.
We also kept the cell division time (t;) equal for prokaryotes and
eukaryotes; varying t; from 0 to 100h did not have major effects on
the calculated energetic advantage for eukaryotes (Extended Data
Fig. 4); thus, it does not change our conclusions. The main conclu-
sions from our calculations are as follows. First, prokaryotes invest a
larger fraction of their ATP budget on DNA as their cells increase in
volume; thus, they are left with less ATP for other processes such as
gene expression (Fig. 5b). Second, the decrease in ATP available for
other cell functions in prokaryotes is more pronounced as genome
size increases (Fig. 5¢). In contrast, eukaryotes suffer a negligible
decline in their cellular ATP budget as their cell volume or main
genome size increase (Fig. 5b,c). Third, eukaryotes have an energetic
advantage (in terms of DNA cost savings) of less than approximately
200% for genome sizes of 10°-10*bp and across a cell volume range
of 8 orders of magnitude or 10°-10° um? (Fig. 5d; a volume of 10° pm?
approximately corresponds to that of E. coli, whereas a cell volume of
10® um?® is similar to that of a giant single-cell species like Chaos caro-
linensis®®). At genome sizes of 105-10”bp, the energetic advantage of
eukaryotes over prokaryotes is less than 10% across a similar range
in cell volume (Fig. 5e). Fourth, a prokaryote with a genome size of
3% 107bp, which is characteristic of many single-cell eukaryotes (see
below), would have an energetic disadvantage of approximately 20%
relative to a eukaryote with the same genome size. Such a genome
size could, in principle, accommodate 2x 10* genes (assuming a
mean gene length of 1,000 bp) while devoting about a third of its size
(approximately 1x107bp) to regulatory sequences. Fifth, prokary-
otic genomes cannot get larger than approximately 3 X 10® because
the cost of DNA would exceed the total ATP budget of the cell (at
any cell volume). Eukaryotes, on the other hand, can achieve (main)
genome sizes orders of magnitude larger as cell volume increases
(Fig. 5f). If 2-10% of the ATP budget of the cell is devoted to DNA
synthesis, prokaryotes can reach genomes of 6x10°-3x107bp in
size (Fig. 5f).

To compare prokaryotes to eukaryotes at the onset of mito-
chondrial symbiosis, we assumed that the ancestral mitochon-
drial genome size was as large as that of an average prokaryote
(that is, L, pna=Ly) and the mitochondrial volume fraction was
much larger since mitochondrial function was not yet optimized
for aerobic respiration (that is, f,,=0.3). However, this model
(equation (6)) assumes that there was a dynamic cytoskeleton in
place that allowed for active cytoplasmic transport and therefore
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Fig. 5 | The impact of genomic architecture on energy allocation in cells. a, Distribution of mitochondrial volume fractions across a sample of
phylogenetically diverse eukaryotes. The vertical dashed line indicates the geometric mean, 0.044 or 4.4% (Supplementary Table 3). b, Relative cell
energy budget available for cellular features other than DNA as a function of cell volume. The plot was calculated with equations (5) and (6) and

Leuk = Lprok =108bp, Lmipna=70kbp, nmipna =10, tg=10h and Vgsery =1um? (these values were also used for ¢-f). ¢, Relative cell energy budget available
for cellular features other than DNA as a function of genome size. The plot was calculated with equations (5) and (6) and V=10°um?3. d, Energetic
advantage of eukaryotes over prokaryotes (red lines) as a function of cell volume. The plot was calculated with equation (4) and three different genome
sizes as shown in the inset. e, Energetic advantage of eukaryotes over prokaryotes (red lines) as a function of genome size. The vertical red lines denote
the genome sizes at which the entire ATP budget of a prokaryote is devoted to DNA synthesis (1 — cpna prok = 0). The plot was calculated with equation
(4) and three different cell volumes as shown in the inset. The transparent blue and red dashed lines show the median genome sizes for prokaryotes and
eukaryotes. f, Maximum (main) genome size as a function of cell volume for prokaryotes and eukaryotes, for maximum DNA investments of 2 and 10% of
the entire cell energy budget. The plot was calculated with equations (5) and (6).

