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Figure 1 A tree of life showing the chimeric origin of complex cells

A composite tree reflecting whole genomes, as depicted by Bill Martin in 1998, 
showing the three domains of  Bacteria, Archaea and Eukaryotes. Eukaryotes 
have a chimeric origin, in which genes from an archaeal host cell and a bacterial 
endosymbiont coalesce, with the archaeal host cell ultimately evolving into the 
morphologically complex eukaryotic cell, and the endosymbionts into 
mitochondria. One group of  eukaryotes later acquired a second bacterial 
endosymbiont, which became the chloroplasts of  algae and plants.
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Figure 2 A timeline of life

The timeline shows approximate dates for some key events in early evolution. 
Many of  these dates are uncertain and disputed, but most evidence suggests that 
the bacteria and archaea arose around 1.5 to 2 billion years before the eukaryotes.
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Figure 3 The complexity of eukaryotes

Four different eukaryotic cells showing equivalent morphological complexity. A 
shows an animal cell (a plasma cell), with a large central nucleus (N), extensive 
internal membranes (endoplasmic reticulum, ER) studded with ribosomes, and 
mitochondria (M).[Don Fawcett/Photo Researchers] B is the unicellular alga 
Euglena, found in many ponds, showing a central nucleus (N), chloroplasts (C), 
and mitochondria (M). C is a plant cell bounded by a cell wall, with a vacuole 
(V), chloroplasts (C), a nucleus (N), and mitochondria (M). D is a chytrid fungus 
zoospore, implicated in the extinction of  150 frog species; (N) is the nucleus, (M) 
mitochondria, (F) the flagellum, and (G) gamma bodies of  unknown function.
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Figure 4 The Archezoa – the fabled (but false) missing link

A An old and misleading tree of  life based on ribosomal RNA, showing the three 
domains of  bacteria, archaea and eukaryotes. The bars mark (1) the supposed 
early evolution of  the nucleus; and (2) the presumed later acquisition of  
mitochondria. The three groups that branch between the bars constitute the 
Archezoa, supposedly primitive eukaryotes that not yet acquired mitochondria, 
such as Giardia (B). We now know that the Archezoa are not primitive eukaryotes 
at all, but derive from more complex ancestors that already had mitochondria – 
they actually branch within the main part of  the eukaryotic tree (N = nucleus; 
ER = endoplasmic reticulum; V = vacuoles; F = flagella).
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Figure 5 The ‘supergroups’ of eukaryotes

A tree of  eukaryotes, based on thousands of  shared genes, showing the five 
‘supergroups’ as depicted by Eugene Koonin in 2010. The numbers refer to the 
number of  genes shared by each of  these supergroups with LECA (the last 
eukaryotic common ancestor). Each group has independently lost or gained many 
other genes. Most variation here is between single-celled protists; animals fall 
within the Metazoans (near the bottom). Notice that there is far more variation 
within each supergroup than between the ancestors of  these groups, suggesting 
an explosive early radiation. I like the symbolic black hole at the centre: LECA 
had already evolved all the common eukaryotic traits, but phylogenetics gives 
little insight into how any of  these arose from bacteria or archaea – an 
evolutionary black hole.
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Figure 6 The black hole at the heart of biology

The cell at the bottom is the common alga Euglena, found in many ponds. You 
don’t need to know what all these internal structures are to appreciate that this 
cell is large and complex. With the exception of  the chloroplasts (the “leafy” 
membranous structures at the periphery of  the cell), almost all the complex 
components of  this cell were present in the last common ancestor of  all 
eukaryotes. In stark contrast, at the top is a relatively complex bacterium, 
Planctomycetes, shown roughly to scale. I am not suggesting that the eukaryotes 
derived from Planctomycetes (they certainly did not), merely showing the scale of  
the gulf  between a relatively complex bacterium and a representative single-
celled eukaryote. There are no surviving evolutionary intermediates to tell the 
tale (indicated by the skulls and cross bones).
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Figure 7 Structure of a lipid membrane

The original fluid-mosaic model of  the lipid bilayer, as depicted by Singer and 
Nicholson in 1972. Proteins float, submerged in a sea of  lipids, some partially 
embedded, and others extending across the entire membrane. The lipids 
themselves are composed of  hydrophilic (water-loving) head-groups, typically 
glycerol phosphate, and hydrophobic (water-hating) tails, generally fatty acids in 
bacteria and eukaryotes. The membrane is organised as a bilayer, with 
hydrophilic heads interacting with the watery contents of  the cytoplasm and the 
surroundings, and the hydrophobic tails pointing inwards and interacting with 
each other. This is a low-energy, physically ‘comfortable ’ state: despite its 
ordered appearance, the formation of  lipid bilayers actually increases overall 
entropy by releasing energy as heat into the surroundings.
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Figure 8 Complex I of the respiratory chain

