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PROLOGUE: A TRIP TO THE ZOO

Baba does not flinch. He is unfazed by the throng of excited kids
who have gathered around him. He is unperturbed by the Californian
summer heat. He does not mind the cotton swabs that brush his
face, body and paws. His nonchalance makes sense, for his life is
safe and cushy. He lives in San Diego Zoo, wears an impregnable
suit of armour, and is currently curled around the waist of a
zookeeper. Baba is a white-bellied pangolin – an utterly endearing
animal that looks like a cross between an anteater and a pine cone.
He’s about the size of a small cat. His black eyes have a doleful air,
and the hair that frames his cheeks look like unruly mutton chops.
His pink face ends in a tapering toothless snout that’s well adapted
for slurping up ants and termites. His stocky front legs are tipped
with long, curved claws for clinging to tree trunks and tearing into
insect nests, and he has a long tail for hanging off tree branches (or
friendly zookeepers).

But his most distinctive features, by far, are his scales. His head,
body, limbs and tail are covered in them – pale orange, overlapping
plates that create an extremely tough defensive coat. They are made
of the same material as your nails – keratin. Indeed, they look and
feel a lot like fingernails, albeit large, varnished, and badly chewed
ones. Each one is flexibly but firmly attached to his body, so they
sink down and spring back as I run my hand down his back. If I
stroked him in the opposite direction, I’d probably cut myself – many
of the scales are sharp-edged. Only Baba’s face, belly and paws are
unprotected, and if he chose to, he could easily defend them by
rolling up into a ball. It’s this ability that gives his kind their name:
pangolin comes from the Malay word “pengguling”, meaning
“something that rolls up”.



Baba is one of the zoo’s ambassador animals – exceptionally
docile and well-trained individuals who take part in public activities.
Keepers frequently take him to nursing homes and children’s
hospitals to brighten up the days of sick people, and to teach them
about unusual animals. But today, he gets the day off. He just sits
around the keeper’s midriff, like the world’s strangest cummerbund,
while Rob Knight gently dabs a cotton swab against the side of his
face. “This is one of the species that I’ve been captivated by since I
was a kid – just that something like that exists,” he says.

Knight, a tall, lanky New Zealander with buzzcut hair, is a scholar
of microscopic life, a connoisseur of the invisible. He studies bacteria
and other microscopic organisms – microbes – and he is specifically
enthralled by those that live in or on the bodies of animals. To study
them, he must first collect them. Butterfly collectors use nets and
jars; Knight’s tool of choice is the cotton swab. He reaches over with
a small bud and rolls it over Baba’s nose for a couple of seconds,
long enough to infuse the end with pangolin bacteria. Thousands, if
not millions, of microscopic cells are now entangled in the white fuzz.
Knight moves delicately so as not to perturb the pangolin. Baba
couldn’t look less perturbed if he tried. I get the feeling that if a bomb
went off next to him/his only reaction would be to fidget slightly.

Baba is not just a pangolin. He is also a teeming mass of
microbes. Some of them live inside him, mostly in his gut. Others live
on the surface, on his face, belly, paws, claws, and scales. Knight
swabs each of these places in turn. He has swabbed his own body
parts on more than one occasion, for he too hosts his own
community of microbes. So do I. So does every beast in the zoo. So
does every creature on the planet, except for a few lab animals that
scientists have deliberately bred to be sterile.

All of us have an abundant microscopic menagerie, collectively
known as the microbiota or microbiome.1 They live on our surface,
inside our bodies, and sometimes inside our very cells. The vast
majority of them are bacteria, but there are also other tiny organisms
including fungi (such as yeasts) and archaea, a mysterious group
that we will meet again later. There are viruses too, in unfathomable



numbers – a “virome” that infects all the other microbes and
occasionally the host’s cells. We can’t see any of these minuscule
specks. But if our own cells were to mysteriously disappear, they
would perhaps be detectable as a ghostly microbial shimmer,
outlining a now-vanished animal core.2

In some cases, the missing cells would barely be noticeable.
Sponges are among the simplest of animals, with static bodies never
more than a few cells thick, and they are also home to a thriving
microbiome.3 Sometimes, if you look at a sponge under a
microscope, you will barely be able to see the animal for the
microbes that cover it. The even simpler placozoans are little more
than oozing mats of cells; they look like amoebae but they are
animals like us, and they also have microbial partners. Ants live in
colonies that can number in their millions, but every single ant is a
colony unto itself. A polar bear, trundling solo through the Arctic, with
nothing but ice in all directions, is completely surrounded. Bar-
headed geese carry microbes over the Himalayas, while elephant
seals take them into the deepest oceans. When Neil Armstrong and
Buzz Aldrin set foot on the Moon, they were also taking giant steps
for microbe-kind.

When Orson Welles said “We’re born alone, we live alone, we die
alone”, he was mistaken. Even when we are alone, we are never
alone. We exist in symbiosis – a wonderful term that refers to
different organisms living together. Some animals are colonised by
microbes while they are still unfertilised eggs; others pick up their
first partners at the moment of birth. We then proceed through our
lives in their presence. When we eat, so do they. When we travel,
they come along. When we die, they consume us. Every one of us is
a zoo in our own right – a colony enclosed within a single body. A
multi-species collective. An entire world.