relinquished the need for genomes to scale with cell volume, that the number of genomes of ancestral eukaryotes is a function of
as in modern eukaryotes (Discussion). This may best reflect a  the cell volume not occupied by (pre-)mitochondria:
proto-eukaryote with a nucleus and cytoskeleton as envisioned by

some mitochondrion-late scenarios. To model ancestral eukaryotes 101 Loy ((l;f—"“)v ) + 101 LitDNA AmtDNASmt V
as conceived by mitochondrion-early scenarios, we assumed that CDNA proto—euk = e o o8

the number of genomes scaled with cell volume (that is, as in mod- aVve? + taf
ern prokaryotes) and that the ancestral mitochondrial genome was
much larger and equivalent to that of an average prokaryote (that is, The analyses show that a modern eukaryotic genomic architec-
Lyiona = Liro)- To do this, equation (6) was modified in such a way  ture (which would also have been present in proto-eukaryotes as

@)
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postulated by mitochondrion-late scenarios) almost always gives an
energetic advantage to eukaryotes over prokaryotes (Extended Data
Fig. 5a,b). This is true even at much larger mitochondrial genome
sizes and volume fractions that must have been present at the onset
of mitochondrial symbiosis (Extended Data Fig. 5¢,d). On the other
hand, if the ancestral host cell that took up the (pre-)mitochondrial
symbiont had a genomic architecture equivalent to that of pro-
karyotes (as implied by mitochondrion-early scenarios), the first
eukaryotes derived no energetic advantage relative to prokaryotes
(Extended Data Fig. 5e). Both the first eukaryotes and prokaryotes
invested the same amount of energy in DNA synthesis. Further
reductions in mitochondrial genome size would have provided
larger DNA cost savings to early eukaryotes. If ancestral mitochon-
dria were slightly more polyploid (that is, had a higher genome copy
number per um’; 1.y, = 3), like some modern intracellular symbi-
onts that increase ploidy to physiologically support their host (for
example, see refs. *>**), prokaryotes might have even had an ener-
getic advantage and invested less ATP on DNA synthesis compared
to ancestral eukaryotes (Extended Data Fig. 5f).

The costs and benefits energy-producing symbionts.
Mitochondria, or respiring symbionts, expand the maximum vol-
ume that cells can achieve (Fig. 3), although they are not required
for many combinations of cell volumes and division times observed
among modern eukaryotes (Fig. 3d). However, symbionts and
organelles also drain resources from their host cells since they have
both growth and maintenance costs. We investigated the maximum
volume afforded by, and costs associated with, a population of respir-
ing symbionts in a host cell. To do this, we conceived a model that
envisages an aerobically respiring host cell with a population of one
or more small spherical symbionts that respire aerobically. These
respiring symbionts rely on a slight excess of surface area devoted to
aerobic respiration (f,,,=0.1 instead of f,, =0.08 as above, which
leads to approximately 13% of ATP overproduction by a symbiont
of 1 um’® in volume) to support themselves and partially contribute
to the energy demands of their host cell; this would have been true
at the early stages of mitochondrial symbiosis when symbiont func-
tion was not yet evolutionarily optimized. The amount of resources
(ATP units) diverted from the host cell are directly proportional to
the energy requirements dictated by the volume of each symbiont.
The advantage that the respiring symbionts confer to their host is
quantified as an increase in cell volume and is ultimately a func-
tion of both the excess ATP they provide to the host cell and the
amount of ATP consumed to support their own volume (where
the former includes only direct costs and the latter both direct and
opportunity costs).