A Iron-sulphur clusters are spaced at regular distances of  14 ångströms or less; 
electrons hop from one cluster to the next by ‘quantum tunnelling’, with most 
following the main path of  the arrows. The numbers give the distance in 
ångströms from centre to centre of  each cluster; the numbers in brackets give the 
distance from edge to edge. B The whole of  complex I in bacteria in Leo Sazanov’s 
beautiful X-ray crystallography structure. The vertical matrix arm transfers 
electrons from FMN, where they enter the respiratory chain, to coenzyme Q (also 
called ubiquinone), which passes them on to the next giant protein complex. You 
can just make out the pathway of  iron-sulphur clusters shown in A buried within 
the protein. Reproduced courtesy of  Nature Publishing Group. C Mammalian 
complex I, showing the same core subunits found in bacteria, but partially 
concealed beneath an additional 30 smaller subunits, depicted in dark shades in 
Judy Hirst’s revealing electron cryo-microscopy structure.
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Figure 9 How mitochondria work

A Electron micrograph of  mitochondria, showing the convoluted inner 
membranes (cristae) where respiration takes place. [Don Fawcett/Photo 
Researchers] B A cartoon of  the respiratory chain, depicting the three major 
protein complexes embedded in the inner membrane. Electrons (e–) enter from 
the left and pass through three large protein complexes to oxygen. The first is 
complex I (see Figure 8 for a more realistic depiction); electrons then pass 
through complex III and IV. Complex II (not shown) is a separate entry point 
into the respiratory chain, and passes electrons straight to complex III. The small 
circle within the membrane is ubiquinone, which shuttles electrons from 
complexes I and II to III; the protein loosely bound to the membrane surface is 
cytochrome c, which shuttles electrons from complex III to IV. The current of  
electrons to oxygen is depicted by the arrow. This current powers the extrusion 
of  protons (H+) through the three respiratory complexes (complex II passes on 
electrons but does not pump protons). For each pair of  electrons that passes down 
the chain, four protons are pumped at complex I, four at  complex III and two at 
complex IV. The flux of  protons back through the ATP synthase (shown at the 
right) drives the synthesis of  ATP from ADP and Pi.
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Figure 10 Structure of the ATP synthase

The ATP synthase is a remarkable rotating motor embedded in the membrane 
(bottom). This beautiful artistic rendition by David Goodsell is to scale, and 
shows the size of  an ATP and even protons relative to the membrane and the 
protein itself. The flux of  protons through a membrane subunit (open arrow) 
drives the rotation of  the striped FO motor in the membrane, as well as the drive 
shaft (stalk) attached above (turning black arrow). The rotation of  the drive shaft 
forces conformational changes in the catalytic head (F1 subunit), driving the 
synthesis of  ATP from ADP and phosphate. The head itself  is prevented from 
rotating by the ‘stator’ – the rigid stick to the left – which fixes the catalytic head 
in position. Protons are shown below the membrane bound to water as 
hydronium ions (H3O+).
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Figure 11 Iron–sulphur minerals and iron–sulphur clusters

The close similarity between iron–sulphur minerals and iron–sulphur clusters 
embedded in modern enzymes, as depicted by Bill Martin and Mike Russell in 
2004. The central panel shows a repeating crystalline unit from the mineral 
greigite; this structure is repeated to make up a lattice of  multiple units. The 
surrounding panels show iron–sulphur clusters embedded in proteins, with 
structures similar to greigite and related minerals such as mackinawite. The 
shaded areas represent the rough shape and size of  the protein named in each 
case. Each protein typically contains a few iron–sulphur clusters, with or without 
nickel.
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Figure 13 Extreme concentration of organics by thermophoresis

A A section of  an alkaline hydrothermal vent from Lost City, showing the porous 
structure of  the walls – there is no central chimney but an interconnected 
labyrinth of  pores, micrometres to millimetres in diameter. B Organics such as 
nucleotides can theoretically concentrate up to more than 1000 times their starting 
concentration by thermophoresis, driven by convection currents and thermal 
diffusion in the vent pores, illustrated in C. D An example of  experimental 
thermophoresis from our reactor at University College London, showing 5000-
fold concentration of  a fluorescent organic dye (fluorescein) in a microporous 
ceramic foam (diameter: 9 cm). E Even greater concentration of  the fluorescent 
molecule quinine, at least 1 million-fold in this case.
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Figure 14 How to make organics from H2 and CO2

