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For my granddaughter and her generation, in the hope that some
of this science may help lead to a better world

JU






So, over that art, which you say adds to nature, is an art that

nature makes.

—William Shakespeare, The Winter’s Tale
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INTRODUCTION

n the squat labyrinth of Latimer Hall at the University of
I California, Berkeley, twenty-seven-year-old Emily Hartman

had been trying for two years to understand the building of
a virus shell. This winter afternoon in February 2018, tired and
stressed, she glanced at the Petri dishes.

The team she worked with was seeking to unlock the ways
virus shells helped killers infiltrate a healthy body. The virus
slipped through a cell’s defenses, the shell dissolved, and the
invader delivered its deadly payload. The plan was to transform
viruses from killers into delivery vehicles for medicines and vac-
cines to attack diseases. Every molecule in the virus shell had
its role, and understanding how those molecules were assembled
could reveal critical clues to a whole new way of saving lives, or
so her team hoped.

Two thousand miles away her midwestern supervisor, thirty-
eight-year-old Danielle Tullman-Ercek, an associate professor
of biological engineering at Northwestern University, waited in
a freezing conference room overlooking Lake Michigan. Dark-
haired and self-possessed, Tullman-Ercek had grown up all over
the country as an air force child. She spent her earliest years in

upstate New York, only remembering being cold and waiting for
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her father to return from work as a B-52 navigator. Running a
lab, she sometimes felt, was like navigating a plane through the
clouds, at night, in the rain.

Tullman-Ercek had conducted research at the University of
California, San Francisco, with a pioneer of a new field called
synthetic biology, the science of engineering life at the level
of the cell. In nearby Berkeley, a community of tinkerers and
dreamers gathered in the mountains above the city, talking about
customizing cells to make food and fuels, medicines and cloth-
ing, perhaps to reveal life’s origin or resurrect the animals and
plants of the past. The small group of computer and chemical
engineers, molecular and plant biologists, and others met at the
new Synthetic Biology Research Center in Emeryville, California.
Some spun oft companies to make vaccines, cancer treatments,
cosmetics, and new energy sources. Tullman-Ercek felt they were
a group of geniuses few in the world knew about.!

But delivery on the promises was slow. Now she had her own
lab. The pressures were intense. Her team worked to understand
how a virus shell assembled itself and how the tactics used by
viruses could be turned into medicines. As her team waited for
the video link-up, Tullman-Ercek looked out over Lake Michi-
gan’s frigid expanse.

From the Berkeley lab, Emily Hartman’s face came into view.
She offered her data on a split video screen, point by point, to the
group in the Illinois conference room. What they heard stunned
them. Listening while poring through the data as she talked, they
learned that Hartman had replaced each of a possible twenty
amino acids, one at a time, at 129 sites on the virus shell, revealing
some 2,600 ways a virus could be redesigned. A series of quiet
wow’s followed. They saw how easily the virus could be manipu-

lated, producing more exclamations. “We weren't very eloquent,”

recalled Tullman-Ercek. “We should have yelled, Eureka!”
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All Hartman heard was silence. At first, she thought she had
done something terribly wrong.? But what Tullman-Ercek saw
was the potential for using viruses as treatments, turning killers
into healers. She stared. In that moment, it seemed, the dream

might finally make good on its promise.

This book tells the story of a new science, engineering life forms
to make what humans need—better medicines, healthier foods,
sustainable materials and energy sources, and new ways to reme-
diate our planet. This science-fiction-like tinkering promises to
help confront some of our biggest problems, from reducing our
dependence on fossil fuels to fighting new viruses, confronting
climate change to recycling industrial pollution. Its challenge
and danger is the potential for mistakes in designing living
organisms, from long-extinct species to healthier humans, and
the role of money in the efforts to regulate new technologies or
make them available to all.

When you eat cheese, certain fruits or vegetables, sleep in or
clean your cotton sheets, or have your morning cereal or evening
dinner, you may be consuming the products of synthetic biology
or genetic engineering. Today, the pace of progress in discovery
is accelerating rapidly. The crises of emerging or drug-resistant
diseases and environmental collapse are inspiring a race to trans-
form the manufacturing of materials that clothe, feed, heal, and
house us. Then came COVID-19, and these small groups of
researchers jumped to the forefront of a global crisis in a way
that no one had predicted.

Almost anything in the cell, its DNA or RNA or proteins, can
be customized or improved. Bacteria and yeast can be engineered
to make insulin for people with diabetes, protein for meatless
burgers, or fibers for clothing materials. Scientists can create

DNA, edit genes, and transfer cell pathways from one organism
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to another without the normal brakes put on by biology. The
new techniques feature automated handlers, gene sequencers,
gene editors and manufacturers, sound-guided experiments run-
ning twenty-four hours a day, and more. Automating evolution,
synthetic biology offers a promise of industrial revolution simi-
lar to that of the silicon chip or the automobile assembly line.
Researchers are competing to attack global crises, but they could
potentially unleash unintended social effects, raising some of the
biggest ethical challenges of our time.

There is nothing new about modifying life to make prod-
ucts that humans need. Efforts to manipulate biology date back
to the beginning of agriculture and the first wines, beers, and
cheese, as humans began breeding dogs, horses, goats, sheep, and
cows. Modern synthetic biology had roots in twentieth-century
wartime chemistry. England’s Chaim Weizmann tapped bac-
teria to ferment sugars into chemicals for gunpowder during
World War I,* and American researchers industrialized penicil-
lin production from fermentation tanks during World War II.
In the 1970s, modified bacteria and yeast made insulin, inspiring
the first wave of biotechnology promises.

What is new is the speed, scale, and power of researchers’
ability to remake life. Today, hundreds of labs are fine-tuning
gene pathways and DNA, and gene editing is taking place in
homes, garages, and backwoods stables for cattle and horses. In
agriculture, many of the tomatoes, apples, and oranges we eat are
engineered to resist disease or to enhance their flavor or shelf
life. Most cheese and many cold water detergents are made using
enzymes produced by modified organisms. The same holds for
many vegetarian meats. Some of the more whimsical quests
seem drawn from the pages of science fiction—glowing trees to
light highways, designer plants to cool Earth, and cells to detect
and attack disease.
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For twenty years, such promises outpaced reality. Biological
information was mostly inseparable from the living molecules
that processed it. It took an incredibly long time to understand
the steps of the simplest metabolic pathway that might produce
a useful enzyme. Once scientists understood the steps, they had
to coax industrial production from reluctant living organisms.

Those steps, however, need not be fully understood to be
manipulated. The first altered organisms were simple bacteria
and yeast, modified by techniques like gene transfer, moving
a gene from one organism to another; gene synthesis, splicing
DNA snippets in a lab; and gene editing, changing life’s instruc-
tions like a musician changes key. Today, researchers modify
plants and animals to make them more productive and some are
in trials with humans at risk for disease.

One key early success was in medicine. The California
company Amyris made a malaria drug that was subsequently
shipped to millions of people affected by the disease in Africa.*
Other companies make everything from sustainable foods and
medicine to clothing, cosmetics, and fuel. They competed for
development money as they attacked cancer tumors, confronted
global warming, and made fabrics and building materials, safer
chemicals, and renewable energy sources.

There are many definitions of synthetic biology, but for us it
begins with modifying organisms by changing their DNA. That
was the gene engineering revolution of the 1970s. By the 2000s,
several techniques improved so rapidly they made it possible to
modify life on a grander scale, leading to the “construction of
new biological entities such as enzymes, genetic circuits, and
cells to make useful products,” in the words of the Engineering
Biology Research Consortium (EBRC). This unique commu-
nity of researchers started with processes similar to those used

by a microbrewery to make beer and wine in fermentation vats
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and then expanded and extended them. In this book, I define
synthetic biology broadly to include techniques like gene editing
and directing the evolution of life’s capabilities.

Synthetic biology began in departments of biology, engineer-
ing, physics, and chemistry, in California, Massachusetts, and
elsewhere. The researchers included outcasts and visionaries
who tried making circuits in cells or changing cell functions and
structures altogether. At first they had little idea what changes
would be most beneficial, but with experimentation, cheaper
DNA, and speedier cloning, they programmed useful abilities
in computer models and built and tested them in the lab. They
wanted to make biology into an information science, the infor-
mation coming from molecular treasure troves billions of years
old. Nature had long created the materials—wood, fur, meat,
skin, bones, petroleum—that made our food, housing, medi-
cines, fuel, and clothing. Could science go further and improve
on life’s original production?

They worked in small labs, using painstaking techniques,
seeking recognition and consensus without a common language.
Gradually, they agreed on standards, building the power to repro-
duce one another’s experiments, and developed a philosophical
framework for the creation of altered life. Some argued the new
science must be democratic, its technologies so inexpensive they
could be available to anyone.

With COVID-19, engineering genetic material reached star
status. Moderna and BioNTech used the new science to fashion
vaccines from mRNA, life’s messenger, beating out some 180
other vaccine candidates. The mRNA vaccines alerted the body
to produce its own defenses, making a platform now being
used to attack new diseases. Using synthetic biology in other
ways, other vaccines tapped DNA to make the human body

the vaccine maker. Suddenly, world organizations, national
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governments, and private foundations poured in money. Syn-
thetic biology played a leading role in what one researcher
called “the greatest science experiment in vaccinology that’s
ever been done.”™

To some readers, altering life forms sounds like the plot of
Frankenstein or Jurassic Park. A science that started with creativ-
ity and idealism was indeed driven in part by those seeking fame
or profit. For most, however, the goal was to solve problems—
confronting a pandemic, climate change, resistant diseases, pol-
lution, the need for new energy sources, and the disposal of
nuclear waste. This book helps readers understand and evaluate
critical research as it took center stage.

This could be synthetic biology’s big moment. Claiming the
world is “on the cusp of an industrial revolution powered by
biotechnology,” a 2022 White House Executive Order called for
a full-scale national effort to enhance biomanufacturing, making
products using programmed organisms at commercial scale.®
In 2023, several government agencies, including the Depart-
ments of Defense, Energy and Agriculture, announced targets
for using biology-made products to help bring the U.S. economy
to net zero carbon emissions by 2050.

Some labs are in the clothing and housing industries. Some are
in energy. Some are tool makers. Some sell custom-made DNA,
and others, more outlandish ideas like self-assembling furniture.
Meat without animals, seafood without fish, milk without cows,
eggs without chickens, and sensors to assist your immune system—
many are here or on the horizon. Some researchers sought to
create life. Some won Nobel Prizes. Some were sued as tech giants
fought upstart competitors. Other companies cloned beloved
pets and prized polo ponies or racehorses. They are in a race to
help solve some of the world’s most pressing problems while

potentially creating new ones.
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Dystopia or utopia, what will it be? How might these dis-
coveries provide energy sources or sustainable methods of clean-
ing our spills and waste? Are these products truly economical
or environmentally friendly? This book explores those questions
and the personalities of the people answering them. Its theme
is that synthetic biology offers the potential for a change in our
relation to the planet’s resources, from one of exploitation to one
of cooperative stewardship of biology’s powers.

Part I introduces five breakthroughs in basic science—
metabolic engineering in chapter 1, standardized cell parts in
chapter 2, gene editing in chapter 3, directed evolution in chapter 4,
and semisynthetic organisms in chapter 5. Part II traces synthetic
biology’s applications, in medicine in chapter 6, the environment
in chapter 7, in food and clothing in chapter 8, in mining and the
military in chapter 9, and in viruses as medicines in chapter 10.
Part IIT retells the COVID-19 vaccine race as a case study of
synthetic biology industrialization. Chapter 11 describes the cre-
ation of the vaccines, and chapter 12, their manufacturing. The
ethics of altering life is covered in chapter 13, and its uses in
space in chapter 14. We end with the main question: Do these
new sources of medicines, food, energy, clothing, and shelter
constitute a revolutionary science?

For four years, I traveled to conferences and labs around the
country, interviewing more than 140 scientists, and attended
business, lab, and Zoom meetings. I became captivated by the
prospect of a new industrial revolution. As more products entered
the market, I sought to understand how research creativity was
confronting some of the biggest challenges of our time.

My goal is for readers to become caught up as well, with sci-
ence’s confusing, frustrating, exciting, and life-changing potential.
This is a story of people in a community. I write this as a novel-

ist might, with characters and conflicts, defeats and triumphs,
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teamwork and bitter disputes. Researchers pursued a big idea: to
choreograph nature to help solve Earth’s problems. In describing
their work, I connect the science to the personalities who made
it, embracing research while questioning the instrumentalism
from which it springs.

Some of what follows features remembered conversations
and reconstructed incidents. In portraying such recollected
scenes, I have tried to interview everyone involved in the events
and square my account with those in the published papers,
online journals, and news stories. I am thankful to researchers
who so patiently shared their time with me. Any mistakes are
strictly my own.

These researchers are racing to harness life’s power in new
ways, changing what a scientist is and what science can do. These
ideas and technologies are shaping our future. The question is,

What will happen next?
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A GLASS OF ABSINTHE
A Malaria Medicine

I view microbes as little chemical factories.

—Jay Keasling, University of California, Berkeley

n Saturdays, he had to scrape out the manure in the

pigsty. For his entire Nebraska high school career,

Jay Keasling’s hands smelled of manure and dirt.
When he graduated, his dad sold the pigs. No one else would
do the job. Years later, Keasling thought of his Berkeley lab as a
sole proprietorship farm, where in 2006 he developed one of the
world’s first commercial synthetic biology successes, a medicine
for malaria.

On the family farm if something broke, you fixed it yourself.
Growing up, the lithe, wiry, self-reliant Keasling graduated as
high school valedictorian and began learning about a new sci-
ence where researchers moved genetic pathways from one
organism to another. He read a book about the San Francisco
company Genentech and its biomedical breakthrough in the
1970s and 1980s, its scientists figuring out how to engineer bac-
teria and yeast to make insulin more sustainably than by the tra-

ditional method of killing thousands of pigs and cows.
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Keasling decided that was what he wanted to do with his
life. “I wanted to engineer microbes to save the planet and make
products people needed,” he told me.! From his undergraduate
days in chemistry and biology at the University of Nebraska
to graduate work in chemical engineering at the University of
Michigan, Keasling dreamt of getting to California and repeat-
ing Genentech’s success.

At the time, only a few researchers were thinking of cells as
factories. Biology could be a new energy source, the more vision-
ary of them suggested, like steam was in the first industrial
revolution, petroleum and electricity in the second, and nuclear
power in the third.? Keasling and a few others envisioned a
world of cellular parts, as standardized and interchangeable as
computer and electrical parts.

But how to take the next step? Some researchers were writing
bits of new genetic code, as Genentech researchers had done,
using the four DNA bases, or building blocks: adenine (A), cyto-
sine (C), thymine (T), and guanine (G). They did so with slow,
painstaking applications of what is called recombinant DNA,
squirting chemicals called inducers into Petri dishes to invite
bacteria and yeast to take up snippets of the new genetic code,
splicing the snippets almost like bits of recording tape into the
genetic material of the organisms. These researchers developed
techniques to make the process more precise. By the 2000s, sci-
entists had edited the genes of organisms as diverse as microbes,
soybeans, and sheep in the lab and created widely used ingredi-
ents of cheese, detergents, and ice cream in the process.

With gas prices rising in the 2000s, the government came
calling. The Defense Advanced Research Projects Agency
(DARPA), the Department of Energy, and the National Science
Foundation commissioned projects from Keasling and others

to engineer the metabolism of cells, optimizing their ability to
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make useful chemicals. Starting in Berkeley and then moving
to Emeryville, California, Keasling came to direct a new inter-
disciplinary institute and won a s42 million Gates Foundation
grant to brew a malaria medicine from yeast. The medicine came
from the wormwood plant, or Artemisia absinthium, which is
also used in the making of vermouth and absinthe. For years, his
team edited gene pathways, moved them into yeast, and coaxed
the buds to ferment the chemicals to make artemisinic acid, the
key ingredient.® Keasling cofounded Amyris, a company funded
in part by the federal government, to increase the medicine’s
production. Many Keasling lab graduates worked at Amyris and
went on to found their own companies to create fuels, medi-
cines, and chemicals.

They succeeded and failed and tried again in a story that fea-
tured brilliance, arrogance, hard work, wild parties, and fortunes

made and lost. It was only the beginning.

LA BIOLOGIE SYNTHETIQUE: “LITTLE
SHORT OF ASTONISHING”

The cultivation of desirable traits in living organisms had been
going on since the dawn of farming and livestock breeding.
In 1912, ninety-four years after Mary Shelley wrote her novel
Frankenstein, the words synthetic biology were used in a book
and in a science pamphlet’s title, La Biologie Synthétique, pub-
lished by Stéphane Leduc, a doctor and biophysicist at the
Ecole de Médecine in Nantes, France. Leduc theorized that life
originated in chemistry. To pursue that idea, Leduc conducted
experiments involving salt in solution being transformed into
crystals. To critics, Leduc’s experiments, as the physicist and
science historian Evelyn Fox Keller initially described them,
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were “illuminating in proportion to what may now appear . . .
as their absurdity.” Leduc was more likely about one hundred
years ahead of his time, as Keller reversed herself in a 2016 essay,
“Knowing as Making, Making as Knowing.” Anticipating the
rise of today’s synthetic technoscience, Leduc’s experiments on
“the self-assembly of structures,” Keller concluded, “are little
short of astonishing.”

The use of fermentation in yeast and bacteria for making
wine, beer, cheese, bread, and pickles had been going on for
thousands of years. Fermentation entails the breakdown of a
food, usually sugar, by yeast or bacteria, a process often giving
off heat and effervescence. Microbes producing chemical ingre-
dients by fermentation found their first industrial impact in the
wars of the twentieth century. When during World War I a des-
perate civilian head of the Royal Navy, Winston Churchill, saw
his country running out of cordite, the smokeless gunpowder
used in launching the shells of its big naval guns, he extended
an urgent call to the country’s scientists. The University of Man-
chester chemist Chaim Weizmann responded that he could
use natural bacteria to make cordite’s required acetone. He had
a small amount of the product in his lab. Britain needed tons.
With Churchill’s support, Weizmann increased production in
giant fermentation tanks in England, Canada, and the United
States, creating chemicals that helped win a war.

Something similar happened with the first antibiotic, penicil-
lin, before World War II. Discovered by accident in a contami-
nated Petri dish, the medicine, which arises from tiny amounts
of fungus in molding foods such as bread, suddenly had to be
produced in vast quantities to save the lives of injured soldiers.
The technology for making it in fermentation vats was perfected
in a research facility in northern Illinois, using a bacterium from

a moldy cantaloupe brought in by a Peoria housewife.®
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As with cordite, the penicillin bacteria were natural, not
engineered, but the techniques of large-scale fermentation
would lay the groundwork for the synthetic biology industrial-
ization to come.

Jay Keasling was born in 1964 in Harvard, Nebraska. Located
on an agricultural plateau on the state’s east side, Harvard was
named by a railroad employee to follow neighboring Grafton
in alphabetical order. When the sweet-faced Jay Keasling was
eleven years old, his mother was recovering from cancer. Driving
home from a doctor’s appointment where she learned she was
free of the disease, she waited at a stop sign. The corn was high,
and visibility was poor. As she pulled out, an oncoming vehicle,
driven by her cousin, collided with hers. Both died in the crash.
“It was tough on Jay,” his father, Max, told interviewers on an
episode of the TV science show Nowva, describing Keasling and
his mother as “very close.”

Stricken by her loss, Keasling was a driven young man who
loved science and also kept a secret. “Being gay in small-town
Nebraska is difficult,” he told the same interviewers. “People
who were, if there were any, were certainly not out, and so you
had no examples at all.” Not until he was a professor at Berkeley
did Keasling come out to his family.

The story of Genentech offered Keasling a vision for his
career. Herb Boyer, a biologist at the University of California,
San Francisco, teamed up with the businessman Robert Swan-
son to apply Boyer’s discovery that bacteria could be engineered
to ferment the building blocks of insulin, which was in high
demand because of a growing diabetes epidemic. Until 1980, all
medical insulin had to be culled from pigs or cows, at huge cost
and with much environmental damage. A single Indiana farm
sacrificed 23,000 pigs a year to make one pound of the lifesav-

ing hormone. Genentech researchers engineered bacteria by
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re-creating human insulin’s genetic code in the lab and getting
bacteria to take it up. Genentech scientists made the genes by
splicing DNA snippets into plasmids, which are rings of genetic
material. The new DNA hijacked the bacterial protein-making
machinery to manufacture two insulin chains. Scientists com-
bined them to form the insulin molecule.

By 1982, the FDA approved the Genentech insulin, and the
company outfitted a San Francisco airfreight warehouse with
steel fermentation vats to make it in bulk. A new industry, modi-
tying microbes to make medicines, was born.”

Genentech’s 1980s success was followed by that of another
nearby biotechnology firm, Applied Molecular Genetics (Amgen)
of Thousand Oaks, California, in the 1990s. From Escherichia coli
and in yeast, Amgen made ingredients for an anemia treatment
and an immune suppressor for chemotherapy patients. Other
companies made sustainable clothing dyes using chemicals pro-
duced by E. col/i bacteria, rather than using the toxic metals of
conventional dye-making methods.

Then came cheese. Cheese was always produced using ren-
net enzymes from the stomachs of calves, lambs, and goats. The
enzyme in rennet breaks down the solid particles in milk, mak-
ing it curdle. After FDA approval in 1990, researchers inserted
the rennet-making DNA into bacteria, fungi, and yeast to get
them to make the enzyme more sustainably than by killing off
calves, to the point where most cheese in America today is made
with microbially manufactured rennet. Even the thickeners in
chocolate cookies were the products of metabolic engineering.

But how should this emerging technology best be supported?
DARPA took a keen interest in that question. Founded in 1958
in response to the Soviet Union’s launch of the Sputnik satellite,
the agency played a crucial role in advancing technical break-

throughs like weather satellites, the global positioning system
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(GPS), and the protocols of the internet. As early as 2000, the
agency funded synthetic biology research into manufactur-
ing of medicines, bomb sensors, and industrial chemicals.® It
also sought methods to engineer bacteria and yeast to make the
hydrocarbons of biofuels.

With such goals in mind in 2002 and 2003, DARPA spon-
sored an eighteen-month study by academics including Keas-
ling, business leaders, and policy makers to create a road map
for a new science. The study, involving seven workshops, ended
with a briefing of the DARPA director in 2003. This initial effort
failed in its intent to create a funding program, but it did pro-
duce a three-tiered plan including the design and fabrication of
genetic material via DNA synthesis, the coordination of labor by
agreed-upon standards, and the management of biocomplexity
using engineering principles.

The first synthetic biology event, Synthetic Biology 1.0, was
held at MIT in 2004.° The ideas from that small, informal
conference led to the establishment of two organizations: the
Synthetic Biology Engineering Research Consortium (Syn-
BERC), founded in 2006, and the Joint BioEnergy Institute
(JBEI), funded by the Department of Energy and located in
Emeryville, California, in 2007. The National Science Founda-
tion helped fund SynBERC, a semiannual gathering of East and
West Coast researchers to discuss their unpublished ideas and
results. At their meetings, new and experienced scientists argued
and theorized about the industrial possibilities of biology. Their
meeting sites alternated between Berkeley and Boston, the other
center of American synthetic biology research. Key people from
Harvard, like George Church and Pamela Silver, and from MIT,
like the computer engineer Tom Knight, joined with West Coast
thinkers “to cement a new community,” Keasling told me. They

were not interested in mere genetics but rather in life’s complete
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“hierarchical set of principles,” said UCLA's Wendell Lim, the
associate director of SynBERC. They wanted to engineer biol-
ogy with the plug-and-play precision of computer program-
ming. “When your hard drive dies,” Keasling told the New
Yorker, “you can go to the nearest computer store, buy a new one,
and swap it out. . . . Why shouldn’t we use biological parts in the
same way?”'* Lim wanted even more. “I wanted to learn the rules
by which DNA encodes an elephant,” he told me.

At the same time, a parallel series of initiatives at MIT, led
by some of the same SynBERC thinkers such as Tom Knight,
Drew Endy, and others, led to a more radical set of institutions.
These arose from a pair of whimsical December-quarter courses
in which students ranging from undergraduates to doctoral can-
didates were tasked with making E. co/i cells blink like a light.
'The problem was that, much as in the early days of the electri-
cal industry, different groups were using different, incompatible
tools and parts. To bring standardization to biological parts, Tom
Knight created a web repository called BioBricks, which made
available mail-order kits to make DNA and proteins. Out of the
December courses, the MIT researchers founded the Interna-
tional Genetically Engineered Machine (iGEM) student com-
petition to make synthetic cells and, in so doing, add units to the
BioBricks, innovations I cover more in chapter 2.

Meanwhile at Berkeley, the SynBERC conferees would meet
in newly built Stanley Hall or at the old, white stucco Claremont
Country Club. In Boston after their sessions at MIT or Harvard,
many of the students went out clubbing, often led by Keasling.
One California meeting lasted into the early morning, and the
van driver disappeared to fall asleep in the lounge. Keasling
drove the stranded faculty back to their hotel. “It was fantas-
tic,” MIT professor Kristala Prather recalled of the group. “This

really interesting cross section of individuals with foundational
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training in different fields were trying to make biology into an
industrial force.”

JBET’s mission, in the wake of rising petroleum prices, was to
create fuels from plants.”? The U.S. government had supported
efforts to produce the gasoline additive corn ethanol, made by
fermenting corn, but ethanol was expensive, damaging to older
machines, and criticized as being harmful to the environment.
To confront the energy crisis, the researchers focused first on
prairie switchgrass, an idea Keasling seized upon for revitaliz-
ing the American Midwest. “I wanted to make the Midwest the
new Mideast,” Keasling often said.”® Hydrocarbons are produced
in the wax in plant leaves. The yellow of sunflowers, the red of
tomatoes, and the scents of flowers come from the combining of
two hydrocarbons to make things called isoprenoid oils. Amaz-
ingly, those same oils were the basis of a plant-based malaria
medicine and of fragrances, solvents, and biofuels.

In the years thereafter, however, gas prices dropped, and sud-
denly the urgency for plant or microbe-based biofuels slackened.
One new idea was to turn bacteria and yeast into factories for
products such as cosmetic ingredients, flavors, and fragrances,
to name a few. But before all that, researchers made a malaria

medicine.