These concepts can be hard to grasp, not least because we
humans are a global species. Our reach is boundless. We have
expanded into every corner of our blue marble, and some of us have
even left it. It can be weird to consider existences that play out in an
intestine or in a single cell, or to think about our body parts as rolling



landscapes. And yet, they assuredly are. The Earth contains a
variety of different ecosystems: rainforests, grasslands, coral reefs,
deserts, salt marshes, each with its own particular community of
species. But a single animal is full of ecosystems too. Skin, mouth,
guts, genitals, any organ that connects with the outside world: each
has its own characteristic community of microbes.4 All of the
concepts that ecologists use to describe the continental-scale
ecosystems that we see through satellites also apply to ecosystems
in our bodies that we peer at with microscopes. We can talk about
the diversity of microbial species. We can draw food webs, where
different organisms eat and feed each other. We can single out
keystone microbes that exert a disproportionate influence on their
environment – the equivalents of sea otters or wolves. We can treat
disease-causing microbes – pathogens – as invasive creatures, like
cane toads or fire ants. We can compare the gut of a person with
inflammatory bowel disease to a dying coral reef or a fallow field: a
battered ecosystem where the balance of organisms has gone awry.

These similarities mean that when we look at a termite or a
sponge or a mouse, we are also looking at ourselves. Their microbes
might be different to ours, but the same principles govern our
alliances. A squid with luminous bacteria that glow only at night can
tell us about the daily ebbs and flows of bacteria in our guts. A coral
reef whose microbes are running amok because of pollution or
overfishing hints at the turmoil that occurs in our guts when we
swallow unhealthy food or antibiotics. A mouse whose behaviour
changes under the sway of its gut microbes can show us something
about the tendrils of influence that our own companions insinuate
into our minds. Through microbes, we find unity with our fellow
creatures, despite our incredibly different lives. None of those lives is
lived in isolation; they always exist in a microbial context, and involve
constant negotiations between species big and small. Microbes
move between animals, too, and between our bodies and the soils,
water, air, buildings, and other environments around us. They
connect us to each other, and to the world.



All zoology is really ecology. We cannot fully understand the lives
of animals without understanding our microbes and our symbioses
with them. And we cannot fully appreciate our own microbiome
without appreciating how those of our fellow species enrich and
influence their lives. We need to zoom out to the entire animal
kingdom, while zooming in to see the hidden ecosystems that exist
in every creature. When we look at beetles and elephants, sea
urchins and earthworms, parents and friends, we see individuals,
working their way through life as a bunch of cells in a single body,
driven by a single brain, and operating with a single genome. This is
a pleasant fiction. In fact, we are legion, each and every one of us.
Always a “we” and never a “me”. Forget Orson Welles, and heed
Walt Whitman: “I am large, I contain multitudes.”5



1. LIVING ISLANDS

The Earth is 4.54 billion years old. A span of time that big is too
mind-boggling to comprehend, so let’s collapse the planet’s entire
history into a single calendar year.1 Right now, as you’re reading this
page, it is 31st December, just before the stroke of midnight.
(Thankfully, fireworks were invented nine seconds ago.) Humans
have only existed for the 30 minutes or fewer. The dinosaurs ruled
the world until the evening of 26th December, when an asteroid hit
the planet and wiped them out (except for the birds). Flowers and
mammals evolved earlier in December. In November, plants invaded
the land and most of the major animal groups appeared in the seas.
Plants and animals are all made up of many cells, and similar
multicellular organisms had certainly evolved by the start of October.
They may have appeared before that – the fossils are ambiguous
and open to interpretation – but they would have been rare. Before
October, almost every living thing on the planet consisted of single
cells. They would have been invisible to the naked eye, had eyes
existed. They had been that way ever since life first emerged, some
time in March.

Let me stress: all the visible organisms that we’re familiar with,
everything that springs to mind when we think of “nature”, are
latecomers to life’s story. They are part of the coda. For most of the
tale, microbes were the only living things on Earth. From March to
October in our imaginary calendar, they had the sole run of the
planet.

During that time, they changed it irrevocably. Bacteria enrich soils
and break down pollutants. They drive planetary cycles of carbon,
nitrogen, sulphur and phosphorus, by converting these elements into
compounds that can be used by animals and plants and then



returning them to the world by decomposing organic bodies. They
were the first organisms to make their own food, by harnessing the
sun’s energy in a process called photosynthesis. They released
oxygen as a waste product, pumping out so much of the gas that
they permanently changed the atmosphere of our planet. It is thanks
to them that we live in an oxygenated world. Even now, the
photosynthetic bacteria in the oceans produce the oxygen in half the
breaths you take, and they lock away an equal amount of carbon
dioxide.2 It is said that we are now in the Anthropocene: a new
geological period characterised by the enormous impact that
humans have had on the planet. You could equally argue that we are
still living in the Microbiocene: a period that started at the dawn of life
itself and will continue to its very end.

Indeed, microbes are everywhere. They live in the water of the
deepest oceanic trenches and in the rocks below. They persist in
belching hydrothermal vents, boiling springs, and Antarctic ice. They
can even be found in clouds, where they act as seeds for rain and
snow. They exist in astronomical numbers. Actually, they far exceed
astronomical numbers: there are more bacteria in your gut than there
are stars in our galaxy.3

This is the world in which animals originated, one smothered in
and transformed by microbes. As palaeontologist Andrew Knoll once
said, “Animals might be evolution’s icing, but bacteria are really the
cake.”4 They have always been part of our ecology. We evolved
among them. Also, we evolved from them. Animals belong to a
group of organisms called eukaryotes, which also includes every
plant, fungus and alga. Despite our obvious variety, all eukaryotes
are built from cells that share the same basic architecture, which
distinguishes them from other forms of life. They pack almost all their
DNA into a central nucleus, a structure that gives the group its name
– “eukaryote” comes from the Greek for “true nut”. They have an
internal “skeleton” that provides structural support and shuttles
molecules from place to place. And they have mitochondria – bean-
shaped power stations that supply cells with energy.