A The effect of  pH on reduction potential. The more negative the reduction 
potential, the more likely a compound is to transfer one or more electrons; the 
more positive, the more likely it is to accept electrons. Note that the scale on the 
Y axis becomes more negative with height. At pH 7, H2 can’t transfer electrons to 
CO2 to produce formaldehyde (CH2O); the reaction would rather proceed in the 
opposite direction. However, if  H2 is at pH 10, as in alkaline hydrothermal vents, 
and CO2 is at pH 6, as in early oceans, the reduction of  CO2 to CH2O is 
theoretically possible. B In a microporous vent, fluids at pH 10 and pH 6 could be 
juxtaposed across a thin semiconducting barrier containing FeS minerals, 
facilitating the reduction of  CO2 to CH2O. FeS is here acting as a catalyst, as it 
still does in our own respiration, transferring electrons from H2 to CO2.
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Figure 15 The famous but misleading three-domains tree of life

The tree of  life as portrayed by Carl Woese in 1990. The tree is based on a single 
highly conserved gene (for small subunit ribosomal RNA) and is rooted using the 
divergence between pairs of  genes found in all cells (which must therefore have 
already been duplicated in the last universal common ancestor, LUCA). This 
rooting suggests that the archaea and the eukaryotes are more closely related to 
each other than either group is to the bacteria. However, while that is generally 
true for a core of  informational genes, it is not true for the majority of  genes in 
eukaryotes, which are more closely related to bacteria than archaea. This iconic 
tree is therefore profoundly misleading, and should be seen strictly as a tree of  
one gene only: it is most certainly not a tree of  life!

Bacteria Archaea Eukaryotes
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Figure 16 The ‘amazing disappearing tree’

The tree compares the branching of  48 universally conserved genes in 50 bacteria 
and 50 archaea. All 48 genes are concatenated into a single sequence, giving 
greater statistical power (a common practice in phylogenetics); this ‘supergene ’ 
sequence is next used to build a tree showing how the 100 species relate to each 
other. Each individual gene is then used to build a separate tree, and each of  these 
trees is compared with the ‘supergene ’ tree built from the concatenated genes. 
The strength of  shading denotes the number of  individual gene trees that 
correspond to the concatenated tree for each branch. At the base of  the tree, 
nearly all the 48 genes recover the same tree as the concatenated sequence, clearly 
indicating that the archaea and the bacteria are genuinely deeply divided. At the 
tips of  the branches, most individual gene trees also agree with the concatenated 
tree. But the deeper branches within both groups have vanished: not a single 
individual gene tree recovers the same branching order as the concatenated 
sequence. This problem could be a result of  lateral gene transfers confounding 
branching patterns, or simply the erosion of  a statistically robust signal over an 
unimaginable 4 billion years of  evolution.

Archaea Bacteria
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Figure 17 A cell powered by a natural proton gradient

A cell sits in the middle of  the frame, enclosed by a membrane that is leaky to 
protons. The cell is ‘wedged’ in a small break in an inorganic barrier that 
separates two phases within a microporous vent. In the top phase, mildly acidic 
ocean water percolates along an elongated pore, at a pH of  5–7 (generally taken 
to be pH 7 in the model). In the bottom phase, alkaline hydrothermal fluids 
percolate along an unconnected pore, at a pH of  about 10. Laminar flow indicates 
a lack of  turbulence and mixing, which is characteristic of  fluids flowing in small 
confined spaces. Protons (H+) can flow directly through the lipid membrane, or 
through proteins embedded in the membrane (triangular shape), down a 
concentration gradient from the acidic ocean to the alkaline hydrothermal fluid. 
Hydroxide ions (OH−) flow in the opposite direction, from the alkaline 
hydrothermal fluid to the acid ocean, but only through the membrane. The 
overall rate of  proton flux depends on the permeability of  the membrane to H+, 
neutralisation by OH− (to form H2O); the number of  membrane proteins; the size 
of  the cell; and the charge across the membrane accrued by the movement of  ions 
from one phase to the other.
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Figure 18 Generating power by making methane

