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Prologue
Bon appétit

We begin with a question: What do sex, relationships, and half a loaf of bread have in common? A registrar once joked that,
sooner or later, they all go stale, while another mused that all three, like toast, inevitably leave crumbs behind. While both
observations may be true, neither is quite what we’re looking for. To find the answer, we need to navigate life’s long history, from
primordial prokaryotes to the explosion of eukaryotic diversity, to uncover what made all that followed possible and how it has
continued to shape the world around us, including ourselves.

The journey underscores the power of alliance. Partnerships can bring immense advantages, though rarely without
complications. From this improbable union arose novel adaptations that eventually gave rise to multicellular life, sexual
dimorphism, and the intricate choreography of sexual reproduction. Nature’s history reminds us that complexity often emerges
not from perfection but from the persistent negotiation of difficulty, compromise, and change. What first appears an obstacle
may, with time, become the very thing that makes new possibilities attainable.

Most of us now have the leisure to look beyond mere survival and wonder what becomes of us. We lament the frailties of aging,
illness, limitation, and loss, yet these are inseparable from the evolutionary inheritance that first made complexity possible. The
bargain struck long ago brought abundance, adaptability, and consciousness itself, though never without cost. Perhaps it is from
this tension, rather than perfection, that much of what we value in ourselves ultimately arose. As we strive to become less mortal
and move beyond our origins, we must be careful not to forsake the essence of what has made us human.

To understand consciousness, complexity, desire, aging, reproduction, and the curious burden of being human, we must
return to the beginning, long before bones, blood, or breath, to a world inhabited only by simple cells drifting through ancient
seas. There, in an alliance both improbable and transformative, the foundations of everything that followed were laid.

Part 1
Betrothed
Commengons-Let’s begin

With our registrars’ ripostes still fresh in our ears and crumbs no doubt left to be brushed from the bedsheets, let us return
to the question and see what other answers, romantic or otherwise, may yet come to light. Where shall we begin? Where else
but at the beginning?

A wondrous story emerges when we consider the very beginning of life, which, fossil records suggest, may have begun around
4 billion years ago. But before we get to that, let us pause for a moment and let those few short words sink in, along with the
staggering expanse of time they contain—so vast that it may be almost as difficult to fathom as the subtleties of a fine Bordeaux.
Still, drink up, and let us begin by remembering that a billion years is a thousand million years: a procession of zeros so long that
the mind struggles to grasp what truly lies within it. Let us try, then, to savour a little of that immensity.

[ am 60 years old. In a curious coincidence, that is almost 4 billion half-seconds. Imagine, for a moment, a fiction in which
each of those tiny intervals represented a single year of Earth’s history. In such a span, my entire life would have come and gone
within the last 30 seconds or so. That hardly amounts to much, does it? Just enough time to take a deep breath or savour the
scent of wine gently swirled in a glass.

In this metaphor, the last year of my life—a single half-second—would take us back some 70 million years into Earth’s past.
The climate was cooling after the Cretaceous period. Dinosaurs still thundered across the land; the seas teemed with life, and
birds had claimed the skies. In a short while, a meteor would blaze from heaven and lay waste to nearly 75 percent of all living
species. In the aftermath, mammals would stir furtively and, eventually, stand in space suits beside a flag on the moon.

If we turn to the pages of human history—from the Mona Lisa hanging in the Louvre to the rise and fall of ancient empires—
much would be said and done within the span of a mere 300,000 years, little more than a day and a half in our metaphor. Before
that, for the first 30 years of my life, there were no ferns or ancient trees to leave fossils, no animals to press footprints into the
mud. Beneath volcanic skies, only simple, single-celled organisms, much like modern-day bacteria, lived. Alongside them existed
another group—so similar that, for a long while, they were thought to be one and the same—the Archaea. Together, they formed
the earliest lineages of life on Earth. And that was it. That was all there was, and that was how things remained for a very long
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time.

Incredibly, these tiny vessels remain with us today, much as they did billions of years ago. They are still remarkably simple
organisms, measuring only about 0.5 to 5 micrometers in length—a few thousandths of a millimeter, so yes, very small indeed.

Most are circular or rod-shaped and enclosed by a double-layered membrane, usually surrounded by a more rigid cell wall
and, at times, a sticky outer capsule. Unlike our own cells, they possess no distinct nucleus. Their genetic material consists
of small, circular strands of DNA that lie freely within the cell, accompanied by even smaller loops known as plasmids, and is
scattered throughout the cytoplasm rather than gathered within a central compartment. Internally, they contain little of the
elaborate architecture seen in more complex cells, though archaea have evolved somewhat beyond this, tidying the nest with
some furnishings of cytoskeletal structure and nucleic organization.

But simplicity should never be mistaken for inadequacy. That these organisms persist in much the same way as their ancient
ancestors suggests that whatever they possess has long been sufficient. Their survival over billions of years stands as testimony
to extraordinary resilience and adaptability. Indeed, they are so abundant that, taken together, these Lilliputian vessels comprise
more than half the living cellular biomass on Earth today.

Much of this tenacity stems from immense genetic flexibility and rapid, efficient replication, endowing them with a
remarkable capacity to evolve and adapt swiftly to almost any environment, including those of extraordinary hostility—from the
scalding plumes of volcanic geysers to the less glamorous byproducts of human digestion. In this way, they have flourished with
astonishing versatility, lending quiet support to the notion that good things often do come in very small packages. We might well
wonder how such a seemingly simple broth could ever have given rise to life as we know it. How did this ancient soup slowly
thicken and take shape so that our distant ancestors could eventually emerge from it? To answer, we must return once more to
that primordial cauldron.

For the first two and a half billion years, there was little to fill the pot beyond the persistent prokaryotes themselves: abundant,
resilient, and astonishingly successful, yet destined to remain comparatively simple for an immense span of time. Something
extraordinary must have happened. And indeed, it did. An evolutionary coup of astonishing savoir-faire, so improbable yet so
transformative, that it altered the trajectory of life forever.

Against extraordinary odds, a partnership emerged unlike anything that had come before. From it arose an entirely new
domain of cellular complexity, one that would at last bring succulence to life and lay before evolution an extravagant new menu
of possibilities. From this unlikely alliance came a flourishing of biological exuberance from which the vast pageantry of complex
life would eventually arise.

For good reason, the birth of the eukaryotic cell has been described as Le premier moment—the most important event in the
history of life on Earth. We can say this because, had it never occurred, the only eyes open to read these words today would likely
belong to ancient cyanobacteria, still drifting lazily through the bland simplicities of a primordial world.

When the eukaryotes awoke, so too, it seems, did everything else. The fossil record went wild. [t sprouted arms and legs, snouts
and trunks, shells, wings, leaves, and flowers—a vast ceremony of form that would eventually fill the Earth with astonishing
diversity. Every animal and plant alive today, every complex organism that has ever lived, traces its lineage to this singular
evolutionary event. It was the great turning point, the sine qua non for all that followed.

Why did this happen? Was it simply a matter of one thing gradually becoming another—small, simple prokaryotes slowly
accumulating complexity until, at last, they were transformed into something entirely new? It is a reasonable thought. After all,
is this not how evolution often proceeds, much like a fine Boeuf Bourguignon slowly simmering as pinches of this and that are
added over time? And indeed, for much of life’s history, that is precisely the manner of becoming: the gradual accumulation of
traits, gained or lost, keeping this and discarding that, shaping what already exists into something better suited to the here and
now.

Surprisingly, that is not the answer we are looking for. The emergence of the eukaryotic cell was not merely more of the
same dish served upon a bigger plate. To understand this, we must return to the prokaryotes themselves and consider what
constraints may have held them in such enduring simplicity. We know that modern prokaryotes remain remarkably similar to
their ancient ancestors. They are still much the same size and shape and, for most of their history, seem content to do what they
have always done. This raises an important question. If evolution so often evokes change, then why have they changed so little?
Why did they not simply become larger and more complex, as did the eukaryotes?
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Perhaps they did not need to. Perhaps Mother Nature—Le Chef Cuisinier herself—brings forth only what is required, and if
something already suffices, why demand more? This may well be true, but Lynn Margulis believed there was more to it. In the
1960s, she became convinced that eukaryotes were profoundly novel—as avant-garde to their primordial pond-mates as song is
to stutter or a toasted croissant to sliced bread. They were not simply prokaryotes stirred harder in the pot; they were something
else entirely.

Margulis argued that the rise of the eukaryotic cell was not an inevitability patiently awaiting enough time to emerge. It was
a dalliance with disaster, an alliance no less likely to be apocalyptic than the scraping of continental plates against one another, a
fate fantastique purloined from les mdchoires de la mort—the jaws of death. More simply put, our ingredients ate one another. Not
entirely savoir vivre, but the pot, it seems, is forgiving and, somehow, miraculously, both survived to tell their tale-a story that, as
earlier told, would forever enrich the table of life with an irrepressible feast of complexity and possibility. It was, in many ways,
the Adam and Eve moment of cellular life—I'affaire de coeur that lingered long after that first bite.

For the bacterium of Les Amoureux, sanctuary had been granted. Within its host, it found proximity to what it needed and
distance from what it did not. It was protected within a space where it could exist safely. For the archaeal host, the arrangement
proved equally advantageous. It now possessed within itself something that offered enduring benefit—a source of energy and
productivity far more valuable than the fleeting nourishment of a morsel swiftly swallowed.