All eukaryotes share these traits because we all evolved from a
single ancestor, around two billion years ago. Before that point, life
on Earth could be divided into two camps or domains: the bacteria,
which we already know about, and the archaea, which are less
familiar and have a fondness for colonising inhospitable and extreme
environments. These two groups both consisted of single cells that
lack the sophistication of eukaryotes. They had no internal skeleton.
They lacked a nucleus. They had no energy-providing mitochondria,
for reasons that will soon become abundantly clear. They also
looked superficially similar, which is why scientists originally believed
that archaea were bacteria. But appearances are deceptive; archaea
are as different from bacteria in biochemistry as PCs are from Macs
in operating systems.

For roughly the first 2.5 billion years of life on Earth, bacteria and
archaea charted largely separate evolutionary courses. Then, on one
fateful occasion, a bacterium somehow merged with an archaeon,
losing its free-living existence and becoming entrapped forever
within its new host. That is how many scientists believe eukaryotes
came to be. It’s our creation story: two great domains of life merging
to create a third, in the greatest symbiosis of all time. The archaeon
provided the chassis of the eukaryotic cell while the bacterium
eventually transformed into the mitochondria.5

All eukaryotes descend from that fateful union. It’s why our
genomes contain many genes that still have an archaeal character
and others that more resemble those of bacteria. It’s also is why all
of us contain mitochondria in our cells. These domesticated bacteria
changed everything. By providing an extra source of energy, they
allowed eukaryotic cells to get bigger, to accumulate more genes,
and to become more complex. This explains what biochemist Nick
Lane calls the “black hole at the heart of biology”. There’s a huge
void between the simpler cells of bacteria and archaea and the more
complex ones of eukaryotes, and life has managed to cross that void
exactly once in four billion years. Since then, the countless bacteria
and archaea in the world, all evolving at breakneck speed, have
never again managed to produce a eukaryote. How could that



possibly be? Other complex structures, from eyes to armour to
many-celled bodies, have evolved on many independent occasions
but the eukaryotic cell is a one-off innovation. That’s because, as
Lane and others argue, the merger that created it – the one between
an archaeon and a bacterium – was so breathtakingly improbable
that it has never been duplicated, or at least never with success. By
forging a union, those two microbes defied the odds and enabled the
existence of all plants, animals, and anything visible to the naked
eye – or anything with eyes, for that matter. They’re the reason I
exist to write this book and you exist to read it. In our imaginary
calendar, their merger happened some time in the middle of July.
This book is about what happened afterwards.

After eukaryotic cells evolved, some of them started cooperating and
clustering together, giving rise to multicellular creatures, like animals
and plants. For the first time, living things became big – so big that
they could host huge communities of bacteria and other microbes in
their bodies.6 Counting such microbes is difficult. It’s commonly said
that the average person contains ten microbial cells for every human
one, making us rounding errors in our own bodies. But this 10-to-1
ratio, which shows up in books, magazines, TED talks, and virtually
every scientific review on this topic, is a wild guess, based on a
back-of-the-envelope calculation that became unfortunately
enshrined as fact.7 The latest estimates suggest that we have
around 30 trillion human cells and 39 trillion microbial ones – a
roughly even split. Even these numbers are inexact, but that does
not really matter: by any reckoning, we contain multitudes.

If we zoomed in on our skin, we would see them: spherical
beads, sausage-like rods, and comma-shaped beans, each just a
few millionths of a metre across. They are so small that, despite their
numbers, they collectively weigh just a few pounds in total. A dozen
or more would line up cosily in the width of a human hair. A million
could dance on the head of a pin.

Without access to a microscope, most of us will never directly
glimpse these miniature organisms. We only notice their



consequences, and especially the negative ones. We can feel the
painful cramp of an inflamed gut, and hear the sound of an
uncontrollable sneeze. We can’t see the bacterium Mycobacterium
tuberculosis with our naked eyes, but we can see the bloody spittle
of a tuberculosis patient. Yersinia pestis, another bacterium, is
similarly invisible to us, but the plague epidemics that it causes are
all too obvious. These disease-causing microbes – pathogens –
have traumatised humans throughout history, and have left a
lingering cultural scar. Most of us still see microbes as germs:
unwanted bringers of pestilence that we must avoid at all costs.
Newspapers regularly churn out scare stories in which everyday
items, from keyboards to mobile phones to doorknobs, turn out to be
– gasp! – covered in bacteria. Even more bacteria than on a toilet
seat! The implication is that these microbes are contaminants, and
their presence a sign of filth, squalor, and imminent disease. This
stereotype is grossly unfair. Most microbes are not pathogens. They
do not make us sick. There are fewer than 100 species of bacteria
that cause infectious diseases in humans;8 by contrast, the
thousands of species in our guts are mostly harmless. At worst, they
are passengers or hitchhikers. At best, they are invaluable parts of
our bodies: not takers of life but its guardians. They behave like a
hidden organ, as important as a stomach or an eye but made of
trillions of swarming individual cells rather than a single unified mass.