A simplified view of  methanogenesis. In A the energy from the reaction between 
H2 and CO2 powers the extrusion of  protons (H+) across the cell membrane. A 
hydrogenase enzyme (Hdr) catalyses the simultaneous reduction of  ferredoxin 
(Fd) and a disulphide bond (–S–S–), using the two electrons from H2. Ferredoxin 
in turn reduces CO2, ultimately to a methyl (–CH3) group bound to a cofactor 
designated R. The methyl group is then transferred to a second cofactor (R'), and 
this step releases enough energy to pump two H+ (or Na+) across the membrane. 
In the final stage, the –CH3 group is reduced to methane (CH4) by the HS– 
group. Overall, some of  the energy released by the formation of  methane (CH4) 
from H2 and CO2 is conserved as an H+ (or Na+) gradient across the cell 
membrane. In B the H+ gradient is used directly through two distinct membrane 
proteins to drive carbon and energy metabolism. The energy-converting 
hydrogenase (Ech) reduces ferredoxin (Fd) directly, which again passes its 
electrons on to CO2 to form a methyl (–CH3) group, which is reacted with CO to 
form acetyl CoA, the linchpin of  metabolism. Likewise, H+ flux through the ATP 
synthase drives ATP synthesis, and so energy metabolism.
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Figure 19 The origin of bacteria and archaea

A possible scenario for the divergence of  bacteria and archaea, based on a 
mathematical model of  energy availability in natural proton gradients. The figure 
shows only the ATP synthase for simplicity, but the same principle applies to 
other membrane proteins such as Ech. A natural H+ gradient in a vent can drive 
ATP synthesis so long as the membrane is leaky (bottom), but there is no benefit 
to improving the membrane, as that collapses the natural gradient. A sodium−
proton antiporter (SPAP) adds a biochemical sodium gradient to the geochemical 
proton gradient, enabling survival on smaller H+ gradients, facilitating spread 
and divergence of  populations in the vent. The extra power provided by SPAP 
means that pumping H+ offers a benefit for the first time. With a pump, there is a 
benefit to lowering membrane permeability to H+. When the membrane H+ 
permeability approaches modern values, cells finally become independent of  
natural gradients, and can leave the vent. Bacteria and archaea are depicted 
escaping from the vent independently.
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Figure 20 Possible evolution of 

active pumping

Hypothetical origins of  pumping 
in bacteria and archaea, based on 
the direction of  H+ flux through 
the membrane protein Ech. A The 
ancestral state, in which natural 
proton gradients drive carbon and 
energy metabolism via Ech and the 
ATP synthase (ATPase). This can 
only work so long as the 
membrane is leaky to protons. B 
Methanogens (postulated to be the 
ancestral archaea). These cells 
continue to use Ech and the 
ATPase to drive carbon and 
energy metabolism, but with 
H+-tight membranes could no 
longer rely on natural proton 
gradients. They had to ‘invent’ a 
new biochemical pathway and new 
pump (methyl transferase, Mtr) to 
generate their own H+ (or Na+) 
gradient (dotted lines). Note that 
this panel is equivalent to Figure 
18 A and B combined. C 
Acetogens (postulated to be the 
ancestral bacteria). The direction 
of  H+ flux through Ech is here 
reversed, and is now powered by 
the oxidation of  ferredoxin. 
Acetogens did not need to ‘invent’ 
a pump, but had to find a new way 
of  reducing CO2 to organics; this 
is done using NADH and ATP 
(dotted lines). This postulated 
scenario could explain both the 
similarities and differences in the 
acetyl CoA pathway between 
methanogens and acetogens.
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Figure 21 The remarkable chimerism of eukaryotes

Many eukaryotic genes have equivalents in bacteria or archaea, but the range of  
apparent sources is startling, as seen in this tree by Bill Martin and colleagues. 
The tree depicts the closest matches to specific bacterial or archaeal groups for 
eukaryotic genes with clear prokaryotic ancestry. Thicker lines indicate that more 
genes apparently derive from that source. For example, a large proportion of  
genes appears to derive from the Euryarchaeota. The range of  sources could be 
interpreted as multiple endosymbioses or lateral gene transfers, but there is no 
morphological evidence for this, and it is difficult to explain why all of  these 
prokaryotic genes branch together within the eukaryotes; that implies there was a 
short evolutionary window early in eukaryotic evolution when genetic transfers 
were rife, followed by next to nothing for the following 1.5 billion years. A 
simpler and more realistic explanation is that there was a single endosymbiosis 
between an archaeon and a bacterium, neither of  which had a genome equivalent 
to any modern group; and subsequent lateral gene between the descendants of  
these cells and other prokaryotes gave rise to modern groups with an assortment 
of  genes.
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Figure 22 Two, not three, primary domains of life