To find out the amount of cell volume that is supported by the
symbionts’ membranes (V,, ), we can first express the amount
of respiratory membrane supplied by the symbionts as a function
of the number and volume of symbionts and then as a function of
the number of respiratory units harboured by the symbiont popu-
lation (that is, the ratio between the lifetime metabolic rate of the
symbiont-supported volume and the rate of a single ATP synthase).
If these two expressions are equated, the resulting equation:

0.97 0.88
2/3 (fdavsupp_sym/ td) + ﬂ Vsupp_sym
f maxfsymN sym Ssph Vsym = r Ay

(8

can be solved numerically to obtain the values of V,,, ., for differ-
ent cell division times and number of symbionts. In this example,
Snax_sym is the maximum respiratory membrane fraction used by
the symbiont (=0.1), N,,, is the number of intracellular symbionts
(which ranges from 1 to 4X 10%), S, is the shape factor for the vol-
ume of a sphere and V. is the volume occupied by a single symbi-
ont (equal to 0.25-1um?®). As before, the parameter values for f;, a,
B, A, and r are constants (Supplementary Table 1).
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To calculate the amount of cell volume that is supported by the
host membrane (V,,, ho«)> we followed a logic similar to that used
above to determine V,,,, .- We first expressed the amount of respi-
ratory membrane supplied by the host as a function of the host cell
volume and then as a function of the number of respiratory units
harboured by the host cell (that is, the ratio between the lifetime
metabolic rate of the host-supported volume and the rate of a single
ATP synthase). If these two expressions are equated, we obtain the

following expression:

0.97 0.88
(f daVsuppfhost/ td) +p Vsupp_host

fmaxSsph Vi?st = - Ar (9)

which can be combined with Vioq = Viupp_sym + Viupp_host
(Supplementary Information) and then rearranged to obtain V,,,,
noso the cell volume supported by host respiration:

2/3

(f daVs?ilgathost/ td) +p Vs%glifhost A

V su; sym V -
pp_sy supp. host S
fmax Sph

(10)
Adding V., omand V., 1. vields V, ., which is the largest vol-
ume for the host cell that can be supported by the population of
respiring symbionts. The benefit of a much larger possible volume
for the host cell can be compared to the relative cost of maintaining
the symbiont population, ¢, .. This cost is approximated by:
VsymNsym

(11)
Vhost

Crel,sym =

The analyses reveal that the larger the population of respiring
symbionts, the larger the increase in cell volume that is possible
(Fig. 6). The increase in volume is large for fast-dividing cells,
although the cost of maintaining their symbiont population is also
very high. On the other hand, slow-dividing cells gain a smaller
increase in volume but the energetic cost of their symbiont popula-
tions is also much lower. For example, a small and fast-growing cell
(t;="h) that harbours respiring symbionts derives a large advantage
that allows its volume to increase substantially; however, this also
comes at a steep cost of >30% (Fig. 6). A larger and slower-dividing
cell (for example, f;=8h) has a relative symbiont cost of up to 2
orders of magnitude lower (Fig. 6). If two cells have the same num-
ber of symbionts, the slower-dividing cell will achieve a larger
volume and also has a lower symbiont cost. Thus, if a larger and
slower-dividing cell took up respiring symbionts, it would have
been able to maintain or increase its volume while having a com-
paratively low symbiont cost. A lower symbiont cost leaves more
energetic resources, that is, ATP, for the rest of the cell volume, or
leaves a larger volume fraction for other cell functions. These analy-
ses may provide some insights into the nature of the ancestral host
cell that took up symbionts at the origin of eukaryotes (Discussion).