The microbiome is infinitely more versatile than any of our
familiar body parts. Your cells carry between 20,000 and 25,000
genes, but it is estimated that the microbes inside you wield around
500 times more.9 This genetic wealth, combined with their rapid
evolution, makes them virtuosos of biochemistry, able to adapt to
any possible challenge. They help to digest our food, releasing
otherwise inaccessible nutrients. They produce vitamins and
minerals that are missing from our diet. They break down toxins and
hazardous chemicals. They protect us from disease by crowding out
more dangerous microbes or killing them directly with antimicrobial
chemicals. They produce substances that affect the way we smell.
They are such an inevitable presence that we have outsourced



surprising aspects of our lives to them. They guide the construction
of our bodies, releasing molecules and signals that steer the growth
of our organs. They educate our immune system, teaching it to tell
friend from foe. They affect the development of the nervous system,
and perhaps even influence our behaviour. They contribute to our
lives in profound and wide-ranging ways; no corner of our biology is
untouched. If we ignore them, we are looking at our lives through a
keyhole.

This book will open the door fully. We are going to explore the
incredible universe that exists within our bodies. We’ll learn about
the origins of our alliances with microbes, the counter-intuitive ways
in which they sculpt our bodies and shape our everyday lives, and
the tricks we use for keeping them in line and ensuring a cordial
partnership. We’ll look at how we inadvertently disrupt these
partnerships and, in doing so, jeopardise our health. We’ll see how
we might reverse these problems by manipulating the microbiome
for our benefit. And we’ll hear the stories of the gleeful, imaginative,
driven scientists who have dedicated their lives to understanding the
microbial world, often in the face of scorn, dismissal, and failure.

We won’t focus only on humans, either.10 We’ll see how
microbes have bestowed on animals extraordinary powers,
evolutionary opportunities, and even their own genes. The hoopoe, a
bird with a pickaxe profile and a tiger’s colours, paints its eggs with a
bacteria-rich fluid that it secretes from a gland beneath its tail; the
bacteria release antibiotics that stop more dangerous microbes from
infiltrating the eggs and harming the chicks. Leafcutter ants also
carry antibiotic-producing microbes on their bodies, and use these to
disinfect the fungi that they cultivate in underground gardens. The
spiky, expandable pufferfish uses bacteria to make tetrodotoxin – an
exceptionally lethal substance which poisons any predator that tries
to eat it. The Colorado potato beetle, a major pest, uses bacteria in
its saliva to suppress the defences of the plants that it eats. The
zebra-striped cardinalfish houses luminous bacteria, which it uses to
attract its prey. The ant lion, a predatory insect with fearsome jaws,
paralyses its victims with toxins produced by the bacteria in its



saliva. Some nematode worms kill insects by vomiting toxic glowing
bacteria into their bodies;11 others burrow into plant cells, and cause
vast agricultural losses, using genes stolen from microbes.

Our alliances with microbes have repeatedly changed the course
of animal evolution and transformed the world around us. It is easiest
to appreciate how important these partnerships are by considering
what would happen if they broke. Imagine if all microbes on the
planet suddenly disappeared. On the upside, infectious diseases
would be a thing of the past, and many pest insects would be unable
to eke out a living. But that’s where the good news ends. Grazing
mammals, like cows, sheep, antelope, and deer would starve since
they are utterly dependent on their gut microbes to break down the
tough fibres in the plants they eat. The great herds of Africa’s
grasslands would vanish. Termites are similarly dependent on the
digestive services of microbes, so they would also disappear, as
would the larger animals that depend on them for food, or on their
mounds for shelter. Aphids, cicadas, and other sap-sucking bugs
would perish without bacteria to supplement the nutrients that are
missing from their diets. In the deep oceans, many worms, shellfish,
and other animals rely on bacteria for all of their energy. Without
microbes, they too would die, and the entire food webs of these dark,
abyssal worlds would collapse. Shallower oceans would fare little
better. Corals, which depend on microscopic algae and a surprisingly
diverse collection of bacteria, would become weak and vulnerable.
Their mighty reefs would bleach and erode, and all the life they
support would suffer.

Humans, oddly, would be fine. Unlike other animals, for whom
sterility would mean a quick death, we would get by for weeks,
months, even years. Our health might eventually suffer, but we’d
have more pressing concerns. Waste would rapidly build up, for
microbes are lords of decay. Along with other grazing mammals, our
livestock would perish. So would our crop plants; without microbes to
provide plants with nitrogen, the Earth would experience a
catastrophic de-greening. (Since this book focuses entirely on
animals, I offer my sincerest apologies to enthusiasts of botany.) “We



predict complete societal collapse only within a year or so, linked to
catastrophic failure of the food supply chain,” wrote microbiologists
Jack Gilbert and Josh Neufeld, after running through this thought
experiment.12 “Most species on Earth would become extinct, and
population sizes would be reduced greatly for the species that
endured.”

Microbes matter. We have ignored them. We have feared and
hated them. Now, it is time to appreciate them, for our grasp of our
own biology is greatly impoverished if we don’t. In this book, I want
to show you what the animal kingdom really looks like, and how
much more wondrous it becomes when you see it as the world of
partnerships that it actually is. This is a version of natural history that
deepens the more familiar one, the one laid down by the greatest
naturalists of the past.

In March 1854, a 31-year-old British man named Alfred Russel
Wallace began an epic eight-year trek through the islands of
Malaysia and Indonesia.13 He saw fiery-furred orang-utans,
kangaroos that hopped in trees, resplendent birds of paradise, giant
birdwing butterflies, the babirusa pig whose tusks grow up through
its snout, and a frog that glides from tree to tree on parachute-like
feet. Wallace netted, grabbed, and shot the wonders he saw,
eventually amassing an astonishing collection of over 125,000
specimens: shells; plants; thousands of insects, pinned in trays;
birds and mammals, skinned, stuffed, or preserved in spirits. But
unlike many of his contemporaries, Wallace also labelled everything
meticulously, noting where each specimen was collected.