The two became inseparable. They became one: the eukaryote, a fusion of archaeal and bacterial ancestry that would soon
become Le meilleur plat du menu—the finest dish in the house—from which every subsequent delicacy of complex life would
arise, including ourselves.

Margulis showed that in almost every eukaryotic cell alive today, that ancient symbiosis endures. The descendants of those
ancestral bacteria still live intimately within their hosts, enclosed by their own membranes and retaining their own distinct
DNA. They are the mitochondria. They spend their entire lives inside cells that have become so dependent on them that neither
partner can now survive without the other, bound together in one of evolution’s most enduring partnerships.

Bounty

We might well wonder what this mitochondrial ancestor whispered that so bewitched its archaeal host into abandoning
the usual instinct to consume its meal outright and instead preserve it within for ongoing habitation. Was it deception? Or the
promise of something greater?

To answer this, let us first ask what brings us to the table.

It is not a difficult question. We come to eat—La Raison Principale—the instinct that underlies much of what living things
do. Some among you, especially those less inclined toward the epicurean, may imagine loftier aspirations: to be loved, to find
meaning, wealth, wisdom, or companionship. All are worthy pursuits indeed. Yet few would linger long in search of such things
if the hunger of an empty belly went unfilled.

We may chase all these ambitions—and countless others—only because we have the freedom to do so. We have become
so remarkably adept at eating and at avoiding being eaten ourselves that we now have the leisure to wonder about things less
immediate than survival. The luxury of philosophy, art, romance, and self-reflection ultimately rests on something far older and
more visceral: the successful acquisition of energy.

Algae in bloom, a squid, an ant, a child brushing her teeth—what do all these things have in common? They are made of cells:
sometimes one, sometimes vast multitudes held together in seamless continuity. To remain alive, each must perform work—to
grow, move, replicate, repair, and maintain the innumerable processes on which function depends. Doing so requires energy.
It must be found, harnessed, and continually renewed. Whether it is the beat of a flagellum or the muscled stride of a runner
pounding down a track, to live is to do, and all doing comes at an energetic cost.

Where does this energy come from? In one sense, from almost anywhere. Energy resides in sunlight warming the Earth, in
the motion of wind and water, and in waves breaking against a shore or glaciers grinding valleys through stone. Anything with
motion, mass, or charge has the capacity to perform work. At a smaller scale, energy lies within atoms themselves. When bound
together into chemical molecules, their electrons occupy states of tension and potential that can be released through metabolism.
Life relentlessly exploits these gradients, breaking and reforming bonds to capture usable energy from the world around it.

For living organisms, this energy is gathered primarily through food. Plants harness sunlight through photosynthesis, fixing
atmospheric carbon into sugars and other complex molecules. Animals, in turn, consume these stores of captured energy, whether
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a sheep grazing quietly in a field or a diner tossing vinaigrette over a bowl of salad greens. Food is swallowed, metabolism
follows, and energy is released.

Seen through this lens, much of life appears as a continuous balance between feeding and being fed upon, between the
pursuit of energy and the need to avoid becoming prey for something else. Predators have evolved teeth, claws, speed, venom,
camouflage, and cunning to secure the calories needed for survival. Their prey has evolved equal ingenuity to hide, flee, shield,
burrow, or deceive. Even plants participate in the same contest, sending tendrils toward sunlight or roots toward water and
nutrients buried in the soil. Whether hunting, grazing, filtering, scavenging, or photosynthesizing, organisms survive by acquiring
energy more effectively than the forces competing against them.

Those that become better at obtaining and using energy gain a profound evolutionary advantage. Over immense spans of
time, this imperative has shaped the architecture of living things. The towering height of trees, the elongated neck of a giraffe, the
streamlined body of a dolphin, and the immense migratory power of whales all reflect solutions to the same underlying problem:
how to secure and use energy efficiently in a competitive world.

Strip life to its barest essentials, and this truth remains. From prokaryotes to mammoths, from pond slime to the giant cedars
of Canada, every living cell depends on energy to power the processes that sustain it. Without energy, movement ceases, gradients
collapse, repair fails, and life ends.

Viewed this way, the astonishing diversity of biological form begins to resemble endless variations on a surprisingly simple
theme: the acquisition and use of energy while striving not to be consumed in turn. Mouths, limbs, digestive tracts, sensory
organs, wings, fins, and nervous systems are, in many respects, elaborations on this central evolutionary enterprise. Whether it
is a fish darting through water, a gazelle crossing open grassland, or a frog calling into the rain, each is shaped by the demands of
survival, metabolism, and reproduction.

Everything else—philosophy, romance, war, art, ambition, grief, even the quiet tenderness of a lover’s kiss—emerges
downstream from this more ancient biological bargain. It sounds almost unbearably trite, doesn’t it? As though one were reducing
a beautifully prepared entrecote au poivre to little more than beef wrapped in pastry—Un tel scandale—and yet, beneath all its
refinement, life remains inseparable from the acquisition and expenditure of energy.

What’s love got to do with it-Tina Turner, 1984

Probably not very much just yet—though that will come. For now, the question is what any of this has to do with mitochondria
and the murmured allure that drew its archaeal host into symbiotic engagement.

The answer brings us back to something far more fundamental than romance: the lure of energy itself. All living things need
energy. They must acquire it, contain it, and use it before it dissipates. Left without a device, energy is fleeting—more like heat
escaping from an oven than wealth stored in a vault. Cells therefore require not merely a way to generate energy, but a way to
package it into a form that can be gathered, given, transported to wherever it is needed, and replenished thereafter - much like
plates borne from a kitchen to tables waiting to be served.

This is the role of ATP—adenosine triphosphate. Its precursor, ADP (adenosine diphosphate), is a modest molecule composed
of adenine bound to two phosphate groups. Add a third phosphate, however, and the chemistry changes profoundly. Forcing
this additional phosphate into place requires energy, and the resulting bond is in a state of strained potential, like a spring
compressed and held under tension. When released, that stored energy can power the innumerable processes upon which life
depends.

ATP therefore serves as the cell’s energy currency, gathering energy where it is abundant and delivering it where work must
be done, much like a maitre d’ moving tirelessly through a crowded dining room. It powers muscle contraction, cell division,
protein synthesis, nerve impulse transmission, and the maintenance of the delicate internal order upon which living systems
rely. Once its energy is spent, ATP reverts to its leaner form, ADP, ready to be recharged and sent back into circulation. This cycle
repeats incessantly, thousands of times each day within every living cell.

The mechanism by which this occurs is among the most extraordinary in biology. Across cellular membranes —and later,
with far greater sophistication, within mitochondria—living systems harness hydrogen-ion, or proton, gradients to generate
ATP. It is a process so ancient and ubiquitous that it likely predates the emergence of complex life itself. Plants, animals, fungi,
and bacteria all depend on variations of the same underlying principle. Without it, life as we know it would not exist.
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To understand how this works, we must briefly delve into metabolism itself. During glycolysis and the Krebs cycle, sugars,
fats, and proteins are progressively broken down into smaller molecules, including acetyl-CoA. Along the way, electrons are
stripped from these substrates and transferred to carrier molecules such as NADH and FADH.,. These electron-rich carriers then
deliver their electrons to a series of protein complexes embedded in cellular membranes.

What follows is the Electron Transport Chain. Electrons pass from one protein complex to the next in a controlled sequence
of oxidation and reduction reactions, much like dishes passed hand-to-hand through the frenzy of a busy kitchen. As they do so,
their movement releases energy that pumps protons across the membrane, accumulating them on one side like water gathering
behind a dam. This separation creates both an electrical and a chemical gradient—the proton motive force—a reservoir of stored
potential energy generated by the controlled displacement of hydrogen ions.

The protons, however, cannot remain separated indefinitely. Pooled on one side of the membrane, they gather like water
behind a dam, pressing insistently toward return. Drawn by the gradient, they surge back across the membrane through
specialized protein channels known as ATP synthase complexes. Here, the process becomes almost astonishing in its elegance.
The flow of returning protons physically rotates part of the ATP synthase molecule, functioning as a microscopic rotary motor of
almost exquisite Lilliputian precision. This mechanical motion drives the binding of phosphate to ADP within the cell, generating
ATP.

The energy yield is immense. Glycolysis alone yields only two ATP molecules per glucose molecule metabolized. Oxidative
phosphorylation, driven by the proton motive force, produces more than thirty. Without this astonishing efficiency, we would
derive so little energy from eating that we could scarcely lift our forks from the table, and complex life as we know it would be
nearly impossible. Organisms would spend nearly all their time in the relentless pursuit of enough fuel simply to remain alive.

Instead, this ancient molecular machinery provided an energetic surplus from which complexity itself could arise. Size,
movement, multicellularity, nervous systems, and eventually consciousness all emerged from this extraordinary abundance. The
entire process is known as chemiosmotic coupling. Peter Mitchell first proposed the concept in the 1960s and was awarded the
Nobel Prize. His theory revealed that life had evolved a way to convert electrochemical gradients into mechanical motion and,
from there, into biochemical energy stored in ATP. In many respects, it represents the deepest common inheritance shared by
every living thing on Earth—Ia condition sine qua non de la vie.