A GLASS OF ABSINTHE

Along riverbanks in Bhutan, silvery, woody, small-stemmed
wormwood plants grow next to fences and in abandoned lots.
In its pure form, the bitter-tasting extract of the wormwood
plant is a poisonous ingredient of absinthe, the drink made
famous by writers and artists of 1920s Paris. However, dur-

ing the Vietnam War, Chinese doctors treating drug-resistant
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strains of malaria in soldiers discovered that extract of worm-
wood (Artemisia absinthium) contained a highly effective anti-
malarial compound, artemisinic acid, the key ingredient of a
drug called artemisinin.

In Keasling’s lab one day in 2002, a graduate student showed
him an article about artemisinin. Keasling had never heard of
it, but the artemisinic acid it contained was made of the same
isoprenoid oils his lab was making for flavors and fragrances. The
wormwood plant was expensive to grow, and farmers did not
cultivate it consistently. If researchers could coax bacteria to cre-
ate the key ingredient of artemisinin, they could save thousands
of lives. Keasling swerved the lab to try making artemisinic acid,
first in bacteria, then in yeast. “Having grown up on a farm, I was
not afraid to go in and monkey with something. That molecule
changed everything,” Keasling told me."

'The wormwood plant makes artemisinic acid in its trichomes,
bags at the base of the leaf. The cells produce the molecule in oily
sacs, much as cannabis produces tetrahydrocannabinol (THC).
“We reasoned those cells must be rich in enzymes that produce
the artemisinin,” Keasling told me from his book-lined JBEI
office. A postdoctoral fellow in Keasling’s lab, Dae-Kyun Ro,
identified the enzyme that could produce artemisinic acid. “That
was the eureka moment,” Keasling said.

In Africa at that time, every thirty seconds a child died of
malaria.® Caused by a microbe that infects mosquitoes, the
disease was becoming more resistant to treatments and was
spreading in the 2000s. Many countries could not afford to
buy the plant-derived artemisinin to combat it. On Keasling’s
Berkeley team and then later at Amyris, up to fifty postdocs
and other researchers worked for a dozen years painstakingly
editing and transplanting metabolic pathways from yeast,

bacteria, and plants to transport the Arzemisia gene pathway
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into bacteria. In 2003 they had their first success, which was
published in Nature Biotechnology. In 2006, they published
improved results in Nature, this time using yeast as their fac-
tory.”® In 2008, Amyris licensed its engineered yeast strain to
the company Sanofi to launch the large-scale production of
synthetic biology-made artemisinin. The process was described
in a 2013 Nature article.”

Keasling and his team had built a microbial factory by insert-
ing new genetic code into yeast. The lifesaving antimalarial
drug could be produced so efficiently that a dose cost pennies
instead of dollars. Approximately 500,000 lives could be saved
each year. “Jay’s genius was twofold,” commented the Berke-
ley biologist Adam Arkin, “First was using synthetic biology
to make an economically unattainable drug to fulfill a public
good.”® Second was in training and directing a group of “amaz-
ing people working together,” recalled Eric Steen, an engineer
and SynBERC member who later cofounded a synthetic biol-
ogy industrial company called Lygos.

Elsewhere the new science was taking off. The team of
Harvard researcher George Church was proposing to resurrect
mammoths to help restore grasslands to cool the Earth, a quest
I cover in chapter 7. Others were seeking ways to get bacteria
and yeast to make the proteins of raw materials for clothing and
tood. Everyone wanted to make the next artemisinin.

Keasling had cofounded Amyris with three of his gradu-
ate students to industrialize the technique on a grand scale.
Receiving the artemisinin first grant of $3.7 million, the
youthful cofounder Neil Renninger noted that he had never
seen that many zeroes on a check in his life. But the Gates
Foundation required that artemisinin be sold at cost. That
meant Amyris needed other profitable products. It decided to
make biofuels.
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“GO AHEAD AND TAKE RISKS”

Neil Renninger remembered how, when he was growing up in
California, his father sent him on recycling errands in the 1970s.
His mom was a schoolteacher, and Renninger excelled in math
and science. He made a first splash as part of an MIT under-
graduate group winning at blackjack card-counting in Las
Vegas. He would stuff $100,000 in the lining of his hoodie, he
told a Fast Company writer. “The biggest thing I learned . . . was
to go ahead and take risks,” he said, “because if you fail, you'll
land on your feet.””

Renninger suggested that Amyris modify yeast to make the
healthful plant oil called farnesene for use in fuels and cosmet-
ics. The company ramped up with DNA-injecting robots nick-
named WALL-E and R2D2. The company’s plans required the
first-time modification of many genes in an early test of syn-
thetic biology as a business investment.

Amyris experimented with a variety of strategies to move
plant gene pathways into yeast, including the use of viruses as
delivery vehicles. It was arduous work. The synthetic creation of
plant hydrocarbons in industrial amounts was difficult. Lab suc-
cesses stumbled if production was increased by factors of fifty or
one hundred. Amyris turned to sugarcane, a source for biofuel in
South American countries, as a more efficient raw material than
corn. But sugarcane did not grow widely in the United States, so
Amyris built an expensive state-of-the-art sugarcane fermenta-
tion plant in Brazil.

Still, the work was challenging. Moving individual genes
between organisms capitalized on naturally occurring mecha-
nisms like cell-to-cell transfer of genetic material. Scientists
studied these mechanisms in simple systems such as bacteria and

viruses. Now scientists were transferring genes into organisms as
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diverse as rice and racehorses. In its biofuel effort, the company
felt it needed an experienced executive to manage bigger bud-
gets, business strategy, and day-to-day decisions. It found a for-
mer London-office British Petroleum executive, a native of the

Azores Islands named John Melo, who seemed to fit the need.

“A MAGICAL PLACE”

Growing up on a volcanic island near Portugal’s coast, John
Melo recalled the shouts of men whenever whales were spot-
ted. His uncles and father would rush to the beach and jump
into canoes to hunt the giant animals. Of the bloody process
of cutting away the energy-rich blubber, he told a journalist,
“I remember the smell vividly.” Whale oil powered the lamps of
the nineteenth century. Then petroleum replaced whale blubber
as an energy source. He wondered whether Amyris could replace
petroleum. “What really hooked me,” Melo said of the start-up,
was “the belief that you could do anything with biology.”
Melo expanded the company’s production of biodiesel.
Amyris negotiated agreements with two Brazilian city-bus sys-
tems and improved its enormous sugarcane fermentation facility
to meet the demand. The plant near Sdo Paulo required a diz-
zying climb up a metal scaffold to reach the lid of its giant fer-
mentation tanks. From the top, workers looked over vast acres
of sugarcane. To expand into production, Amyris perfected the
use of yeast as the fermenting organism. Yeast was cheaper than
bacteria and more acceptable to consumers, being more famil-
iar from brewing beer and baking bread. Into the steel tanks
flanking a sugarcane farm, workers poured Amyris’s special
engineered yeast strains, which in two weeks devoured as much

as 1.2 million liters of rich cane syrup to produce the chemical
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farnesene for biodiesel fuel. The industry publication Biofuels
Digest called them “eco-emirs.”

The challenge was the huge amount of fuel they needed to
produce. In moving from the lab to the in-country plants, they
increased production more than a hundredfold, exceeding the
industrial chemist’s general maxim not to increase the volume
of a reaction by more than tenfold or twentyfold.”? Problems
beset the Brazilian fermentation tanks, including invading wild
yeast, frothing cell walls, and even the different qualities of water
between that of California and that of Brazil. There remained
also a lingering Silicon Valley culture of entitlement. A bad sign
was a Lake Tahoe company holiday retreat where the younger
men partied late into the night. “I don’t even want to tell you
what they’re into,” Melo recalled to a journalist. Melo retreated
to his hotel room.” There were no more holiday getaways.

Going to 10,000-liter aluminum tanks three stories high in
Paraiso, Brazil, and from there starting to build a 200,000-liter
facility an hour north of Sdo Paulo, Amyris strove hard to meet
stockholder demands. To add to the difficulty, the company had
gone public in 2010, early in its development. The Sdo Paolo and
Rio de Janeiro government contracts to buy biodiesel for their
bus systems at $7.80 a liter was a great price, but Amyris was
still losing money. The stock price soared to $30 a share in 2011,
but falling gas prices and the inability to scale up production
dropped the stock to s1.50 a share a year later.

Then the price of natural artemisinin crashed. Despite the
company’s increased production, “if natural artemisinin is cheap,
then there’s no reason to fire up a fermenter,” Keasling told
SynBioWatch, one of the field’s new watchdog groups. Sanofi
prepared to sell its artemisinin factory. At Amyris, stockholder

demands, technical difficulties, and fluctuations in oil prices
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took a toll. It was losing money. People were laid off. Some
shareholders sued Amyris for some of its market claims. The
company’s leadership decided to focus instead on making ingre-
dients for consumer products such as cosmetics and fragrances.

Renninger argued that the company’s designer oil called
farnesene could also be sold as a healthful skin and cosmet-
ics base. If a little water was added to the tanks, Amyris could
increase output some 5 to 10 percent. The company began sell-
ing to cosmetics producers and then developed its own brands.
By 2017, the consumer products were bringing higher profits,
and Amyris’s lotions and fragrances were selling so well that the
company launched two branded lines, Biossance Cosmetics for
adults and Pipette for children. Amyris made the best money
on its own products. A giant Buddha presided over its corpo-
rate lobby, and the lunchroom featured 1950s diner décor where
workers exchanged a “candy shop of ideas,” recalled Tim Gardner,
then the director of research operations and programs.* By 2020,
Amyris was selling more synthetic biology products than all
other new companies combined. Despite its past missteps, its
new emphasis on standardizing processes “calmed the noise,”
Gardner told me.

Other companies were modifying microbes to make agri-
cultural products, such as POET in South Dakota, ADM in
Ilinois and Cargill in Minnesota. In San Diego the synthetic
biology company now called Geno made a variety of ingredi-
ents for household products. But in the working-class town of
Emeryville, California, smaller start-ups were springing up to
put SynBERC ideas into wider practice. They made medicines,
clothing materials, and industrial products. In the late summer
of 2019, as money first came in, I made my first visit to the town

that was a center of a new industry.
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BRAVE NEW WORLD

As an August morning fog was clearing in Emeryville, Keasling
showed me around JBEI’s steel-and-glass-clad institute. Point-
ing to the low clouds hugging the Berkeley hills, he remarked,
“The Bay Area is a magical place.” He greeted young people
who stopped in the hall. “I'm not interested in mammoths,”
he added, taking a swipe at George Church’s quest to resurrect
the extinct giant. “I am interested in practical things to save the
environment.”

Still trim but now balding, the energetic Keasling wore
Elton John—style large black eyeglasses, black pants, an open-
necked shirt, and cream-colored cowboy boots. As we walked
the halls, greeting more lab workers, he explained to me how
the lab equipment was shared to enhance collaboration. “There’s
no principal investigators, no hierarchy,” Keasling said. “/BEI’s a
completely socialist organization.” Motioning to a neighboring
room, he said “Here’s where we made artemisinin.” “Here are
the machines where we synthesize DNA. We're not as slick as
what youd see in commercial labs, but many of them got their
start using our facilities.”” We passed into a plant-growing room
with giant Arabidopsis (a mustard plant with a small genome)
and grain sorghum, or switchgrass, grown in Texas, Missouri,
Kansas, and the Dakotas.

“This is entrepreneur heaven. We are surrounded by start-ups
we fostered,” Keasling told me. “Amyris is in the same build-
ing, Zymergen is across the street, Bolt Threads and Demetrix,
another company I helped start, are down the block.” Lygos,
the automobile finishing and industrial products company, was
several blocks away.

Amyris employed at least four of Keasling’s former postdocs,

and Lygos was run by two of his former graduate students, Eric



A GLASS OF ABSINTHE (R 29

Steen and Jeff Dietrich.? Christina Smolke, CEO of the medi-
cal products manufacturer Antheia, came from his lab. The bio-
engineer Kristala Jones Prather at MIT is another graduate of
his Berkeley lab and cofounder of a metabolic engineering com-
pany based in Massachusetts. “I'm not taking credit,” Keasling
told me. “One of the most important things about my lab is not
all the ideas had to come from me.”

Demetrix was making rare cannabinoids from yeast products
to treat chronic pain. Bolt Threads was making clothing from
yeast secretions and later from mushroom roots, science I cover
in chapters 4 and 8. A third, Zymergen, built a facility and
employed 8oo people.” Founded by a couple of former Amyris
scientists, it was promoting a microbe-made product to be used
in foldable device screens. That would not work out.

'The industrial lab Lygos made a key automotive finish ingre-
dient, malonic acid, from corn.”® “We founded Lygos with the
mission of taking raw materials like sugar derived from Midwest
corn and producing a product that ultimately helps the Midwest,”
the Indiana-raised Eric Steen told me.” The idea was “to help
bring chemical manufacturing back to the U.S. And do it in a
way that’s better for the world. We’re not using toxic processes.
We're not going to produce products that cause cancer.” One of
Lygos’s investors was the Department of Energy.*

For its part, Amyris fought its way back. Employing 600 peo-
ple, it sold synthetic biology products that included ingredients
for diesel and jet fuels, polymers, surfactants, coatings, adhe-
sives, and solvents, as well as cosmetics products, baby wipes, and
shampoo. It had developed an understanding of the econom-
ics of synthetic biology products and partnered with cosmet-
ics manufacturer Sephora. One key pharmaceutical oil it made
was squalene, normally found in shark liver and plants such as

olives, and in human skin. Squalene must be hydrogenated into
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the product called squalane, which is an ingredient in vaccine
enhancers. When the COVID-19 pandemic hit in 2020, squa-
lene would come into high demand.”® By 2022 the company
opened a new biomanufacturing facility in Barra Bonita, Brazil,
featuring five smaller fermentation mini-factories to speed up
production.

Keasling was still all-in to make biofuels, but not from
corn, which was criticized for being no more sustainable than
petroleum. “You could use the rest of the corn plant, or peren-
nials” that do not need irrigation and fertilizer, Keasling said.
“Sugarcane is great. Farnesene was such a great fuel, but it was
too expensive. Oil already has its s1oo trillion infrastructure
of drilling, transportation, refineries, and sales, where biofuels
must build new infrastructure piece by piece.”** Another com-
pany Keasling co-founded, Zero Acre Farms, produced a sus-
tainable cooking oil in 2022.

Synthetic biology as a business was a roller coaster. What it
needed was a philosophy or unifying theme. This would come

from across the country.
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A RADICAL PHILOSOPHY

Biology is the world’s greatest chemist.

—Pamela Silver

arvard’s Pamela Silver grew up in the small California

town of Atherton where her guitar teacher, from the

local music store, was the Grateful Dead’s Jerry Garcia.!
Silver rode horses and enjoyed doing experiments at an all-girls
prep school, eventually discovering a lifelong love of math, sci-
ence, and sailing. But her parents’ marriage was falling apart, and
she was left on her own much of the time, learning an inde-
pendence that helped her craft a unique career as a pioneering
synthetic biologist.

She was raised in what would later become the center of
Silicon Valley, but Atherton in the 1960s was mainly a small
California town. Her father had studied psychology at Harvard
Medical School, where he never felt comfortable, choosing to
escape to the West Coast to practice. It was a heady time for
science in their town, with Steve Jobs and Steve Wozniak in a
garage and rock and roll in the clubs.? Her father brought a dis-
sected cat to Silver’s first-grade class and held a weekly poker
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game with Nobel-winning chemist Linus Pauling, in whose
clinic Pamela had an early job. On weekends, she and friends
escaped to San Francisco to see local bands like the Grateful
Dead. At the University of California, Santa Cruz, she raced a
sailboat.

Like her father, Silver made it to Harvard, in her case for
postdoctoral research in chemistry. Unlike others at the school,
Silver had no master plan for her future scientific career, but
when she took a renowned Woods Hole, Massachusetts, summer
course in genetics, she was smitten. Famed geneticist Barbara
McClintock guest lectured, and Silver “loved the camaraderie,
staying up all night and discovering something new about life,”
she told me.

From there she joined the research group of Harvard molec-
ular biologist Mark Ptashne, who would sometimes bring his
violin to campus and play. There she studied the ways proteins
in the cell moved in and out of the nucleus, trying to apply her
research to cancer therapies. “She was not afraid to fail,” one of
her later doctoral students, Christina Agapakis, remarked about
Silver’s boldness. Silver pursued her idea that certain amino
acids targeted proteins to the nucleus.* “It was a wacky idea,”
Silver recalled, “but I was thinking . . . ‘well, 'm doing this thing
and it might fail and I'll just have to find a job doing something
else,’ which is itself kind of scary.”

She went on to a distinguished career as a biology professor,
first at Princeton and then at Harvard, where she became friends
with thinkers trying to apply engineering concepts to biology,
including the computer designer Tom Knight and a young engi-
neer named Drew Endy. After he was hired as a professor at
MIT, Endy slept in her basement because he had no other place
to stay. It was a moment, recalled Caltech’s Michael Elowitz to
me, “when we physicists and engineers thought we could solve

biology.” Biologists told them life did not work that way.
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Silver and MIT researchers like Knight, Endy, and Randy
Rettberg helped to found a new field and named it synthetic
biology. This group held some of the field’s first conferences,
founded its international student competition, began trying
to standardize its parts (proteins and genes), and promoted its
new ethos of freely sharing ideas. If Keasling and artemisinin
in California marked the first triumph of metabolic engineer-
ing, this group of friends and rivals, idealists and profit makers,
sought to make synthetic biology a radicalizing discipline, tran-
scending scientific hierarchies. They talked to artists, designers,
do-it-yourself biologists, and teenaged scientists because they
telt the idea was bigger than science. It demanded more of its
researchers than the usual pursuit of papers and prizes. “Pursu-
ing such work will require the widespread societal acceptance
of responsibility,” Endy wrote, “for the direct manipulation of
genetic information.” Synthetic biology could be a communal
effort to rewrite genomes for a more sustainable future. “We
need to feed the world,” Silver told me, “and synthetic biology is
the way to do that.”

At the very beginning, though, two pairs of outsiders work-
ing independently of each other achieved an obscure break-
through. When their papers appeared simultaneously in 2000,
one reviewer called the results “pinheaded.” But approved or
not, their breakthrough detonated science by showing that cells

could be programmed like computers.

CIRCUITS

When Los Angeles native Michael Elowitz was at Hamilton
High School in the late 1980s, he and his brother would hang
out at a diner with their social studies teacher. They were creating

a computer version of their teacher’s world domination game.
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Elowitz attended the humanities magnet within the high school,
which was “not science-focused, but really creative and funny
and weird.”

Elowitz obtained a PhD in physics at Princeton, where he
joined a group of biologically minded physicists in the lab of
Polish-born researcher Stanislas Leibler. Liebler created an
extraordinary scientific environment dedicated to unlocking the
operations of life. Their physicists’ arrogance was that the pre-
vailing way of doing things in molecular biology was mostly
“cataloging molecular interactions,” Elowitz noted, but leaving
“deep questions unaddressed.” The idea was to do for biology
what Apple was doing for personal computing, to make it eas-
ier to program. “In biology papers at the end, there was often a
diagram,” Elowitz noted. It would feature arrows offering what
the researcher thought was going on, but “it was unclear if the
arrows really explained cell behavior,” Elowitz said. “The only
way to answer that was to build the gene circuit and see if does
what you think it does inside a cell.”

A genetic circuit is an assembly of biological parts that
enables cells to perform a function. Elowitz and Leibler started
with the microbiology workhorse E. cofi, using the same gene
first activated and deactivated by Nobel-winning French biol-
ogist Jacques Monod in the 1950s. But Monod’s was a binary
switch that had to be continually set to “on” to work. What they
were trying to make was a switch that went on and off in a peri-
odic cycle, an oscillator like a biological Foucault pendulum.
“In physics, oscillators are everywhere,” Elowitz explained.
“Oscillators make the waves on a beach or in an electromagnetic
field, or life’s repeating circadian clocks” that tell animals when
to wake, sleep, eat, or migrate thousands of miles.

Unknown to Elowitz, Boston University’s Jim Collins was

trying much the same thing, to turn a gene off and on like an
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electronic switch. Collins sought to build a genetic circuit in an
E. coli bacterium using the same well-characterized genes Elowitz
was using. His doctoral student Tim Gardner, who went on to
become Amyris’s computational biology director, started by try-
ing to mimic Luke Skywalker’s prosthetic hand from 7he Empire
Strikes Back. “A mechanical hand was too difficult, so I turned to
making genes to grow one,” Gardner recalled to me. The first
challenge was turning on a gene and keeping it on. Thinking
about electronic switches while on a bus from Boston to New
York, Gardner hit on a solution. “I realized I could use two genes
and two promoters (sequences that turn a gene on and off).
I was dumb enough to think I could do it.”

While Gardner struggled, Collins sought support from the
Office of Naval Research. “I reached out,” Collins told me from
his blue-walled home office. “The program officer said, I don't
have any money. If I did, I absolutely wouldn’t give it to this.”
Collins called him monthly for the next nine months. “Finally,
he gave us $500,000 so I would stop calling.” But there was a
catch. His student Gardner had to present the data to the Office
of Naval Research in front of science luminaries, even before
their programmable gene switch was finished. As Gardner was
speaking, the Nobel laureate Sydney Brenner raced up to the
blackboard to show why their design was all wrong. “I should
have been ashamed, but to me it was cool, like a scene from 7he
Making of the Atomic Bomb.” Gardner smiled, thinking of his
favorite classic popular book about the atomic race.

Meanwhile at Princeton, Elowitz and Leibler were using the
same genes to make their oscillator turn on and off in a repeating’
“rock, paper, scissors” sequence, Elowitz told me of their attempt
to build a living clock in a cell. “I had read Richard Dawkins’s
The Blind Watchmaker and was entranced by the metaphor of
life’s clocks,” he recalled. To judge whether his E. co/i timer was
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working, he tagged his system with the gene for green fluorescent
protein. He was working long hours (Elowitz cowrote a song
with a Liebler postdoc, “Sunday at the Lab.”) It was wintertime,
and he slept in the lab at the snowy Princeton campus to keep
track of the fast-reproducing bacteria. The bacteria manufactured
copies of his switch every time they divided. Because the edited
genes were inherited, he watched the E. co/i offspring.

Around three oclock one morning, Elowitz stumbled from
his cot to the microscope in the dark, cold room. He could not
believe his eyes. Under the lens, the bacteria glowed green, on
and off, pulsing in a regular, ghostly oscillation, “every 150 min-
utes,” he told me. It was an eerie living light. The period was so
long he had to record it and watch a sped-up replay. The result,
in Elowitz’s words, “was like a hydrogen atom for biology.” As
hydrogen was a simple atom that made complex materials like
water, “so too do we find these simple circuits reappear in more
complex biological systems. They provide design principles to
understand those more complex systems.” Two different teams
programmed the same bacterium to turn a gene off and on like a
binary switch, using the same genes but each in a totally difter-
ent process. It was “as if our antennae were picking up the same
idea out of the ether,” Gardner told me.!°

In 2000, the two papers were published back-to-back in
Nature™ The fact you could build a synthetic circuit in a cell that
turned on and off opened a new world of programming cells to
sense and compute inputs. “The complex and practical design
of synthetic gene networks,” wrote Gardner and Collins, “is a
practical and achievable goal.” Most science historians date the
beginning of synthetic biology to this breakthrough.”

The breakthrough opened eyes for many young research-
ers. To Stanford student Mo Khalil, who would become a PhD

candidate with Collins, it was a turning point for two reasons.
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“First, the fact that you could build a circuit to alter cell function
illustrated an inherent modularity in biology. Second, you could
alter function with components that were not really evolved
to do that,” he told me. “Both featured beautiful mathematical
models simple enough to write, but complicated enough to cap-
ture the nonlinear cooperativity of cell components. Applying
those concepts of engineering to biology was inspiring to people
like me.”®

The community grew. The SynBio 1.0 conference at MIT was
tollowed by SynBio 2.0 in Berkeley in 2006. SynBio 3.0 took
place in Zurich in 2007, and SynBio 4.0 was held in the sleek,
towering conference center at Hong Kong University in 2008.
By that time, it was a huge conference, observed researcher,
author, and entrepreneur Rob Carlson. “What a difference a few
years make,” he wrote in his blog. The ideas were catching fire.

Another entity took notice. DARPA now funded several syn-
thetic biology projects, as did other federal agencies willing to
invest money to devise new strategies to enhance soldiers or to
maintain and recycle equipment. Genetic circuits were only the
beginning.

More was coming from an engineer with a poetic sense.

A “SENSE OF THE SACRED”

Growing up in Pennsylvania, Drew Endy liked walking in the
woods and playing with Lincoln Logs, Legos, and Erector sets.
He almost failed high school biology and had a summer job
building bridges for Amtrak. In the mid-1990s as a doctoral
student at Dartmouth, he modeled a well-known bacterial virus,
called the T phage, on a computer. He sought to understand its

function, but his computer program did not accurately predict
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the virus’ behavior. Rather than redesign his computer version,
at MIT he asked graduate students to build a surrogate version
of the natural virus, which they succeeded in doing in 2005."
“I was infected by that virus,” he would say in lectures.® At MIT,
Endy began meeting with computer programmer Tom Knight,
who was also fascinated by life’s computational power. Together,
the two sought to create a philosophical framework for a
new science. Three years after, MIT’s Biological Engineering
Department was created, Endy was hired as a tenure-track
faculty member. To him, this was more than merely research.
Later, teaching at Stanford, he opened and closed a TED Talk
by extolling the beauty of a pine cone that came from his yard,
insisting in an interview that studying synthetic biology required
a “sense of the sacred.™®

Endy worked with Tom Knight, the well-liked professor who
grew up a 45-minute drive north of Boston and had attended
MIT as an undergraduate and graduate student, even taking
courses when he was in high school, and was a co-engineer of
ARPANET, the precursor to the internet. Knight was a widely
respected computer programming pioneer. But by the early
2000s, he was becoming more excited by the computational
power and design capabilities of biology. “It’s time for a rewrite,”
he famously repeated, of the DNA code of life. Editing nature
like a computer seemed “like the obvious next thing to do,” he
told conference audiences.”

In East Cambridge and Boston, Knight and Endy began
collaborating with others, including MIT’s Randy Rettberg and
Harvard’s Pamela Silver. They formed a Synthetic Biology Work-
ing Group in part to agree on methods for the field. To mature
into a science field, Silver said, “you needed standardization. . . . It
was a bunch of Just-So stories that anyone with a DNA sequencer

might announce in the New York Times.”® To address that issue,
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Knight and Rettberg established the BioBricks repository to
offer free, standardized E. co/i plasmids (circles of DNA used in
research) and access to data on synthetic biology discoveries. The
repository shared promoters and primers, snippets of nucleic
acid that induce the creation of proteins or DNA, also for free.
Randy Rettberg created a Registry of Standard Biological Parts
on the basis of their work.