Discussion

The role of mitochondrial energetics in the origin and diversi-
fication of eukaryotes is highly contested'**»***>. As an attempt
to resolve this debate, we investigated the respiratory deficit of
mitochondrion-less cells and the maximum cell volume that can
be supported by respiration at the cell surface. We showed that the
maximum volume a cell can attain is dependent on at least three
major factors: cell body shape, cell division time and maximum
respiratory membrane fraction. A combination of biologically plau-
sible values for these factors may allow mitochondrion-less cells to
achieve volumes of up to 10°-10°um?’ without a deficit in surface
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Fig. 6 | Costs and benefits of harbouring ATP-exporting respiring
symbionts. Relationship between maximum cell volume and symbiont
population cost for different symbiont population sizes at several cell
division times. The plot was generated from equations (8-11). Solid lines,
Vsym =1um?; dashed lines, Vsym =0.25pum?. The vertical dotted lines show
the host cell volumes in the absence of a symbiont population. The colours
indicate the cell division time: Th (blue); 2 h (orange); 4 h (gold); and 8 h
(purple). For all the coloured lines, the cell division time, t,, is constant and
the number of symbionts, Nsym, is varied. The numbers above the solid blue
line indicate the number of symbionts. For the black lines, Nsym =1and t,
varied from 1to 8 h.

area devoted to respiration (Fig. 3). Furthermore, we investigated
the energetic consequences of the contrasting genomic architec-
tures of mitochondrion-less and mitochondrion-bearing cells.
Our results show that the asymmetrical genomic architecture of
mitochondrion-bearing cells provides slight energetic savings in
DNA costs relative to mitochondrion-less cells across a wide range
of cell volumes and genome sizes (Fig. 5). The model further pre-
dicts that mitochondrion-less cells can achieve a genome size of
3% 107bp if they devote 10% of their ATP budget to DNA synthesis,
at an energetic disadvantage of 20% (or 1.2-fold) (Figs. 5e,f).

The upper cell volumes and genome sizes of mitochondrion-less
cells can be predicted based on energetic considerations, as done
in this study. However, evolutionary success depends not only on
the energetic capacity of a cell to sustain its own features but also
on the selective or ecological advantages conferred by such features.
For example, a cell that has an energetic disadvantage by investing a
large proportion of energy in DNA (and thus less in ribosome bio-
genesis or growth) but has a feature that confers a large ecological
advantage (for example, phagocytosis or antibiotic secretion) may
otherwise outcompete cells that invest less in DNA but lack such a
feature. Similarly, the reproductive disadvantage that may accom-
pany longer cell division times in larger cells may be overcome by
ecological specialization to avoid competition. This is the senti-
ment behind some of the criticisms of the energetic hypothesis for
the origin of eukaryotic complexity previously raised by others**.
Moreover, even features that do not confer selective advantages
large enough to offset the selective disadvantages associated with
their energetic costs can passively emerge and be maintained in
evolution. This is more likely in species with larger cells that have
longer cell division times and smaller effective population sizes. In
such species, the relative energetic cost of cellular features is lower
and the power of random genetic drift is stronger'.

We have shown that the genomic architecture of modern eukary-
otes is advantageous in comparison to that of prokaryotes. However,
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this energetic advantage never exceeds 200% (or threefold) across a
vast cell volume range of 10'-10°um? (Fig. 5b). These results stand
in sharp contrast with the claim that “[an average] eukaryotic gene
commands some 200,000-fold more energy than a prokaryotic
gene”™. The discrepancy resides not only in the inappropriateness
of the energy per gene concept (see above) but also in that previous
analyses compared idealized averages for modern eukaryotes and
prokaryotes. Such averages, however, differ drastically in cell vol-
umes. Because the energy demands of cells (that is, ATP require-
ments and maximum metabolic rates'®”’) scale continuously and
nearly linearly with volume, and prokaryotes and eukaryotes over-
lap across this continuum (Fig. 2a), such comparisons between
rough averages are misleading.