Geometry and the Crisis of Constraint

Energy is inseparable from life. Much of what cells require is generated by ATP synthase complexes embedded in their cell
membranes, like lamps lit along a road. To generate more energy might therefore seem straightforward: place more of these
molecular turbines along the membrane, or expand the surface on which they sit. For single-celled organisms such as bacteria,
it is largely the latter that matters. As cells enlarge, so does the surrounding membrane, increasing the surface area available for
ATP generation. At first glance, the solution appears simple—un morceau de gdteau—a piece of cake.

Yet geometry is an entirely gracious host. As cells increase in size, their surface area expands, but the internal volume enclosed
within that surface expands far more rapidly. This imbalance imposes a profound energetic constraint. Surface area determines
how much energy can be generated across a membrane, whereas volume determines how much energy is required to sustain
the space within. The larger a cell becomes, the greater the energetic burden imposed by its own interior. It is rather like trying
to feed a voracious appetite with only a tiny spoon. Eventually, demand outpaces delivery.

For prokaryotes, this geometric limitation proved prohibitive. However successful they became—and they were
extraordinarily successful—they remained confined to narrow energetic boundaries. They could survive, replicate, and diversify,
but only within the modest limits their membrane energetics could sustain. Size carried a metabolic cost they could not afford.
The larger they grew, the more volume’s appetite outstripped the membrane’s capacity to feed it. And so, for nearly two billion
years, life remained largely microbial: small, efficient, and constrained.

How was this impasse overcome? What happened to allow eukaryotic cells to escape the energetic ceiling that had confined
their ancestors for so long? How did life move beyond the strict geometry of prokaryotic existence and into the expansive
complexity from which plants, animals, nervous systems, and eventually human consciousness would emerge?

Margulis had an answer. She proposed that when the ancient bacterial guest first arrived in its host, it came intact—bags
packed, carrying everything it needed to survive. It was already a fully functioning prokaryote. Small, yes, but well suited to its
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size. Its membrane was richly endowed with the machinery required to generate energy, and within the sheltered abundance
of its host, it found itself unexpectedly well accommodated. It was rather like stepping through a doorway, flinging a hat on the
hook, and finding a couch already waiting beside a warm fire.

The arrangement proved remarkably advantageous. The bacterial guest continued doing what it had always done: generating
ATP across its membrane. Yet the costs of survival were lower. Nutrients were plentiful, and conditions were stable. Much
of the burden of independent existence had been eased by the surrounding host. Over time, the relationship deepened. The
guest adapted, shedding what was no longer necessary. Much of this excess was DNA—vital but metabolically expensive and
cumbersome to replicate. Genes were progressively transferred to the host genome, which increasingly assumed many of the
housekeeping responsibilities of cellular maintenance. The once free-living bacterium became leaner, more specialized, and
increasingly devoted to one task above all others: energy production.

In time, it evolved into a powerhouse. ATP flowed not only in sufficient quantities for itself but in energetic abundance
that spilled into the host like light through a window. The arrangement became transformative. Freed from relying solely on
its own membrane for energy production, the host cell could now expand beyond the severe geometric constraints that had
long confined prokaryotic life. Its membrane was liberated for other purposes: to sense, to engulf, to communicate, to move.
Cilia swept. Flagella propelled. Pseudopodia stretched outward to grasp and explore. The cell was no longer trapped within the
narrow energetic economy of its ancestors.

And the mitochondria multiplied.

Whatbegan as one became many. From a few to hundreds to thousands, these internal symbionts spread through the cytoplasm
like a bramble of Christmas lights glowing in the dark. Each carried its own membrane and ATP-generating infrastructure, and
together they transformed the cell’s energetic landscape. The host became flooded with metabolic wealth. ATP flowed in such
abundance that entirely new forms of biological complexity became possible.

The consequences were profound. The genome expanded. New proteins evolved. Internal compartments emerged.
Cytoskeletons formed. Organelles specialized. Whereas prokaryotes had remained tightly constrained by membrane geometry,
these new symbiotic cells were suddenly liberated from the energetic constraints that had governed life for nearly two billion
years.

With size came extraordinary advantage.

Imagine floating in the ocean beside a breaching whale. It feels immense, yet even a whale is only about twenty times larger
than you. Now imagine an organism hundred, or even thousands, of times larger still. That is the scale of transformation these
new eukaryotic cells achieved relative to their prokaryotic ancestors. It was not merely an increase in size. [t was a new biological
order altogether.

Margulis was the first to propose how this transformation occurred: an archaeal host and an itinerant bacterium whose
needs aligned so completely that, over time, they became

inseparable. We may never know precisely how the partnership began or how many thousands of generations it took for the
arrangement to stabilize. But stabilize it did. From that ancient merger arose the eukaryotic cell—and from it, every complex
organism that has ever lived, including ourselves.

Voila-geometry rewritten.
For better or worse

Do you remember the question we first asked? What do sex, relationships, and a loaf sliced in two have in common?
Are we getting closer to an answer?

Perhaps.

We have certainly seen a relationship, though the early eukaryotic cell, for all its newfound sophistication, was still far
removed from the reproductive innovations that would later reshape the living world. Yet a partnership had undeniably formed.
An archaeal host and its bacterial guest had entered something profoundly intimate: une liaison amoureuse—a love affair born
not merely of proximity but of mutual benefit. Over time, dependence deepened into devotion. Two once- independent organisms
became so entwined that they were inseparable, each increasingly unable to thrive without the other.
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And for a time, the arrangement flourished.

Yet living together is rarely without mishap. The sheets become ruffled, and small irritations accumulate. What first seems
enchanting gradually reveals its difficulties. For mitochondria, the problem arose not from spite but from the very act of doing
what they did best: generating energy.

Oxidative phosphorylation is extraordinarily efficient, yet despite the astonishing power of this molecular engine, it is not
perfectly clean. Within the electron transport chain, electrons are passed rapidly from one molecular complex to another in a
tightly controlled sequence. Most complete the journey successfully. Some do not. Electrons occasionally escape prematurely
and bind directly to oxygen, generating highly reactive free radicals—unstable molecules capable of damaging almost anything
they encounter. The consequences can be destructive. Membranes are disrupted. Proteins are altered. DNA is damaged. Within
mitochondria, the small circular genome is particularly vulnerable. Fortunately, they maintain many copies of their DNA,
providing a degree of redundancy against injury. Damage to one copy can often be tolerated.

But only to a point.

Over time, the burden accumulates, and mitochondrial efficiency declines. Cells, however, contain not just one mitochondrion
but many. Hundreds. Sometimes thousands. Their collective function provides resilience against loss. Individual mitochondria
may fail, become damaged, or cease functioning altogether, while others continue generating enough ATP to sustain the larger
cellular enterprise. But this balance is precarious. As dysfunction accumulates and mitochondrial performance declines,
the energetic wealth that once fuelled complexity begins to diminish, and the elaborate architecture of complex life—all the
organelles, cytoskeletons, signalling systems, and energetic demands made possible by mitochondrial abundance—gradually
becomes harder to support.

As free radicals spill beyond the mitochondria into the wider cell, their effects ripple outward, damaging membranes, proteins,
organelles, and even nuclear DNA. At the same time, declining mitochondrial efficiency steadily reduces the energy available
for repair and maintenance. The host therefore bears a double burden: increasing molecular injury alongside a diminishing
capacity to correctit. Processes once easily maintained become progressively harder to sustain. Repair falters. Cellular structures
deteriorate. Membranes lose integrity. Proteins misfold. Damage accumulates faster than it can be repaired.

The lights begin to dim, and we find that the very process that empowered complex life also slowly erodes it, a fate written
into the fumes of internal combustion. The host, having entered this ancient bargain, must bear the consequences alongside its
energetic reward. What began as a triumphant evolutionary alliance reveals itself to have been a Faustian bargain. The same
mitochondria that made complexity possible by liberating life from the energetic constraints of simplicity also tethered it to
gradual oxidative decline.

Relationships, it seems, come at a price.

Endosymbiosis was, in many respects, un mariage fait au paradis—a marriage made in Heaven - yet it carried within it the
seeds of eventual ruin. Despite this, the partnership endured, for the rewards of complexity were simply too great to forsake.

A call to arms-and legs

For our ancient cellular partnership, a querelle amoureuse was brewing. Oxidative metabolism had brought extraordinary
energy, but also instability and damage. The relationship could, in theory, have ended there. Many alliances in evolution are
fleeting. Some, however, become too advantageous to forsake.

The host cell had become profoundly dependent on its mitochondria. Complexity itself now carried energetic costs that
glycolysis alone could no longer sustain. The larger cell, laden with internal compartments, signalling systems, and increasingly
elaborate structures, required immense quantities of ATP simply to remain viable.

The scale of this demand is difficult to appreciate.

An average adult human requires roughly 2000 calories of energy each day merely to stay alive. That energy is delivered
through ATP, the molecular currency of cellular work. Remarkably, the human body recycles approximately its own weight in
ATP every twenty-four hours. An 80-kilogram adult will generate and consume close to 80 kilograms of ATP in a single day.

The figure seems almost absurd, yet it reveals the staggering energy burden of complex life. Mitochondria provide much of
this ATP through oxidative phosphorylation. Without them, relying solely on glycolysis would make it energetically impractical
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for active, complex organisms such as ourselves to survive. Either metabolic demands would need to drop dramatically, or food
intake would need to increase enormously simply to sustain normal biological function.