That was crucial. From these details, Wallace extracted patterns.
He noticed a lot of variation in the animals that live in a certain place,
even among those of the same species. He saw that some islands
were home to unique species. He realised that as he sailed east
from Bali to Lombok – a distance of just 22 miles – the animals of
Asia suddenly gave way to the very different fauna of Australasia, as
if these two islands were separated by an invisible barrier (which
would later be called the Wallace Line). For good reason, Wallace is



today heralded as the father of biogeography – the science of where
species are, and where they are not. But as David Quammen writes
in The Song of the Dodo: “As practiced by thoughtful scientists,
biogeography does more than ask Which species? and Where? It
also asks Why? And, what is sometimes even more crucial, Why
not?”14

The study of microbiomes begins in exactly this way: cataloguing
the ones that are found on different animals, or on different body
parts of the same animal. Which species live where? Why? And why
not? We need to know their biogeography before we can gain
deeper insights into their contributions. Wallace’s observations and
specimens led him towards the defining insight of biology: that
species change. “Every species has come into existence coincident
both in space and time with a pre-existing closely allied species,” he
wrote, repeatedly and sometimes in italics.15 As animals compete,
the fittest individuals survive and reproduce, passing their
advantageous traits to their offspring. That is, they evolve, by means
of natural selection. This was as important an epiphany as science
has ever produced, and it all began with a restless curiosity about
the world, a desire to explore it, and an aptitude for noticing what
lives where.

Wallace was just one of many naturalist explorers who traipsed
around the world and catalogued its riches. Charles Darwin endured
a five-year, round-the-world voyage aboard the HMS Beagle, in
which he would discover the fossilised bones of giant ground sloths
and armadillos in Argentina, and encounter the giant tortoises,
marine iguanas, and diverse mockingbirds of the Galapagos Islands.
His experiences and collections planted the intellectual seeds of the
same idea that had independently germinated in Wallace’s mind –
the theory of evolution, which would become inextricably linked with
his name. Thomas Henry Huxley, who became known as ‘Darwin’s
bulldog’ for his ferocious advocacy of natural selection, sailed to
Australia and New Guinea and studied their marine invertebrates.
The botanist Joseph Hooker meandered his way to Antarctica,



collecting plants along the way. More recently, E. O. Wilson, after
studying the ants of Melanesia, wrote the textbook on biogeography.

It is often assumed that these legendary scientists focused
entirely on the visible worlds of animals and plants, ignoring the
hidden worlds of microbes. That is not entirely true. Darwin certainly
collected microbes – he called them “infusoria” – that blew onto the
deck of the Beagle, and he corresponded with the leading
microbiologists of the day.16 But there was only so much he could do
with the tools available to him.

By contrast, today’s scientists can collect samples of microbes,
break them apart, extract their DNA, and identify them by
sequencing their genes. In this way, they can do exactly what Darwin
and Wallace did. They can collect specimens from different
locations, identify them, and ask the fundamental question: what
lives where? They can do biogeography – just on a different scale.
The gentle caress of a cotton bud replaces the swing of a butterfly
net. A read-out of genes is like a flick through a field guide. And an
afternoon at the zoo, walking from cage to cage, can be like the
voyage of the Beagle, sailing from island to island.

Darwin, Wallace and their peers were particularly fascinated by
islands, and for good reason. Islands are where you go if you want to
find life at its most outlandish, gaudy, and superlative. Their isolation,
restricted boundaries, and constrained size allow evolution to go to
town. The patterns of biology resolve into sharper focus more readily
than they would do on the extensive, contiguous mainland. But an
island doesn’t have to be a land mass surrounded by water. To
microbes, every host is effectively an island – a world surrounded by
void. My hand, reaching out and stroking Baba at San Diego Zoo, is
like a raft, conveying species from a human-shaped island to a
pangolin-shaped one. An adult being ravaged by cholera is like
Guam being invaded by foreign snakes. No man is an island? Not
so: we’re all islands from a bacterium’s point of view.17

Each of us has our own distinctive microbiome, sculpted by the
genes we inherited, the places we’ve lived in, the drugs we’ve taken,
the food we’ve eaten, the years we’ve lived, the hands we’ve



shaken. Microbially, we are similar but different. When
microbiologists first started cataloguing the human microbiome in its
entirety they hoped to discover a “core” microbiome: a group of
species that everyone shares. It’s now debatable if that core
exists.18 Some species are common, but none is everywhere. If
there is a core, it exists at the level of functions, not organisms.
There are certain jobs, like digesting a certain nutrient or carrying out
a specific metabolic trick, that are always filled by some microbe –
just not always the same one. You see the same trend on a bigger
scale. In New Zealand, kiwis root through leaf litter in search of
worms, doing what a badger might do in England. Tigers and
clouded leopards stalk the forests of Sumatra but in cat-free
Madagascar that same niche is filled by a giant killer mongoose
called the fossa; meanwhile, in Komodo, a huge lizard claims the top
predator role. Different islands, different species, same jobs. The
islands in question could be huge land masses, or individual people.