The maximum advantage of threefold for eukaryotes found in
this study stems from the comparison of two considerably differ-
ent types of cells: mitochondrion-less and mitochondrion-bearing
cells. Whereas the former represents an average prokaryote, the lat-
ter arguably represents a derived (proto-)eukaryote with a highly
reduced mitochondrial genome and dynamic cytoskeleton. This is
because our model considers a mitochondrial genome that is less
than 7% the size of the main genome (that is, <70kbp, which is
equivalent to that of jakobids and last eukaryote common ancestor)
and assumes a main nuclear genome whose copy number does not
increase with a larger cell volume. Such a reduced mitochondrial
genome could only have evolved after the invention of a protein
import machinery that sped up gene transfer to the nucleus or main
genome (that is, by allowing the import of transferred gene products
back into mitochondria). In addition, only the presence of active
intracellular transport (that is, a dynamic cytoskeleton and motor
proteins that bypassed diffusion constraints) would have allowed
the nuclear or main genome not to scale up with cell volumes
(unlike in prokaryotes**‘). Thus, a great degree of evolutionary
change (and time) separates the two types of cells compared in this
study. This suggests that the energetic advantages between imme-
diate ancestor and descendant populations of (proto-)eukaryotes
were necessarily much smaller than the threefold energetic advan-
tage for mitochondrion-bearing cells found in this study. Indeed,
using a model and a set of parameters that best reflect the genomic
architecture of ancestral eukaryotes at the onset of mitochondrial
symbiosis (as viewed by mitochondrion-early scenarios) shows that
these early eukaryotes did not derive any energetic advantage rela-
tive to prokaryotes. Eukaryotes only gained an energetic advantage
after their mitochondrial genomes reduced considerably and their
main genome copy number was no longer required to scale with cell
volume (Extended Data Fig. 5). Moreover, if the ancestral eukaryote
that served as host for the pre-mitochondrial symbionts possessed
a dynamic cytoskeleton (as predicted by mitochondrion-late sce-
narios), the energetic costs associated with DNA synthesis would
have been slightly lower compared to those of a cytoskeleton-less
prokaryote (Extended Data Fig. 5).

Many cellular features other than mitochondria separate extant
eukaryotes from prokaryotes. Among these, the cytoskeleton and
endomembranes provided major evolutionary advantages to early
(proto-)eukaryotes by synergistically enabling phagocytosis and
intracellular digestion. These adaptations massively increase the
surface area by which nutrients can be taken up by cells (that is,
expanded nutritional membranes such as food and digestive vacu-
oles) and might compensate for the absence of higher efficiency in
energy harnessing (that is, aerobic respiration in mitochondria).
Phagotrophs also have an ecological advantage by preying on their
bacterial competitors. Furthermore, a dynamic cytoskeleton with
motors allowed for active intracellular transport, thereby overcom-
ing the diffusion constraints that burden prokaryotes. These advan-
tages may have allowed early (proto-)eukaryotes to achieve larger
cell volumes entirely composed of active cytoplasm (as opposed to
most larger prokaryotes) in the absence of mitochondria. The recent
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discovery of a phagocytic prokaryote with a dynamic cytoskeleton
and sizes of up to 10um in length® suggest that the evolution of a
larger cell volume is possible in the absence of mitochondria. As
shown above, these larger cell volumes and their accompanying
longer cell division times are also those at which a host cell would
benefit the most from harbouring a population of small respiring
symbionts (Fig. 6).

Comparative genomic analyses have estimated that the last
eukaryote common ancestor had 4,431 gene domains®™, approxi-
mately 4,137-5,938 gene families”™ or 7,447-21,840 genes
(mean=12,753)"". This inferred number of genes can be accom-
modated by a genome of approximately 20-50 Mbp in size that
also devotes more than a third of its size to regulatory and other
non-coding DNA. Because nuclear DNA amounts scale strongly
with cell volume in eukaryotes as the power law V=1025.4 Xx DNA**
(where V is in pm?* and DNA in picograms)*-*, a haploid last
eukaryote common ancestor with such a genome size may have
had a cell volume of approximately 23-57 um?® (that is, the volume
of a spherical cell of 3.5-4.8 um in diameter). Indeed, these genome
and cell sizes are similar to those of small heterotrophic nanoflagel-
lates such as jakobids and malawimonads, which also have the most
ancestral-like mitochondrial genomes known™. The gene number,
genome size and cell volume inferred for the last eukaryote com-
mon ancestor fall within or are close to the modern prokaryote—
eukaryote overlap (that is, 10°-10? um?®, 10°-10” bp and 4,000-13,000
genes) and also encompass the cell volumes and genome sizes at
which prokaryotes may not face a shortage of surface area (Fig. 3) or
a considerable energetic disadvantage due to increasing DNA costs
(Fig. 5). Thus, the prokaryote—eukaryote transition may have hap-
pened under these conditions.