Despite their dangers, mitochondria had become indispensable. Yet free radicals were part of the bargain—the biochemical
exhaust of oxidative metabolism, the inevitable indigestion of abundance.

A truce, une tréve, had to be found.
And so, life adapted.

Cells evolved increasingly sophisticated repair systems capable of restoring damaged proteins, membranes, and organelles.
DNA, particularly vulnerable to oxidative injury, became progressively protected within the enclosed sanctuary of the nucleus.
There, it could be condensed, organized, repaired, and shielded from much of the metabolic turbulence occurring elsewhere in
the cell.

Cells also became more acquisitive. They engulfed nutrients, scavenged useful molecules, consumed debris, and incorporated
foreign genetic material. They found advantages in staying close to other cells. Clusters provided protection, shared resources,
and buffered against environmental instability. Over immense spans of evolutionary time, these associations deepened. Cells
adhered to one another, communicated, specialized, and eventually surrendered portions of their individual autonomy for the
benefit of larger cooperative wholes.

Multicellular life was born.

Whathad once been independent cells became integrated organisms composed of many smaller living units. New possibilities
emerged. Cells specialized into tissues, which formed organs. Bodies grew larger, more complex, and more capable. Evolution
began assembling life into increasingly elaborate forms, exploring biological possibilities with astonishing inventiveness.

The diversification that followed was extraordinary.

Some organisms developed limbs for movement. Others evolved sensory systems capable of perceiving the world with
increasing sophistication. Predation intensified. Nervous systems expanded. Muscles strengthened. Skeletons emerged. Life
accelerated into a vast evolutionary arms race of adaptation and innovation.

Even oxidative stress itself was repurposed.

Free radicals, once considered merely destructive, became integrated into cellular signaling pathways that helped regulate
growth, repair, and programmed cell death. Apoptosis—the deliberate destruction of damaged or unnecessary cells—became
essential to sculpting tissues and organs during embryonic development. Without it, fingers would remain webbed and organs
malformed. Destruction itself had become a creative force.

Sexual reproduction emerged from the same expanding landscape of complexity and adaptation. Earlier forms of cellular
replication had been largely asexual: efficient and reliable, yet genetically conservative. Sexual reproduction introduced
something radically new—the recombination of genomes between two distinct individuals. It was an evolutionary revolution.
Genes could now be shuffled, repaired, diversified, and tested against changing environments with unprecedented flexibility.
Harmful mutations could be diluted, and advantageous traits could combine. Diversity flourished. Natural selection gained a
vastly expanded vocabulary upon which to act.

Endosymbiosis began as an improbable partnership between an archaeal host and a bacterium. The energetic abundance
provided by mitochondria expanded the evolutionary possibilities available to life. From oxidative stress and energetic
compromise arose resilience, innovation, cooperation, and biological diversity on a scale previously unimaginable. The same
oxidative pressures that once threatened cellular survival had, paradoxically, driven life toward ever greater sophistication. Life
did not merely survive oxidative stress. It evolved because of it.

From this ancient conflict arose multicellular organisms of staggering complexity and variety. Forests, insects, fish, reptiles,
mammals, birds, and ultimately, we ourselves all emerged from this singular evolutionary event.

The Problem of Baggage

The rise of sexual reproduction conferred an extraordinary evolutionary advantage, though it also created new biological
conflicts of its own. When cells joined together to exchange DNA, they also exchanged other cellular components, including
organelles such as mitochondria. At first glance, this might seem beneficial. More resources, more machinery, more inheritance.
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Yet mitochondria were unlike most other cellular structures. They were living descendants of ancient bacteria and were
exquisitely adapted to the intracellular environment in which they lived.

Over evolutionary time, mitochondria had shed much of their unnecessary genetic baggage, retaining only the small set of
genes required for immediate local regulation. Everything else had been delegated to the host nucleus. They travelled light—une
baguette, un béret, et une bouteille de Bordeaux—the bare essentials. It was an extraordinarily efficient arrangement.

Until sex arrived and complicated things.

The fusion of cells during sexual reproduction merged clonal populations of mitochondria, suddenly forcing them into the
same intracellular environment. Different mitochondrial lineages, each adapted to its own host conditions, now competed within
a shared cytoplasm. The newly formed cell faced not only the challenge of integrating two parental genomes but also the problem
of coordinating multiple mitochondrial populations with potentially conflicting interests. This created evolutionary instability.

The solution, ultimately, was remarkably simple: restrict mitochondrial inheritance.

As sexual reproduction evolved, cells became increasingly selective about what was allowed to enter the newly formed
zygote. Nuclear DNA from both parents was retained, but cytoplasmic contents—particularly mitochondria—were progressively
excluded from one parent in the reproductive partnership. In most complex organisms, the problem of mixed mitochondrial
populations was largely avoided by allowing only one parent to contribute mitochondria to the offspring.

Over immense spans of evolutionary time, this asymmetry became increasingly pronounced and eventually gave rise to
anisogamy the evolution of distinct gametes of different size and function. One cell specialized in provisioning. It became large,
nutrient-rich, and filled with cytoplasm, organelles, and mitochondria. This would become the oocyte, contributing not only
DNA but also the energetic infrastructure required to support early embryonic development. Through it, mitochondrial lineages
would continue across generations. The other specialized almost exclusively in delivering genetic material. It became small,
streamlined, and highly mobile—a genome packaged for transport. This would become the sperm. Its mitochondria, though
essential for powering the long journey toward fertilization, would largely fail to contribute to the offspring, so its mitochondrial
lineage would end there.

From this asymmetry arose the biological origins of sex differentiation itself.

The emergence of distinct gametes—Ilarge, energy-rich eggs and small, motile sperm—Iaid the foundation for the eventual
evolution of male and female reproductive strategies. Sexual reproduction, already powerful in its capacity to generate diversity,
had now become organized around a profound biological division of labor: one cell specialized in nurturing and provisioning
new life, while the other specialized in mobility, competition, and the delivery of genetic material.

Une fin heureuse-A happy ending

And so, to us—as practitioners of women’s health and reproductive medicine, as scientists, parents, artists, and observers of
life—there arrives at the end of these labours a newborn child: a remarkable package of biological inheritance and possibility.
Mitochondria make up almost one-fifth of the mass of the human body. In an average newborn weighing 3.5 kilograms, nearly
700 grams consists of mitochondria carried within its many cells—a weight approaching that of half a loaf of bread.

And there we have it.

With the first breath, a squawk of protest, and the restless movement of tiny limbs, the answer arrives at last. The child before
us is not merely the product of human reproduction, but the living continuation of an ancient evolutionary relationship forged
billions of years ago.

Bravo a nous tous—well done to us all.
Part 2

Apres la lune de miel

When the Honeymoon feels over

L'apreés-Afterwards

Yet every happy ending is only a beginning viewed from another side. The child arrives radiant with possibility, yet carries
within its cells the same ancient bargain struck billions of years ago. The alliance that liberated life from energetic poverty also
bound it to new vulnerabilities: oxidative stress, aging, mutation, conflict, adaptation, and change.
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Complexity did not abolish difficulty. It arose because of it. And transformed it.

Evolution pressed onward, not toward perfection but toward solutions. Each innovation solved one problem while often
creating another. Cells adapted. Organisms collaborated. New strategies emerged. Some flourished briefly before vanishing
altogether, while others endured long enough to shape life’s future on Earth. What followed was not the end of the story but the
long, complicated aftermath of abundance.

Le detour-the detour

Imagine you are setting off on a journey—nothing extravagant, merely the familiar drive from here to there. Routine.
Predictable. The sort of trip taken so often that little thought is given to it. But today, something has changed. A wrong turn,
perhaps, some unexpected roadworks, or a flat tire that leaves you stranded an hour from work on a Monday morning, with
about as much patience as an empty coffee cup.

You open the trunk hoping to find the spare, but where is it—you haven't the faintest idea. Flustered, you make your way to
the nearest station and, before long, find yourself on board the morning train back to the city. The carriage is surprisingly quiet,
and you take a window seat. A few stops later, someone lovely settles in beside you. A smile is exchanged, then some gentle
laughter. When your stop arrives, you have agreed to meet after work for drinks. Somehow, through frustration, disruption, and
chance, you have met the person who will become your life partner.

Was it fate? How will it end? Perhaps it offers an answer to the second part of our question. Who can say? Life often unfolds
in much the same way. Evolution certainly did. Success is rarely about perfection. More often, it belongs to those who can adapt
when circumstances change—to improvise, endure, and find new solutions before old ones fail.

Organisms, like people, persist not because difficulty spares them, but because they endure despite it. Sometimes this means
abandoning what no longer works. Sometimes it means discovering entirely new ways to do what had always been done. And
sometimes it is simply a matter of being in the right place at precisely the right moment—rather like choosing the seat on the
train where fortunes cross.

Evolution is filled with such moments. A falling star transformed catastrophe for some into opportunity for others, allowing
small mammals to emerge from the shadows of the dinosaurs that had long dominated Earth. Had they possessed the capacity to
wonder, they could scarcely have imagined that a few tens of millions of years later, their descendants would stand on the Moon
and gaze back at the world from which they came.