Together they conceived the International Genetically Engi-
neered Machine (iGEM) student biology competition. iGEM
inspired a fun, risk-taking philosophy for the emerging field.
Starting in 2004, student teams gathered from around the nation
and in 2005 from around the world to compete for prizes,
dressing in matching T-shirts and making humorous videos to
explain their synthetic biology experiments. For some, com-
ing to the United States from developing countries, it was the
first encounter with other young people like themselves—young
women from Nigeria, a high school class from Belgium, teams
from China and India—all trying to make biology solve world
problems. By 2008, a thousand students competed. By 2012 the
number doubled, and then doubled again. The ideas they pro-
posed ran the gamut in quality, but the spirit of camaraderie
and creativity set an exuberant tone. By 2022, iGEM numbered
60,000 graduates.”

'The BioBricks repository joined a clearinghouse founded by
MIT graduate students for exchanging protocols or methods,
called OpenWetWare (the term for living biology experiments),
with three goals: to lower the technical barriers slowing down
the publication of synthetic biology discoveries; to build a com-
munity that would practice the open sharing of information; and
to create new reward incentives in research to foster faster shar-
ing of discoveries. Labs had to apply for membership and could

make use of Open Wetware’s tools, again for free.
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The free-use idea also attracted a community of do-it-your-
selfers who created a Facebook page, DIYBio, which covered
issues like the best fermenting organisms to make kombucha.
The DIY movement came partly out of the home fermenters and
bakers of the slow food movement, and partly out of the Occupy
Wall Street protests of 2011. It rejected the commercialization of
molecular biology. By the mid-2o010s, cities from Copenhagen to
New York featured “community labs” where people could take
classes and do free genetic experiments on their own. Some of
them competed in iGEM.

Year after year, still larger groups of students joined in,
and some of their ideas became commercialized. The staff of
Bluepha, a Beijing-based biotechnology company, included
members of a 2010 iGEM team. The company engineered
microorganisms to make chemicals for bioplastics. The project
of an iGEM student team with members from Paris led to a
company named Eligo Bioscience, which partners with Glaxo-
SmithKline. A company called Opentrons competed at iGEM
to build a cheap, easy-to-use lab robot. “I want to change how
we make things,” proclaimed Endy, including sending DNA
over the internet, sharing how biology “puts atoms in a string
with atomic precision.” The toolmaking company Bench-
ling works with many iGEM teams as an official partner, and
Canada-based cannabinoid producer Hyasynth also originated
at iGEM, as did the celiac disease therapeutic outfit PvP Bio-
logics, which originated from a 2008 University of Washington
team led by Ingrid Swanson, who later sold her company for
half a billion dollars.

In the 2020 competition on Zoom, the finalist teams from
France, China, and Lithuania offered ideas ranging from
disease-prevention in fish, to providing astronauts with nutrients,

to decreasing pesticide residues in tea.” The 2021 competitors
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included a Hangzhou, China, high school team that engineered
a plastic-eating microbe.”

After COVID-19, the competition also encouraged teams to
create biodefenses. A 2021 Nairobi community lab, for instance,
won an award for its microbial water quality sensor that could
be used to thwart terrorist contamination. The projects advanced
tempting ideas like modifying gut bacteria to look for cancer
tumors or houseplants to produce a glow sufficient to illuminate
a room.

During this time, several synthetic biology companies were
founded. But exactly what products would sell most readily, and
at what price, and to whom? From the very first iGEM, a big
idea for a new kind of biological assembly-line company was

brewing.

“LIVING CHEAPLY”

By 2008, Tom Knight was wearying of academia. When four
MIT graduate students approached him with the idea of starting
a synthetic biology company, Knight asked if he could join. Two
students were from Drew Endy’s lab, Jason Kelly and Barry Canton,
and two were from his lab, Austin Che and Reshma Shetty.?
Biological engineer and Jurassic Park aficionado Jason Kelly from
Florida, inspired by an Endy lecture, had chased Endy down a
hallway to ask if he could work with him for his doctorate. Kelly,
along with Shetty (a smart engineer raised in Salt Lake City),
Canton (a dark-haired Irishman), Che (a Stanford-educated
contrarian), and Knight had advised a first-year iGEM team that
created sweet-smelling E. co/i. They knew each other well, and
Canton was dating Shetty. For his part, Kelly had sought to be a

enetic engineer since “I was a child,” he told me.?
)
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They decided they wanted to form a company but did not
know how. They twice entered the MIT s100K Entrepreneur-
ship Competition without advancing past the first round. They
applied for National Institutes of Health (NIH) grants but were
rejected. They gathered to discuss their future in a conference
room in architect Frank Gehry’s stunning, cantilevered Stata
Center for Computer Design. What was it they could sell? The
economy in those years was tanking. The usual optimist Kelly
wondered whether they should quit. Outside in the neighboring
streets, signs glowed from the fagades of biotech successes, along
with hallowed research centers like the Broad Institute. According

”»

to Shetty, they had “no technology, no space, no marketing plan.
Investors had “laughed us out of the room.”*

They decided not to make products themselves. They were
expert engineers, and what they knew was how to build tools.
Why not build a factory in which others could design products? In
the meantime, they would self-finance. “We could bootstrap,”
said Shetty, “do consulting gigs while we figured out the
business.”” They grabbed discarded equipment from biotech
companies going bankrupt. They found cheap space initially in a
U-Haul storage locker.

Knight invested $150,000 of his own money and, as they won
a National Science Foundation grant, they grew to about twenty
people over the following few years. “A depression is an excel-
lent time to start a company,” Knight recalled to me at the 2019
Ginkgo-sponsored Ferment conference reception overlooking
Boston Harbor. Knight proposed the name Ginkgo, for the pre-
historic Chinese tree with no relatives on the tree of life, and
they called their labs “biofoundries,” for customers to design and
make microorganisms they wanted. They would make biology

easier to engineer.
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Moving into the spacious new Boston Design Center on
the harbor, they grew from 4,000 square feet to 50,000, and
then added 50,000 more. They won Department of Defense
research support and a $5 million Advanced Research Projects
Agency grant that enabled them to build their first biofound-
ries, Bioworksr and 2. At first their goals were modest. The
biofoundries could be used for “things like engineering yeast
to feature new rose aromas,” Shetty told Fierce Pharma, a
biotech industry newsletter.® At that 2019 Ginkgo Ferment
conference, the bar featured cocktails like The Thai Breeze,
made with vodka and “Natural Thai Breeze Flavored Syrup”
Prototype APFoo16418.” They paid themselves modestly to
start. A key to their survival, Shetty said, was “living cheaply.”
That would change.

A BIONIC LEAF

In 2011, Harvard’s Daniel Nocera created an artificial leaf to
generate energy from sunlight. The cell-phone-sized device split
water into its components of hydrogen and oxygen, much like
leaves do; his idea was to burn the hydrogen for energy. But the
system could not store energy. To do that, Nocera, a chemist,
decided he and his students needed to learn synthetic biology.
In 2016, Nocera added hydrogen-eating bacteria that his
students had learned to engineer in Pamela Silver’s lab at Har-
vard Medical School. They had trekked from the main Harvard
campus to the medical school across the Charles River to figure
out how to use the bacteria to make a “bionic leaf.” “I wanted
literally to make liquid fuel,” Nocera told me from his home,

wearing a bright tie-dyed turquoise and yellow shirt. “I said look,
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bacteria, your only food source is hydrogen. That’s going to give
you energy. I want you to breathe in carbon dioxide and grow.”*
The resulting biomass would be used to produce a liquid cousin
to ethanol for fuel.

In 2019, a doctoral student in Nocera’s lab pointed out that
some hydrogen-eating bacteria naturally produce ammonia and
phosphate, both powerful fertilizers. The product could be a yel-
lowish bacteria-laden liquid, poured onto fields, to which one
added a compound to get the bacteria to produce ammonia.
“You just need sunlight, air, and water,” Nocera said, “and you
can do it in your backyards.” Again, Nocera’s students worked
with those of the Silver lab to develop bionic leaves into fertil-
izer factories.”’

Other labs working on models of different kinds of bionic
leaves included the California Institute of Technology, the
University of Waterloo in Canada, and Cambridge Univer-
sity in England. Possible uses for the bionic leaf encompassed
water systems needing low voltages, fertilizer production, carbon
removal systems, and sustainable building fagades. From Cali-
fornia, to Boston, to London, Paris, and Beijing, the nascent
technological ideas were taking hold. Researchers’ next step was
to persuade governments to fund development and distribution.

For that, you needed a philosophy.

A RADICAL PHILOSOPHY

Several thinkers tried to develop a philosophical underpinning
of the new science, especially as genetic tinkering in animals
was getting closer and closer to human gene editing. “What
issues about the self are raised by the creation of new biological
entities,” asked University of Chicago scholar Laurie Zoloth, of
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a science “with the promise of changing the world . . . for the
improvement of human beings?™° Such a philosophical under-
pinning could be based on the environmental movement or on
the much older traditions of moral philosophy. The question
was, What motives should drive synthetic biology and for whose
gain? There had been several failures, such as the attempt to make
biofuel from algae, which had attracted hundreds of millions of
dollars from 2005 to 2017 before stalling, only to be revived by
ExxonMobil with a Department of Energy grant. Synthetic
biology mechanisms remained expensive and crash prone. How
would you sell them to policy makers and the public?

Supporters faced new challenges after the anthrax and simi-
lar pathogen scares. Fears of garage bioterror grew even as both
private and public funding increased. As Endy told a TED audi-
ence, “We were caught . . . in half-pipe of doom” conversations.”
'The philosophical backdrop to related fields like botany, ideal-
istic as it was, lay partly in European imperialism, researching
nature for the uses of man while potentially depleting natural
resources. Some synthetic biologists sought to reverse that ethos.
One of Ginkgo’s early projects was to resurrect the putative scent
of a Maui flower that American colonial development caused to
go extinct.

Yet start-ups required, and attracted, huge amounts of money.
Raising money meant that profit became the measure of success.
For years, Amyris’s former CTO Neil Renninger complained
the company’s problems stemmed from overpromising a speedy
return on investment. The ethic of BioBricks would not work
with a start-up company’s need to patent discoveries. Invest-
ment capital drove research toward niche-market drugs that
could be priced higher than, say, vaccines or antibiotics. For that
reason, the idea of synthetic biology—made vaccines was down-

played at first.
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Endy, Silver, Knight, and others insisted that many of the
discoveries of synthetic biology be available free, like the Linux
operating system. Endy explained his idea to Discover magazine,
citing Wikipedia as a model of a joint effort to share genetic
information. Shetty once asked Sophia Roosth, the historian of
the early science, “Where can you publish just ideas?” It would
be easy to criticize such idealism after fortunes later poured into
such companies. By 2021, for instance, the Queens-based robot
company Opentrons, cofounded by Occupy Wall Street protester
Will Canine, was worth more than a billion dollars. “There are
many avenues to your goal,” he told me.

'The idealism had an effect. iGEM inspired tens of thousands
of young people, many of whom are working on technologies to
address the climate and energy crises. All of their projects must
include a statement on human impact. When two early human
embryonic gene editing meetings were closed to the public,
Endy and Zoloth published a letter of complaint in a 2016 issue
of Cosmos. The next meeting was open.

As accelerating discoveries outstripped ethics rules meant to
guide them, the science became centered in the main existential
questions of our time, those of access, shared benefits, and fair
pricing.

Two quieter, earlier synthetic biology businesses had already

found success while promoting idealistic goals.

IN THE CORNFIELDS

Among the sprawling athletic fields and noisy exurban malls
of Coralville, Iowa, Integrated DNA Technologies (IDT)
produces high-quality synthetic DNA for products, medicines,
and research. Founded in 1987 by Prof. Joseph Walder of the



A RADICAL PHILOSOPHY (R 47

University of Iowa, IDT was one of the world’s first providers
of oligonucleotides, or oligos, which are short DNA or RNA
molecules. Oligos are used for molecular biology applications,
ranging from genome editing to digital data storage. Yes, DNA
was being tested as a repository for digital data, 1 gram of which
could potentially hold 1 trillion gigabytes, a science quest I cover
in chapter s.

IDT describes itself as “scientists working for scientists.”?
The soft-spoken Walder attributes his interest in helping others
to his Orthodox Jewish faith. His deep-pooled eyes reflect
concern as he speaks of scientists’ responsibility to innovate
for the common good. When Walder earned his PhD from
Northwestern University in 1978, the beginnings of nucleic
acid synthesis and genetic sequencing were only ten years old.
Realizing that it would take “an army of postdocs” to synthe-
size a minimal number of DNA fragments, Walder opened a
lab focused on producing oligos at an industrial scale so that
“biologists could concentrate on biology.” At IDT] he and his
team reduced the cost of the product through efficiencies and
improved technology, making experiments requiring hundreds
of thousands of oligos feasible for fellow scientists.

From the prairie to plants in Belgium and Singapore, IDT
manufactured and shipped DNA across the world quickly and
efficiently. IDT’s vice president of global operations, Christine
Boge, told reporters, “We are still a smaller company, so we
are able to be more agile.” In its thirty-six years, IDT has served
more than 130,000 life-science researchers in more than 100 coun-
tries, revolutionizing the development of agriculture, medical
diagnostics, pharmaceuticals, and synthetic biology.

A similar success of synthetic biology took place in Woburn,
Massachusetts, at another company started in the early years.

Sample6, cofounded by Boston University’s Jim Collins, engineered
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phage viruses to detect bacterial contamination in food produc-
tion. With some forty customers by 2016, including Unilever
and the owners of Ben and Jerry’s ice cream, Sample6 operated
on the premise that food safety is “still in the age of the type-
writer,” according to Acre Venture Partners investor Sam Kass.®
The company had “the potential to create a paradigm shift,”
Kass said, “from days-long wait times . . . to in-shift testing with
immediate remediation following.”*

IDT and Sample6 operated mostly outside of media cover-
age, but big pharmaceutical companies like Bayer and agricul-
tural manufacturers like Cargill paid attention. As competition
and stakes increased, some thinkers focused on the larger mes-

sage for a new industry that was coming into its own.

“A WHOLE NEW FOOTING”

Back in Massachusetts, Pamela Silver’s students were engineer-
ing human gut microbes to detect disease. Another important
Silver project was a photosynthetic clothing collaboration with
MIT-based artist and media studies professor Neri Oxman.
Others of her students took on the roles of philosophers of the
new science.

Silver’s former graduate student Christina Agapakis, who
became creative director at Ginkgo Bioworks, wrote frequently
about the ethics of synthetic biology as the company grew.
Ginkgo signed a first deal in the flavor and fragrance industry.
A big early turning point had come in 2014 with the first biotech
investment by the Y Combinator fund, a clearinghouse that had
invested in giants like Airbnb. In 2015, another round of Ginkgo
funding came from Viking Global Investors. “That was a larger
injection of capital than we'd ever had,” Shetty told me. “It put us

on a whole new footing.”
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They expanded their facilities in the huge, retooled former
military warehouse on Boston Harbor called the Boston Design
Center. Bioworks3 opened there in December 2017. The company
decorated the glass walls with dinosaur stencils, and employees
brought their pets to work, where a parenting station was avail-
able to them. Borrowing terminology from Szar Wars, they called
their lab workers “padawans” and the scientists who supervised
them “Jedi.” Reshma Shetty featured the Jurassic Park logo in
presentations. An agreement with German aspirin giant Bayer
in 2017 put them further into the front of the business stage.

Many of the new forays were building upon a gene editing
breakthrough called CRISPR for clustered regularly interspaced
short palindromic repeats. Gene editing was essential to synthetic
biology, and CRISPR was a fast, cheap, and effective way to do
it. This biggest breakthrough in microbiology since the discovery
of DNA came from an unlikely place.
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PANDORA’S BOX
The Triumph and Temptation of Gene Editing

We cracked open the door. Now the crack gets wider.
—Haydar Frangoul, pediatric oncologist, TriStar Medical Group

rowing up in Mississippi, Victoria Gray could not

play like other children. A gene mutation caused her

red blood cells to degrade and clog her bloodstream.
Not enough oxygen was delivered to vital organs, leaving her
prone to infection. Like the 100,000 other sufferers of sickle cell
anemia in the United States, she lived a life riddled by hospital
visits for blood transfusions. As she reached adulthood, Gray
worried about surviving past middle age.! Then she heard about
a study of a gene editing therapy for which researchers were
seeking subjects. The thirty-four-year-old mother of four rushed
to volunteer.?

The saga of the gene editing tool called CRISPR is one of
advancement from pure science to the clinic, and from big busi-
ness to the courtroom, all in a short time. To edit a gene, scientists
cut damaged DNA and splice a repair that is incorporated into
the cell. The procedure won a 2020 Nobel Prize for Berkeley’s
Jennifer Doudna and the Max Planck Society’s Emmanuelle
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Charpentier, vaulting synthetic biology and biotechnology into
a new level of public awareness. The Nobel Committee noted
that “these genetic scissors have taken the life sciences into a
new epoch.”™ In his book on Doudna, author Walter Isaacson
termed it “the most important discovery since DNA.” It offered
to save lives like those of Victoria Gray.

It all began with a seemingly obscure discovery that cata-
pulted an age-old dream, curing heritable diseases, to the verge
of coming true. It paved the way for the synthetic biology revo-
lution by offering a simple, inexpensive, and universal platform
to program life. It also opened a Pandora’s box of troubles.

In a Nashville clinic, Victoria Gray received an infusion of
her own, altered bone marrow cells, each cell featuring an edit
done with a microscopic genetic scissors.* The editing tech-
nique, almost as simple as cut-and-paste in a Word document,
can be used to edit genes in almost all plants and animals. Many
CRISPR efforts, like the editing of Gray’s bone marrow cells,
were heralded. But then the talk turned to prenatal manipula-
tion of the genetics of human embryos.

DNA consists of two strands of four nucleotides twisting
around each other, as we recall from chapter 1: adenine (A),
thymine (T), cytosine (C), and guanine (G). They are held
together by a simple rule: “A” matches with “I,”and “C” matches
with “G.” Previous DNA editing mechanisms were fashioned
to edit one gene at a time, or sequence of A, C,T, and G that
encodes a product, a highly laborious task considering that
sometimes hundreds or even thousands of genes are involved in
most illnesses. Each time researchers wanted to edit a new gene,
they had to craft a new technique. CRISPR solved that prob-
lem by offering a single platform to tweak any gene in any living
thing at any time. It advanced rapidly from the original ver-

sion, which cut both strands of DNA and could be dangerously
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inaccurate, to more precise and easier-to-use technologies to
target genes in specific ways. Today, many companies are edit-
ing genes to realize benefits in farming, chemical manufacturing,
medical treatments, and pest resistance.

Some users seized on it for making faster racehorses, har-
dier crops and feed animals, better pets, and tastier cheeses and
liquors. CRISPR’s effect was felt first in agriculture, making
more productive cows, tastier tomatoes, and more nutritious rice.
'The natural next step would be to try and repair human genes,
such as the single gene error that caused Victoria Gray’s suf-
fering. Around the world today, some forty clinical trials are
using CRISPR to address diseases such as sickle cell anemia,
heart disease, diabetes, cancer, hyper high cholesterol, hereditary
blindness and other genetic diseases in institutes from Milan to
Milwaukee, from Leiden in the Netherlands to Hangzhou Can-
cer Hospital in China. CRISPR was the closest thing to a revo-
lutionary lab tool synthetic biology had yet oftered.

From the beginning, however, the breakthrough offered a
temptation. As CRISPR became available in kits marketed
to the public, some people might use it to try to improve their
appearance, muscle tone, and so on, sometimes recording the
unfortunate results for upload to YouTube. Its enticement was

too great to resist. One lab discovery cracked open a new world.

DIAMONDS IN THE ROUGH

Several attempts were made in the 1990s to edit human genes
for medical therapies. In 1990, two children with severe com-
bined immunodeficiency (SCID), or “bubble boy disease,”
were treated with a virus-based transporter of genetic material

to bolster their immune systems. A trial in the United States
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succeeded.’ In 1999, a seventeen-year-old boy, Jesse Gelsinger,
died in a gene therapy trial to treat his rare metabolic disorder.
'The FDA investigation found lapses in adhering to the protocol
and in the informed consent Gelsinger had signed. In a 2002
French trial, one of ten children receiving gene therapy devel-
oped leukemia. That trial was halted.® After such experiences,
Berkeley’s Jennifer Doudna noted: “The term gene therapy
became a kind of black label.”

Growing up in Hawaii, Jennifer Doudna loved walking on
Hilo Beach, watching the canoes race and the crabs scramble in
the tidal pools. As a smart, tall, blond girl, Doudna felt like an
outsider in school. “I loved math,” she said. “I was a science
nerd.” Noticing her interest, her English-professor father gave
her a copy of James Watson’s The Double Helix when she was
eleven. The story of a high-stakes race to unlock DNA’s beautiful
structure entranced the young girl.

It was the double helix that gave the world biology’s “central
dogma”: DNA is the template for RNA, and RNA is the
template for making protein. DNA is the library of cell infor-
mation, and RNA is the messenger that puts the information
into action. In graduate school at Harvard, Doudna researched
the structure of RNA in Nobel-winner Jack Szostak’s lab, spe-
cializing in the cell structures called ribozymes, made of RNA
but acting like proteins. Later, Doudna worked as a postdoc
with Nobel-winner Tom Cech at the University of Colorado
to better understand those ribozymes, which many scientists
suggested offered clues to life’s origin. Both mentors conducted
significant research with practical applications, little knowing
their talented graduate student would surpass them.

At the time, messenger RNA was not as well known as it
would later become with SARS-CoV-2 (the RNA virus causing
COVID-19) and the vaccines that combated it. Unlike DNA,
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RNA typically has only one strand. It contains three of the same
bases as DNA, A, C, and G, but replaces the fourth, T, with U
(uracil). Its extra oxygen atom makes RNA an oxyribonucleic
acid, unlike DNA which is a deoxyribonucleic acid, cumbersome
name that it is. RNA comes in several guises including messen-
ger RNA, a communicator, and transfer RNA, a cell guide. It
is ephemeral, malleable, and universal, often used by viruses to
hijack a body’s defenses. RNA works quickly, then is discarded
like a Snapchat message.

While she was working in Boulder, Doudna’s father became
sick with inoperable melanoma. She raced home to Hawaii to
share his last few months, listening to Mozart, reading aloud
Thoreau’s Walden, and helping nurse him. After he died, a griev-
ing Doudna accepted an assistant professorship at Berkeley,
bringing with her a new husband, a baby, and a conviction that
life was short so one must pursue only important science. While
researching RNA interference, a technique that could neutralize
disease-causing gene mutations, she got a call from a Berkeley
biologist she admired but had never met.

The Australian-born Jill Banfield was studying ancient
microbes in extreme habitats such as abandoned gold and silver
mines of California and South Africa. These strange specks of life
harbored a genetic mystery, Banfield told Doudna over tea one
blustery spring day. Their microbial DNA had lengthy, repeated
genetic palindromes, sequences that spelled almost the same way
forward and backward, like “senile felines.” The same, seemingly
useless sequences had been discovered in microorganisms in
extreme habitats thousands of miles away from each other. It was
as if the same nonsense words were inserted between sentences in
obscure, different books from around the world.

Banfield drew on a napkin a series of diamonds, the palin-

dromes, alternating with squares, the microbes’ natural genes.
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The palindromes proved to be gene sequences from viruses
that attacked the bacteria. It was supposed that these palin-
dromes showed evidence of a defense system whereby bacteria
destroyed their invaders by cutting their DNA and storing the
gene sequences end-to-end to be remembered in case of future
attacks. But no one knew how that was done. That was what
Banfield was asking Doudna to study.

Captivated, Doudna and others figured out that the cut-
ting was done by CRISPR-associated (Cas) enzymes acting as
scissors. There were two CRISPR systems, one requiring sev-
eral enzymes, which Doudna worked on, and another simpler
system, requiring only one enzyme called Casg, which French
scientist Emmanuelle Charpentier was studying. Like Banfield,
Charpentier also wanted very much to meet Doudna.

A FASCINATING POTENTIAL

Born in 1968, Emmanuelle Charpentier was a lithe, determined
researcher inspired by the great French chemist and microbiolo-
gist Louis Pasteur. Charpentier was investigating the bacterium
Streptococcus pyogenes, which caused scarlet fever and could lead
to such fatal infection it was nicknamed the “flesh eater.” She
uncovered the bacterium’s CRISPR defense. Traveling to a job
interview in the frigid north of Sweden, Charpentier heard the
“crisp, crisp” sound of her footsteps in the frozen snow.”® “It was a
message, I felt, to continue my research,” she said." Her lab dis-
covered that the enzyme Casg and a molecule in the cell, called
transfer RNA, were critical elements that made the bacterium’s
CRISPR sequence work.”? She was onto something big but
needed Doudna’s RNA expertise to unlock the mechanism. She

planned to meet her at a conference in Puerto Rico.
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‘They met by accident at a café and, walking through Old San
Juan, they agreed to join forces. The CRISPR immune system
protected bacteria against invading viruses called phages. The
bacterium protected itself by cutting the phages’ DNA and stor-
ing the pieces. It was a phenomenal discovery. But Doudna and
Charpentier decided to take it further. What if scientists could
learn, like the bacteria, how to cut and splice DNA themselves?
'That is what the two attempted to understand.

In Doudna’s lab, at first nothing worked. Then they fused their
CRISPR RNA with Charpentier’s tractRNA to make a simpli-
fied guide. To test it, they picked a known gene in the DNA in
Doudna’s freezer and picked five places where the gene could be
cut. They changed their CRISPR guide-RNA sequence to match
the targeted five sites and, to their delight, it worked. The enzyme
cut the DNA every time in exactly the right place.

Doudna and Charpentier’s paper describing the breakthrough
was published in Science in an unprecedentedly fast twenty-
eight days after they submitted it in 2012.” The news ignited
the molecular biology world. Not only was it a superb insight
in itself, but it also offered a powerful lab tool that could cut
and paste genes like sentences in a story. Until that moment,
a long-promised gene revolution had been slowed because previ-
ous techniques were so cumbersome. CRISPR was a platform.
Dreams of editing plants and animals to make them more useful
or of attacking genetic diseases like Huntington’s or Tay-Sachs

seemed within reach. The world’s best geneticists rushed in.