In fact, every individual is more like an archipelago – a chain of
islands. Each of our body parts has its own microbial fauna, just as
the various Galapagos islands have their own special tortoises and
finches. The human skin microbiome is the domain of
Propionibacterium, Corynebacterium, and Staphylococcus, while
Bacteroides lords over the gut, Lactobacillus dominates the vagina,
and Streptococcus rules the mouth. Every organ is also variable in
itself. The microbes that live at the start of the small intestine are
very different from those in the rectum. Those in dental plaque vary
above and below the gum-line. On the skin, microbes in the oily
lakes of the face and chest differ from those in the hot and humid
jungles of the groin and armpit, or those colonising the dry deserts of
the forearms and palms. Speaking of palms, your right hand shares
just a sixth of its microbial species with your left hand.19 The
variations that exist between body parts dwarf those that exist
between people. Put simply, the bacteria on your forearm are more
similar to those on my forearm than to those in your mouth.

The microbiome varies in time as well as space. When each baby
is born, it leaves the sterile world of its mother’s womb and is



immediately colonised by her vaginal microbes; almost three-
quarters of a newborn’s strains can be traced directly back to its
mother. Then follows an age of expansion. As the baby picks up new
species from its parents and environment, its gut microbiome
becomes gradually more diverse.20 The dominant species rise and
fall: as the baby’s diet changes, milk-digesting specialists like
Bifidobacterium give way to carbohydrate-eaters like Bacteroides.
And as the microbes change, so do their antics. They start making
different vitamins and they unlock the ability to digest a more adult
diet.

This period is turbulent but follows predictable stages. Imagine
watching a forest recently scoured by fire, or a fresh island newly
risen from the sea. Both would quickly be colonised by simple plants
like lichens and mosses. Grasses and small shrubs would follow.
Taller trees would arrive later. Ecologists call this succession, and it
applies to microbes too. It takes anywhere from one to three years
for a baby’s microbiome to reach an adult state. Then, a lasting
stability. The microbiome may vary from day to day, from sunrise to
sunset, or even from meal to meal, but such variations are small
compared to the early changes. This dynamism of the adult
microbiome conceals a background of constancy.21

The exact pattern of succession will vary between different
animals, because we turn out to be picky hosts. We are not just
colonised by whatever microbes happen to land on us. We also have
ways of selecting their microbial partners. We’ll learn about these
tricks, but for now let us simply note that the human microbiome is
distinct from the chimpanzee microbiome, which looks different from
the gorilla microbiome, just as the forests of Borneo (orang-utans,
pygmy elephants, gibbons) are distinct from those in Madagascar
(lemurs, fossas, chameleons) or New Guinea (birds of paradise, tree
kangaroos, cassowaries). We know this because scientists have
swabbed and sequenced their way around the entire animal
kingdom. They have described the microbiomes of pandas,
wallabies, Komodo dragons, dolphins, lorises, earthworms, leeches,
bumblebees, cicadas, tube worms, aphids, polar bears, dugongs,



pythons, alligators, tsetse flies, penguins, kakapos, oysters,
capybaras, vampire bats, marine iguanas, cuckoos, turkeys, turkey
vultures, baboons, stick insects, and so many more. They have
sequenced the microbiomes of human infants, premature babies,
children, adults, the elderly, pregnant women, twins, city dwellers
from the USA or China, rural villagers from Burkina Faso or Malawi,
hunter-gatherers from Cameroon or Tanzania, Amazonian people
who had never been contacted before, lean and fat people, and
those in perfect health versus those with disease.

These kinds of studies have blossomed. Even though the science
of the microbiome is actually centuries old, it has picked up
tremendous pace in the last few decades, thanks to technological
improvements and the dawning realisation that microbes matter
enormously to us – especially in a medical setting. They affect our
bodies so extensively that they can determine how well we respond
to vaccines, how much nourishment children can extract from their
food, and how well cancer patients respond to their drugs. Many
conditions, including obesity, asthma, colon cancer, diabetes, and
autism, are accompanied by changes in the microbiome, suggesting
that these microbes are at the very least a sign of illness, and at
most a cause of it. If it’s the latter, we might be able to substantially
improve our health by tweaking our microbial communities: by
adding and subtracting species, transplanting entire communities
from one person to another, and engineering synthetic organisms.
We can even manipulate the microbiomes of other animals, breaking
partnerships that allow parasitic worms to afflict us with horrendous
tropical diseases, while forging new symbioses that allow
mosquitoes to fight off the virus behind dengue fever.

This is a rapidly changing field of science, and one still shrouded
in uncertainty, inscrutability, and controversy. We cannot even
identify many of the microbes in our bodies, let alone work out how
they affect our lives or our health. But that is exciting! It is surely
better to be on the crest of a wave, looking at the ride ahead, than to
have already washed up on shore. Hundreds of scientists are now
surfing that wave. Funds are flowing in. The number of relevant
scientific papers has risen exponentially. Microbes have always ruled



the planet but for the first time in history, they are fashionable. “This
was completely backwater science; now it’s front-seat science,” says
biologist Margaret McFall-Ngai. “It’s been fun to watch people
realising that microbes are the centre of the universe, and to see the
field blossom. We now know that they make up the vast diversity of
the biosphere, that they live in intimate association with animals, and
that animal biology was shaped by interacting with microbes. In my
mind, this is the most significant revolution in biology since Darwin.”