Life advances in this way: not toward perfection, but toward possibility.
La grande liberation-Energetic freedom

Life on Earth likely began with primitive cells arising 3.8 to 4 billion years ago. To survive, they required energy. This is
among the most fundamental rules of life. Without energy, nothing moves, grows, repairs, divides, or persists. Cells package this
energy primarily as ATP—adenosine triphosphate—the molecular currency that powers biological work. ATP carries energy
where it is needed, much like plates borne from a kitchen to waiting tables. Muscles contract because of it. Membranes maintain
their gradients because of it. Proteins are assembled, nerves conduct impulses, and cells divide because ATP continually flows
through the machinery of life. Early cells generated it through relatively simple pathways in the cytosol, including glycolysis and
fermentation.

Then came something extraordinary.

Oxidative phosphorylation emerged perhaps 200 million years later, transforming biological energetics. Using membrane-
bound electron transport chains, early prokaryotes such as bacteria and archaea learned to harvest energy from electron transfer
with far greater efficiency than before. Electrons passed between molecules capable of donating and accepting them, including
hydrogen, sulfur, and iron compounds abundant in the anaerobic world of early Earth. As electrons moved through these
primitive transport chains, energy was used to pump hydrogen ions across cellular membranes, generating an electrochemical
gradient known as the proton motive force. Drawn back across the membrane through ATP synthase complexes, the returning
protons drove ATP production through chemiosmosis—a process so successful that life still depends on it billions of years later.

The later evolution of photosynthetic organisms further transformed this system. Cyanobacteria flooded the atmosphere with
oxygen produced from sunlight and water, gradually reshaping the planet’s chemistry. Oxygen then became the terminal electron
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acceptor for oxidative phosphorylation, enabling aerobic respiration to generate ATP with astonishing efficiency compared with
earlier anaerobic pathways.

And yet a profound constraint remained.

Oxidative phosphorylation depended on membranes. ATP generation could occur only across the limited surface area
surrounding a cell. As cells enlarged, their volume—and therefore their energetic demands—increased far more rapidly than
their surface area. The larger a cell became, the hungrier it grew, while the membrane available to meet those demands failed to
keep pace.

Geometry itself became a biological prison.

For nearly two billion years, life remained constrained by these energetic limits. Cells survived, diversified, and flourished,
but they stayed relatively small and simple because they lacked the energetic infrastructure needed to sustain greater complexity.

Endosymbiosis changed everything.

Around 1.5 to 2 billion years ago, an archaeal host cell formed an intimate symbiotic relationship with a smaller bacterial
ancestor—the organism that would eventually become the mitochondrion. Rather than relying solely on its own membrane for
energy production, the host now harboured an internal population of specialized ATP-generating symbionts. The consequences
were revolutionary. Freed from the energetic limitations imposed by surface geometry, cells could expand dramatically in
size and complexity. Internal compartments evolved. Cytoskeletons emerged. Genomes enlarged. New biological possibilities
appeared. The eukaryotic cell had arrived. And with it came the energetic abundance from which all subsequent complexity
would eventually emerge.

Le prix-the price.

Yet few biological liberations come without a price. Oxidative phosphorylation bestowed extraordinary abundance upon
life, but it was never entirely consequence-free. Within the electron transport chain, electrons are passed rapidly between
molecular complexes in tightly controlled succession. Most complete the journey successfully. Some do not. A small proportion
escape prematurely and react directly with oxygen, generating highly reactive molecules known as reactive oxygen species,
or ROS. These include superoxide anions and hydrogen peroxide—unstable chemical fragments capable of damaging almost
anything they encounter. Proteins are altered. Lipid membranes lose integrity. DNA accumulates damage. Even the mitochondria
themselves, upon which the process depends, gradually suffer the consequences of their own activity.

In many respects, oxidative stress became the biochemical exhaust of energetic abundance. The problem was cumulative.
Mitochondrial DNA is located near the electron transport chain and is particularly vulnerable to oxidative injury. Unlike nuclear
DNA, it has comparatively limited repair mechanisms, allowing mutations to accumulate gradually over time. As damage
increases, oxidative phosphorylation becomes progressively less efficient. ATP production falters. More electrons escape, and
more free radicals form. The system begins to destabilize slowly under the burden of its own success.

Cells employ remarkable strategies to resist this decline. Antioxidant systems neutralize reactive molecules. Damaged
proteins are repaired or replaced. Dysfunctional mitochondria are degraded through mitophagy and removed before further
injury occurs. Yet these protective systems are never perfect, and over decades the balance gradually shifts. Damage accumulates
faster than it can be repaired.

The consequences are most evident in tissues with high energy demands. Muscles weaken. Cardiovascular tissues stiffen and
fail. Neurons, which must often survive an entire human lifetime without replacement, are especially vulnerable to mitochondrial
decline and oxidative stress. Many degenerative diseases associated with aging arise downstream of this burden. Mitochondrial
dysfunction has been implicated in disorders such as Alzheimer’s disease, Parkinson’s disease, cardiovascular disease, and
amyotrophic lateral sclerosis. In these conditions, declining energy production, oxidative injury, inflammation, and impaired
cellular repair progressively erode the integrity of complex tissues, particularly in the nervous system.

And so, the great mitochondrial bargain reveals its deeper terms. The same evolutionary alliance that freed life from energetic
poverty also tethered it to gradual deterioration. Complexity became possible precisely because abundant oxidative metabolism
could sustain it. Yet embedded within that abundance was instability from the start.
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Life rose because of oxidative phosphorylation.
And slowly, over time, it declines because of that.
Gravé dans la pierre-Carved in stone?

The consequences of oxidative metabolism are profound, yet they are not entirely fixed. Different organisms age at markedly
different rates, suggesting that the mitochondrial bargain, though deeply embedded in complex life, remains negotiable to some
extent.

In general, organisms with higher metabolic demands tend to accumulate oxidative damage more quickly. Smaller animals,
such as mice and dogs, often live comparatively short lives, while larger, slower-metabolizing organisms may persist much longer
before mitochondrial decline becomes critical. Yet even this pattern contains intriguing exceptions.

Birds, for instance, often demonstrate remarkable longevity despite maintaining extraordinarily active metabolisms. Parrots
may survive for many decades, substantially outliving mammals of similar size. Their biology appears to include mechanisms
that confer greater resilience against oxidative stress and mitochondrial deterioration. One is tempted to wonder whether a
parrot on the shoulder rather than a puppy on a lead might lead to more lasting companionship, though not, it would seem,
without the risk of needing an eye patch.

These variations suggest that aging is not entirely uniform. Subtle differences in mitochondrial efficiency, antioxidant
capacity, DNA repair, and cellular maintenance may influence how quickly oxidative damage accumulates over a lifetime. Human
populations may reflect similar principles. Certain mitochondrial and respiratory-chain variants appear to be associated with
healthier aging and extended longevity, while recent research has identified mitochondrial microproteins in some centenarian
populations that may help preserve metabolic and cognitive function well into old age.

The nervous system offers perhaps the most striking example of biological negotiation with oxidative stress. Neurons
are unusual cells. Unlike many tissues, they rarely divide and must often survive for an entire lifetime. Each forms intricate
connections with thousands of others, establishing networks essential for memory, cognition, movement, and identity itself.
Replacing them indiscriminately would risk dismantling the continuity of the self. To preserve these fragile systems, neurons
have evolved sophisticated protective mechanisms. Damaged mitochondria are selectively removed through mitophagy before
they can cause further oxidative injury. Antioxidant enzymes neutralize reactive oxygen species, while neuroplasticity allows
neural circuits to reorganize and strengthen in response to experience, exercise, learning, and social interaction. Even here,
however, the balance remains imperfect. When protective systems fail, mitochondrial dysfunction and oxidative stress contribute
to the gradual emergence of neurodegenerative disease.

Life, it seems, never entirely solved the mitochondrial problem. Instead, it learned to manage it.

One particularly elegant adaptation was mitochondrial uncoupling. Under certain conditions, cells allow protons to leak
back across mitochondrial membranes without generating ATP, partially uncoupling oxidative phosphorylation from energy
production. At first glance, this appears wasteful, surrendering valuable energy as heat rather than storing it neatly in ATP.
Yet the strategy carries important advantages. By easing strain on the electron transport chain, uncoupling may reduce the
generation of reactive oxygen species and limit oxidative damage. Some of that withheld energy escapes instead as warmth—
rather like steam venting from the grates beneath the streets of New York.

The energy is not entirely lost; it simply serves another purpose. Through such mechanisms, mammals and birds evolved
endothermy—the capacity to maintain stable internal temperatures independent of the surrounding environment. Warm-
blooded life expanded into colder climates, nocturnal niches, and conditions that would otherwise have remained hostile to
sustained activity.

In humans, mitochondrial uncoupling may also have broader physiological implications. Populations adapted to colder
climates appear, in some circumstances, to show metabolic patterns associated with reduced oxidative stress and cardiovascular
disease. These energetic compromises may also extend to reproduction itself. Sperm motility depends heavily on mitochondrial
ATP production, and alterations in mitochondrial efficiency or oxidative balance have increasingly been implicated in male
infertility, though disentangling these and other effects from the profound influences of diet, activity, and lifestyle remains
difficult.
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And so, the mitochondrial bargain continued to evolve—not abolished, but continually renegotiated as life learned, again and
again, to adapt to its consequences.

La division-The division.

Complex life brought extraordinary opportunity, though not without greater biological instability. Oxidative metabolism
generated abundant energy but also increased mutation, molecular damage, and ever-greater challenges in maintaining genomic
integrity across increasingly complex cells and tissues. Life, therefore, required new strategies not merely to survive but to
preserve, repair, and diversify itself across generations.