FROM A TRICKLE TO A FLOOD

Initially, papers about experiments using CRISPR appeared at a

normal pace, but quickly the pace accelerated. Researchers edited
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genes in cells as different as stem and leukemia and kidney cells,
in organisms as varied as mice and zebrafish and microbes and
more. CRISPR was so easy to use and reliable, a researcher could
almost watch a YouTube video and then apply it. The tool was a
step toward “kitification” that made synthetic biology techniques
accessible to both experts and amateurs alike.

Within months, the Doudna-Charpentier paper was being
cited at the astounding rate of once every eight hours. Companies
with names such as GeneCopoeia, Intellia Therapeutics, Precision
Biosciences, Editas Medicine, Horizon Discovery Biosciences,
Sangamo Therapeutics, and more sprang up to sell editing kits or
services. Doudna started several companies and Charpentier three
of her own. Competitors at Harvard and the Broad Institute, who
adapted CRISPR to human cells, were on their heels.

The possibilities seemed endless. One could edit microbes to
make ingredients for vegetarian meats, chemicals for diabetes
or leukemia treatments, ingredients for microbially manufac-
tured fertilizers and fragrances, and even for building and cloth-
ing materials. Horse and prize dog breeders ordered the kits for
experiments in backyard shacks. Researchers applied this boon
to address single gene diseases like sickle cell anemia, along
with goals of attacking crop predators without pesticides, and
improving nitrogen fixation by plants. By August 2013, a mouse
with edited genes was born.™

But the overwhelming temptation was to treat human afflic-
tion. Harvard’s George Church and the Broad Institute and
MIT’s Feng Zhang showed that human cells could be edited by
CRISPR, and they tried to work together with Charpentier and
Doudna in developing the discovery for commercial and clini-
cal purposes. At first, there was no rush. Investors were not ter-
ribly interested in the years 2013 and 2014. Businesspeople kept

confusing the technology’s name with crisper foods.” One of
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the few, early, interested companies, though, was a little-known
start-up called Moderna.

Already, people were concerned about the ethics of editing
human genes, whether to prevent disease or to augment desir-
able traits. Researchers gathered in closed meetings, one in New
York in 2015 and some 130 scientists in another in Cambridge,
Massachusetts, in May 2016, to discuss guidelines for such
research. The meetings were criticized for being closed to the
public, and subsequent meetings were then opened.”

The patent fight was the next sign of trouble. As their col-
laboration cooled, the researchers, Church and Zhang, Doudna
and Charpentier, raced to apply for patents on human gene edit-
ing techniques. The U.S. Patent and Trademark Office awarded
the patent to the Broad Institute, which had paid for a rush
order, making its bid the first to be reviewed. The Berkeley group
appealed the ruling. The continuing patent issues had huge eco-
nomic stakes. But Casg was not the only usable enzyme scissor.
There were also Casrz, Casi4, CasX, and CasY. Companies like
DowDuPont, Cellectis, and MilliporeSigma each won patents
on the new scissors.

With so much at stake, the situation was a mess. It was about

to get WOrse.

“COWBOY SCIENCE”

For centuries, humans have sought to enhance themselves, using
everything from elixirs to electricity. When molecular biology
opened the human gene door with recombinant DNA in the
1970s, a respected researcher, Maxine Singer, sounded an alarm.
At the Asilomar Conference in California in 1975, some 150 biol-

ogy leaders and four nonscientific participants had formulated
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the initial ethical guidelines for what was then called recombi-
nant DNA, or early gene editing. The resulting guidelines, which
we return to later in this book, strongly discouraged research-
ers from editing human germlines, the embryo genes passed to
future generations.” The recommendations created the framework
for grants rules and guidelines later adopted around the world.

But the wide availability of CRISPR kits brought a whole
new level of challenges. CRISPR’s power and precision kept
improving, and ambitious researchers wanted to capitalize.
While researchers edited genes in animals and plants, explora-
tions of human gene editing quietly sped ahead.

One little-known researcher in the field was the Chinese
national He Jiankui (JK), trained at Rice University, who
taught at Shenzhens Southern University of Science. In 2017,
he began consulting both a Stanford gene sequencing expert,
Stephen Quake, and a Stanford bioethicist, William Hurlbut,
about acceptable ways to use gene editing to help humans. In
2017, he attended a small worldwide gene editing ethics confer-
ence assembled by Doudna at Berkeley, open to those quali-
fied to attend. In the auditorium, heated arguments broke out
about rules for applying the technique in medicine. JK told
Arizona State University ethicist Ben Hurlbut, William’s son,
that he took to heart the comment of one researcher, “many
major breakthroughs are driven by one or a couple of scientists.
Cowboy science”is how this is going to get done.®

In late 2018 in Shenzhen, JK implanted gene-edited twin girl
embryos, fertilized by an HIV-positive father, into their mother.
He edited the CCRy gene, with the purpose of preventing the
ability of the AIDS virus to infiltrate the girls’white blood cells.
CCRs produces a protein that can serve as a receptor for the
AIDS virus in the nucleus. If the gene was disabled, Harvard’s
George Church had once suggested, it might possibly prevent
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AIDS infection in HIV-positive individuals.”” In late October,
gene-edited twin girls with the pseudonyms Lulu and Nana
were born prematurely. The alteration of their DNA was a land-
mark breakthrough that JK announced to a packed auditorium
at a November Hong Kong gene editing conference, accompa-
nied by a slick video that was soon removed from the internet.

'The science world erupted. There was no peer-reviewed paper,
only the video and press release that said little about the proce-
dure’s details, or even the names of the doctors. Little data was
offered to show the editing had actually achieved what it claimed.
In previous human embryonic gene editing, off-target genes had
been inadvertently altered. The fact that the father was HIV-
positive, a condition with a strong social stigma in China, might
have brought unfair pressure on the parents to consent. The edited
genes conferred only a possible resistance to potential future
infection later in life. The gene edits were not necessarily the right
ones to confer such resistance to infection, which could be avoided
anyway with safe sex practices. The announcement claimed the
twins were born in November, but it was revealed they were born
in October. There was evidence the gene edits were not uniform,
and it was confirmed later that only one of the girls had a fully
successful result, the other having only a partial gene modification.
'The funding source for the experiment was unclear. A third child,
with a gene edit by JK, was also born in 2019.

In China, He Jiankui at first offered a defiant response. “They
may not be the director of an ethics center quoted in the New
York Times,” he said of the parents, noting polls that showed
95 percent approval from HIV-positive Chinese patients for
gene editing, “but are no less authorities on what’s right and
wrong—because it’s their life.”

As summer slipped into the fall of 2019, more negative

press coverage and editorials appeared in journals ranging



PANDORA’S BOX (R 61

from Science and Nature to the British medical journal Lancer
and the Journal of the American Medical Association. Global sci-
ence organizations, including the World Health Organization,
began developing a new set of guidelines for human gene edit-
ing. Several journals rejected JK’s paper, which failed to identify
the babies’ primary care doctors, suggesting the doctors may not
have been fully informed of the scope of his intervention. Con-
demnation came from leading media outlets like the Washington
Post, Stern, and Fox News. JK was removed from his university
position, and rumors claimed that he was placed under house
arrest. 'The documents were sealed, and investigators learned
little more.?°

However, in April 2022, JK was released from prison.”

Elsewhere, however, gene hacking kits for pets and farm
animals were available on the internet. Such editing was “really
pretty easy,” said one breeder.”? From individuals around the
world, with a variety of motives, arose a will to apply the new

technique to helping people.

“l CONSIDER MYSELF CURED”

In her childhood, Victoria Gray loved computers and fishing
with her father, playing basketball, and studying biology.” Some
days she felt okay and pursued her dream of becoming a nurse.
After all, she knew her way around hospitals from all her blood
transfusions. She was doing well in college, with a dream of
transferring to get her nursing degree. But she did not get better.
She could not study and dropped out, giving up hope to become
a nurse. Her sickle-shaped blood cells were damaging her heart.
Many patients did not live past fifty. It was horrible knowing she

could have a stroke at any time.



62 % BEGINNINGS

Sometimes she would be rushed out of the house in the
middle of the night. Her oldest child, Jemarius, understood
what was going on. He was sullen in school, getting into fights.
His teacher told Gray, “Jemarius is acting out because he really
believes you're going to die.” Gray prayed and was looking into
getting a bone marrow transplant, which was how she first came
to Dr. Haydar Frangoul, medical director at HCA HealthCare’s
Sarah Cannon Research Institute Center in Nashville. Gray
wanted to be evaluated for a transplant.

Frangoul mentioned a medical trial to edit the sickle cell gene
with CRISPR. “We don’t even know if it works. It’s never been
tried in humans,” Frangoul said. “Do you want to try getting into
the study?” he asked.

“Sign me up,” Gray said.”*

That spring, doctors at Nashville’s HCA Healthcare began
by removing Gray’s bone marrow cells and editing them with
CRISPR to get them to make fetal hemoglobin. In the searing
summer of July 2019, lymphologist Haydar Frangoul reinserted
billions of these cells into Gray’s body. “The idea is that the fetal
hemoglobin will take over the bad adult sickle hemoglobin
cells,” he told National Public Radio, which made a documen-
tary about the procedure. Her father, Timothy Wright, came
from Mississippi to help and keep her company. After several
more months, she moved into an apartment.

Around the globe, CRISPR became a widely used, inexpen-
sive lab tool that translated into tangible products created by fer-
mentation of edited bacteria and yeast. These products included
sugar substitutes from Cargill and other companies, milk whey
produced by a company called Perfect Day, and other plant
pathways producing steroids and painkillers. The fatty oil called
squalene was re-created by gene-edited microbes to encase vac-

cines. Gene-edited mosquitoes were released in Brazil to prevent
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the spread of diseases. Synthetic biology was making organisms
to change the world.

To be sure, some scientists distinguish gene editing from
the bigger goals of synthetic biology. Gene editing alters
nature while synthetic biology builds it anew. CRISPR is a tool,
whereas synthetic biology is a broad, interdisciplinary field that
includes topics we have covered so far (metabolic engineering
and standardized parts) and those to come (directed evolution
in chapter 4 and semisynthetic organisms in chapter 5). For our
purposes, synthetic biology includes CRISPR gene editing as
one of its crucial tools.”

In July 2021, the World Health Organization issued two
reports guiding the use of CRISPR in humans. The reports
came after three years of worldwide consultations with religious
leaders, indigenous peoples, and patients’ advocacy groups.? The
first report was a working set of guidelines with case studies that
echoed and expanded on the Asilomar Conference and the story
of Nana and Lulu. It forbade embryonic gene editing. The sec-
ond report offered nine categories of review and procedures for
reporting abuses and called for an international registry of all
gene therapy clinical trials, many of which are currently avail-
able in the United States on the website www.clinicaltrials.gov.
How to enforce the rules, however, was not addressed. For the
moment, the worst that could happen would be for a researcher
to lose federal funding.

Gene therapy researchers were studying treatments for deaf-
ness, diabetes, pancreatic and other cancers, hemophilia, angina
and non-small-cell lung cancer. Inherited eye disease was another
target, involving edited viruses being injected into the retina,
with few deleterious side effects.”” Some researchers injected
CRISPR-edited genes via viruses to treat chronic bladder infec-

tions and other diseases.
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By 2022, technologies had improved. Safer and more accu-
rate forms of gene editing that did not cut both DNA strands,
but rather altered one or two bases or proteins, called base and
primer editing, were some of the more sophisticated and precise
tools coming into the laboratories.

Gene editing was saving lives and was being tested for ail-
ments including X-linked adrenoleukodystrophy at Shenzhen
Geno-immune Medical Institute. In Pasadena, California, it
was helping Katherine Wilemon and her daughter avoid heart
attacks caused by hypercholesterolemia.”® One of the most-used
techniques of synthetic biology, CRISPR helped to democratize
a field, extending opportunities to smaller labs at a time when
approved therapies, like Gray’s, remained expensive.

An Argentinian company was using CRISPR to make faster,
stronger racehorses. Kheiron Biotech edited a horse gene for the
muscle hormone myostatin. A company in the Netherlands was
making gluten-free wheat. A Canadian company had come up
with more nutritious, farm-raised salmon, and one in Norway
was making sterile salmon that grew faster than normal, with
tewer diseases, but which could not procreate and spread their
genes with unforeseen consequences in the wild. Companies in
Brazil and Ireland used CRISPR to grow spicy tomatoes more
cheaply than the ingredient spice capsaicin could be harvested
naturally. A company in Norwich, Tropic Biosciences, was mak-
ing CRISPR-edited sustainable, pest-resistant coffee.

Gene editing was also helping to develop biofuels includ-
ing jet fuel. The company Synthetic Genomics was producing
CRISPR-edited algae biofuels so successfully that it signed a
contract with ExxonMobil to make 10,000 gallons by 2025.

For her part, leading up to spring 2022, Victoria Gray had
not been hospitalized in the two-and-a-half years since her gene
therapy. “Graduations, weddings, I never thought I would see



PANDORA’S BOX R 65

any of those,” Gray said to reporters. “I consider myself cured.”
Other sickle cell patients experienced similar results. But the
patent fight continued. Charpentier and Doudna argued that
Zhang and Church had not advanced materially on their dis-
covery. The U.S. Patent Trial and Appeal Board awarded Zhang
and Church “priority” in their granted patents for uses of the
CRISPR system in animal cells, which covered humans. But the
ruling also gave Charpentier and Doudna a right to one criti-
cal part of the CRISPR kit.?” Most gene therapies remained too
expensive for most patients. Better gene editing techniques were
on the way, because CRISPR editing could cause unanticipated
gene alterations in human embryos. As difficult as the science

was, its application was more so.

PANDORA’S BOX

In the base of the towering gold statue of Athena on the Acropo-
lis was a relief depicting the birth of Pandora. In Greek mythol-
ogy, Pandora was the first woman on Earth, skilled in crafts and
intelligent, created by the gods who each bequeathed to her one
gift in a box she was told never to open. The brother of Pro-
metheus fell in love with her and married her, but Zeus was still
angry at her brother-in-law for stealing fire. One day, the curious
Pandora fell to temptation and opened her box. Every malady of
humans flew out—sickness, poverty, greed, envy, sadness, lazi-
ness, and anger. In panic, Pandora tried but failed to jam the box
closed, but her failure was also rewarded. At the last second, out
flew the last gift, that of hope.

'The discovery of CRISPR gene editing offered hope for new
ways to treat genetic diseases. At an African genetics center in

Benin, CRISPR-Casi3 was used to make an inexpensive field
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coronavirus test. At Dermatology Research Associates in Los
Angeles, a clinical trial was completed for the use of CRISPR
gene editing to treat adults with acne. Boston-based biotech
Vertex Pharmaceuticals, with CRISPR Therapeutics in Cam-
bridge, Massachusetts, were treating diseases like sickle cell ane-
mia and beta thalassemia.*® The two companies, in addition to
Bluebird Bio, were in clinical trials for a gene therapy for sickle
cell anemia. Other companies exploring CRISPR medical appli-
cations included SinoGene Therapies, Beam Therapeutics, and
pharmaceutical giant Novartis.

Beyond medicine, CRISPR was turned to making fatter pigs,
hardier cows and rice that would release less warming methane,
as well as crops and livestock that could withstand the effects
of climate change. One key to avoiding the public outcry over
genetically modified crops like Golden Rice, argued support-
ers, was that CRISPR editing did not transfer genes from one
species to another, but rather enhanced the native genes already
present. At the University of California, Berkeley, researchers
worked to improve crop photosynthesis and increase the night-
time microbial carbon sequestration that gives topsoil its dark,
rich fertility. Berkeley’s Jill Banfield, along with a team including
Doudna and Charpentier, edited rice soil microbiomes to make
the crop emit less methane and resist the effects of flooding.™
In Chile, the United Kingdom, Italy and Cuba, researchers pro-
duced a CRISPR-edited tomato high in vitamin D.*

Arising from basic research by Banfield, adapted by Jennifer
Doudna and Emmanuelle Charpentier, the technique offered
a gift of hope to people like Victoria Gray. CRISPR research-
ers set to work to cure inherited blindness and Huntington’s
disease, and others continued to work on sickle cell anemia.
CRISPR played a key role in the success of several synthetic

biology companies producing useful sustainable products in
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agriculture, medicine, and remediation. It would play a pivotal
role in COVID-19 vaccine development.

For Victoria Gray, life was improving. Some four years after
her operation, she felt healthier than at any time in memory.
Her new blood cells seem to have overpowered the damaged ones.
“We are thrilled,” her doctor, Haydar Frangoul, told National
Public Radio. The treatment came just in time. Her husband was
deployed to Washington.® The country was suffering through
its COVID-19 lockdown. Her great aunt and the pastor of her
childhood church had died of the disease. Protests over the kill-
ing of George Floyd hit their hometown of Forest, Mississippi.
Home alone, Gray would not have been able to cope with rear-
ing her three children, who all noted the overall improvement in
their mother’s health The treatment was expensive, however.

CRISPR became a platform for programming life. It is a
beautiful discovery and a lifesaving technique if used properly.
It is also likely that, as techniques and oversight improve, more
attempts to edit the genes of human beings are to come.

But then, another young woman glimpsed a way of manipu-
lating a natural process to make products humans need, direct-

ing evolution itself.
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THE SILK ROAD

Directing Evolution

1 wanted to rewrite the code of life.

—Frances Arnold, Nobel Prize winner

t the University of California, San Francisco (UCSF),
in 2006, a thirty-year-old chemical engineer named
Chris Voigt was facing his critical third-year review.
The trim, laconic researcher with a crew cut outlined a vision to
“push the scale of genetic engineering” by programming cells to
detect cancer tumors and other signs of disease.! But his bold
ideas on modifying gut bacteria to attack cancer tumors seemed
to draw little response. “It was the closest I've come to being fired,”
he later told an Office of Naval Research conference, smiling.?
He had been inspired by his PhD supervisor, Caltech’s Fran-
ces Arnold, a former acrospace engineer captivated by the beauty
and precision of nature. But engineering nature, say something
as simple as a protein, was so incredibly difficult, Arnold once
said, “It was terrifying.™
Frances Arnold had an answer. You do not need to engineer life
from scratch. She had figured out a way to speed up the process

of creating useful enzymes, especially the enzymes used in the
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chemical industry, detergents, or medicine. She mutated the
genes that encoded the enzymes, then watched for new and
improved versions to develop. Then she took the mutations for
the improved versions and started the process again. She called
it directed evolution.

Voigt wanted to take that idea further. He and others envi-
sioned using computer algorithms to program complete cells and
organisms, and more. The processes could be scaled up to industrial
speed. In fact, he argued, cells could become living computers. The
only trouble was, many critics did not believe in the idea.

But his students did. Companies founded by students trained
in his and other labs were determined to take the next steps
in synthetic biology. The companies would include names like
Bolt Threads, making clothing; Asimov, engineering cells for
therapies; Pivot Bio, creating a bacterium to replace energy-
consuming fertilizer; and others.* On the other side of the
world, the company LanzaTech in New Zealand was hoping
to manufacture jet fuel from steel mill exhaust and modified
ancient bacteria. Together, these researchers sought to design
new, more useful organisms in a fraction of the time nature
took, industrializing microbes to help make pest-resistant crops,
clothing, fuels, and more.

To be sure, the technologies did not exist yet. To create those,
scientists like Voigt’s lab graduates might have thought back to

the inspiration of Voigt’s thesis advisor, Frances Arnold.

“THE LUNATIC FRINGE”

When Frances Arnold was growing up in Pittsburgh, she battled
daily with four brothers. Her father was a nuclear physicist,

her grandfather a World War II general. Born in 1956, she was an
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athletic, attractive woman who rebelled in high school and hitch-
hiked to Washington to protest the Vietnam War. She rebelled so
much that her parents gave her an ultimatum: straighten up or
leave. She chose the latter and left home at age fourteen, work-
ing odd jobs, including waitressing at a jazz club called Walt
Harper’s Attic and driving a taxi, before entering Princeton and
becoming one of the first women to major in engineering. After
a gap year in Italy and Spain, where she drove a motorcycle from
Milan to Istanbul, she went to the University of California,
Berkeley, to pursue a doctorate in engineering.’

There, she became entranced by biology. “I was blown away
by the beauty of living things,” she recalled. She pursued her goal
of directing the evolution of enzymes. Arnold came to evolution
with an engineer’s approach: take what works and improve it.
She succeeded in evolving an enzyme that made a carbon silicon
bond better than nature could create on its own, and worked on
more catalysts to drive reactions that otherwise might take years
to trigger. “Biology is the product of evolution,” she would say,
“so why not use evolution to engineer biology?”

Many colleagues doubted the approach. “It was considered
the lunatic fringe,” Arnold recalled. “Biologists did not do that.
Gentlemen didn’t do that. But since I'm an engineer and not a
gentleman, I had no problem with that.”

Her designed enzymes could yield, she hoped, precursors for
renewable fuels, biodegradable plastics, or even new drugs. The
process made a notable pioneering achievement, one reviewer
wrote, as if quoting Melville, “sent on through the wilderness of
untried things to break a new path.” But she was working mostly
alone. “Frances essentially invented the field,” Diana Kormos
Buchwald, director of Caltech’s Einstein Papers Project, later
told the New York Times.”
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Arnold studied enzymes, and then survived breast cancer, the
chemotherapy for which “knocked out” her short-term memory,”
she recalled.® Despite the recognition of peers who elected her
to the prestigious National Academy of Sciences, few outsiders

knew of her work. That would change.

“SILK HAS A WAY OF SUCKING YOU IN”

The years 2004 to 2010 were a period of rapid growth in syn-
thetic biology. “Whole genomes were being synthesized. DNA
sequencing was coming down in price and going up in efficacy.
The entire microbiome was starting to be pulled apart,” Voigt
told me. New techniques, such as RNA sequencing (RNA-Seq),
allowed researchers for the first time to see the impact of their
changes on the molecular composition of the cell.

At the Voigt lab in San Francisco in the years 2006 to 2009,
two graduate students were trying to make biofuels. Gas prices
were high and electric cars ineflicient. On the fourth floor of the
nondescript, new Beyers Hall in San Francisco’s Mission Bay
District, they struggled to get the bacterium Sa/monella to make
biofuels. If the shy, goateed computer engineer Ethan Mirsky
and the voluble, green-eyed biologist Dan Widmaier could break
down cellulose to be their feedstock, they would save a lot of
money. But they had problems. The bacteria produced proteins
that clumped together, clogging up the system.

They intentionally tried to produce several proteins, one of
which was a spider silk protein. As gas prices fell and electric cars
improved, the motivation for making biofuels slackened. The
fact they made silk was “expected,” Dan Widmaier recalled. “The

clumping and problems inside the cell was what surprised us.”



72 %> BEGINNINGS

They considered trying to get the cells to secrete the protein.
Voigt half-joked, “You should try to secrete silk, because if it’s
successful, you'll make headlines!™°

Widmaier had the silk secretion working, but not “nailed
down enough” to get a paper accepted. That was when North-
western University researcher Danielle Tullman-Ercek joined
them. Twenty-eight-year-old Tullman-Ercek was used to strik-
ing out on her own, having grown up as an air force child. Back
then, Merced, California, was little more than a U.S. Air Force
base, but leaving that small town after first grade was so trau-
matic for her that she went from an outgoing child to a quiet one
overnight, and remained shy until adulthood. Her family moved
to Bossier City, Louisiana, then Maryland, and then too many
other places to name. She had no idea of becoming a scientist
until her senior year of high school. She learned to be self-reliant
and independent, however, and found she loved chemical engi-
neering, which she studied at the Illinois Institute of Technol-
ogy as an undergraduate and then at the University of Texas at
Austin for a PhD, where her mentor mentioned a new science
called synthetic biology. Fascinated, she won a postdoctoral
position in the Voigt lab to contribute her experience in the
Salmonella secretion system, which lab members were lacking.
She knew how to get proteins out of a cell.

The enticing idea of getting bacteria to make silk proteins
had eluded many labs in the past. A Canadian firm tried and
failed; a Japanese company did too. Adidas created a biodegrad-
able silk shoe, then gave up because the market was so small. But
spider silk was one of the strongest known materials: it threads
thinner but twice as strong as that made by silkworms and was
of keen interest to the military for many purposes. It could also
be used for sutures, where silkworm silk caused an immune

response.” Widmaier, Mirsky, and Tullman-Ercek decided to try.
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Widmaier cloned DNA while Mirsky wrote computer code.
Tullman-Ercek worked on secreting the silk protein from the
cell. “It was this Cambrian explosion of ideas,” Voigt later told
Forbes. Then bioengineering PhD candidate David Breslauer, a
tall, bespectacled contrarian raised in Oakland, contacted them.
“I had been building devices and trying to dissect spiders, which
gave a negligible amount of protein,” he told me. “The engineer-
ing dean said there’s a UCSEF professor working on the recombi-
nant production of spider silk. Call him!”"?

Working together, they became caught up in their joint quest.
“Silk has a way of sucking you in,” Breslauer said. “We were
coming with a lot of new technologies, DNA synthesis, micro-
fluidics, all these things that were new on the scene.”

Others were also trying to engineer spider silk, including a
Wiashington University chemical engineer and a Michigan bio-
tech company seeking to supply the U.S. Army with steel-strong
parachutes. Even a microbrewery, Arachnid Ale, was using yeast
to produce spider silk.” Others followed in later years by uti-
lizing CRISPR gene editing or tapping MIT-based BioBricks’
standardized biological parts list. The Berkeley silk makers were
oftbeat and persistent. “When other faculty are saying, ‘he seems

«e

nuts,” Voigt told a business reporter, “it’s going to attract a stu-

dent who is a little crazy.™

“TO OBTAIN THE IMPOSSIBLE, ONE MUST
ATTEMPT THE ABSURD”

Across the world in New Zealand, a company was seeking to
make jet fuel by modifying ancient microbes found at sea vents
on the ocean bottom as well as in, of all places, rabbit droppings.
Many had abandoned the biofuel dream, but plant geneticist
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Sean Simpson was reading about microbes that could ferment
carbon waste gases to make ethanol. “The fuels would be
inherently sustainable,” he said to me.® With long blond hair,
Simpson looked a bit like Cervantes’s character Don Quixote,
the original impossible dreamer. Simpson came across a 1990s
article showing that microbes called acetogens could ferment
carbon oxide gases, like those found at the ocean bottom. His
insight was to realize these strange organisms would also then
ferment steel mill exhaust. The article, “Origins and Relation-
ships of Industrial Solvent-Producing Clostridial Strains,”
suggested that the Clostridium strain could be engineered to
produce industrial chemicals. What Simpson wanted was to use
steel carbon gas to make ethanol. He named his company for the
Spanish Zanza, or lance, and won a government grant to build a
plant in Auckland.'®

Simpson focused on jet fuel because he thought electric
cars would corner the automobile market, and “you cannot fly
a jet on a battery,” he told me. By 2009, LanzaTech finished
its 15,000-gallon-a-year facility near New Zealand’s only steel
mill. It developed a proprietary microbe strain to be a biofuel
workhorse. In 2010, it hired a seasoned renewables executive—
Jennifer Holmgren—as CEO, who in 2014 transferred its main
office to Skokie near Chicago and expanded teams in India and
China. The company signed a joint venture with Chinese giant
BaoSteel to process the waste from its Shanghai steel factory at
demonstration scale.