Critics say that the popularity of the microbiome is undeserved,
and that the majority of studies in the field amount to little more than
fancy stamp collecting. So what if we know which microbes live on a
pangolin’s face, or in a person’s gut? That tells us what and where,
but not why or how. Why do some microbes live on some animals
but not others, or on a few individuals but not everyone, or on certain
body parts but not all of them? Why do we see the patterns that we
see? How did those patterns arise? How do microbes first find their
way into their hosts? How do they seal their partnerships? How do
microbes and hosts change each other, once together? How do they
cope if their alliances break down?

These are the deep questions that the field is trying to answer. In
this book, I will show you how far we have come in addressing them,
how much promise there lies in understanding and manipulating
microbiomes, and how far we have to go to realise that promise. For
now, let us note that these questions can be answered only by
collecting small pieces of data, just as Darwin and Wallace did on
their seminal voyages. The stamp collecting is important. “Even
Darwin’s Journal was just a scientific travelogue, a pageant of
colourful creatures and places, propounding no evolutionary theory,”
wrote David Quammen.22 “The theory would come later.” Before that
came a lot of hard graft. Classifying. Cataloguing. Collecting. “If new
continents are unexplored, before you find out why things are where
they are, you need to find out where they are,” says Rob Knight.

It’s in the spirit of exploration that Rob Knight first approached
San Diego Zoo. He wanted to swab the faces and skins of different
mammals to characterise their microbiomes, as well as the



chemicals – metabolites – that those microbes produce. These
substances shape the environment in which the microbes live and
evolve, and they also show what those microbes are doing, rather
than just which ones are present. Surveying metabolites is like
running an inventory of a city’s art, food, inventions, and exports,
rather than just doing a census of its citizens. Knight recently tried
surveying the metabolites of human faces, but found that beauty
products, like sunscreens and face creams, drowned out the natural
microbial metabolites.23 The solution: swab the faces of animals.
After all, Baba the pangolin doesn’t moisturise. “We’re hoping to get
oral samples too,” says Knight. “And maybe vaginal.” I raise an
eyebrow. “The breeding programmes here for the cheetahs and
pandas have freezers and freezers full of vaginal swabs,” he assures
me.

The zookeeper shows us a colony of naked mole rats skittering
around a set of interconnected plastic tubes. They are distinctly
unattractive animals, like wrinkled sausages with teeth. They are
also incredibly weird: insensitive to pain, resistant to cancer,
extremely long-lived, terrible at controlling their body temperature,
and possessed of misshapen, incompetent sperm. They live in ant-
like colonies with queens and workers. They also burrow, which
makes them interesting to Knight. He has just secured a grant to
study the microbiomes of animals that share specific traits or
lifestyles: burrowing, flying, living in water, adaptations to hot and
cold, and even intelligence. “It’s pretty speculative but the idea is that
you might have microbial pre-adaptations to get the energy you need
to do some of those more exotic things,” he says. Speculative,
certainly, but not far-fetched. Microbes have opened many doors for
animals, allowing them to take up all kinds of peculiar lifestyles that
would normally be closed off to them. And when animals share
habits, their microbiomes often converge. For example, Knight and
his colleagues once showed that ant-eating mammals, including
pangolins, armadillos, anteaters, aardvarks, and aardwolves (a type
of hyena), all have similar gut microbes, even though they have been
evolving independently for around 100 million years.24



We walk past a gang of meerkats, some upright and alert, others
playing together. The lone female – the group’s matriarch – is the
only one Knight could potentially swab but she is old and has a heart
condition. That’s not uncommon. Meerkats will sometimes attack
each other’s pups or abandon their own, and when this happens, the
zoo steps in to hand-raise the youngsters. They survive, but the
keeper tells us that, for unknown reasons, they often develop heart
problems when they get older. “That’s very interesting,” says Knight.
“Do you know anything about meerkat milk?” He asks because
mammalian milk contains special sugars that infants cannot digest,
but that certain microbes can. When a human mother breastfeeds
her child, she isn’t just feeding it; she is also feeding the child its first
microbes, and ensuring that the right pioneers settle inside its gut.
Knight wonders if the same applies to meerkats. Do the abandoned
pups start their lives with the wrong microbes because they don’t get
mother’s milk? Do those early changes affect their health in later
life?

Knight is already working on other projects to improve the health
of the zoo’s animals. As we walk past a cage full of silvered langurs
– beautiful, pewter-furred monkeys with electric facial fuzz – he tells
me that he is trying to work out why some monkey species frequently
suffer from inflammation of the colon (colitis) in captivity, while others
do not. There’s good reason to think that their microbes are involved.
In people, cases of inflammatory bowel disease are usually
accompanied by an overabundance of bacteria that provoke the
immune system and a lack of those that restrain it. Several other
conditions show similar patterns, including obesity, diabetes, asthma,
allergies, and colon cancer. These are health problems re-
envisioned as ecological ones, where no single microbe is at fault,
yet an entire community has shifted into an unhealthy state. They
are cases of symbiosis gone wrong. And if these distorted
microbiomes actually cause the various conditions, it should be
possible to restore good health by manipulating the microbes. Even
if the microbial communities are changing as a result of a disease,
they could still be useful in diagnosing a condition before symptoms
become apparent. That’s what Knight hopes to see in the monkeys;



he is comparing animals with and without colitis, across different
species, to see if there are signatures of disease that keepers could
use to identify a symptomless animal at risk. Such studies might also
help us to understand how the microbiome changes in people – or
dogs – with inflammatory bowel disease.