Seminal work by Martin Embley and colleagues shows that eukaryotes derive from 
archaea, reproduced courtesy of  Nature Publishing Group. A shows a 
conventional three-domains tree, in which each domain is monophyletic 
(unmixed): the eukaryotes are at the top, the bacteria at the bottom, and the 
archaea are shown split into several large groups that are more closely related to 
each other than to either the bacteria or eukaryotes. B shows a more recent and 
strongly supported alternative tree, based on far wider sampling and a larger 
number of  informational genes involved in transcription and translation. The 
informational genes of  eukaryotes here branch within the archaea, close to a 
specific group known as eocytes, hence the name of  the hypothesis. The implication 
is that the host cell that acquired a bacterial endosymbiont at the origin of  the 
eukaryotic domain was a bona fide archaeon, something like an eocyte, and was 
therefore not some sort of  ‘primitive phagocyte ’. TACK stands for the superpylum 
comprising Thaumarchaeota, Aigarcheota, Crenarchaeota and Korarchaeota.
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Figure 23 Giant bacteria with ‘extreme polyploidy’

A shows the giant bacterium Epulopiscium. The arrow points to the ‘typical’ 
bacterium E. coli, for comparison’s sake. The cell at the bottom centre is the 
eukaryotic protist Paramecium, dwarfed by this battleship of  a bacterium. B shows 
Epulopiscium stained by DAPI staining for DNA. The white dots close to the cell 
membrane are copies of  the complete genome – as many as 200,000 copies in 
larger cells, a state known as ‘extreme polyploidy’. C is an even larger bacterium, 
Thiomargarita, which is about 0.6 mm in diameter. D shows Thiomargarita stained 
by DAPI staining for DNA. Most of  the cell is taken up with a giant vacuole, the 
black area at the top of  the micrograph. Surrounding the vacuole is a thin film of  
cytoplasm containing as many as 20,000 copies of  the complete genome (marked 
by white arrows).
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Figure 24 Energy per gene in bacteria and eukaryotes

A shows the average metabolic rate per gene in bacteria (a, grey bar) compared 
with single-celled eukaryotes (b, black bar), when equalised for genome size. 
B shows much the same thing, but this time equalised for cell volume (15,000-fold 
larger in eukaryotes) as well as genome size. Notice that the Y axis on all these 
graphs is logarithmic, so each unit is a 10-fold increase. A single eukaryotic cell 
therefore has 100,000-fold more energy per gene than bacteria, despite respiring 
about three times slower per gram of  cells (as shown in C). These numbers are 
based on measured metabolic rates, but corrections for genome size and cell 
volume are theoretical. D shows that the theory matches reality nicely. The values 
shown are the metabolic rate for each single genome, taking into consideration 
genome size, copy number (polyploidy) and cell volume. In this case a is E. coli, b 
is Thiomargarita, c is Epulopiscium, d is Euglena, and e is the large Amoeba proteus.
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Figure 25 Bacteria living within other bacteria

A A population of  intracellular bacteria living inside cyanobacteria. The wavy 
internal membranes in the right-hand cell are thylakoid membranes, the site of  
photosynthesis in cyanobacteria. The cell wall is the darker line enclosing the cell, 
which is sheathed within a transluscent gelatinous coat. The intracellular bacteria 
are enclosed in a lighter space that could be mistaken for a phagocytic vacuole, 
but is probably an artefact of  shrinkage, as no cells with a wall can engulf  other 
cells by phagocytosis. How these bacteria got inside is a mystery, but there ’s no 
doubt that they are really there, and so no doubt that it is possible, if  very rare, to 
have intracellular bacteria inside free-living bacteria. B Populations of  gamma-
proteobacteria inside beta-proteobacterial host cells, in turn living within the 
eukaryotic cells of  a multicellular mealybug. On the left, the central cell (with the 
nucleus about to divide by mitosis) has six bacterial endosymbionts, each of  them 
containing a number of  rod-shaped bacteria, shown magnified on the right. This 
case is less compelling than the cyanobacterial example, as their cohabitation 
within a eukaryotic cell is not equivalent to a free-living host cell; nonetheless, 
both cases show that phagocytosis is not needed for an endosymbiosis between 
bacteria.
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Figure 26 Nuclear pores

Classic images by the pioneer of  electron microscopy Don Fawcett. The double 
membrane surrounding the eukaryotic nucleus is clearly visible, as are the regular 
pores, marked by arrows in A. The darker areas within the nucleus are relatively 
inactive regions, where chromatin is ‘condensed’, whereas lighter regions indicate 
active transcription. The lighter ‘spaces’ close to the nuclear pores indicate active 
transport in and out of  the nucleus. B shows an array of  nuclear pore complexes, 
each composed of  scores of  proteins assembled to form the machinery of  import 
and export. The core proteins in these pore complexes are conserved across all 
eukaryotes, hence nuclear pores must have been present in LECA (the last 
eukaryotic common ancestor). [Don Fawcett/Photo Researchers]
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Figure 27 Mobile self-splicing introns and the spliceosome