Within a few years, the company expanded into Belgium, the
United Kingdom, and elsewhere. Posing against the Pink Floyd
album backdrop of London’s famous Battersea power station,
Holmgren and Virgin Atlantic’s founder Richard Branson pub-
licized their agreement to fuel a jet flight in 2018. It flew. Other

airlines followed with flights running on sustainable aviation
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fuels (SAFs), including a December 1, 2021, United Airlines
flight from Chicago to Washington, D.C., that flew fully on bio-
fuel. A select few were making a go of synthetic biology as an

industry.

“MAKE SURE YOU GET PAID”

For the silk makers in Berkeley, things were not going well,
despite their success in harvesting genes from the orb-weaver
spider Araneus diadematus. Their system had four parts—a
genetic circuit; a unit of linked genes responsible for making
their protein; a target; and a cleavage site to turn off the system.
Silk protein was so difficult to engineer, “Smart people run away
screaming,” recalled Widmaier. The goal—spider silk itself—
was strong, smooth, and soft. “Here’s a protein that has this cool
outcome where it goes from a liquid to an interesting fiber,”
Breslauer told me. “It hit all these buttons for me. It was this
novel molecule that for some reason was beyond all our expec-
tations and we didn't know why,” he said. “But at first we were
making salt mostly.”"

Silk was so difficult to make that Widmaier and Mirsky
became obsessed by their effort. Tullman-Ercek had the most
experience with the pathway they were harnessing and with
coaxing bacteria to secrete a protein through the cell mem-
branes. Other systems would get a protein to a cell’s wall, but
not through and out. Finally they achieved yields good enough
to publish. They built a DNA sequence from a computer data-
base to get the silk protein gene. Rushing their paper to the
journal Molecular Systems Biology, they announced, somewhat
grandly: “This approach will revolutionize how natural diversity

is explored when engineering cells.”*®
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Some investors, like former scientist Rob Carlson, foresaw
a new industry. With academic labs unequipped to produce
synthetic biological products in quantity, many young partici-
pants from the SynBERC group started their own companies.
The Voigt lab’s silk seekers started their business in 2009. Two
University of Iowa graduates, Karsten Temme and Alvin Tamsir,
started Pivot Bio in 2010, 2 company to replace greenhouse-
emitting fertilizer with programmed microbes to deliver nitro-
gen to crops. The Voigt lab graduate Elizabeth Clarke founded
a company called Industrial Microbes in 2013, and another Voigt
graduate, Alec Nielsen, created a cell programming company
called Asimov in 2017. Tullman-Ercek preferred teaching. “I joke
that I'm the only person from Chris Voigt’s group not to have
their own company,” she laughed.”

Meanwhile, Mirsky and Widmaier took a course in entre-
preneurship and, with Breslauer, decided to go for it. Calling
their company Refactored Materials, they proposed a business
plan to industrialize the microbial fermentation of proteins to
make silk fibers that could be woven into material. They had lit-
tle knowledge of how to run a business in 2009. “I thought you
went and got an MBA,” said Breslauer, whose father, aunt, and
uncle were all scholars. “If this fails, I can always get a postdoc.”
Consulting his thesis advisor, Breslauer confessed, “Business
development is not my jam.”

“Whatever you do,” his advisor replied, “make sure you get
paid.”

“A LINE OF SILK”

At the time, a meeting was held at a historic San Francisco law

firm named Orrick, where the key synthetic biology founders



THE SILK ROAD (R 77

and funders gathered. The founders of Twist Bioscience, making
synthetic DNA, were there but did not have a name or company.
Zymergen’s founders wanted to make high-speed automated
tools to allow others to conduct research. They attended the
meeting but also did not yet have a name. Ginkgo cofounder
Jason Kelly attended. Ethan Mirsky and Dan Widmaier went.
‘They had a company and a name, Refactored Materials, but were
operating without any employees besides the founders.

The bacterium Sa/monella was too ineflicient to produce
enough silk protein, they realized, and decided to start over.
DuPont had shown that a yeast strain, Pichia, produced spider
silk protein, and it had just come off patent. “We decided we
would not take anything from graduate school, not any existing
technology. We would build entirely new,” Breslauer recalled to
me. They applied for a U.S. Army grant to make super-strong
silk for parachutes and clothing. The army was funding several
synthetic biology start-ups to make materials and protect the
health of its soldiers. Then they won another grant from the
National Science Foundation.

At first, the entrepreneurs used an office at UCSE, where
they ordered a group of Nephila spiders from a Florida dealer
and let them spin webs from hula hoops suspended over the
desks. They hoped to use the spiders to extract silk protein and
test their spinning, Unfortunately, the spiders ate each other.
One visiting molecular biologist popped in for a look and took
off, yelling.

In their next location, a small incubator space leased from a
Chinese company that had folded, Widmaier tried to clone the
DNA for the desired protein. By 2014, he had purchased every
cloning kit on the market, tapping the same technology used by
crime investigators. None worked. He tried every combination.

He tried every single condition. The indicator was a blank sheet
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he would wait to develop almost like a photo. Nothing showed up.
'The only thing that showed up was the control. They wondered
if it would ever work.

One night, Breslauer walked into the incubator space and
found Widmaier checking the experiment. “Oh, wow,” Widmaier
was saying.

“What?”

He showed Breslauer the paper. One line appeared, like a
ghost. Breslauer’s eyeglasses slipped from his face. “It was like,
WHAT?” Breslauer said. “This line of silk polymer. Yeah, a line
of silk.”

They had a new name. Bolt Threads.

A ROUGH STRETCH

The following years were a rough period for many. In 2016,
Frances Arnold lost one son in a car accident. The CRISPR
patent lawsuits continued between the Broad Institute and the
University of California over the lucrative use of gene editing
in humans, worth anywhere from sroo million to s1o billion
in licensing revenues.”’ Jennifer Doudna was approached by
strangers with the idea to edit human genes. As the world’s
economy struggled after 2012, and with gas prices falling, some
of the biofuels companies fired some workers. Other companies
overpromised to attract investors. The technology was so new
that the move from lab to factory production was challenging.
The giant of synthetic biology companies, Amyris, teetered on
bankruptcy.

At about the same time, the founders of Zymergen, Jed
Dean, Joshua Hoftman, and Zachary Serber, the son of a
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Columbia University professor, were running out of money.
Serber loved Shakespeare and liked thinking about the role of
science within the society that created it. He and Dean had
met while working at Amyris and discussed that company’s
expensive strategy of having senior scientists or postdocs con-
duct experiments by hand. They wanted to automate synthetic
biology on a huge scale and let discovery dictate what products
could be sold. Their analysis suggested that some 15 percent of
an oil barrel went to non-fuel product. They planned to cre-
ate robotic labs to fabricate sustainable materials replacing that
15 percent.?

'They had no customers. The bank account was zero. To econ-
omize, Serber lived with his wife and daughter on a houseboat
in Sausalito Bay. “We did not pay ourselves for the first year,”
the tall, bearded, freckled Serber told me, earbuds hanging
around his neck. “I probably should have done more research,”
he said. “Customers wanted evidence we had some capabilities.”
But without money, they could not show capabilities. “It was a
Catch-22. We were meeting on a houseboat and we were at the
end of our rope.” Then they got their first customer, a Fortune

500 agricultural processing company.

A NEW SOLDIER

Back in 2014, a small group had assembled in a palm-enclosed
conference center at Manhattan Beach, California, for the first
annual Synthetic Biology: Engineering, Evolution & Design
(SEED) meeting. It featured critical people like Columbia
University Medical Center’s Harris Wang, MIT’s Velia Siciliano,

and Danielle Tullman-Ercek, now with her own lab in Berkeley.
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In the keynote address, MIT’s Angela Belcher described
directed evolution, “to select or evolve organisms to work with
a more diverse set of building blocks.” James Collins told the
group, “Synthetic biology is bringing together engineers, physi-
cists, and biologists to . . . construct biological circuits . . . and
to use these circuits to rewire and reprogram organisms. These
re-engineered organisms are going to change our lives.”

In her office in the Air Force Research Laboratory near
Dayton, Ohio, Biosciences Technical Advisor Dr. Nancy Kelley-
Loughnane was following the field. The U.S. Navy was fund-
ing synthetic biology, as were the U.S. Army and DARPA. The
Department of Defense had created a Biological Technologies
Office and had funded early Ginkgo Bioworks research into
infection prevention. The biggest funder of synthetic biology,
aside from venture capital, was the military. The U.S. Air Force,
however, was not yet a major player. Kelley-Loughnane wanted
to change that.

Some researchers objected to taking Department of Defense
money. They recalled the bioweapons programs of the 1960s,
defunded by President Nixon in 1969. Some synthetic biology
discoveries had dual uses. A medicine could be retooled as a
killer. But the military was one of the strong early funders of
synthetic biology research, for sensors, waste remediators, per-
formance enhancers, and other non-weapons applications.

Then Kelly-Loughnane’s phone rang. Her supervisor had
just returned from the 2016 SEED conference in Chicago and
was thinking engineered microbes could help the air force make
materials, recycle waste, and transform its supply and waste
service.” “We need to get a proposal out,” her boss was saying.**
It was what she had been arguing all along. It marked a turning
point, but to what? No one was quite sure.
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SILKY STRANDS

A copy of Charlottes Web sat in the lobby. A pretty fountain gur-
gled outside the office by San Francisco Bay. The letters of the
silk protein sequence covered a wall. At Bolt Threads’ new digs
in Emeryville, California, close to Keasling’s institute and com-
panies like Amyris, they had made a small amount of silk, tested
it, and published it. “But if you're going to the large scale you
have to make hundreds of fibers in parallel. That led to problems
because we got this big mess,” Breslauer explained to me. “The
filaments stuck together. That was driving us crazy.” As they
struggled, they kept their profile low. Few people even knew how
to contact them.

One day in 2015, Breslauer pulled the yarn fibers out to try a
different set of conditions. The filaments separated beautifully
and floated around, like a first step to a spider’s web. “I practi-
cally broke into tears,” he recalled.

Learning about their company years earlier, Steve Vassallo
of Foundation Capital had sent them a LinkedIn message
about visiting. In 2011, he led their first round of seed fund-
ing. More money followed in 2015 with a $32.3 million second
round led by tech billionaire Peter Thiel. They signed a deal to
provide material for Patagonia, and the company’s chief com-
mercial officer flew around the country to announce this was
the biggest textile innovation since the invention of Gore-Tex.
In the meantime, they installed sewing machines in an aban-
doned warehouse.

They had created silk, but silk with all kinds of qualities, and
it was still hard to make it consistently clothing-ready. Eventu-
ally, Bolt Threads would switch from silk to leather made from

mycelium, or mushroom roots. Still, when he got depressed,
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Breslauer held the fibers—hundreds of white yarn filaments—
long strands to make silk.
On the other side of the country, Ginkgo Bioworks was con-

tinuing to automate the new science.

“LOVE OUR MONSTERS”

From Boston, Massachusetts the Ginkgo Bioworks foundry,
Bioworkst, was running and Bioworks2 almost completed. Their
creative director, Christina Agapakis, wrote articles for the pub-
lic with titles like “Smelling in Multiple Dimensions” and “Love
Our Monsters—Radical Collaboration in a Post-Disciplinary
Age.” In the latter, she explored an idea raised by the science
historian Bruno Latour in his 1991 essay “Love Our Monsters.”
Rather than reject technologies like gene editing in favor of pris-
tine or perfect nature, we could instead embrace the transformed
creatures as children to be nurtured. These hybrid creations of
synthetic biology had rights. Agapakis wrote articles focused
on ways such designed life forms could create a more sustain-
able world. In May 2016, Ginkgo Bioworks CEO Jason Kelly
published a New York Times editorial written by Agapakis, “I
Run a GMO Company—And I Support GMO Labeling,” not-
ing the benefit of cheaper insulin made by genetically modified
microbes in the life of Kelly’s father, who had diabetes.?

By then, Voigt had moved from UCSF to MIT, where his
team turned to creating a computer program in the DNA of
bacteria. His lab created Cellular Logic (Cello) to help DNA
compute, and made it available for free through MIT. He
mused that they were close to building cellular computers on a
par with Apollo 1r's primitive computing system, with its 5,600
logic gates. He and a few lab graduates cofounded the company
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Asimov, publishing papers showing how such cell design could
be streamlined and automated to make new medicines.”

Money trickled in, but the bioengineered consumer products
were expensive and in short supply. In 2017, Bolt Threads had sold
its first commercial product, a $300 necktie. The company sold
fifty. Then it teamed up with English designer Stella McCartney
to create bags, blouses, and pants. In 2018, it marketed a blended
synthetic men’s silk and wool “Cap of Courage” for s200 and sold
one hundred. Yet within a year, Bolt Threads was valued at $700
million, and Ginkgo was valued at an astonishing 1.4 billion.

In early December 2018, Frances Arnold was in a deep sleep.
The phone rang at 4:00 a.m. in her Dallas hotel room, near
where she was scheduled to give a talk that day. She assumed
it was a prank call, but reached out to answer. “You've won the
Nobel Prize,” the caller said, and requested her not to call home
until the news was announced. Heart pounding, she jumped out
of bed, “surprised, terrified, bouncing oft the walls,” she recalled.
When the announcement finally went public, she called home.
No one picked up.

“Frances Arnold pioneered the directed evolution of enzymes,”
the Nobel Committee proclaimed. “We call them fantastic bio-
catalysts.” Arnold’s father beamed with pride. Suddenly people
were paying attention, but a huge challenge still remained. The
route from discovery to industrial-scale production was long.

To witness a company making that journey “across the valley of

death,”I traveled to Skokie, Illinois.

“CROSSING THE VALLEY OF DEATH”

On a brilliant, hot summer morning in 2019, I drove my diesel

Volkswagen to visit LanzaTech just north of Chicago, hoping
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its process might one day mitigate the exhaust of cars like mine.
A glass-walled conference room was packed with people as I
put on my lab coat, carbon monoxide detector, and safety glasses.
“Be inquisitive” a wall stencil urged me. Michael Kopke, vice
president of synthetic biology, pointed out the compressed
gas tanks outside the window, guiding me past giant steel fer-
menter tanks, screens displaying gene sequences in computer
algorithms, gleaming gene sequencers, and gas pipes labeled as
carbon monoxide, hydrogen, and other gases as in a science-fic-
tion movie. Tall and lanky, with blond dreadlocks pulled into a
ponytail like his favorite reggae singers, Hamburg-born Kopke
greeted workers as we passed through Fermentation Rooms I
and 11, and then into the crowded molecular biology room.*

The company had a commercial plant in China making jet
fuel from steel waste gases, with plans for another, and part-
nerships with Dow and BASF for carbon recycling into other
chemicals and with European partners to convert plastic waste
into super-materials for products such as auto bodies, packag-
ing, and textiles. The fuel its plants replaced, it estimated, was
equivalent to taking 70,000 cars off the road. By then, company
leadership had flown on a jet from Orlando to London fueled in
part by ethanol that was the product of microorganisms fed with
industrial waste. The company was on the brink, but making the
transition from research to industrial production was like “cross-
ing the valley of death,” K6pke told me.

By 2019, synthetic biology was bringing together engineers,
physicists, and biologists to model, design, and construct bio-
logical circuits out of proteins, genes, and other bits of DNA and
to use the circuits to rewire microbes for producing fuels. Similar
centers were growing in China, India, England, and the Neth-
erlands. In the LanzaTech lab, the reengineered ancient organ-

isms swirled and swished like milky clouds in the fermenters,
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with robots performing thousands of automated searches called
screens all at once. The company was expanding its tools, with
new collaborations with the Joint BioEnergy Institute and
Northwestern University. It was trying to turn pine waste into
fuels in Soperton, Georgia. The first of its two China plants had
already produced several million gallons of ethanol, and the
capacity gradually increased.

Other companies were leaping on the directed evolution
techniques that Frances Arnold pioneered. Arnold herself
cofounded three companies using directed evolution to create
enzymes churning out valuable chemicals. One, Gevo, made
biofuels. Another, Provivi, created nontoxic pest control, and a
third, Aralez Bio, made unnatural amino acids as ingredients for
medicines.” The companies Codexis, Direvo, and DIVERSA
were racing to tailor enzymes for industrial uses. In the next
step in directed evolution, newer researchers at Boston Univer-
sity and UCLA created continuous evolution technologies “to
effectively make a steering wheel or guidance system for hyper-
mutation systems,” Boston University’s Mo Khalil told me.*
These new technologies, including one developed by Khalil,
enabled much faster, more targeted evolution of useful enzymes
in multiple parallel fermentation tanks.

Sustainable aviation fuels were being made from wood
mill waste and, even, beef fat called tallow. At Eagle Country
Regional Airport in Gypsum, Colorado, some of the jets at the
Vail Valley Jet Center in 2022 were burning fuel made from 30
percent beef tallow and 70 percent kerosene, marketed to reduce
a jet flight’s carbon footprint by 25 percent.”

At LanzaTech as I left from that first visit, I saw road and
mountain bicycles leaning against a lab wall, under windows
looking out over waste gas tanks, a wooded bike path, and a

church spire. Synthetic biology still seemed to ride on a hope
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and a prayer. But it was moving forward. Somewhere amidst the
bike path’s swaying switchgrass and Queen Anne’s lace flowers,
I imagined an orb spider, patiently weaving its web.

'The field was making a web of connected insights and people.
One of the last places to look was at remaking life’s information

molecules, DNA and RNA themselves.
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WILD
Remaking Life

The first self-replicating cell on the planet that’s parent is a
computer.

—]J. Craig Venter

n a cool, sunny April morning in 2022, I arrive in my

cab by the YMCA in South San Francisco. A giant

Genentech employee bus rolls by on Gateway Bou-
levard. A sign proclaims I am at the office of Twist Bioscience,
the 950-employee gene supplier to the world, where I am meet-
ing the smart and funny Jacqueline Fidanza, vice president of
operations, and tall, bearded James Diggans, head of bioinfor-
matics and biosecurity, for a tour of one of the world’s foremost
DNA makers.!

Researchers around the world were engineering DNA in
microbes to make chemicals for marketable products. In Iowa,
Renewable Energy Group was generating power from munici-
pal waste. In Montreal, the company Enerkem made chemi-
cals from engineered E. co/i. In Pune, India, Praj Industries
generated water and beer from waste. In Alameda, California,

Industrial Microbes was making microbes to remediate waste.
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In Paris, Eligo Bioscience was editing bacteria to make a prod-
uct that neutralized acne on teenagers’ faces. At Twist Bioscience,
researchers ramped up the speed of DNA creation a thousandfold
to help such labs make ingredients for medicines, clothing, food,
and fuels. The company was building a state-of-the-art facility in
Portland, Oregon. I had come to South San Francisco see how
DNA was made.

But what if you could do better than merely making DNA?
What if you could change life’s four-letter code altogether?
Was there something preordained about the double helix
structure or was life’s molecule a “frozen accident,” as Nobel-
winner Francis Crick wrote?? Can life be different? In Gaines-
ville, Florida, a researcher named Steven Benner was creating
new DNA with greater coding power than nature had given it.
So were others in Berlin and Singapore, La Jolla, California,
Gaithersburg, Maryland, and elsewhere. “I tell schoolchildren,
it’s like Legos,” Angela Bitting, Twist’s senior vice president
for corporate affairs, once told me. Must life have only four
blocks?

With more building blocks, you might expand DNA’s ability
to make useful products. One keen interest was in DNA as a
digital storage medium, with greater capacity and longer shelf-
life than silicon. Building synthetic DNA was “a grand challenge
at the interface between biological, mathematical, computer and
physical sciences and engineering,™ the National Science Foun-
dation noted. But the quest had been going on for a long time,
and promising results seemed far away.

Then new technologies such as inexpensive gene synthesis at
places like Twist, acoustic microfluidics to move genetic material
at places like Labcyte, and speedier automated sequencing at
the J. Craig Venter Institute combined to pick up the field. By
2016, geneticist-turned-synthetic-biologist J. Craig Venter created
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two bacteria with synthetic genomes that journalists dubbed
Synthia 1.0 and 3.0. When asked why, he said “because they told
me I couldn’t.”™

In San Diego, California, the company Synthorx created
semisynthetic organisms to make cancer therapies. Several inter-
national research collaborations, including one in the United
States and one in Europe, accelerated the race to create alternate
versions of life.

Others looked instead at RNA, the “first molecule of life” in
the words of immunologist Ugur Sahin of Mainz, Germany—a
molecule that could empower the immune systems of humans.’
Taken together, the synthetic genetic efforts made an extraordi-
nary quest to transform DNA and RNA and, in so doing, medi-
cine, industry, and agriculture. How could the abilities of genetic
material be expanded and tapped? To answer that, one first had

to look at the past.

A BRIEF HISTORY OF THE
SYNTHETIC GENE

Ancient myths are filled with half-human-half-beast chimeras,
or beings possessing abilities that humans lack. Aristotle placed
synthetic life forms under the term zechne, or “art,” which gave us
the word fechnology and which, he felt, could never be as beauti-
tul as the nature it imitated. Virgil offered a recipe for making
synthetic bees. By the Middle Ages, however, zechne came under
assault as the church considered it to be a form of magic. The
twentieth century’s production of chemicals in engineered bac-
teria and yeast showed the promise of modifying life by moving
edited DNA from one organism to another. With genetic engi-

neering, chimeras made their comeback.
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In 1971, as a start, Stanford chemist Paul Berg was the first
researcher to transplant a gene, by splicing a bit of a bacterial
virus into another virus that infected monkeys. This key accom-
plishment showed that viral DNA fragments could be combined
and transplanted. But Berg did not move his foreign DNA into
living organisms, because of public controversy about the dan-
gers of the research.

A dozen years later, another researcher tried to change the
nature of DNA itself. As early as 1989, at the Swiss Federal
Institute of Technology, a blond-haired, dyspeptic, imagina-
tive researcher named Steven Benner modified two of the four
components of DNA, cytosine and guanine, and managed to get
his synthesized versions to encode messenger RNA and thus
make proteins. He wondered if DNA was the best molecule for
encoding genetic information. In the following years, the effort
expanded to get synthetic DNA into living organisms. The ques-
tion was how.

In 2006 at Japan’s Riken Genomics Sciences Center, researcher
Ichiro Hirao made a completely synthetic, man-made piece of
DNA replicate itself, showing that synthetic genetic material
could perform many of the functions found in nature. Hirao
moved on to an institute in Singapore, where he continued
trying to add genetic letters to DNA, with an eye to crafting
medical markers for disease detection and more.

Transferring to a University of Florida professorship, Ben-
ner made tiny nanostructures from his synthetic DNA. In 2005
he had created the company, Firebird Biomolecular Sciences,
to commercialize his discoveries, marketing synthetic genetic
material for diagnostic kits for HIV and hepatitis C infections.
During the COVID-19 pandemic, Firebird would ship 20 mil-
lion disease tests a month.® Step by step, various labs successtully
made synthetic DNA translate into RNA and then to protein.
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Then researchers decided the best way to discover the first prin-

ciples of life was to find out how simple a cell could be.

THE QUEEN’S GAMBIT

In the early 2000s at the gleaming quarters of the J. Craig Venter
Institute (JCVI) in Rockville, Maryland, a group of research-
ers led by John Glass was working to replace the entire genome
of a microbe with that of another. Struggling to make a whole
bacterial genome of hundreds of thousands of base pairs, the
researchers finally created a synthetic DNA molecule twenty
times larger than any made to date. But they could not get it to
“boot up” inside the pathogen. It seemed to be an issue not with
their technology, but with their target organism.

Researcher Carole Lartigue, who had recently received her
doctorate in France, joined the JCVI team in 2004 to help solve
the problem of eliminating a bacterium’s native genome and
replacing it with a new one that had been chemically synthe-
sized. In France, she had worked on two simple goat pathogens,
Mycoplasma mycoides and Mycoplasma capricolum, and convinced
the team to switch targets and transplant the genome of M.
mycoides into M. capricolum. She persevered but kept hitting
dead ends. After two years of frustration, she walked into Glass’s
office, saying, “I can’t do this. I'm out of ideas. I don't know what
to do. I want to go home,” Glass recollected.” The next day, Lar-
tigue found two living colonies of bacteria with transplanted
genomes. She had succeeded in building the world’s first syn-
thetic life forms.

Spending some s40 million in the quest, they had taken the
genome of one bacterial species and inserted it into another.

In a July 2010 issue of Science, they announced their creation,
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dubbed Synthia 1.0, had created proteins made by its inserted
DNA. Venter’s team demonstrated that life’s instructions could
be swapped and reprogrammed like a software update.® “Life’s
essence is information,” declared 7he Economist. Still, other
than the insertion of several DNA watermarks, the organism’s
genome was almost identical to that of natural M. mycoides.’

A series of efforts followed to modify bacteria for “toxic waste
cleanup and energy production,” Venter wrote. In his book Life
at the Speed of Light, Venter predicted an industrial revolution
that was based on products made by such modified organ-
isms. “The goal is to replace the entire petrochemical industry,”
he vowed. To get to the point of adding new DNA efficiently,
the first step would be to make a stripped-down bacterium.
For the next six years, his team struggled to clear Synthia 1.0 of
nonessential genes to produce what they called a minimal cell,
showing the world the essence of life, they argued.”