As life became more complex, maintaining the integrity of the genome grew increasingly important. Organisms required
mechanisms capable not merely of reproducing cells but of preserving increasingly fragile genetic information against the
accumulating burden of oxidative injury and replication errors.

Mitosis became one of the earliest and most essential of these solutions. Through mitotic division, cells produce genetically
identical daughter cells, enabling growth, tissue repair, and faithful cellular replacement. Although mitosis does not itself repair
damaged DNA, it helps preserve genomic stability by accurately copying and distributing existing genetic information. In this
way, organisms can maintain continuity while minimizing the propagation of catastrophic errors.

Yet fidelity alone was not enough.

Over time, mutations continued to accumulate, and oxidative injury continued to threaten genomic integrity. Cells that could
access undamaged genetic material gained significant advantages. Early forms of cellular fusion and environmental genetic
exchange, therefore, became increasingly useful. By incorporating DNA from other cells or external sources, organisms could
replace damaged sequences through recombination and repair mechanisms. What may once have begun as opportunistic
scavenging gradually evolved into something far more sophisticated-sexual reproduction.

Meiosis transformed genetic exchange into a highly organized process capable not only of preserving genomic integrity but
also of generating extraordinary diversity. It begins with duplication of the cell’s DNA, after which homologous chromosome
pairs—one inherited from each parent—align closely. Each chromosome now consists of two identical chromatids joined at a
centromere. Segments of DNA are then exchanged through homologous recombination, allowing genes to be shuffled, repaired,
rearranged, and tested anew. Novel combinations emerge. Diversity flourishes.

The process involves two successive cell divisions, ultimately producing four genetically distinct haploid gametes from the
original parent cell. Evolution had acquired not merely faithful replication but controlled variation—an expanding genetic
vocabulary upon which natural selection could act. Some combinations would prove advantageous, others less so, but diversity
itself had become one of life’s greatest evolutionary strengths.

Yet fusion carried unexpected complications. When cells merged, they did not combine only nuclear DNA. They also mixed
populations of mitochondria descended from different cellular lineages. This created potential conflict within the newly formed
cell. Mitochondria function best in the intracellular environments to which they have long adapted, much like a well-worn
shoe gradually moulding itself to the shape of its owner’s foot. Different mitochondrial populations introduced into the same
cytoplasm may not function as harmoniously, creating instability in energy production and cellular regulation.

This mixing of mitochondrial populations is known as heteroplasmy.
It was not a good thing.

Evolution responded with remarkable pragmatism. Rather than allowing mitochondria from both parents to persist in the
offspring, most complex organisms evolved uniparental mitochondrial inheritance. Nuclear DNA would be inherited from two
parents, but mitochondria would largely come from only one—typically the mother. This asymmetry gave rise to anisogamy: the
evolution of distinct gametes with different reproductive roles.

The egg cell retained abundant cytoplasm, organelles, nutrients, and mitochondria to meet the immense energy demands of
early embryonic development. Sperm, by contrast, became increasingly streamlined, specializing primarily in mobility and the
delivery of nuclear DNA. Their mitochondria, though essential for powering the journey toward fertilization, would contribute
little to subsequent generations and were largely excluded or actively destroyed after fertilization.
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The consequences were profound. For the first time, reproduction became organized around a deep biological division of
Labour. One gamete specialized in provisioning and energetic continuity; the other in mobility, competition, and genetic delivery.
From this asymmetry would eventually emerge the foundations of biological sex differentiation.

The maternal inheritance of mitochondria also established an extraordinary continuity across generations. Every human
being carries within their cells a mitochondrial lineage passed down through an unbroken maternal chain that extends deep into
evolutionary history. This principle underlies the concept of Mitochondrial Eve—the most recent common maternal ancestor
from whom all modern human mitochondrial DNA descends. Living perhaps 150,000 to 200,000 years ago in Africa, she was
neither the only woman of her time nor the first, but her mitochondrial lineage is the oldest to persist in humanity today:.

The oocyte became especially rich in mitochondria, containing many thousands required to sustain the earliest stages
of embryogenesis before implantation and placental support could occur. Yet even here, quality control remained essential.
Following fertilization, mitochondria underwent a process of selective restriction and amplification known as mitochondrial
bottlenecking. Less compatible or dysfunctional mitochondrial variants were progressively removed, while those best suited
to the developing embryo preferentially expanded. In this way, the embryo preserved energetic coherence while limiting the
accumulation of harmful mitochondrial mutations across generations.

When these systems fail, the consequences can be severe. Insufficient mitochondrial function in the oocyte may impair
embryonic development, contributing to infertility, miscarriage, chromosomal segregation errors, and age-related declines in
reproductive success.

Modern reproductive technologies now seek to intervene directly in these ancient evolutionary constraints. Techniques
such as mitochondrial supplementation—sometimes termed “three-parent IVF”—introduce healthy donor mitochondria into
affected oocytes to improve fertility outcomes and reduce the transmission of mitochondrial disease. Early results are promising.
Yet these approaches also raise profound questions. In many respects, they challenge the rules of mitochondrial inheritance that
evolution has guarded with remarkable consistency for hundreds of millions of years.

Le passager clandestine-the stowaway

Cell adhesion is a biological process that played a pivotal role in the evolution of multicellularity, which emerged as cells
struggled to cope with the consequences of oxidative phosphorylation. The energetic bounty provided by mitochondria came at
a cost. Reactive oxygen species damage proteins, membranes, and DNA, forcing cells to confront an increasingly hostile internal
environment. However, proximity offered an advantage. By gathering in tightly associated colonies, cells could share resources,
buffer against external threats, and create localized microenvironments more favourable to survival. The debris shed by damaged
or dying neighbors could even be repurposed to support the group’s collective functioning.

Cell adhesion emerged as an elegant means of holding these early conglomerates together. Molecules that once mediated
only rudimentary interactions evolved into increasingly sophisticated systems of attachment, communication, and cooperation.
Individual cells, once wholly autonomous, became woven into cohesive, interdependent communities. What began as a response
to injury and metabolic stress slowly transformed into something far greater: the first tentative steps toward multicellular life.

Cell adhesion, colonial aggregation, and multicellularity arose rich with possibility, like a thick stew warming slowly on a
cold evening. They emerged from adversity, from reconciling energetic opportunity with biological harm, yet led to innovations
far beyond what evolution might otherwise have imagined. Over immense stretches of time, these associations gave rise to
true multicellularity—one of the most profound transitions in the history of life. Cells surrendered portions of their individual
autonomy so the organism might survive. Cooperation supplanted self-interest. The prosperity of the collective became
paramount.

But as ever, each evolutionary advance brought new vulnerabilities.

Multicellular organisms depend not merely on growth but on the faithful cohesion of their constituent parts. When adhesion
fails, the consequences reverberate widely across biology. During fertilization and embryogenesis, errors in cellular attachment
and chromosomal segregation may contribute to miscarriage, failed implantation, or aneuploidies such as trisomy 21, trisomy
18, and trisomy 13. In monozygotic twinning, incomplete or delayed separation of early embryonic cells may result in conjoined
twins. Elsewhere, defective adhesion weakens the integrity of the skin, myocardium, gut epithelium, and even the blood-brain
barrier, contributing to disorders as varied as pemphigus, arrhythmogenic cardiomyopathy, inflammatory bowel disease, and
multiple sclerosis. The lesson is recurrent throughout biology: multicellular life depends not simply on the capacity of cells to
grow but on their ability to remain faithfully bound to one another.
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Apoptosis

Apoptosis emerged almost as an apology for the original furore. The same oxidative forces unleashed by mitochondrial
metabolism were gradually repurposed to sculpt and refine complex tissues. Cells learned not merely to grow but to die in
an orderly, purposeful manner. Programmed cell death became as essential to the architecture of multicellular organisms as
proliferation. Complexity required subtraction no less than accumulation.

Throughout embryogenesis, apoptosis orchestrates countless developmental processes. It hollows the chambers of the heart
and great vessels, carves out luminal spaces in the developing gut, and refines the branching structures of organs and tissues. In
the nervous system, apoptosis eliminates excess neurons and redundant synapses, sharpening the efficiency of neural circuitry.
In the developing limbs, it removes the webbing between digits, allowing fingers and toes to separate into distinct structures.
Without such carefully regulated cellular sacrifice, the embryo would remain shapeless, fused, and disordered.

Failures of apoptosis likewise leave their mark throughout development and disease. Defects in these pathways contribute
to neural tube abnormalities such as spina bifida and anencephaly, disturbances in cardiac morphogenesis, persistence of
embryonic reproductive structures, polycystic kidney disease, and incomplete fusion of the palate. What emerges repeatedly
is the realization that biological form is shaped not solely by what survives, but also by what is selectively removed. Even the
elegance of a human hand depends on cells knowing when to relinquish their place for the greater design.

Apoptosis also serves as a guardian of multicellular order, eliminating damaged, dysfunctional, or potentially dangerous
cells before they threaten the integrity of the organism. Yet here, too, lies a paradox. The very systems that evolved to preserve
multicellular harmony would eventually become targets for subversion.