Eukaryotic genes are composed of  exons (sequences that encode proteins) and 
introns – long, non-coding sequences inserted into genes, which are spliced out 
from the RNA code-script before the protein is synthesised. Introns seem to be 
derived from parasitic DNA elements found in bacterial genomes (left panel), but 
decayed by mutations to inert sequences in eukaryotic genomes. These must be 
actively removed by the spliceosome (right panel). The rationale for this 
argument is the mechanism of  splicing shown here. The bacterial parasite (left 
panel) splices itself  out to form an excised intron sequence encoding a reverse 
transcriptase that can convert copies of  the parasitic genes into DNA sequences, 
and insert multiple copies into the bacterial genome. The eukaryotic spliceosome 
(right panel) is a large protein complex, but its function depends on a catalytic 
RNA (ribozyme) at its heart, which shares exactly the same mechanism of  
splicing. This suggests that the spliceosome, and by extension eukaryotic introns, 
derived from mobile group II self-splicing introns released from the bacterial 
endosymbiont early in eukaryotic evolution.
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Figure 28 Sex and recombination in eukaryotes

A simplified depiction of  the sexual cycle: the fusion of  two gametes followed by 
a two-step meiosis with recombination to generate new, genetically distinct 
gametes. In A two gametes with a single copy of  an equivalent (but genetically 
distinct) chromosome fuse together to form a zygote with two copies of  the 
chromosome B. Notice the black bars, which could signify either a harmful 
mutation, or a beneficial variant of  specific genes. In the first step of  meiosis C the 
chromosomes are aligned and then duplicated, to give four equivalent copies. 
Two or more of  these chromosomes are then recombined D. Sections of  DNA 
are reciprocally crossed over from one chromosome to another, to fashion new 
chromosomes containing bits of  the original paternal and bits of  the original 
maternal chromosome E. Two rounds of  reductive cell division separate these 
chromosomes to give F and finally a new selection gametes G. Notice that two of  
these gametes are identical to the original gametes, but two now differ. If  the 
black bar signifies a harmful mutation, sex has here generated one gamete with no 
mutations, and one gamete with two; the latter can be eliminated by selection. 
Conversely, if  the black bar signifies a beneficial variant, then sex has united both 
of  them in a single gamete, allowing selection to favour both simultaneously. In 
short, sex increases the variance (the difference) between gametes, making them 
more visible to selection, so eliminating mutations and favouring beneficial 
variants over time.
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Figure 29 The ‘leakage’ of fitness benefits in mitochondrial inheritance

A and a are gametes with different versions (alleles) of  a particular gene in the 
nucleus, denoted A and a. Gametes with a pass on their mitochondria when they 
fuse with another a gamete. Gametes with A are ‘uniparental mutants’: if  an A 
gamete fuses with an a gamete, only the A gamete passes on its mitochondria. 
The first mating here shows a fusion of  A and a gametes, to produce a zygote 
with both nuclear alleles (Aa), but all mitochondria deriving from A. If  a contains 
some defective mitochondria (pale shade) these are eliminated by uniparental 
inheritance. The zygote now produces two gametes, one with the A allele, and 
one with the a allele. Each of  these fuses with an a gamete containing defective 
mitochondria (pale shade). In the upper cross, A and a gametes generate an Aa 
zygote, with all mitochondria deriving from the A gamete, thereby eliminating 
the defective (pale) mitochondria. In the lower cross, two a gametes fuse, and the 
defective mitochondria are passed on to the aa zygote. Each of  these zygotes (Aa 
and aa) now forms gametes. The a mitochondria have now been ‘cleaned up’ by a 
couple of  rounds of  uniparental inheritance. That improves the fitness of  
biparental gametes, so the fitness benefit ‘leaks’ through the population, ultimately 
arresting its own spread.
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Figure 30 Random segregation increases variance between cells

If  a cell starts with a mixture of  different types of  mitochondria, which are 
doubled and then divided roughly equally between two daughter cells, the 
proportions will vary slightly with each cell division. Over time these differences 
are amplified, as each cell partitions an increasingly distinct population of  
mitochondria. If  the final daughter cells at the right become gametes, then 
repeated cell division has the effect of  increasing variance between gametes. 
Some of  these gametes are very good, and others very bad, increasing the 
visibility to natural selection: exactly the same effect as uniparental inheritance, 
and a Good Thing. Conversely, if  the cells at the right are progenitor cells that 
give rise to a new tissue or organ, then this increased variance is a disaster. Now 
some tissues will function well but others will fail, undermining the fitness of  the 
organism as a whole. One way to lower the variance between tissue progenitor 
cells is to increase the number of  mitochondria in the zygote, such that the 
number of  mitochondria partitioned initially is much greater. This can be 
achieved by increasing the size of  the egg cell, giving rise to ‘anisogamy’ (large 
egg, small sperm).