Others approached engineering DNA from a different direc-
tion. On the West Coast in 2014, a small group of scientists
at the Scripps Research Institute, who were led by a chemist
named Floyd Romesberg, added a man-made DNA base pair
they called X-Y onto the normal A, C,’T,and G of an E. co/i bac-
terium, which used the synthetic DNA to make RNA and pro-
tein and to reproduce itself, marking the first time anyone had
expanded the genetic alphabet. “I was a chemist,” Romesberg
told me of his approach. “I thought the shape of the molecule
shaped what life could do.”

At JCVI, the team set about building the minimal bacterial
cell they had long aspired to create. The plan was to precisely
determine which M. mycoides genes were essential for life and
which could be removed. At a team meeting, Venter made an
unexpected appearance. He asked if anyone had put together a
list of essential genes based on their preliminary data.
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“Yeah. We have a list,” Glass replied.

“Okay, let me have it, because we're going to make a Hail
Mary genome.”

'The impetus for this “high-risk gambit,” Glass recalled to me,
was that Venter’s new DNA company had excess capacity he
wanted to use. Only unlike in football where a Hail Mary pass
is thrown at game’s end, they did it at the beginning. The effort
failed but taught them key lessons.

After years of struggle, they finally succeeded. Described in
Science in March 2016, their organism, “Synthia 3.0,”had only 473
genes, far fewer than the thousands of any natural bacterium.”
'The basic parts list of life was hundreds “but not thousands” of
genes, observed biophysicist Marileen Dogterom of the Nether-
lands, meaning life may not be as complicated as feared. “That’s
very exciting,” she said. One revelation was that 149 of the essen-
tial genes had completely unknown functions.” “We don’t know
a full one-third of the basic knowledge of life,” Venter marveled
to reporters.

These efforts were building a new understanding of how to
manipulate life’s instruction book. If it could be simplified, that
suggested it could also be expanded. If DNA was expandable,
one could design an “uncountable number of applications,” said
Floyd Romesberg. The only way to tap that potential was to
build cells with more fully synthetic DNA.

“THE AGE OF SEMISYNTHETIC
LIFE IS HERE”

Inspired in part by Venter’s accomplishments, Floyd Romes-
berg in California and Steven Benner in Florida redoubled their

efforts to meet a “bigger challenge,” Benner recalled. “If you go
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to Mars and find life, what is the chance that it will have any
DNA at all?” Along with Hirao in Singapore and Petra Schwille
in Germany, they tried to build completely synthetic DNA.
Wias there something special about adenine, cytosine, guanine,
and thymine? With a grant in hand, Brenner eventually left his
tull professorship and its teaching duties to create his own insti-
tute in Alachua, Florida, the Foundation for Applied Molecular
Evolution (FFAME), to devote himself full-time to the search.
“I don’t think there’s any limit,” Benner told me. “If you re-run
billions of years of evolution, you could come up with a com-
pletely different genetic system with exactly the same properties.”

Scientists had been working on altered DNA for years. With
grants from NASA and the National Science Foundation, as
well as the commercial rights to his early breakthroughs, Steven
Benner in 2019 tried to insert four extra man-made nucleotides,
two more base pairs, into DNA. His team began having success
with doubling the number of bases in a molecule that formed a
double helix. They tweaked viral RNA, the messenger, to get it
to read the eight-base DNA. Expanding DNA’s structure, they
argued, would enhance its ability to make chemicals for fuels
and goods. They were trying to “control Darwinian evolution in
the lab,” Benner said.

In Florida in the Benner lab, their eight-base artificial DNA
triggered RNA to turn on a protein. Under the microscope the
clear liquid lit up green, which meant the protein, tagged with
a fluorescent marker, had been produced. They called their cre-
ation hachimoji: moji in Japanese for “letter,” as in the term emoji,
and hachi for “eight.” It was “spectacular, a landmark achieve-
ment,” said Romesberg, who had left Scripps and was working
at his own biotech company. NASA said the discovery would
“result in a more inclusive and therefore more effective search for

life beyond Earth.”” They had increased DNA’s coding power.
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Michael Jewett, professor of chemical and biological engineer-
ing at Northwestern University, called it “a true engineering feat
(that) elegantly increases the number of DNA and RNA build-
ing blocks and dramatically expands the information density of
nucleic acids.™

Romesberg’s company, Synthorx (for “synthetic organisms”),
was creating protein-based immune suppressors for cancer ther-
apies and was expanding rapidly. Synthorx had a seemingly suc-
cessful cancer candidate called THOR-707, and in December
2019 the French pharmaceutical giant Sanofi bought the small
biotech firm for a sizeable 2.5 billion. “The age of semisynthetic
life is here,” Romesberg declared.

One little-known researcher from Hungary was also thinking
about how biology could prevent disease, not by changing DNA
as other companies were trying, but by modifying RNA, the cell
messenger. She outlined her ideas in grant proposals and confer-

ence talks, but few paid attention.

“YEAH, YEAH. | CAN DO IT”

One of history’s most fateful conversations occurred at a uni-
versity photocopy machine in 1998. Hungarian-born biochem-
ist Katalin Kariké introduced herself to HIV researcher Drew
Weissman of the University of Pennsylvania, and they chatted
about their work. “I am an RNA scientist,” she told him. “I can
make anything with messenger RNA.” When virologist Weiss-
man confided to her his pursuit of a vaccine for HIV infection,
Kariké boldly replied, “Yeah, yeah. I can do it.”®

Karikd’s confidence may have stemmed from decades of over-
coming challenges. After earning her PhD in biochemistry from
the University of Szeged in Hungary, thirty-year-old Kariké
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immigrated to Philadelphia with her husband, Bela, and their
daughter, Susan. As if anticipating the hardships that lay ahead,
Kariké resourcefully stuftfed si,200 into her daughter’s teddy
bear to evade currency restrictions.

In 1989, she became an adjunct professor at the University
of Pennsylvania and one year later began research on messen-
ger RNA (mRNA for short). Her vision was to modify mRNA
for therapeutic purposes. She believed that changing the genetic
code of the universal messenger of cells could instruct the body
to make its own medicine. If successful, synthesized mRNA
could be the key to new vaccines, cancer and other disease medi-
cines, and therapeutic agents to repair heart tissue. Most of the
scientific community ignored or laughed at her. RNA was unsta-
ble and difficult to handle. While fellow researchers conducting
conventional experiments won grants, Kariké received countless
rejections and an eventual demotion at Penn.

She confronted both her own cancer scare and Bela’s forced
return to Hungary, all while working late nights and weekends
on her mRNA idea. On the basis of the amount of time she
spent in the lab, Bela calculated her wages amounted to about
s1 per hour. “You're not going to work, you're going to have fun,”
he teased her. As University of Wisconsin researchers showed
they could program mRNA in mice, Kariké persisted with her
experiments, finally achieving a promising outcome. The detec-
tion by a dot matrix printer of all things, attached to a gamma
counter to detect radioactive molecules, confirmed that new pro-
teins were being produced by cells that would not have occurred
without inserting her modified mRNA. “I felt like a God,” she
recalled later to reporters.

Soon after this success came the photocopy meeting with
Weissman, and the two University of Pennsylvania researchers

set out to make an HIV vaccine.” The trouble was, every time
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they tried to introduce the new mRNA into human cells, the
body rejected it with a huge immune response. It took multiple
tries and years of filling her prized lab notebooks before she and
Weissman figured out how to make the body accept the modi-
fied genetic material. They added a molecule called pseudouri-
dine, which allowed the synthetic mRNA to sneak into cells
without causing a negative reaction.

In 2005 they published their success, claiming it could “give
future directions into the design of therapeutic RNAs,” and
tounded a small company called RNARx in Rydal, Pennsylva-
nia."” But failing to achieve an agreement with them, the Uni-
versity of Pennsylvania sold the valuable license to a Madison,
Wisconsin, company, Cellscript, for $300,000." Two companies
then approached Cellscript for rights to the mRNA technique.”
One was a Cambridge, Massachusetts, start-up, then called
ModeRNA, and the other was based in Mainz, Germany, and
named BioNTech.

GOLDEN-WINGED MESSENGER

Mainz is the capital of the Rhineland-Palatinate, known for a
picturesque old center with narrow lanes dominated by the half-
timber, half-red-brick cathedral, and as the site where Gutten-
berg printed his early bibles that changed the world. There an
immigrant Turkish medical couple, successful professors and
also biotech entrepreneurs, had followed in the 2010s much the
same avenue as Kariké and Weissman: learning to use mRNA
for medical therapies.

Ozlem Tiireci had been a smart young medical student who
grew up in Germany as the daughter of a Turkish doctor. She

loved medicine and, in the oncology ward, met a tall, supportive,
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dark-haired professor, immunologist Ugur Sahin. They both
telt frustrated by the limited therapies for treating their can-
cer patients and driven to research new ideas to improve care.
Sahin’s father came to Germany as part of its 1950s Gastarbeiter
or “guest worker” program. His father toiled in a Ford car fac-
tory. Tureci and Sahin fell in love.”® On their wedding day, the
guests being from their research group, they returned to the lab
to work. “We don’t see what we do as work,” Sahin said. “It’s
really a way of life.”” They founded and sold a successful cancer
therapy company, Ganymed. Then they thought about messen-
ger RNA.

Single-stranded mRNA acts as a winged messenger carrying
the genetic code from DNA to the cell’s ribosomes. The ribosomes
“read” the code from the mRNA and follow the instructions to
create proteins. The cell then “expresses” the proteins to commence
their designed functions. Messenger RNA is important in deter-
mining the body’s response to various conditions. Among other
things, it could teach the body’s immune system how to combat
new infections without using a live or weakened real virus or
permanently changing DNA. Because RNA is involved in every
protein a cell makes, if one could modify it, one could create a sin-
gle easy-to-use platform applicable to treating multiple diseases,
simply by swapping out the DNA instructions.

Tireci and Sahin had turned to mRNA previously as the
most effective method to achieve their goal of personalized can-
cer treatments.” In Mainz in 2008 they had founded BioNTech
to create such individualized cancer treatments, focusing on
modifying the genetic messenger. The idea was to sample a pat-
ent’s cancer tumor and design an RNA-based medicine for that
specific tumor. The company was also working on engineering
cells with mRNA to develop antibodies to other diseases.
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‘Things were going well; they had some twenty possible candi-
dates in the pipeline. In 2013 they recruited Kariké and assigned
her to work on mRNA vaccines. Results were so promising that
in 2018, they partnered with biomedical giant Pfizer to pursue a
flu vaccine with the new technology.

All the while, efforts to create new kinds of DNA continued.

EDITING NATURE AS MEDICAL THERAPY

While the British Medical Research Council’s Jason Chin
sought to reprogram the genetic code of life, the J. Craig Ven-
ter Institute was also trying to increase the powers of DNA.
The plan was to translate the work from the genetics lab into
the clinic. By 2019, JCVI had moved on from its initial quix-
otic pursuit of a minimal genome, derided by some critics as a
gimmick, to develop needle-free treatments for type 1 diabetes
by modifying microbes to help the body make its own insulin.
That same year, scientists at the Swiss public research univer-
sity ETH Zurich created the first bacterium designed entirely
on a computer, C. ethensis-2.0.In 2020, JCVI successfully created
its insulin-secreting gut bacterium for diabetes, and progress
accelerated.

In San Diego, Synthorx was forging ahead with its anti-
cancer therapeutic. Phase II safety trials were successful. That
meant proteins made with unnatural amino acids by an unnatu-
ral base pair “were actually in people with cancer,” Romesberg
told me. “This was real. We went from a neat story in the lab to
something that may actually help people.” That was why Syn-
thorx attracted the attention of international pharmaceutical

company Sanofi.**
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Along the way, some of the semisynthetic organisms’ other
flaws were addressed. One problem with Venter’s stripped-down
organism was that its offspring were of bizarre shapes and sizes.
'This was solved in 2021 by Elizabeth Strychalski of the National
Institute of Standards and Technology. She added seven genes
to make the cells divide uniformly, bringing researchers closer
to “engineering fully designed . . . and controllable organisms,”
observed the University of Minnesota’s Kate Adamala.

The accelerating speed of discovery was due in part to lower-
ing prices of synthesized DNA. Companies like IDT in Iowa
(discussed in chapter 2), Blue Heron in Washington State,
GenScript in New Jersey, and Twist Bioscience in San Fran-

cisco, California, were helping to industrialize genetic research.

I decided I had to visit.

TWIST

Based in South San Francisco, Twist Bioscience, the high-
speed, automated producer of DNA, was expanding rapidly in
the period 2018—2021. It was directed by the driven gene pio-
neer Emily Leproust, a French-born researcher trained at both
the University of Houston and the life sciences and diagnostic
company Agilent. Founded in 2013 by Leproust, fluid mechan-
ics researcher Bill Peck, and data expert Bill Banyai, the com-
pany was named for the signature shape of DNA. Twist’s
innovation was to use semiconductor technology and a silicon
platform to print thousands of DNA snippets (called “oligos”)
at a time on a silicon chip. The company offered improved
accuracy, as well as lower prices and faster speeds than many
competitors. In a partnership with Microsoft and funding
from the Defense Advanced Research Projects Agency, it also
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led the effort to turn DNA into a medium for data storage,
hoping to replace silicon.

Leproust was a born entrepreneur who at age twelve con-
vinced her father to pay her a commission on VCRs she sold
at his store.” “Build a new search engine, who cares?” she once
told the young members of a conference audience in her sweat-
shirt and colored sneakers. “This is about making the world a
better place.”” She worked at Agilent Scientific Instruments
for thirteen years, where she headed a division and learned
the technical steps of making DNA. Coming from a family
of business owners (her uncle ran a worldwide import-export
company), she brought to Twist an understanding of customer
needs as well as skills in team leadership and entrepreneurial
methods. When Banyai and Peck developed their technology
to write DNA on silicon using microprocessor technology, they
needed a brash and confident CEO. Both thought of her.

Twist’s key improvement was taking DNA chemistry, min-
iaturizing it onto a chip, and accelerating its production. Until
Twist, the gene synthesis leader was IDT in Coralville, lowa,
which had been sold to Danaher Corporation in 2018 for $1.9
billion. Another company, out of JCVI, sold both gene frag-
ments and a DNA printer. More such companies followed, such
as GenScript, Genewiz, and Eurofins, to the point where gene
factories recombining DNA snippets were a bona fide industry
by 2020.

Companies like IDT put a single gene on a plate the size
of a cell phone. Twist could fit 10,000 genes on the same plate,
Angela Bitting told me. That enabled Twist and its customers
to expand their DNA libraries. “We use our libraries to iden-
tify new therapeutics for our partners and our internal programs,
and also have programs for storing data in DNA,™ Bitting
explained. With its rapid delivery, high quality, and low prices,
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Twist quickly went public in 2018, and by 2022 its valuation
exceeded s2 billion.”

With Diggans and Fidanza guiding, I began on the first-
floor silicon and DNA writer labs, where small DNA rings were
assembled under dark amber light to prevent disturbance of their
delicate structure. On the second floor, we viewed the rooms
where the rings were assembled into genes, another where Twist
made its own Petri dishes and equipment, and incubator rooms
where E. coli containing the new DNA reproduced, making
more copies rapidly. The company was on a roll. “We've grown so
fast we took James’s desk for a lab bench,” Fidanza said.

Such power led some synthetic biologists to fear engineered
viruses escaping labs. It was the job of Florida-raised Diggans,
who had just been elected chair of the International Gene Syn-
thesis Consortium, to protect the company’s biosecurity by
screening customers seeking pathogenic DNA for weapons.
“I communicate daily with government agencies like DOD,
Department of Homeland Security, Health and Human Ser-
vices, and the Department of Commerce where I serve on the
committee on biomanufacturing export control. I triage bios-
ecurity,” he told me.

Another major idea was to use DNA to store digital data. DNA
lasted thousands of years, where silicon decomposed in perhaps a
hundred. To test the idea, Twist joined with Microsoft and the
University of Washington to store in DNA the data of the Deep
Purple song “Smoke on the Water,” and the Miles Davis classic
“Tutu.” Each musical note was represented by a unique triplet of
the four bases (A, T, G, C) that comprise the building blocks of
DNA. “Smoke” translated into GACCGACGTCAGAGC.”
'The two Bills and Emily Leproust kept expanding the company.
In the same years, another company was also working on Kariké’s

messenger.
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“BIG PROMISES”

On Technology Square in Cambridge, Massachusetts, Mode-
RNA Therapeutics began with grants from the Defense Advanced
Research Projects Agency and the Biomedical Advanced Research
and Development Authority. It was connected to Kariké in two
ways. One was through its cofounder, MIT chemical engineer
Robert Langer, investor in or cofounder of some thirty previ-
ous biotech companies. Langer liked her theory that messen-
ger RNA could be tweaked to help the body confront viruses.
The other connection was ModeRNA cofounder Derrick Rossi,
a Toronto-born biologist with signature huge red glasses and a
soul patch, who thought Kariké’s 2005 paper would win her a
Nobel Prize. Rossi cofounded ModeRNA Therapeutics in 2010,
along with Langer, and others.*

In 201, the hard-driving French pharmaceutical man-
ager Stéphane Bancel was hired, and in 2013, the name of the
company was changed to Moderna LL.C. Moderna researched
treatments for heart and immune diseases but, after a number
of failures, it switched its focus to vaccines. The advantage of
mRNA for vaccines was that once it was unlocked for one virus,
it could speedily be unlocked for others, in contrast to the years
and years of work normally required to make a vaccine for each
new disease.’!

Investors placed their bets: s100 million in funding for research
poured in, followed by an immuno-oncology partnership with
AstraZeneca. “There were a lot of really big promises made,”
former Moderna chemist Jason Schrum once commented.®
Gradually, some progress happened. In 2016, Moderna had its
first human candidate for its mRNA-1851 vaccine, designed to
protect against a flu strain. It conducted human trials for a Zika

virus vaccine, a feared killer because it causes brain damage in
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infants born to infected mothers. It also worked on develop-
ing a vaccine against methicillin-resistant Staphylococcus aureus
(MRSA).

However, the small company had no approved products and
zero revenue. Some considered Bancel to be aggrandizing. Yet,
for all Moderna’s lack of results, its cutting-edge technology

kept investors enticed.

INDUSTRIALIZING SYNTHETIC BIOLOGY

'The state of synthetic biology back at the beginning of 2020 was
a bit like the story of Tantalus, offering but rarely delivering on
its promise. The concept of life as programmable was, however,
appearing in popular news with the growing meat-alternative
industry. The overall need was to lower costs and to increase
production. But that was proving hard to accomplish. Amyris
was now succeeding in its line of personal-care items but not in
biofuels. Bolt Threads, which could make neat synthetic silk ties
and hats, at high cost, was looking at mushroom root systems
to make leather alternatives. The tool companies like Ginkgo
and Twist had inspired large investment. Yet not one of these
new companies offered profits. One promising company, a West
Coast version of Ginkgo called Zymergen, had an instructive
story to tell.

Based in Emeryville, California, Zymergen created a microbe
that could make material for foldable cell-phone screens. By 2019,
the company had swollen to 8oo employees and was ensconced
in a new office alongside some half-dozen of the other most
prominent synthetic biology companies in the United States.
'The tall, thoughtful chief science officer and cofounder, Zachary
Serber, worked in jeans and a vest, with ear buds hanging around
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his neck. Growing up near Columbia University in Manhat-
tan, where his father was a physics professor, he was inspired to
read widely by a mother who was a high school English teacher.
In California, he worked on the Keasling artemisinin proj-
ect as a doctoral student. “Today we could do the same thing
with a tenth or a fiftieth of those resources,” he told me. Then he
became a scientist at Amyris where he learned the lessons of its
tumultuous early years.

Zymergen provided lab services to companies designing pest-
resistant plants, plastic-eating microbes, and bio-based fuels. As
years passed, however, it was vague in defining its core business,
and its main product Hyaline did not progress as predicted.

Across the world, new centers of biological manufacturing
sprang up in Israel and Singapore, small countries needing to
invest heavily in agriculture and livestock alternatives, and in
China and England, while synthetic DNA and RNA were mak-
ing progress in applications for medicine. In Philadelphia, the
Wistar Institute modified DNA to create antibodies for Zika
virus and vaccines for the Middle East respiratory syndrome. In
Duarte, California, researchers engineered the genetic material
of prostate cancer tumors to make them vulnerable to the body’s
immune cells. In Boston, Massachusetts, Wyss Institute scientists
worked on turning cells into tiny programmable factories pro-
ducing sensors of inflammation.

The efforts to alter DNA and RNA made an extraordi-
nary quest with some singular early achievements. The Ven-
ter team showed genomes could be designed, made, and then
booted up. Romesberg had built a novel form of DNA, prov-
ing “some of Benner’s ideas really work,” John Glass told me.®
Other researchers, at the Medical Research Center in Cam-
bridge, England, and at Harvard in the United States, made F.

coli with synthetic genomes. An international team remodeled
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the chromosomes of yeast. Others modified plant and mammal
DNA. The synthesis of larger and larger genomes enabled pig-
to-human organ transplants, offering the prospect of manufac-
turing genetic medicines and sustainable products.’** As DNA
editing and manufacturing techniques became cheaper, faster,
and more powerful, hundreds of labs and start-ups used syn-
thetic biology in creative new ways.

At the same time, the tension between the profit makers and
the idealists was growing. Some researchers, inspired by iGEM,
DIY biology, and MIT-based BioBricks, favored open-source
and immediate sharing of data. That philosophy had been codi-
fied in an international agreement in 2014 called the Nagoya
Protocol, which offered rules for fair access to the benefits of
modified organisms. On the other side was the need to profit
from research, as patent protection was established to do. The
potential was huge. As many of the companies planned to go
public, even the idealists lined up to buy shares.

What could this new world look like, and what role would
synthetic biology play in it? “Until we have useful applica-
tions,” Bolt Threads’ Dan Widmaier told me, “we’re going to
fall into this academic curiosity bucket, rather than ‘this is an
amazing, world-changing technology” And I think this is a
world-changing technology.”

Useful applications make our subject to explore in part II.
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RUSH
Biology-Made Medicines

Nature makes drugs, we can too.

—Christina Smolke, Stanford

n New Year’s Eve of 2009 in Pasadena, California,

twenty-eight-year-old Stephanie Culler stepped off of

the elevator into her professor’s darkened lab. Friends
said she was crazy to be working. Culler flipped on the lights of
the Spalding Lab room to peer through a microscope. Raised
in Southern California, Culler lost both of her beloved grand-
mothers to cancer, one a strong Jewish woman who had survived
the Iranian Revolution. “What I wanted in life,” Culler recalled,
“was to solve cancer.”

At Caltech, Culler had planned to study directed evolution
with Frances Arnold, but then Arnold herself was diagnosed
with breast cancer. Culler thus became the first graduate stu-
dent to study with a dynamic new assistant professor of chemi-
cal engineering, Christina Smolke, pursuing their idea to use
cutting-edge RNA synthetic biology to make medicines. The
only trouble was that Culler’s experiment had not worked in

tour years, and her advisor was leaving Caltech in four months.
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“I was working sixteen hours a day,” Culler recalled. “I wasn’t
eating or sleeping.”™

Christina Smolke, now W. M. Keck Foundation Faculty
Scholar in the Department of Bioengineering and Chemical
Engineering of Stanford University, wanted to engineer yeast cells
to construct plant-inspired medicines. She was using computa-
tional design tools with a goal of changing the way medicine treats
pain.’ Smolke would go on to cofound the company Antheia to
produce safer therapeutics, drugs for opiate addiction, and pain-
killers, with other manufacturers competing from Canada and
elsewhere. The shared goal was a more sustainable way of manu-
facturing pharmaceuticals without plants, by using a combination
of biotechnology, gene editing tools, and whole-cell engineering
to turn yeast and bacteria into medical factories.

Companies were applying synthetic biology to therapies at a
time when antibiotic resistance and drug addiction were public
health crises. In an aging world, more patients suffered from can-
cer, chronic inflammation, and organ failure. To respond, other
researchers attempted to program stem cells to regenerate aging
tissue or blood platelets. Many sought to program a mainstay of
the body’s immune cells, called T cells, to attack cancer and other
diseases. Companies such as Tierra Biosciences, Kalion, Arsenal-
Bio, Demetrix, Synlogic Therapeutics, and Persephone Biosci-
ences explored concepts such as “living medicines,” programming
the body’s natural microbes to detect and treat disease. In Eng-
land, CHAIN Biotech was modifying one species of the bacteria
Clostridium to attack colitis.* Other companies pursued program-
mable vaccines from life’s genetic code.

None of it was easy. Tierra’s young founder, Zachary Sun,
admitted, “Every day here is organized chaos.” Culler had
never worked so hard in her life. “I went home and cried as my

way of coping.” The efforts included moving the gene pathways
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normally found in plants into yeast or bacteria or applying the
technologies of artificial intelligence to pinpoint each indi-
vidual patient’s genetics, and programming that patient’s own
immune cells to attack tumors. In Culler’s case, the idea was to
engineer cells by using the body’s messenger, RNA. The imme-
diate goal was to make medicines, but the bigger quest was to
make them cheaply, and more, to create new ways of healing the
human body.®

'The medical applications of synthetic biology begin with the
immune system, followed by medicines from plants, then stem
cells and living medicines, and, finally, DNA-based vaccines.
From birth to growth, health to sickness, the story of synthetic
biology therapies takes us from small entrepreneurs to the big-
gest companies, from Galileo’s university to the La Jolla Sym-
phony, and we explore some fascinating ideas along the way.

An early idea was to fight cancer.

A STORY OF CAR-T CELLS

In Chicago, Jacelyn Walsh, an athletic, forty-one-year-old mother
of two young girls, was exhausted. For six years she had been
fighting acute lymphoblastic leukemia (ALL) and wanted to
give up. But she could not. “Having children gives you something
to fight for,” she told her doctors at the University of Chicago
Medical Center.” Walsh signed up for a clinical trial in which
her severely depleted T cells, were removed from her blood so
doctors could insert genetic instructions to those T cells to hunt
down her specific leukemia cells. T cells are professional killers.
As Walsh endured more rounds of chemotherapy, leaving her
more exhausted, her own engineered T cells were returned to her
bloodstream through an IV catheter.
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Engineering the body’s T cells to attack tumors had long been
a dream of immunologists. Cancer’s great danger is its ability to
hide from these foot soldiers. One solution involved reengineer-
ing the soldiers to detect signature proteins on tumor cell sur-
faces, and then reinserting them into the patient’s bloodstream.
The designed killers were named chimeric antigen receptor
T cells (CAR-T cells). Antigen receptors are proteins that recog-
nize the surfaces of tumors, viruses, or bacteria. Chimeric, from
the ancient Greek word chimera (a mythical creature mentioned
in chapter 5 that combines parts of different animals), references
the fact that the engineered killer cells combined three proteins,
one recognizing a cancer cell and the other two signaling the
T cell to activate.