Even though our analyses suggest that mitochondrion-less cells
may achieve relatively large volumes and genome sizes under cer-
tain conditions, they also point at constraints that these simpler cells
inevitably face at even larger volumes or genome sizes. Because the
amount of respiratory membrane needed (that is, the number of
ATP synthases) scales superlinearly with total surface area® (Fig. 3¢
and Supplementary Table 3), prokaryotes may experience a shortage
of respiratory membrane area at larger cell volumes (as long as their
internal volumes are active unlike in giant bacteria). Eukaryotes, on
the other hand, can maintain such a superlinear scaling and reach
much larger cell volumes by internalizing respiratory membranes in
mitochondria. In other words, mitochondria allow energy supply to
continuously match energy demand at increasingly larger volumes.
Barring non-energetic constraints (for example, DNA replication
times), mitochondria may also allow eukaryotes to have shorter cell
division times and rounder (or less flattened) cell body shapes than
mitochondrion-less cells (for example, prokaryotes) at comparable
cell volumes. Furthermore, as genome size increases, prokaryotes
divest more and more of their ATP budgets to DNA synthesis due
to their genomic symmetry. Therefore, the energetic advantage of
eukaryotes over prokaryotes increases with larger genome sizes. The
maximum genome size that prokaryotes can theoretically achieve is
3x10%bp if the entire ATP budget were devoted to DNA synthesis
or up to 3x 107bp at 10% of the ATP budget. In contrast, eukary-
otes can drastically expand their genomes as their cell volumes (and
ATP budgets) grow larger because of their genomic asymmetry.
These theoretical predictions are consistent with the constraints on
prokaryotes suggested by the cell volume and genome size distribu-
tions (Fig. 2) and are at odds with the conclusions of Lynch and
Marinov'®”.

Conclusions

It has been claimed that an energy gap underlies the large differ-
ences in size and complexity between eukaryotic and prokaryotic
cells. The proponents of this view further hold that the origin of
mitochondria was a prerequisite for simple prokaryotic cells to
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bridge such a gap and evolve into complex eukaryotic cells. Based
on energetic considerations, we have shown that prokaryotes can
theoretically achieve eukaryote-like cell volumes and genome sizes.
These findings are consistent with the modern prokaryote-eukary-
ote overlap in cell volumes and genome sizes. Because the last
eukaryotic common ancestor was probably a small heterotrophic
flagellate similar to a modern jakobid or malawimonad eukaryote,
we suggest that the prokaryote—eukaryote transition did not neces-
sarily require an expansion of respiratory membranes or the savings
in DNA costs that mitochondria can provide. We also argue that the
selective advantages conferred by mitochondria did not represent a
quantum leap in energy supply (or ‘bioenergetic jump™) at the ori-
gin of eukaryotes and were, in principle, not different from those
provided by other eukaryotic innovations, such as a dynamic cyto-
skeleton or an endomembrane system. Mitochondria, however, were
much more important for increasingly larger and faster-dividing
eukaryotic cells and may have thus allowed eukaryotes to success-
fully diversify and occupy new adaptive zones throughout their evo-
lutionary history.

Reporting summary. Further information on research design is
available in the Nature Research Reporting Summary linked to
this article.

Data availability
All data are available in the Supplementary Information and Source
Data Fig. 2. Source data are provided with this paper.
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