Vital Question_WWN_final.indd   229 5/4/15   2:51 PM



T H E  V I TA L  Q U E S T I O N

Figure 31 The mosaic respiratory chain

Protein structures for complex I (left), complex III (centre left), complex IV 
(centre right) and the ATP synthase (right), all embedded in the inner 
mitochondrial membrane. The darker subunits, mostly buried within the 
membrane, are encoded by genes that are physically located in the mitochondria, 
whereas the paler subunits, mostly peripheral or outside the membrane, are 
encoded by genes that reside in the nucleus. These two genomes evolve in 
dramatically different ways – the mitochondrial genes are passed on asexually 
from mother to daughter, whereas nuclear genes are recombined by sex every 
generation; and mitochondrial genes (in animals) also accumulate mutations at up 
to fifty times the rate of  nuclear genes. Despite this propensity to diverge, natural 
selection can generally eliminate dysfunctional mitochondria, maintaining nearly 
perfect function over billions of  years.
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Figure 32 Mitochondria in cell death

A shows normal electron flow down the respiratory chain to oxygen (wavy 
arrow), with the current of  electrons powering the extrusion of  protons across 
the membrane, and proton flux through the ATP synthase (right) driving ATP 
synthesis. The pale grey colour of  the three respiratory proteins in the membrane 
indicates that the complexes are not highly reduced, as electrons do not 
accumulate in the complexes but are passed on quickly to oxygen. B shows the 
concerted effects of  slowing electron flux as the result of  an incompatibility 
between mitochondrial and nuclear genomes. Slow electron flux translates into 
lower oxygen consumption, limited proton pumping, falling membrane potential 
(because fewer protons are pumped), and collapsing ATP synthesis. The 
accumulation of  electrons in the respiratory chain is signified by the darker 
shading of  the protein complexes. The highly reduced state of  complex I 
increases its reactivity with oxygen, forming free radicals such as superoxide 
(O2

•-). C If  this situation is not resolved within minutes, then free radicals react 
with membrane lipids including cardiolipin, resulting in the release of  
cytochrome c (the small protein loosely associated with the membrane in A and B 
and now released in C. Loss of  cytochrome c precludes electron flux to oxygen 
altogether, reducing the respiratory complexes even more (now shown in black), 
increasing free-radical leak, and collapsing membrane potential and ATP 
synthesis. These factors together trigger the cell death pathway, resulting in 
apoptosis.
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Figure 33 Fate depends on capacity to meet demand

Two cells with equivalent mitochondrial capacity, facing different demands. In A 
the demand is moderate (signified by the arrows); the mitochondria can meet it 
comfortably without becoming highly reduced (denoted by the pale grey 
shading). In B the initial demand is moderate, but then increases to a far higher 
level. Electron input to the mitochondria increases commensurately, but their 
capacity is insufficient and the respiratory complexes become highly reduced 
(dark shading). Unless capacity can be increased swiftly, the outcome is cell death 
by apoptosis (as depicted in Figure 32).
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Figure 34 The death threshold

The threshold at which free-radical leak triggers cell death (apoptosis) should 
vary between species, depending on the aerobic capacity. Organisms with high 
aerobic demands need a very good match between their mitochondrial and 
nuclear genomes. A poor match is betrayed by a high rate of  free-radical leak 
from the dysfunctional respiratory chain (see Figure 32). If  a very good match is 
required, cells should be more sensitive to free-radical leak; even low leak signals 
that the match is not good enough, triggering cell death (a low threshold). 
Conversely, if  aerobic demands are low then there is nothing to be gained by 
killing the cell. Such organisms will tolerate higher levels of  free-radical leak 
without triggering apoptosis (a high threshold). The predictions for high and low 
death threshold are shown in the side panels. Pigeons are hypothesised to have a 
low death threshold, rats the opposite. Both have the same body size and basal 
metabolic rate, but pigeons have a much lower rate of  free-radical leak. While the 
veracity of  these predictions is unknown, it is striking rats live for just three or 
four years, pigeons for up to 30.
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Figure 35 Antioxidants can be dangerous