It all began in 1989, when Israeli immunologists Zelig Eshhar
and Gideon Gross first genetically modified T cells to destroy
cancer cells. For thirty years, the process was refined and devel-
oped. In the United States, University of Pennsylvania Medicine
pioneered the first CAR-T cell medicines.® By 2018 two com-
panies, Novartis and Kite, had developed CAR-T cell therapies
tor the clinic. Walsh received the Novartis therapy, which modi-
fied her T cells to attack her tumors. In 2020, after a relapse, she
was cancer-free. By 2022, some 600 clinical trials of CAR-T cell
therapies were under way, for diseases from myeloma to glioma,
leukemia to lymphoma. Companies such as Allogene, Blue-
bird, Precision, and Shire showed they could engineer T cells to
attack different cancers in mice. Other CAR-T cell companies
included Arsenal Biosciences in California, JW in China, and
GenMoab in Germany. By 2021, pharmaceutical giant AbbVie
signed a deal with Jennifer Doudna’s gene editing company,
Caribou Bioscience, to collaborate on similar therapies.’

To be sure, the FDA had approved CAR-T cells for only

three cancers, and only for use if other therapies had failed.
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The engineered cells had not been effective yet on hard-tissue
tumors, which are more difficult to neutralize. The cells were also
expensive, hard to manufacture and to administer.

Still, the potential was there. Design of CAR-T cells was
one of the fastest-growing applications of synthetic biology to
medicine. The approved CAR-T medicines included Kymriah,
Yescarta, Breyanzi, Tecartus, and Abecma. Kymriah was for
patients up to age twenty-five with acute lymphoblastic leuke-
mia, one of the most common and lethal forms of cancer in
young people, as well as for adult patients with follicular or dif-
fuse large B-cell lymphoma.'® Breyanzi and Yescarta were for
adults with large B-cell lymphoma, the most common type of
non-Hodgkin’s lymphoma, when a first treatment did not work
or the cancer returnedin a year. Tecartus was for patients with
acute lymphoblastic leukemia. Abecma was for adults with mul-
tiple myeloma, a cancer that forms in a white blood cell called a
plasma cell, in patients who received four treatment regiments
that had not worked.

One of the leaders of the field was Yvonne Chen of UCLA.
Another was Wendell Lim of UCSF, who focused on protein
switches called synthetic notch receptors. Synthetic notch
receptors responded to signals in specific, flexible ways that
might expedite the programming of CAR-T cells.”* “I had no
idea it would work,” recalled his former doctoral student and
University of Southern California professor Leonardo Morsut,
a sweet, towering, former Italian national volleyball star.”® Mor-
sut began his career at the University of Padova, where Galileo
taught. “Yeah, sure, Galileo . . . it seemed normal to me,” Morsut
recalled with a smile. Lim started a company that was bought
by Gilead Sciences, and then his team found three new poten-
tial CAR-T switches, “on the far end of SynNotch,” he told me,
ready for Phase I trials."
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'The bottom line was that CAR-T cells had the potential to
translate into the clinic on a wide scale. Allogene’s cofounder,
Israeli-American; immunologist Arie Belldegrun, estimated the
market to be worth more than s13 billion.® Modified immune
cells could create a sense-and-destroy network out of a patient’s
own body.

Another area of interest for synthetic biology in medicine was

pain medications.

RUSH

When Amyris CEO John Melo learned over dinner that a
relative was using cannabidiol (CBD) for back pain, he had
an idea. Why not make a painkiller with his company’s yeast
fermentation processes?'® Others had the same idea: synthetic
cannabinoids, used as painkillers, were bidding to be the next
big thing. They could replace the dangerous oxycontin and
augment drugs such as CBD. Companies such as Demetrix
in Berkeley, Willow in Calgary, Cronos in Winnipeg and
Toronto, and others, were producing cannabinoids through
yeast fermentation. A company called Canopy Growth and
even soft drink giant Pepsi were looking into possibilities of
drinks made with synthetic cannabinoids, including coftee that
could address chronic pain.

At Stanford, biological engineer Christina Smolke had big-
ger plans. She turned to making yeast buds into sustainable bio-
medical factories to replace plant-based medicines. At Smolke’s
company Antheia, researchers maintained that we too often
lack safe, effective drugs because of limitations in obtaining
them from plants. Take the opium poppy as an example. This

plant contains the compound morphine, our main therapeutic
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for pain. The problems of extracting morphine from the poppy
are daunting. More than 100,000 hectares (think the size of a
Caribbean island) of the plant are grown annually. Extracting
the compound requires toxic chemicals and money spent to
separate morphine from other parts of the plant, all of which
results in more than 3.5 billion people having insufficient access
to painkillers.”

Smolke’s team adapted baker’s yeast to make compounds
found in morphine. This approach involved sequencing the
genomes of diverse organisms to combine with the DNA of
yeast, which could convert sugars and amino acids into the
desired complex molecules. Within the constraints of biology,
the yeast can produce compounds through the localization of
proteins to different organelles, what Antheia’s chief science
officer, Kristy Hawkins, calls “whole-cell engineering.”® Such
cell engineering allows Antheia to harness the power of nature
on a broad scale, seeking new therapeutics for illnesses such as
cancer, HIV, hypertension, and more. The process could be more
cost-effective and reliable than that of plant extraction.

Antheia’s first molecule—a key starting material for
medications—was chemically equivalent to that extracted from
plants. In 2018, Smolke’s lab moved some twenty-five genes to
make enzymes in yeast to produce an opium-based cough sup-
pressant called noscapine, in use since the 1930s, which the
company also hoped to develop into an anticancer agent. In June
2021, the company announced that it raised $73 million in series B,
or second round, financing as it prepared to bring its first phar-
maceutical compound to market. As of July 2021, it had harnessed
the biosynthesis of four classes of plant-based medicines for
diseases that are currently considered “undruggable.”

Antheia had competition. In Winnipeg and Toronto, the

synthetic biology company Cronos was pursuing the goal of
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creating marijuana from genetically engineered yeast. “Canna-
bis is a complex plant,” said CEO Mike Gorenstein. “It features
many different genes other than simply those regulating THC
production.” Cronos signed a deal with Ginkgo Bioworks
and was making sustainable chewable gummies called Spinach
Feelz at its Winnipeg fermentation plant. Its tetrahydrocan-
nabinol (THC) and CBG gummies were sold in Canada, where
the Montreal-based company called Hyasynth was trying to do
much the same thing.

Berkeley-based Demetrix pinned its sights on yeast fermen-
tation to produce rarer cannabinoids. The company named itself
after the Greek goddess of harvest to “help the world benefit
from the world’s rarest ingredients,” said CEO Jeft Ubersax.?" Its
aim was to treat inflammation, anxiety, and tumors, by develop-
ing cannabinoids beyond THC and CBD. To do so, the scien-
tists at Demetrix studied rare molecules in hemp and marijuana
plants through a combination of automation, biotechnology, and
computing tools. In studying the DNA of the cannabis plant,
Demetrix scientists discovered how they could most efficiently
combine the DNA of the cannabis plant with that of yeast. Yeast
fermentation controls allowed them to make products with
higher purity and consistency than those of products of natural
sources. The first rare cannabinoid Demetrix planned to take to
market was called cannabigerol (CBG), the cannabinoid most
others are derived from.

The challenges, however, remained. It was difficult to engi-
neer yeast or bacteria to make compounds they did not normally
make, some that may even be toxic to them, and obtain a large
output. Sometimes the yeast buds gorged on their nutrient broth
and then stopped growing, but in industry, companies want their
factories to work continually. One solution to preventing such

bottlenecks came from the University of Warwick in England,



RUSH (R II17

where researchers inserted feedback loops to extend yeast’s
protein-making machinery. “It’s been hugely exciting,” said ’s
Declan Bates, professor of bioengineering at the University of
Warwick, using a phrase that could be applied to synthetic biol-
ogy as a whole, “to see an engineering idea developed on a com-
puter, work inside living cells.”

In research tapping nature’s systems, another keen area of
interest was stem cells, those embryo workers that can build or
revitalize any tissue in the body. Tapping into these tiny foun-
tains of youth had been the dream of scientists since the regen-
erative powers of these cells were discovered. Several teams and
companies set out do so, giving me an opportunity to try being a

scientist for a day.

“LET’S GO FLOW?”

Tara Deans of the University of Utah was in graduate school
when she told her supervisor, synthetic biologist James Collins,
then of Boston University, that she wanted to work on mam-
mals, not the simple bacteria or yeast most everyone else was
engineering. He gave her three months to see if she could move
a complex gene pathway into a bacterium. Her first success was
such a breakthrough that, commenting on her achievement, a
University of Massachusetts—based competitor marveled, “I've
tried all my career to do that. She got it on her first try!”

Now Deans was working on stem cells, the body’s builders
and rejuvenators. In the beginning of life, the embryo’s stem cells
divide miraculously into all of the body’s varied tissues. Adult
stem cells, however, divide only into the same tissue in which
they are located. It was long thought that an adult cell could not

return to its more powerful immature state, but this was proven
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incorrect in 2006, when researcher Shinya Yamanaka of Japan’s
Nara Institute discovered that a small number of genes in mice
could restore to an adult stem cell its embryonic superpowers.
'The prospect of programming such cells to replace aging tissue
set off a gold rush of longevity research. But scientists did not
tully understand the signals that change adult cells into embry-
onic stem cells or how to control what organ they might cre-
ate. Researchers like Deans and others were attempting to better
understand the process; in her case, to fight cancer.

Motivated by a close friend’s blood cancer diagnosis, Deans
earned a National Institutes of Health New Innovator Award to
try to program stem cells to generate platelets that, she thought,
might prevent cancers from metastasizing. One summer day in
2021, she allowed me to help in her lab in the Utah foothills close
to Big Cottonwood Canyon.

Our day at the Sorenson Molecular Biotechnology Building
began with a view of the Great Salt Lake. The Deans lab over-
looked a grass field in the shape of the state of Utah, with moun-
tains in the background. She wore black jeans and a sweater and
explained I would be checking whether her team had success-
tully moved genetic parts of the stem cells’ on-off switch from
a more complex cell into a bacterium. A mother of three, Deans
usually got started early in the morning. If she got in early
enough, she could watch a family of deer in the field. We walked
past the cell culture room where her students did their stem cell
engineering. “Bacteria are not allowed,” she joked.”

Her undergraduate Travis Seamons patiently walked me
through the process of feeding a machine called a flow cytom-
eter to confirm whether their inserted gene was working in their
E. coli. Their hope was the inserted gene could produce proteins
for therapeutics. Trimly bearded and dressed in an open blue

shirt over a white T-shirt, blue plastic gloves, and tan jeans and
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sneakers, Seamons has explained this work previously to Utah’s
state representatives. At the whiteboard, he diagrammed the
restriction enzymes that cut the DNA and allow new circuitry to
be inserted. While he spoke, bacteria with his engineered DNA
shook rhythmically in plastic tubes in an incubator. Seamons
cheered me on: “Alright. Let’s go flow.”

Downstairs, in a narrow, black-curtained room, I gingerly
inserted the test tube containing the engineered bacteria into
the sleek white cytometer, which resembled a loud dentist’s
machine. The cytometer shines lasers through bacteria, running
the cells in single file to measure how the light was diffracted,
showing us their size and the fluorescence of the inserted gene.
If the gene circuit was working, the cells would glow green. “The
brighter they shine, the stronger the circuit,” Seamons said. The
machine vibrated and blinked. Seamons and I watched the com-
puter screen. The cells lit up. Their circuit was working in living
cells. The first time it happened, Seamons recollected for me, “I
thought, no one in the world has ever seen this before!”

In her project, Deans studied how to enhance stem cell dif-
ferentiation for the purpose of mass-producing platelets and red
blood cells to improve blood supplies in hospitals. She was also
engineering stem cells to be delivery vehicles targeting cancer.
She hoped this would help prevent tumor cells from spreading.
Leading companies developing stem cell therapies included
bit.bio, Celularity, ViaCyte, and Rubius Therapeutics. Many
others, however, marketed unregulated stem cell therapies, and
the FDA has warned consumers against falling for promises of
restored youth. As of this writing, the only FDA-approved thera-
peutic use of stem cells consists of blood-forming stem cells
derived from cord blood.*

Still, several labs were using stem cells to grow tiny versions of

human organs called organoids. In 2021, a university hospital lab
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in Dusseldorf, Germany, grew mini-brains that developed, on
their own, rudimentary eye structures.” If adult stem cells could
be reprogrammed into their embryonic state, they might be used
to heal spinal cord injuries or neuronal illnesses like Lou Geh-
rig’s disease, help stroke victims, reverse retinal degeneration or
muscle damage in multiple sclerosis, or, even, fix hearts. With
these advances, some of the biggest health-care companies, like
Johnson & Johnson and Pfizer, were starting their own proj-
ects in stem cells. The path to clinical use remained a challenge
riddled with big claims and disappointing findings, where some
promising avenues failed or proved prohibitively expensive.
Another important idea was to engineer the body’s gut
microbes to detect and attack disease. The term for that was
“living medicines,” and it was the goal of several new compa-
nies, including one run by Stephanie Culler and another, Syn-
logic Therapeutics in Cambridge, Massachusetts, led by another

young woman, Aoife Brennan.

THE DESIGN OF LIFE

When the imaginative, poetry-writing endocrinologist Aoife
Brennan was in high school in Ireland, she tended her parents’
small rural bar south of Kilkenny. “I learned everything I needed
to run a biotech company by working at a pub,” she told me. “It
made me resilient, dealing with difficult people.” She laughed. “I
learned how to turn a profit, and how to listen.”

Brennan, a graduate of Trinity College Dublin and Harvard
Medical School, had led Synlogic since 2018. At Harvard, she
worked in translational medicine, the art of taking discover-
ies from the lab to the clinic. Afterward she worked at several

gene therapy and gene editing companies, including five years at



RUSH R 12I

Biogen. Then a recruiter called her about becoming chief medi-
cal officer at Synlogic, and she became fascinated by engineering
the normal human gut microbes to detect early-stage disease.
Soon she was applying her pub-tending to running the small
biotech company, partly from her home during the pandemic,
and with MIT’s Jim Collins as a scientific advisory board mem-
ber. “She is the stubborn Irish woman who won't give up,” he
said of Brennan.

Synlogic worked on the principle that the body is an ecosys-
tem, and if you can train the ecosystem to monitor itself, you
can save lives. Its aim was to produce more effective drug treat-
ments tailored to meet patients’ specific needs by transform-
ing some of the body’s normal microbes into synthetic biotic
medicines. As of 2022, Synlogic is involved in clinical develop-
ment after successful trials of treatments for metabolic disease
and for cancer.

The company signed a deal with Ginkgo Bioworks as its
investigative platform, a partnership that paid off with the devel-
opment of SYNB1353, an engineered microbe for treating a dis-
abling disease called homocystinuria, which is caused by excess
methionine, an amino acid, in the blood. The disease results in
bone defects, blood vessel obstruction, and intellectual disabil-
ity, which the Synlogic microbe averts by consuming the excess
methionine in the gut. After filing an investigational new drug
application (IND) for the medicine with the FDA, Synlogic
announced Phase 1 clinical trials had shown proof of mechanism
for the treatment.”

Then there was Persephone Biosciences in San Diego, co-
founded by Stephanie Culler to develop the potential of the
gut microbiome in precision medicine, in particular for cancers
such as the ones that killed both of her grandmothers, one dying

from colon cancer and the other from lung cancer. Culler was
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a driven researcher who played concert violin with the La Jolla
Symphony.®® One night shortly after the New Year’s Eve failure
of 2009 when still a graduate student, she was in the lab again
at 2:00 a.m. to peer through the microscope. This time, to her
amazement, the human gene was glowing with an eerie green
light. She had programmed a human cell to turn on a gene that
could detect cancer. If it detected proteins made by tumor cells,
it would turn on a death gene, killing itself. The technique was
modular, rapid, and deployable to detect “a wide range of can-
cers,” she said. After five years, she had done it. She raced to
write up the result, which appeared in the journal Science and
was highlighted as one of the key breakthroughs of 2010.

Determined to attack cancer, Culler felt she needed indus-
try experience and began by engineering microbes at San Diego
company Genomatica to make chemicals traditionally made
from petroleum. There, she was part of the research and devel-
opment team, first to commercialize microbial fermentation of
a major chemical used in plastics, an achievement that won a
Presidential Green Chemistry Challenge Award for Genomat-
ica. Like Brennan, she was becoming fascinated by the microbi-
ome’s effect on health. When her grandmothers had received the
same cancer therapies that were successful for other patients, for
them and others the therapies had not worked. The fault, a series
of papers were suggesting, lay with the microbes of the gut. All
disease, Culler liked to quote Hippocrates, begins in the gut,
which comprises some 8o percent of the human immune sys-
tem. If you transferred the gut microbes of metastatic melanoma
patients into the gut of mice with cancer, the mice responded to
the immune checkpoint inhibitor drugs that had not worked on
her grandmothers.”

In 2017, Culler cofounded Persephone Biosciences to explore

ways of using synthetic biology to restore the normal natural
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gut microbiome in cancer patients. By the fall of 2021, Perse-
phone signed a deal with Janssen Biotech to study the microbi-
omes of cancer patients who had responded to cancer therapies.
It was licensing its engineered microbiome therapies for
patients with COVID-19. With grants in hand, the company
launched an ambitious program called Poop for the Cure, to
study the gut microbiomes of dogs and humans, both cancer-
stricken and healthy. It did so by collecting stool samples from
around the country. In 2022, it launched an infant version of
that study to collect baby stool samples in an effort to combat
food allergies.

Engineering microbes to make pharmaceuticals and other
chemicals was a part of the work at another Massachusetts start-
up, Kalion, co-founded by Kristala Prather, Arthur D. Little
Professor of Chemical Engineering at MIT, and her husband.
Prather was one of the early SynBERC members whose career
at MIT featured breakthroughs in getting microbes to make
glucaric acid, a key ingredient in the drug Adderall, but also a
sustainable chemical to improve water treatments and deter-
gents. Growing up as a Black girl in small-town Longview,
Texas, Prather loved tinkering around the house. After her mom
dropped a necklace down the drain, Prather told her, “Give me
a wrench,” and recovered it. Discussing college applications
with her high school history teacher, she said, “I like math and
science.”

“Put those together,” the history teacher said. “That’s engi-
neering. You should study chemical engineering and apply to
MIT”

She did not know what MIT was, but applied and was
accepted. There, Prather told me, “I loved the idea of cutting and
pasting pieces of DNA, combining biochemical engineering and

synthetic biology.” After graduating in 1994, Prather earned a
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PhD from the University of California, Berkeley, working in the
Keasling lab and then, years later after she had become an MIT
professor, participating in the critical SynBERC meetings. Like
Culler, she felt she needed industry experience and worked at
Merck Research Labs for four years before returning to MIT
as a professor and eventually cofounding Kalion. Prather’s lab
was modifying DNA to be added to microbial cells. “We want
to turn them into factories,” she said, making biomass-derived
chemicals to replace fossil fuel-based chemicals.*® The young
girl who loved to tinker with objects was now tinkering with the
design of life.

Synlogic, Antheia, Cronos, Persephone, and similar start-ups
were manipulating genes to produce microbes for therapeutic
or manufacturing functions. The field was advancing fast. Syn-
logic presented proof of mechanism in humans from two tri-
als, and the industry site STATNEWS declared it one of the
ten companies in synthetic biology to watch in 2020, eager to
begin clinical trials for a study in solid tumors and lymphomas.
Persephone signed a deal to collect microbiomes from patients
who responded well to cancer drugs. Kalion partnered with a
manufacturer to expand its production of glucaric acid, identi-
fied by the U.S. Department of Energy as a “Top Valued-Added
Chemical,” and other industrial chemicals.®

From CAR-T cells to stem cells, from the microbiome to the
microbes making molecules for medicines and products, syn-
thetic biology companies were attracting more and more money
on the cusp of the SARS-CoV-2 outbreak. The pandemic would
put synthetic biology further into the spotlight.

Before all that, two standbys of academia and medicine got
involved in modifying DNA to make vaccines, in ways some-

what similar to what Moderna and BioNTech were doing with
RNA. At first, few people noticed.
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OUT OF AFRICA

On the other side of the Atlantic, Oxford-based vaccine researcher
Sarah Gilbert and her team pursued the idea of using DNA to
make vaccines. She and Adrian Hill, director of the Jenner Insti-
tute, were modifying a cold-like virus found in chimpanzees to
prevent patients from contracting Ebola. The method was like
that of traditional vaccines: make a harmless version of a chim-
panzee cold virus, get it into human cells, and allow the immune
system to develop its defenses to attack it. The red-haired Gil-
bert was a pragmatic, hard-edged researcher. The mother of
triplet boys relaxed, infrequently, by playing her saxophone in
the woods so as not to disturb the neighbors.*Describing her
routine, Gilbert woke up most mornings at around four oclock
“with lots of questions in my head,” she told Bloomberg News.®

Sarah Gilbert and Adrian Hill were a dedicated team on a
social mission. Hill had been inspired by visiting his missionary
uncle fighting Ebola outbreaks during the Zimbabwe civil wars
in the 1980s. Blond and rumpled in his tweed brown jacket, the
childlike sixty-one-year-old Hill planned clinical trials of vac-
cines for Ebola Virus Disease and for Middle East respiratory
syndrome (MERS-CoV). MERS was a disease that had been
a scourge in countries such as Egypt. Originating in bats and
transferred to camels which then infected humans, MERS was a
harbinger of the coming COVID pandemic.

Using gene editing techniques, the Oxford researchers modi-
fied nucleic acids with instructions to make a protein from the
virus surface. The patient’s body developed a tuned immune
response to the virus protein. By early 2020, the first company
they co-founded, Vaccitech, was finalizing clinical trials for its
Ebola and MERS vaccines.* This preparatory work would prove
critical when the COVID-19 pandemic broke out.
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The Oxford technology did not boggle minds as much as
wonderkids mRNA and CRISPR might, but it did not have
to be frozen and could be given in one dose, not two. Even as
SARS-CoV-2 spread, Oxford continued work on its DNA plat-
form for Ebola. By November 2021, the University of Oxford
was recruiting for clinical trials of its vaccine. In another part
of the world but toiling on a similar platform, a giant com-
pany known for painkillers, Johnson & Johnson, had a similarly

straightforward synthetic biology idea for vaccines.

JOHNSON & JOHNSON

From Band-Aids to baby powder, market-dominating John-
son & Johnson was one of the world’s largest and most well-
established health-care companies. Since its founding in 1886,
the $394 billion multinational health-care empire, with more
than 250 subsidiaries across 175 countries, was at the top of Big
Pharma’s list of powerful corporations. While the company
was best known for its Tylenol and first aid supplies, it featured
three main sectors: consumer health products, medical devices,
and pharmaceutical products. With Tylenol as one of its staples,
Johnson & Johnson was a maker of drug and first aid products
present in most every household. But when it came to vaccines,
it was a relatively small player. Until 2020.

Twenty years earlier, Harvard vaccinologist Dan Barouch
wanted to create a vaccine for HIV.® He was focusing on ade-
novirus serotype 26, called Ad26 for short, a fairly rare human
virus that causes mild colds. Barouch tried treating animals with
an Ad26 virus containing an HIV gene, with the goal of arm-
ing the body’s immune system against HHIV. While trials were

promising in monkeys, no human trials had been conducted.
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Johnson & Johnson was interested, and Barouch became afhili-
ated with the company. As the Zika epidemic emerged in 2015,
his team prepared a vaccine using Ad26 and Zika spike pro-
teins, only to shelve the vaccine after Zika retreated.

By the beginning of 2020, climate change and human over-
population were contributing to an increase in zoonotic viruses,
those that passed from animal hosts to humans. The flu-like
viruses included the severe acute respiratory syndrome (SARS)
virus in China in 2003 and the MERS virus in 2011 in Egypt,
Saudi Arabia, and beyond. Zoonotic viruses also included Zika
and Ebola, all deadly enough, but still the lull before the SARS-
CoV-2 storm.

In that lull, the pharmaceutical side of synthetic biology was
laying groundwork. Multiple labs and companies were in pursuit
of synthetically engineered CAR-T and stem cells, non-addictive
painkillers, and living medicines for diseases ranging from
depression to high cholesterol. Therapies based on modified
CAR-T cells moved to clinical trials, totaling 836 in planning
or practice in 2021.% Adult stem cell clinical trials in 2020 num-
bered some 3,000.%

At the opening of 2020 synthetic biology’s successes—in
malaria, fragrances and cosmetics, and meat alternatives—had
still been few. However, propelled by ecological cataclysms such
as raging fires, rising sea levels, and a floating island of plastic
waste, one pressing avenue of research was the environment,

which is where we turn next.
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NEW NATURE

A Do-It-Yourself Environment

Sometimes we picture it as an echo of the original Garden of
Eden . .. there is nothing fainthearted or wimpy about plants.
—Diane Ackerman, The Rarest of the Rare

ragonflies buzz and mosquitoes bite on South Florida’s

Gulf shore at dusk. Red mangroves sit on alien roots,

their salty arms stretching to the darkening sky. Motor-
ing out slowly past the coastal groves, beneath their twisted,
gothic branches, I imagine the first Spanish ship as viewed by
the Calusa Indians and all that meant for the environment.

On the eve of the pandemic, several researchers were apply-
ing synthetic biology to the environment. Colorado State Uni-
versity’s June Medford offered an idea for desalinating water the
way mangroves do. Northwestern University’s Julius Lucks and
others edited genes to detect and clean polluted water. Others
sought to use gene drives to attack diseases by spreading domi-
nant genes into the wild to control populations of pathogen-
carrying insects and animals. The University of Guelph’s Rebecca
Shapiro was modifying such a gene drive to kill off a drug-

resistant fungus found often in hospitals." Some researchers were
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editing the genes of coral so they might resist warming oceans,
while others tried to create hardier plants and crops, natural fer-
tilizers, and green chemicals—all without petroleum.