Cancer

Cancer is among the most formidable and pervasive diseases of our time. In 2022 alone, an estimated 20 million new cases
were diagnosed worldwide, accounting for nearly 10 million deaths. Yet despite its diversity, cancer reflects a remarkably
ancient biological impulse. At its core, it represents an escape from the regulatory constraints that govern multicellular life. Cells
abandon their collaborative obligations to the organism and revert to behaviours more reminiscent of their distant unicellular
ancestors, in which individual survival supersedes the needs of the collective.

Mitochondria are central to this process. Reactive oxygen species generated during oxidative phosphorylation damage DNA
and contribute to the mutations that drive malignant transformation. Cancer cells exploit remarkable metabolic flexibility,
shifting between oxidative phosphorylation and glycolysis in response to oxygen availability, nutrient supply, and environmental
stress. This adaptability allows them to survive conditions that would destroy more tightly regulated cells.

The shift toward glycolysis, even in the presence of oxygen—the so-called Warburg effect—offers important advantages to
rapidly proliferating tumours. Although less efficient at ATP production, glycolysis provides metabolic intermediates needed to
synthesize nucleotides, amino acids, and lipids required for accelerated cellular growth. It also permits survival within hypoxic
tumour microenvironments where oxygen delivery cannot keep pace with unchecked expansion. Lactate accumulation lowers
tissue pH, suppresses immune surveillance, and facilitates invasion into surrounding tissues.

Cancer cells further demonstrate an extraordinary opportunism in their relationship with mitochondria. Through tunnelling
nanotubes, extracellular vesicles, and cellular fusion, tumours may acquire mitochondria from neighbouring stromal and
immune cells to bolster their energy capacity. Such exchanges introduce striking mitochondrial heterogeneity—seemingly at
odds with the evolutionary drive toward mitochondrial uniformity in multicellular organisms—yet entirely consistent with the
tumour’s immediate survival priorities.

Apoptosis, once essential for maintaining multicellular order, is subjugated. Cancer cells evade the normal checks that limit
proliferation, allowing damaged clones to persist and expand unchecked. As tumours enlarge, their demands for oxygen and
nutrients exceed the available supply. Hypoxia-inducible pathways stimulate angiogenesis, yet the newly formed vessels are
often fragile, chaotic, and insufficient. Surrounding tissues are compressed, starved, and destabilized as the tumour competes
relentlessly for space and resources. Disruption of adhesion molecules further enables malignant cells to detach from their
original site and colonize distant organs, establishing the metastatic spread that makes cancer so devastating.

Whether through these or countless other mechanisms, cancer remains inseparable from the evolutionary bargain that made
multicellular life possible. It is not merely a biological failure, but an intrinsic vulnerability embedded in complexity. The same
mitochondrial inheritance that enabled cells to cooperate, specialize, and build intricate organisms also created the energetic
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tensions from which cancer ultimately emerges.

Like a slowly simmered Poulet Basquaise, multicellular life holds within it the concentrated essences of its origins. To strip
away those tensions entirely might be to strip away much of what made us possible. Cancer is therefore not wholly foreign to us.
It is woven into the same ancient fabric from which complexity, cooperation, and consciousness arose. To wish for its complete
absence may, in some distant sense, be to wish ourselves away as well—though we might wish it were so, we may not yet be
ready for that.

Fait accompli-Set in stone?

Cancer revealed something uncomfortable about complexity: that cooperation never entirely extinguishes the interests of
the individual parts from which it is built. Yet evolution did not abandon collaboration for this reason. It endured despite this.
And so, the same tensions that shaped multicellular life resurfaced wherever complexity gathered. As cells became tissues,
tissues became organisms, and organisms eventually assembled into societies, familiar evolutionary pressures emerged again
and again: cooperation and competition, specialization and rebellion, order and collapse.

Comme au-dedans, ainsi au-dehors—as within, so without.

The same principles that once gathered solitary cells into cooperative colonies appear to re-emerge at larger scales of
organization. Humans aggregate into increasingly interdependent structures, surrendering portions of individual autonomy in
exchange for the benefits of collective living. Villages became cities; cities became nations.

In many respects, civilization began to behave almost organically.

The evolution of the eukaryotic cell illustrates the power of partnership, showing that collaboration is rarely static but an
ongoing negotiation that weaves individuality into collective function. The same principal echoes throughout human history.
Early humans quickly learned that solitary effort was often insufficient to withstand environmental uncertainty, predation,
conflict, and scarcity. By gathering into cooperative groups, they could share resources and responsibilities. Food and water
could be stockpiled. Shelter became communal. The vulnerable could be protected. Survival itself became less precarious,
allowing greater freedom for innovation, learning, culture, and growth. Humanity was transformed from isolated wanderers
into increasingly interdependent societies whose collective strength exceeded that of any individual alone.

We continue to see these dynamics reflected across modern organizations, governments, businesses, and healthcare systems.
Collaboration, conflict, adaptability, and communication remain as essential now as they were for early tribes facing drought,
famine, or raiders crossing open ground with arrows drawn. Banding together remains une marque de fabrique—a hallmark of
living.

Yet every collective structure carries within it the possibility of its own unravelling.
Cohesion is rarely without effort.

Whenever things gather—whether clouds of protons pushed across a membrane, water held behind a dam, or people
assembled within civilizations—tensions accumulate alongside strength. Force and instability arise together. The threat of
fragmentation remains ever present, much as cancer emerges from the vulnerabilities inherent in multicellular life itself.

Human nature, despite its refinement, still carries the legacy of countless ancestral struggles. Creatures that swam, hunted,
burrowed, climbed, and survived through violence, fear, competition, and opportunism left their imprint on the nervous systems
and instincts that modern societies continue to inherit. The urge to eat and not be eaten, to compete, defend, acquire, distrust,
and survive remains deeply woven throughout our biology. Most of the time, these impulses are restrained by cooperation
and social order. Yet when pressures mount, rivalries emerge, groups fragment, individuals become ostracized, and conflict
resurfaces both within and between societies.

Thriving systems learn to adapt before a fracture becomes irreversible. They foster flexibility, innovation, accountability,
and the capacity to respond constructively to adversity. They recognize that paradigms shift, environments change, and rigidity
can be fatal. Like cells responding to oxidative stress, successful organizations continually repair, reorganize, communicate, and
recalibrate to withstand instability. When they fail to do so, fragmentation, toxicity, and dysfunction begin to spread through the
larger whole.
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Perhaps this, too, is one of evolution’s recurring lessons: that complexity survives not by getting things right first-time round,
but through the continual management of tensions that never fully disappear.

La liberation-Liberation

Every collective structure, whether a cell, an organism, or a civilization, remained constrained by the energy it could acquire,
distribute, and sustain. Complexity could expand only as long as energetic abundance allowed. Beyond that threshold, systems
stagnated, fragmented, or collapsed under the demands of their own organization.

For most of human history, societies lived near immediate energetic limits. Communities rose and fell with the productivity
of soil, climate, muscle, timber, wind, and the annual generosity of sunlight captured in harvest. Human activity remained
constrained by what could be grown, gathered, hunted, or burned within relatively narrow ecological margins.

Then came another energetic emancipation.

Beneath the Earth lay immense reserves of ancient carbon—compressed remnants of forests, plankton, and vanished
ecosystems that had quietly stored sunlight from distant geological ages. Coal, oil, and natural gas were concentrated energetic
inheritances accumulated over hundreds of millions of years. Once unlocked, they transformed human civilization with
astonishing speed. Industry, combustion, electricity, mechanization, and computation amplified human capability much as
oxidative phosphorylation had once amplified the energetic potential of the early eukaryotic cell.

Cities expanded vertically toward the sky. Transportation compressed continents. Medicine prolonged life. Vast transport
systems distributed resources much like circulatory networks. Electrical grids pulsed with energy reminiscent of nervous
tissue. Information moved across the planet at near-instantaneous speeds. Individuals, too, specialized into increasingly narrow
functional roles, not unlike differentiated cells within a larger organism. In many respects, humanity externalized mitochondria
into machines. Engines, turbines, electrical grids, processors, and data centers became extensions of the same ancient evolutionary
tendency: the relentless pursuit of greater energetic surplus to support increasing complexity.

The parallels are not exact, yet they remain difficult to dismiss.

Evolution repeatedly favours cooperation when the energetic advantage outweighs the cost of surrendering autonomy. The
rise of multicellular life and the rise of civilization may therefore not be isolated events but recurring expressions of a deeper
principle: complexity emerges whenever energy can be captured, shared, and efficiently organized.

This should not surprise us. Life has rarely advanced by discarding earlier strategies outright. More often, it repurposes and
extends them, building new layers of complexity atop ancient foundations.

And with that, problems once solved re-emerge.

Just as mitochondria brought both boon and burden to the eukaryotic cell, the same combustion that powered civilization
also released instability into the atmosphere and oceans. Pollution accumulated, and ecological systems strained under the
metabolic demands of industrial society.

Le temps du changement-Time for change

Mitochondria and oxidative phosphorylation liberated life from energetic poverty. They also tethered it to gradual
deterioration. In many respects, death became woven into the very mechanism that made complexity possible. Life adapted as
best it could. Antioxidant systems evolved, DNA repair mechanisms improved, and damaged mitochondria were removed and
replaced. Cells learned to mitigate the consequences of oxidative metabolism, though never entirely to escape them.

Could things have unfolded differently?