Cartoon depicting the results of  an experiment using hybrid cells, or cybrids. In 
each case the genes in the nucleus are nearly identical; the main difference lies in 
the mitochondrial DNA. There are two types of  mitochondrial DNA: one from 
the same strain of  mice as the nuclear genes (top, ‘low ROS’), and the other from 
a related strain with a number of  differences in its mitochondrial DNA (middle, 
‘high ROS’). ROS stands for reactive oxygen species and equates to the rate of  
free-radical leak from the mitochondria. The rate of  ATP synthesis is depicted by 
the large arrows, and is equivalent in the low ROS and high ROS cybrids. 
However, the low ROS cybrid generates this ATP comfortably, with low free-
radical leak (denoted by little ‘explosions’ in the mitochondria) and a low copy 
number of  mitochondrial DNA (squiggles). In contrast, the high-ROS cybrid has 
more than double the rate of  free-radical leak, and double the copy number of  
mitochondrial DNA. Free-radical leak appears to power-up respiration. That 
interpretation is supported by the bottom panel: antioxidants lower the rate of  
free-radical leak, but also reduce the copy number of  mitochondrial DNA and, 
critically, the rate of  ATP synthesis. So antioxidants disrupt the free-radical signal 
that optimises respiration.
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Figure 36 Why rest is bad for you

The traditional view of  the free-radical theory of  ageing is that a small 
proportion of  electrons ‘leak’ out from the respiratory chain during respiration to 
react directly with oxygen and form free radicals such as the superoxide radical 
(O2

•−). Because electrons flow faster and we consume more oxygen in active 
exercise, the assumption has been that free-radical leak increases during exercise, 
even if  the proportion of  electrons leaking out remains constant. That is not so. 
The upper panel here indicates the actual situation during exercise: electron flow 
down the respiratory chain is fast because ATP is consumed quickly. That allows 
protons to flux through the ATP synthase, which lowers membrane potential, 
which allows the respiratory chain to pump more protons, which draws electrons 
faster down the respiratory chain to oxygen, which prevents the accumulation of  
electrons in respiratory complexes, lowering their reduction state (represented by 
the pale grey shading). That means free-radical leak is modest during exercise. 
The opposite is true at rest (lower panel), meaning there can be higher rates of  
free-radical leak during inactivity. Low consumption of  ATP means there is a 
high membrane potential, it becomes hard to pump protons, so the respiratory 
complexes gradually fill up with electrons (darker grey shading) and leak more 
free radicals. Best go for a run.
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Oh, but look again! All eukaryotes have a nucleus, true, but in all known 
cases that nucleus is similar in its structure. It has a doubled membrane, 
continuous with other cellular membranes, a nucleolus, where ribosomal 
RNA is synthesised, elaborate nuclear pore complexes, and an elastic 
lamina; and the DNA is carefully packaged in proteins, forming chromo-
somes – relatively thick chromatin fibres, 30 nanometres in diameter. As we 
saw in Chapter 6, protein synthesis takes place on ribosomes that are always 
excluded from the nucleus. This is the very basis of  the distinction between 
the nucleus and cytoplasm. So what about the cell from Myojin Knoll? It has 
a single nuclear membrane, with a few gaps. No nuclear pores. The DNA 
is composed of  fine fibres as in bacteria, about 2 nanometres in diameter, not 
thick eukaryotic chromosomes. There are ribosomes in the nucleus. Ribo-
somes in the nucleus! And ribosomes outside the nucleus too. The nuclear 
membrane is continuous with the cell membrane in several places. The 
endosymbionts could be hydrogenosomes, but some of  them have a bacte-
rial corkscrew morphology on 3D reconstruction. They look more like rela-
tively recent bacterial acquisitions. While it has internal membranes there is 
nothing resembling an endoplasmic reticulum, or the Golgi apparatus, or a 

Figure 37 A unique microorganism from the deep sea

Is this a prokaryote or a eukaryote? It has a cell wall (CW), plasma membrane 
(PM) and a nucleus (N) surrounded by a nuclear membrane (NM). It also has 
several endosymbionts (E) which look a bit like hydrogenosomes. It’s quite big, 
about 10 micrometres in length, and the nucleus is large, taking up nearly 40% of  
the cell volume. Plainly a eukaryote, then. But no! The nuclear membrane is a 
single layer, not a double membrane. There are no nuclear pore complexes, just 
occasional gaps. There are ribosomes in the nucleus (mottled grey regions) and 
outside the nucleus. The nuclear membrane is continuous with other membranes 
and even the plasma membrane. The DNA is in the form of  thin filaments, 2 
nanometres in diameter as in bacteria, not eukaryotic chromosomes. Plainly not a 
eukaryote, then. I suspect this enigma is actually a prokaryote that acquired 
bacterial endosymbionts, and is now recapitulating eukaryotic evolution, 
becoming larger, swelling its genome, accumulating the raw material for 
complexity. But this is the only sample, and without a genome sequence we may 
never know.
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