Finally, we walk into a back room where several animals are
being temporarily housed out of the public eye. One of the cages
houses a giant shadow: a three-foot-long, black-furred creature that
has the shape of a weasel but the countenance of a bear. It’s a
binturong: a large, shaggy civet which Gerald Durrell described as a
“badly made hearthrug.” The keeper reckons that we could easily
swab its face and feet, but the real action lies further down.
Binturongs have scent glands on either side of their anus, which
produce a smell that’s reminiscent of popcorn. Again, it seems likely
that bacteria create the odours. Scientists have already
characterised the microbial scents that drift from the scent glands of
badgers, elephants, meerkats, and hyenas. The binturong awaits!

“Could we swab the anus?” I ask.
The keeper looks at the intimidating animal in the cage and then

slowly back at us. He says, “I . . . don’t think so.”

When we look at the animal kingdom through a microbial lens, even
the most familiar parts of our lives take on a wondrous new air.
When a hyena rubs its scent glands on a blade of grass, its microbes
write its autobiography for other hyenas to read. When a meerkat
mother breastfeeds its pups, it builds worlds within their guts. When
an armadillo slurps down a mouthful of ants, it feeds a community of
trillions that, in turn, provide it with energy. When a langur or human
gets sick, its problems are akin to a lake that’s smothered by algae
or a meadow that’s overrun with weeds – ecosystems gone awry.
Our lives are heavily influenced by external forces that are actually
inside us, by trillions of things that are separate from us and yet very
much a part of us. Scent, health, digestion, development, and
dozens of other traits that are supposedly the province of individuals
are really the result of a complex negotiation between host and
microbes.



Knowing what we know, how would we even define an individual?
25 If you define an individual anatomically, as the owner of a
particular body, then you must acknowledge that microbes share the
same space. You could try for a developmental definition, in which
an individual is everything that grows from a single fertilised egg. But
that doesn’t work either because several animals, from squids to
mice to zebrafish, build their bodies using instructions encoded by
both their genes and their microbes. In a sterile bubble, they wouldn’t
grow up normally. You could moot a physiological definition, in which
the individual is composed of parts – tissues and organs – that
cooperate for the good of the whole. Sure, but what about insects in
which bacterial and host enzymes work together to manufacture
essential nutrients? Those microbes are absolutely part of the whole,
and an indispensable part at that. A genetic definition, in which an
individual consists of cells that share the same genome, runs into the
same problem.

Any single animal contains its own genome, but also many
microbial ones that influence its life and development. In some
cases, microbial genes can permanently infiltrate the genomes of
their hosts. Does it really make sense to view them as separate
entities? With your options running out, you could pass the buck to
the immune system, since it supposedly exists to distinguish our own
cells from those of intruders, to tell self from non-self. That’s not
quite true, either; as we will see, our resident microbes help to build
our immune system, which in turn learns to tolerate them. No matter
how we squint at the problem, it is clear that microbes subvert our
notions of individuality. They shape it, too. Your genome is largely
the same as mine, but our microbiomes can be very different (and
our viromes even more so). Perhaps it is less that I contain
multitudes and more that I am multitudes.

These concepts can be deeply disconcerting. Independence, free
will, and identity are central to our lives. Microbiome pioneer David
Relman once noted that “loss of a sense of self-identity, delusions of
self-identity and experiences of ‘alien control’” are all potential signs
of mental illness.26 “Small wonder that recent studies of symbiosis



have engendered substantial interest and attention,”. But he also
added that “[Such studies] highlight the beauty in biology. We are
social creatures and seek to understand our connections to other
living entities. Symbioses are the ultimate examples of success
through collaboration and the powerful benefits of intimate
relationships.”

I agree. Symbiosis hints at the threads that connect all life on
Earth. Why can organisms as disparate as humans and bacteria live
together and cooperate? Because we share a common ancestor. We
store information in DNA using the same coding scheme. We use a
molecule called ATP as a currency of energy. The same is true
across all life. Picture a BLT sandwich: every component, from the
lettuce and tomatoes to the pig that produced the bacon, to the yeast
that baked the bread, to the microbes that surely sit on its surface,
speaks the same molecular language. As Dutch biologist Albert Jan
Kluyver once said, “From the elephant to the butyric acid bacterium –
it is all the same!”

Once we understand how similar we are, and how deeply the ties
between animals and microbes extend, our view of the world will
become immeasurably enriched. Mine certainly has. All my life, I
have loved the natural world. My shelves are lined with wildlife
documentaries and books bursting with meerkats, spiders,
chameleons, jellyfish, and dinosaurs. But none of these talk about
how microbes affect, enhance, and direct the lives of their hosts, and
so they are incomplete – paintings without frames, cakes without
icing, Lennon without McCartney. I now see how the lives of all these
creatures depend upon unseen organisms that they live with but are
unaware of, that contribute to and sometimes entirely account for
their abilities, and that have existed on the planet for far longer than
they have. It is a dizzying change in perspective, but a glorious one.

I have been visiting zoos ever since I was too small to remember
(or to know that you shouldn’t climb into the giant tortoise enclosure).
But my visit to San Diego Zoo with Knight (and Baba) feels different.
Although the place is a riot of colour and noise, I realise that most of
the life here is invisible and inaudible. At the main entrance, vessels
full of microbes part with money so that they can file through gates



and see differently shaped microbial vessels that loiter in cages and
enclosures. Trillions of microbes, hidden within feather-coated
bodies, fly through aviaries. Other hordes swing through branches or
scuttle through tunnels. One bacterial throng, nestled within the
backside of a black hearthrug fills the air with the redolent twang of
popcorn. This is the living world as it actually is, and although it is
still invisible to my eyes, I can finally see it.