Evolution suggests perhaps not. Biological solutions persist only as long as they remain advantageous. Had endosymbiosis
proven catastrophically inefficient, it would never have endured for more than two billion years, nor would the organisms that
arose from it have survived. If a fundamentally superior energy solution had existed, nature may well have discovered it long ago.

What alternatives, then, remain?

Could life simply demand less? Fewer requirements mean lower costs. One might imagine progressively reducing the body;,
keeping only what is essential. Hilary Putnam’s “brain in a vat” thought experiment imagined precisely this: a human brain
removed from the body yet connected to a computer capable of perfectly simulating reality. To that isolated brain, experience
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would still seem entirely real. It would seem to see, hear, touch, love, fear, remember, and move through life exactly as we do now,
despite existing within nothing more than an electrical illusion.

Yet even this reduced existence cannot escape energy. Whatever persists must still sustain itself metabolically. Whether
an organism, an organ, or an isolated brain, each remains inseparably bound to ATP and the energetic demands of continued
function. No matter what life sheds, the cost of persistence remains.

The history of the internal combustion engine offers an intriguing parallel. Early engines transformed civilization while
simultaneously polluting the atmosphere with toxic byproducts and instability. Over time, cleaner fuels, catalytic converters,
hybrid systems, renewable energy, and electric motors emerged—attempts to preserve energetic abundance while reducing its
consequences.

One wonders whether biology may someday pursue analogous solutions. If much of the damage stems from mitochondria
themselves, could life eventually move beyond them altogether?

For now, in energetic terms, the answer seems unambiguously no. Oxidative phosphorylation remains astonishingly efficient,
and without it, life as we know it would struggle to meet the immense energetic demands of movement, thought, and biological
organization. Cyanide demonstrates this brutally. Inhibiting cytochrome c oxidase in the electron transport chain halts oxidative
phosphorylation almost instantly. ATP production collapses, and with it goes even the ability to breathe.

The dependency becomes obvious in something as simple as holding one’s breath. At first, the discomfort seems manageable.
Then, rapidly, it does not. No matter how determined the mind may be, the respiratory chain insists. Oxygen is not optional. Its
demands are written into the metabolism of every living cell.

Synthetic organelles, nanotechnology, engineered metabolic pathways, or entirely novel energy systems may one day augment
or partially replace aspects of mitochondrial function. More likely still, rather than integrating technology into cells, humanity
may increasingly integrate cells—and perhaps consciousness itself—into technology.

Je pense, donc je suis—I think, therefore I am
What is it, ultimately, that we are trying to save?

Consciousness may have emerged gradually as increasingly complex nervous systems evolved the capacity to integrate
sensation, memory, prediction, and self-modelling into coherent representations

of the world. This allowed organisms not merely to react but to anticipate; not merely to survive but to experience survival.
Over immense spans of time, increasingly complex arrangements of energy and information generated emergent properties
that were not easily predicted from their constituent parts alone. Thought, imagination, introspection, and self-awareness may
therefore belong not to something separate from nature but to some of its deepest tendencies toward organized complexity.

And yet we still do not fully understand where consciousness truly resides or how it emerges from matter.

What we do know is that consciousness remains deeply vulnerable to biology. Injury, neurodegeneration, intoxication,
exhaustion, anaesthesia, stroke, dementia, and disease can all profoundly disrupt the continuity of self. The intimate relationship
between mind and physical substrate becomes difficult to ignore. Yet throughout history, human beings have repeatedly described
experiences that seem to challenge these boundaries: altered states during meditation, childbirth, near-death experiences,
profound mystical states, and moments when the ordinary sense of self appears temporarily suspended or expanded beyond the
body’s confines.

One woman described childbirth this way:

“I remember when my world changed forever. During Labour, everything around me softened. The lights dimmed. The room
grew quiet. I felt aware yet somehow altered. An overwhelming calm settled over me. Time seemed to stop. I could feel my breath, my
heartbeat, my thoughts, yet I also felt strangely distant from them all. It was as though I hovered beyond myself, suspended between
worlds. | remember looking down at my own body as if | were both observer and participant at once. There was no fear. Only clarity,
love, and an overwhelming sense that I understood, however briefly, something fundamental about existence itself. I knew why [ was
there. I was there to create.”

Experiences of altered consciousness during Labour are not uncommon. As concentration deepens and awareness narrows,
many women describe entering states of timelessness, detachment, or profound connectedness, in which ordinary boundaries of
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self-seem temporarily altered. Yet as birth approaches, attention often returns abruptly to the body itself—primal, focused, and
completely immersed in the act of delivery.

Near-death experiences describe similar phenomena. Raymond Moody wrote of observing resuscitation efforts from above
his body during severe illness. Neurosurgeon Eban Alexander described vivid experiences during a prolonged coma despite
profound neurological impairment. Viktor Frankl recounted states of psychological detachment amid the horrors of internment
camps. Across cultures and history, countless religious figures, mystics, and spiritual traditions have described moments when
consciousness appeared to transcend ordinary bodily awareness. Whether such experiences reveal something fundamental
about consciousness itself or merely the brain’s extraordinary capacities under unusual conditions remains uncertain.

Perhaps that uncertainty should inspire humility.

Technologies such as virtual reality, augmented reality, neural implants, and brain-computer interfaces increasingly blur
the boundary between physical and simulated experience. Artificial environments already feel emotionally convincing and
perceptually real. One can therefore imagine future systems capable not merely of simulating experience but of integrating
directly with cognition itself.

Could consciousness one day be preserved, replicated, transferred, or distributed across non-biological systems?

If so, profound questions arise. Would such an entity truly remain the same self, or merely a convincing continuity of memory
and behaviour? Could identity survive translation into another substrate, or would something essential be lost in the process?
Artificial intelligence already raises these questions. Increasingly sophisticated systems can imitate personality, language,
reasoning, and emotional cadence with startling realism.

e  Yetimitation and experience may not be the same.

e  The danger may not be merely technological failure.

e It may be forgetting what embodiment gave us in the first place.
Ce qui demeure-What remains

Much of human biology has been shaped by the constraints of oxidative metabolism: aging, repair, reproduction, sexual
asymmetry, and the continual reshuffling of genetic material damaged by the energetic demands of existence. Sex and gender,
however culturally elaborated, emerged fundamentally within this biological context. They are deeply entwined with reproduction,
inheritance, selection, attachment, and the management of mitochondrial consequences. But evolutionary solutions are rarely
permanent. They persist only as long as the conditions that selected them remain relevant.

Without the body, would hunger, touch, exhaustion, breath, vulnerability, parenthood, attraction, intimacy, courage, mortality,
or awe still exist? Would consciousness, entirely detached from biological constraints, retain individuality at all, or gradually
diffuse into something less bounded and less recognizably human?

Should consciousness one day become less dependent on fragile biological substrates—whether through technological
augmentation, synthetic biology, artificial gestation, digital cognition, or forms we cannot yet imagine—some of the evolutionary
pressures that shaped human sexuality and gender may gradually loosen their grip. Not abruptly or entirely, but over timescales
long enough that future descendants may come to regard many present biological distinctions as transitional rather than
immutable.

Much of what we experience as deeply human emerged not despite biological limitations, but because of them. Mortality,
attachment, vulnerability, embodiment, reproduction, love, grief, fear, sacrifice, longing, and desire are tightly woven into the
constraints of biological existence. The awareness that time is limited gives urgency to ambition, tenderness to relationships,
and depth to art itself. Remove suffering entirely, and we may also diminish many of the qualities that have historically given
meaning to human experience.

If consciousness is so closely tied to energy flows in the brain, and if mitochondria remain central to those energetic
demands, could they contribute more deeply to self-awareness than we currently understand? Perhaps in our rush to transcend
the limitations of flesh, we risk overlooking a deeper truth: that the very qualities we seek to preserve may be inseparable from
the biology that produced them.

Whether humanity ultimately merges with its technologies, transcends aspects of its biological inheritance, or disappears
altogether is unknowable. Evolution possesses neither foresight nor destination. It proceeds only through the perpetual
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negotiation among opportunity, constraint, and survival.

e  Many once-dominant lineages have vanished entirely.

e  Others persist in forms scarcely recognizable from their origins.

e  We may prove no different.
L'épilogue

In our longing to transcend frailty, we must not forget that the body’s boundaries are also the source of many of our deepest
experiences. Without the appetite for energy, what would become of Le plaisir de la féte—the joy of eating? What of the anticipation
of delight as a fork laden with pleasures rises from the plate? We may lament the frailties of living, yet from them arise passion,

courage, tenderness, longing, and meaning itself. Without them, how could we savour the scent of a rose, the warmth of sunlight,
the voice of music, or the gentle touch of another human being?

Burden and beauty are often inseparable.

Just as we might wonder whether those long-gone ancestors could ever have imagined the possibilities that would arise from
their ancient bargain, we may not yet grasp the scope of what may follow, of what may be gained or lost for us. Let us be cautious
before too eagerly surrendering the limitations that make us beautifully human.

Instead, acknowledge that beneath every conversation, every relationship, every kiss and intimacy, every grief, every
ambition, every poem, and every newborn child crying as it begins its journey into the world, and even the simplicity of buttering
bread, half a loaf or otherwise, there persists an ancient energetic choreography, first negotiated billions of years ago between
two microscopic forms of life.

e A partnership. A boon.
e  Aburden bound and bridled.
e  Un coup de chance qui demeure-A stroke of luck that endured.
e  And the answer to our question-well done.
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