By 2020, at least 3 percent, or s400 billion, or perhaps more,
of the U.S. economy was based on biotechnology.? But synthetic
biology to heal the environment kept hitting snags. Bioplastics
did not perform well at first, challenging the giant Danish toy-
maker Lego, which committed to a fully bioplastic product line
by 2030.> So many soft drink companies faced problems that
Coca-Cola offered to share its secret bioplastic formula with
some of its competitors. Still, Danimer Scientific was expanding
production of bioplastic for straws for Starbucks and Dunkin’
Donuts at a Winchester, Kentucky, plant.*

Around the world, efforts were continuing to make microbes
that degrade plastic waste, or cool the Earth, or generate elec-
tricity, or help crops require fewer pesticides and less water and
fertilizer. Others sought to protect people from Lyme disease
or West Nile virus, ensure the health of wild animals, kill off
the mosquitoes that carried malaria, yellow fever, and Zika, and
detect and safeguard against other deadly pathogens. At the
University of Sdo Paulo, plant physiologist Lazaro Peres was
restoring the natural genetic diversity of crop tomatoes.” As of
2021, gene-edited plants were being grown by 17 million farmers
in twenty-nine countries.®

'The motive was to repair a world where humans were caus-
ing problems such as an extinction crisis, an alarming increase
in zoonotic diseases like Ebola and COVID-19, non-native spe-
cies invasions, growing waste and contamination, drought, and
floods. To confront climate change and environmental encroach-
ment, several synthetic biology efforts were under way, includ-
ing altering the microbes in the guts of cattle, whose releases of

methane had a major warming effect, or engineering pine trees
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to be more fire resistant. A race to restore cooling grassland to
the Arctic tundra produced an unlikely union of Siberian and
Harvard scientists in a remote preserve they called Pleisto-
cene Park. The Florida panther, inbred and near extinction in
the 1990s, had been revived through introducing its cousin, the
Texas puma, into its habitat. Scientists proposed restoring the
virtually extinct American chestnut tree by introducing a gene
from wheat that could help it resist the fungus that killed.”

Some researchers proposed releasing genes into the wild to
eradicate invasive New Zealand and Australian rodents that
decimated native birds. Others wanted to bring back extinct
animals through engineered DNA, Jurassic Park style. The San
Diego Zoo maintained a “frozen zoo” of DNA from endangered
or recently extinct species.® A California-based nonprofit orga-
nization, Revive and Restore, went a step further with a new
science called “genetic rescue” to maintain threatened or extinct
species through a variety of cell biology tools.

It might seem oxymoronic that one could preserve nature
with synthetic biology. To understand how researchers were
redesigning organisms for environmental benefits, we journey to
meet doctors in West Africa, iguana hunters in South Florida,
coftee growers in South America, and corn farmers in Iowa. We

begin with mangroves.

TO THE SEA, THE SEA

'The wind is whipping the Gulf of Mexico as I head to the Ten
Thousand Islands, the barrier islands south of the Florida Ever-
glades. Ahead, the Gulf shimmers in the last pink rays of sun-
shine, home to giant grouper, sharks, marlin, oil rigs, smugglers,

and mangroves. Bordering this fragile ecosystem are mile upon
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mile of tangled trees that protect the coastline from hurricanes,
provide homes to numerous species, and even remove salt from
salt water.

'The mangrove is a salt-loving plant found at the boundary of
land and sea in the tropics and subtropics. Along the coastlines
and islands of Florida, the Caribbean, and South Asia, these
trees form intricate underwater root systems that serve as havens
for fish, sea birds, alligators, sharks, and turtles to lay their eggs
and also provide critical protection against hurricane surges.
Mangroves desalinate salt water and filter farm runoff. Green-
leafed and hardy, they create mazelike, dense canopies that
stretch over hundreds of miles. With their tangled roots resem-
bling the landing gear of Martian rovers, they take in salt water
and seal in precious freshwater while secreting salt through the
surface of their leaves, hence their scientific name, halophytes.

Mangrove trees are also great at computation, Colorado
State University’s June Medford tells her classes. They use energy
from a food source 93 million miles away, with little more than
salt water and carbon dioxide for sustenance. But what if these
haunted, sheltering trees could purify water for the thirsty bil-
lions of human beings on Earth or irrigate the crops that feed
them?

'That was what June Medford sought to do. After graduating
from the University of Maryland, Medford obtained her PhD in
biology at Yale. In 2003, she met Nobel winner Frances Arnold
ata DARPA meeting and became entranced by the idea of using
synthetic biology to edit nature. Winning Defense Department
funding, she engineered plants to be detectors of explosives and
contaminants.’ Then she turned to mangroves.

Studying the mangrove, she wanted to recreate the tree’s
DNA circuits in another plant so that it could produce fresh-

water from sea water. To transfer the mangroves’ ability to
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desalinate seawater, Medford tapped a plant virus to deliver
three desired genes. Using a technique tested in the biofuel crop
prairie switchgrass, her lab created a switch to turn on a meta-
bolic pathway. “The switches were not perfect!” Medford told
conference audiences. “But we put enough of the pieces together
to prove the concept.” Her lab developed an artificial desalina-
tion system in the flowering plant Arabidopsis.!

One third of the world’s irrigable land is contaminated with
salt, and the amount of land succumbing to rising sea levels is
growing every year. Freshwater is scarce for 4 billion people,
and the global crop loss due to rising salt levels in soil totals
more than 20 billion pounds of material a year.”? Inspired by
NASA’s famous Christmas Day Earthrise photo, Medford
believed synthetic biology “could change global perception” in
a similar way.

'The process was not simple. Their engineered plants at first
grew slowly, yielding only small amounts of freshwater. Man-
groves use a waxy waterproofing substance called suberin in
their roots as a barrier to salt. Medford’s team programmed the
plants to produce suberin, a mutation that had never been done.
The act of plugging in genes at first stunted the plants’ growth.
As her team refined their gene circuit, the engineered plants
began secreting more freshwater comparable in quality to bot-
tled water. By 2021, Medford cofounded a company, PlantMade-
Works, to develop her technology.

Several other labs were looking at different ways of making
agricultural crops tolerant of salt. A Canadian company, Agrisea,
created salt-resistant rice that could be grown in the ocean and
was testing it off of the coasts of Singapore and Grand Bahama
Island. Their crops used a seagrass form of salt tolerance. Scotland-
based Seawater Solutions was seeding flooded coastal farmland

with salt-tolerant herbs like samphire and sea blite, creating
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wetland ecosystems without pesticides. Other companies in
Israel, China, the United Arab Emirates, India, and the Nether-
lands were making salt-tolerant crops or engineering cyanobac-
teria and microalgae to desalinate seawater. A Yale researcher
created an artificial mangrove in the lab.”

As synthetic biology was modifying sea plants, another threat,
one close to home, introduced the synthetic biology interven-

tions called gene drives.

GENE DRIVES AND LYME DISEASE

Out hiking, a young woman felt something on her thigh. She
spotted a small brown tick. Wrenching it off, she worried her life
was changed forever.

She was correct to worry. Some 476,000 Americans sufter
from tick-borne Lyme disease infections annually."* Carried
in a microbe in ticks who feed on forest deer and mice, it is
so widespread in Cape Cod and Nantucket Island that some
people have become desperate. One proposed solution, offered
by MIT’s Kevin Esvelt in tense community meetings on Nan-
tucket Island, was to unleash genetically modified white-footed
mice that resisted the tick-borne pathogen. As islanders met to
hear Esvelt pitch the gene drive solution, the proposal seemed
enticing.

A gene drive is a gene that spreads itself faster than it nor-
mally would in the wild. More precisely, it is a “selfish genetic
element that biases inheritance in its favor,” explains University
of Guelph researcher Rebecca Shapiro. Gene drives are natu-
rally occurring and observed since the nineteenth century, stud-
ied in yeast and mosquitoes in the 1960s.” In the years since,

researchers have pursued ways to manipulate them to control
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invasive species and protect human health—in mosquitoes
to defeat malaria, dengue, and Zika virus, in fruit flies, and in
the pathogenic fungi found in hospitals. By 2020, gene drives
had been proposed to limit the populations of disease-carry-
ing mosquitoes, New Zealand possums, tick-ridden mice, and
other unwanted animals. Enticing, powerful, and inexpensive to
deliver, gene drives presented a scientific gift perhaps too good
to be trusted.

On Nantucket, Lyme disease infected some 40 percent of
inhabitants. Thus, despite the objections, in a series of public
hearings islanders signaled they were ready to try a gene drive
release. Esvelt received permission to release transgenic white-
footed mice in a program called Mice Against Ticks. The plan
seemed promising.’

The angular, soft-spoken Esvelt had trained in the lab of
David Liu, a Harvard collaborator of George Church. At
MIT, Esvelt directed the Sculpting Evolution group, inventing
new ways to influence ecosystem evolution, seeking to address
spreading ecological problems through synthetic biology. Esvelt
and Liu helped pioneer phage-assisted continuous evolution
(PACE), a microbial ecosystem using the viruses that infect bac-
teria to speed up evolution in the lab, and Esvelt was an early
advocate of using gene drives to alter the traits of tick-carrying
white-footed mouse populations.

To be sure, the release of gene drives faced hard questions.
The technology was in the early research phase and lacked rig-
orous regulatory review or extensive field testing. The worry was
that such interventions could spread genetic traits beyond seed
zones with unanticipated side effects. Some of the most out-
spoken critics of gene drives included other scholars. “There’s

a sense that these are things humans are not supposed to be
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doing,” University of Wisconsin law professor Alta Charo told the
New York Times."” To address these challenges, MIT researcher
Maud Quinzin and Esvelt devised a technology called “daisy
drives” featuring an on-oft switch limiting the number of gen-
erations a gene drive would persist by dropping pieces of DNA
with each new generation, like a daisy losing its petals.

Others tried gene drive experiments in more controlled envi-
ronments. Trained in the lab of Harvard’s George Church also
and at the University of Toronto, Rebecca Shapiro had figured
out how to insert a gene drive into a single-celled fungus, Can-
dida albicans, and showed how quickly the gene could be spread
through a population. Candida albicans is found in the intestine
of up to 60 percent of humans and is the most common infection
seen on medical devices such as hospital catheters. A dangerous
relative of yeast, it appears capable of crossing the blood-brain
barrier and can turn deadly in compromised individuals, like the
elderly, AIDS patients, and cancer survivors. Easy to grow, the
teared hospital infection has become more and more resistant to
standard antibiotics.

Shapiro regarded gene drives as a way to defend against the
killer fungus. In a postdoctoral position with Jim Collins at
MIT, she developed a Candida-killing gene drive system with
near 100 percent effectiveness.”® She bred a mutation to switch
on two deadly genes and bequeath those mutations to offspring.
The first proof of principle was turning all the microbes fluo-
rescent red in a Petri dish. “It works insanely efficiently,” says
Shapiro, now a professor at the University of Guelph in Canada,
where she is expanding the technique’s range.”

Another concern raised about using gene drives was their
potential use in biowarfare. As a reported in the Bulletin of the

Atomic Scientists, researchers’ publications may reveal information
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to those who wish to do harm. For these reasons, and with the
larger concern about releasing genetically modified organisms
into the wild, a 2017 Science paper laid out key principles for
responsible gene drive research.?’ Some civic organizations, such
as the Friends of the Earth Network, proposed a moratorium on
gene drives in the wild until further study could be conducted. In
2021, a World Health Organization Guidance offered rules for
testing gene drive modified mosquitoes, including the require-
ment to involve local communities in decision-making.?

In West Africa, Brazil, the United States, and other regions,
two different efforts to research the modification of disease-
carrying mosquitoes and other pests were being run by the non-
profit research consortium Target Malaria and a company called
Oxitec.

MALARIA AGAIN

“I cannot tell you how many times I've had malaria!” Dr. Mama-
dou Coulibaly, in a gray dashiki, tells me from his lab in Bomaka,
Mali, where he directs the Target Malaria effort at the Malaria
Research and Training Center to genetically alter mosquitoes
to prevent the disease.”? Resistant forms of malaria were again
spreading, to the extent that a child in Africa died once every
minute from the illness. Coulibaly recalled his childhood in the
village of Bonankaro, where his grandmother boiled roots for
a bath and drink potion when he became ill. The severe form
of the disease attacked the brain, causing delirium, convulsions,
and death, mostly in children.? With more than 600,000 Afri-
cans dying every year, Target Malaria was planning to imple-

ment a three-step program to target disease-carrying pregnant
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female mosquitoes, working with public institutions in Burkina
Faso, Mali, Ghana and Uganda.

In phase one, Target Malaria engineered a non-gene-drive
sterile male mosquito. This strain was imported into Burkina
Faso in 2016, studied for two years in the lab, and then released
in 2019 to understand what happened when lab-reared mos-
quitoes were released in the wild. Some community members
telt they were not properly consulted at the time, however,
igniting one protest in the capital city of Ouagadougou in the
summer of 2018.%

Phase two was to engineer a fertile strain of non-gene drive
“male-bias” mosquitoes, modified to produce mostly male off-
spring. To create it, researchers in London and Terni, Italy
injected mosquito eggs with engineered DNA, tagged with a
gene for a fluorescent protein. If the phase two trial runs are
successful, the final phase would be the release of gene drive
mosquitoes with modifications to make an entire mosquito
population infertile. For the moment however, gene drive mos-
quitoes are created and bred only in Target Malaria’s two Euro-
pean labs.

Synthetic biology was being used in other ways to attack
malaria, notably in a messenger RNA vaccine in development
from BioNTech and another vaccine from Oxford. But these
2022 breakthroughs remained a few years off in deployment. “The
tools we have now are not enough,” Target Malaria researcher
Alekos Simoni told me. “We are working hard to test the tech-
nology and will release it only if it is safe, efficient and accepted
by the affected communities.””

Another form of genetic modification, also eliminating
disease-carrying female mosquitoes, was the focus of another

company, UK-based Oxitec.
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FLORIDA AND BRAZIL

Walking door to door in the Florida Keys before a county refer-
endum Meredith Fensom, Oxitec’s head of global public affairs,
was listening to residents. The Florida native faced a small
shack on a dirt road. A man sat with a gun beside a cooler full
of dead iguanas. “I like iguanas, but they’re invasive,” Fensom
told me. He listened to her pitch and invited her to hunt with
him. Her father, Fensom recalled, took her duck hunting as she
was growing up. “Hunters are conservationists,” she said. “They
notice changes in the environment more than anyone.” The ref-
erendum passed.

Oxitec is a U.S.-owned company based in the United King-
dom, with research labs a few miles from the Oxford campus
where it was founded. Oxitec’s 2021 Florida release of more
than 20 million gene-modified mosquitoes made for a test run
of a technology to combat an invasive insect that carried dis-
eases harmful to both humans and pets. Brought to America on
slave ships, the mosquito Aedes aegypti harbored pathogens that
caused dengue, yellow fever, and Zika. Florida Keys health offi-
cials were interested because of a 2012 outbreak of dengue there.
Oxitec engineered a self-limiting gene mutation to reduce inva-
sive mosquito populations.? The gene drive is spread by leaving
boxes of mosquito larvae in hard-to-find places. Some objected.
“Genetically engineered organisms are not something you can
control,” one opponent told NBC News. Still, the Keys release
was deemed so successful that the EPA approved the release of
2.4 million more gene-edited mosquitoes in California in 2022.%

A developer of “living pesticides” to prevent human disease,
livestock illness, and crop damage, Oxitec modified Aedes with-
out a gene drive. Instead, a lethal tTAV gene in the mosquitoes is

turned on, killing off female offspring before they can reproduce.
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The gene spreads normally in the environment, such that
Oxitec’s modification disappears in about ten generations. The
edit can be switched oft by the antibiotic tetracycline. Oxitec
claimed the technology could protect Florida residents against
four viral diseases: Zika, yellow fever, chikungunya fever, and
dengue, two of which had no vaccine. It was so popular in Brazil
that more than a billion edited mosquitoes have been released,
and the kits are available to farmers for purchase. The argument
is that the gene modification is inexpensive and precisely tar-
geted, more selective and potentially safer than mass spraying
with harmful insecticides, which kills beneficial insects like bees.

As explained to me by Nathan Rose, Oxitec’s head of malaria
programs, also released in Brazil was a modified gene to pro-
tect the country’s corn crop from a killer moth called the fall
armyworm. “It’s a similar process,” Rose explained. “We modify
the tTAV gene that kills the female offspring, with a fluores-
cent marker to tell if the caterpillars come from one of our male
moths. With the moths, we release the adults, not the larvae.”?

Elsewhere in the world, synthetic biology was being used to
recycle waste, linking the science with an idea called the circular
economy, in which one industry’s refuse becomes another’s raw
material. Around the world, several small start-ups were pursu-
ing that framework, also called closed loop, as a way to remedi-
ate Earth.

THE CIRCULAR ECONOMY

After coffee prices skyrocketed around 2016, Denmark-based
researcher Juan Pablo Medina, founder of Kaffe Bueno, began
buying spent coffee grounds and recycling them into chemi-

cals for cosmetics and foods. Winner of The Circulars prize, the
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soft-spoken Medina pointed out that only 1 percent of coffee
bean compounds is used in making coffee, and that he could
recycle the other 99 percent discarded as waste, making his com-
pany a part of the circular economy. The circular economy aimed
for the elimination of waste through smart product design
and complete recycling.”” In it, one company’s waste becomes
another’s raw material in a practice known as upcycling. Around
the world, local entrepreneurs bought into the idea. More than
180 composting and education-based nonprofits and businesses
joined together to form an international Upcycled Food Asso-
ciation to share expertise.

A few such companies addressed the issue of environmental
classism, in which rich countries dictate to small or poor farm-
ers what to grow and how. One effort in Mexico City sought
to help such farmers make more money from their waste: the
company Xilinat bought waste from Mexican farmers to convert
into sugars in a syrup for sale to the food and beverage industry.
Those profits provided needed money to family farmers to edu-
cate their children.

On a wider scale, the Milwaukee-based company Agricy-
cle Global modified microbes to regenerate soil and resolve or
address food spoilage. Some 2.8 trillion pounds of food spoils
every year, as many farmers in developing countries lack refriger-
ation facilities to preserve produce if prices plummet or items do
not sell.*® Agricycle’s field officers buy the unused parts of fruits
like peaches and mangoes, almost 95 percent of which is pits,
skin, and unused flesh, and grind the pits to make gluten-free,
nutrition-rich flour or recycle the peels for extracts that make
ingredients for cosmetics or natural mosquito repellents. The
company distributed cheap solar dehydrators to preserve unused
produce for sale later, and encouraged its network of 40,000

farmers to recycle coconut shells to be converted into charcoal.
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Another tack was to prevent food products from spoiling.
California-based Apeel Sciences used gene editing to create an
extra layer of natural coating for fruits and vegetables to extend
their shelf life. The company was one of the top five money rais-
ers in the industry in the first half of 2020, joining fast-growing
giants like Impossible Foods.™

Meanwhile, several synthetic biology—based programs sought
to address climate change and the human factors contributing
to it. One of the most unusual projects was an attempt to resur-
rect the extinct mammoth, a once-dominating animal that last
thrived on the planet about 10,000 years ago. Welcome to Pleis-

tocene Park.

ON THE STEPPES

The wind is whipping over a lonely, rusting, Siberian outpost,
most of whose population left after the collapse of Communism.
But inside the well-1it and warm Quonset hut, American micro-
brewed beer awaits the hearty few scientists who show up. To get
here and witness the unlikely union of Siberian father-and-son
adventurers and thinkers, you need only fly across thirteen time
zones, the last in a Soviet-era bomber. Pleistocene Park is the
much-promoted brainchild of Russian scientist Sergey Zimov,
with the goal of preserving the melting Siberian Arctic tundra.
These cold upper reaches of northern Russia are rich repositories
of mammoth DNA, found in tusks, skin, and skeletons. Zimov
theorized that mammoths once helped to preserve the wide-
spread Ice Age grasslands by spreading the grass seeds in their
dung and by destroying the trees that were replacing the grass.
The grasslands, Zimov and others argued, made for much cooler

habitats than forest trees, reflecting back the sun’s heat instead
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of absorbing it. If you restore grasslands, you can cool Earth and
ease the biggest problem facing the tundra today: melting per-
mafrost that was reviving previously frozen methane-produc-
ing soil microbes. Methane produced one hundred times more
warming effect per ton than did carbon dioxide.

The mammoth restoration project has been promoted by
George Church in his book Regenesis describing his effort to
restore the giants’ DNA, Jurassic Park style.” The idea went like
this. You implant the mammoth genes into African elephant
DNA, nurture embryos in a Petri dish, and possibly implant the
embryo into an elephant to grow. The only issue is that the ges-
tation of a woolly mammoth takes two years, and it would be
highly challenging either to induce an elephant to give birth or
to artificially mimic a mammoth’s womb. Lack of money was
another problem. So was the fact claims about the cooling effect
of Pleistocene-type grasslands had never been tested in a con-
trolled study published in a peer-reviewed journal. Finally, many
critics questioned the ethic of creating a single chimeric creature
from the past with no companions or ecosystem to support it.

One step on the way to a green synthetic biology revolution
was much more American: to process nitrogen normally pro-
vided by expensive petroleum-based fertilizer. To achieve that,
the company Pivot Bio provided the fertilizer for the lush corn
made famous in Major League Baseball’s first Field of Dreams

game in Jowa in August 2021.

FIELDS OF DREAMS

In graduate school in Iowa City, lab partners Karsten Temme
and Alvin Tamsir shared a vision of replacing petroleum-based

fertilizer. CEO Temme, described by a former professor as
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out-of-the-box and quirky, explained, “It takes four things to
grow a plant: sun, water, carbon dioxide, and nitrogen. A plant
is really good at making the first three, but can’t make its own
nitrogen.” That comes from fertilizer, which is often made from
petroleum. Although fertilizer increases productivity, its manu-
facturing and use accounts for about 2 percent of the world’s
greenhouse emissions. In addition, half of the nitrogen in fertil-
izer never reaches crops, but instead ends up in waterways that
feed into lakes and oceans, causing dead zones and oxygen-
depleting blooms as algae feed on it, killing fish. Increasing the
mobilization of nitrogen to plants could reduce emissions for an
impact on par with planting 16 billion trees, Pivot Bio’s found-
ers claimed.

Founded in 2011, the Berkeley-based synthetic biology firm
launched its first commercial product in 2019. Pivot Bio Proven,
for corn, sold out within six weeks of its availability.” Plants use
microbes to help pull nitrogen from the soil. Having sequenced
the DNA of nitrogen-fixing microbes from plant roots, the com-
pany made a more efficient version of those microbes to attach
to crop roots. The reprogrammed microbes sense nutrient needs
of a crop and produce the perfect levels of nitrogen through all
types of weather. Applied during planting, the Proven microbes
and crop seeds mix in the ground. Once the microbes become
attached to the root structure, they improve the plants’ability to
capture nitrogen, convert it to ammonia, and nourish themselves.

High fertilizer prices helped their sales. By summer 2021,
Pivot Bio had taken in an additional $430 million and tripled
its revenue. Their product has been used on more than 1 million
acres of farmland, and the area was increasing rapidly. In August,
the lush Dyersville, Iowa, cornfield surrounding Major League
Baseball’s Field of Dreams game, nourished by Pivot Bio’s prod-

uct, was seen by millions of viewers. Over the next ten years,
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the company projects its technology could prevent s200 billion
in environmental damage. With investors such as Bill Gates,
it released its fourth commercial product, allowing farmers to
replace up to forty pounds per acre of fertilizer with environ-
mentally friendly microbes, and it began marketing an organic
popcorn.

Many of these start-ups received vital publicity and connec-
tions to investors from a new industry clearinghouse based in
Oakland, California, called Synbiobeta, that hosted an annual
Global Synthetic Biology Conference. This nonprofit consor-
tium of communicators, scientists, and investors was founded by
former astrobiologist John Cumbers, who wrote a monthly col-
umn in Forbes and hosted numerous meetings to call attention
to the companies of synthetic biology. It provided a network-
ing platform for those interested in learning more and perhaps
investing in the field.

That twin-billed purpose, of doing good while making money,
brings us to a final area of interest in synthetic biology’s envi-
ronment focus, something microbes do all the time naturally,

cleaning waste.

SLUDGE AS A RESOURCE

Several companies were modifying microbes to clean food, sew-
age, and agricultural waste and turn it into chemicals for fer-
tilizer and energy. In agriculture, giants like Monsanto, Bayer,
and Novozymes were among those designing microbes for that
recycling purpose. The Israel-based company Emefcy generated
electricity from wastewater by using synthetically engineered
microbes.* Waste2Watergy was a small company trying to do

much the same in Oregon for brewery waste, and, from India,
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String Bio was building food resiliency from the methane gas
of decomposing agricultural waste like stems, leaves, and roots.

One other area of hope was in cleaning up or degrading
plastic. Nature did it, but not fast enough to satisfy demand. A
leader in the new industry was Novoloop in California, which
used engineered microbes to degrade plastics into industrial,
consumer and pharmaceutical product chemicals. The company
signed a deal with the town of San Jose to recycle its municipal
waste, showing how we may one day change the way plastic is
recycled.

As climate change increased temperatures and storm severity,
one solution lay in the soil, suggested the synthetic biology com-
pany Carbo Culture, based in Finland and which was competing
to channel the tons of carbon in plant waste into a compound
it can bury in the dirt. The California company NovoNutrients
was taking atmospheric and industrial carbon and hydrogen and
turning it into fishmeal, the food used in aquaculture, and food
proteins for animals and humans..

Notwithstanding such progress, a sign clouded the horizon.
Over the past century there has been a frightening increase in
outbreaks of spillover diseases moving from animals to humans.”
Some 60 percent of emerging diseases began with spillover
events, the number of which has tripled in the past decade.® In
2003, the severe acute respiratory syndrome (SARS-CoV') virus
broke out in China, and in 2012 the Middle East respiratory syn-
drome (MERS-CoV) virus struck Saudi Arabia. Bats were the
sources of those two respiratory viruses. We had invaded their
remote caves, sometimes to harvest their valuable waste guano
as fertilizer.

Motoring my boat slowly beneath the low bridge on the way
home, I looked for the bats preparing to set out into the

night. Yes to mangroves, I thought, and recycling farm waste and
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making new kinds of fertilizer replacements, and “probably” to
gene editing of invasive mosquitoes if tests continue to show no
unforeseen effects. “No” to resurrecting the mammoth. Still, hopes
were riding on the potential of lab editing of genetic material to
help save Earth. Few realized how important some of that work

would prove to be.



8

HEARTH AND HOME

The best technology on planet Earth is nature.

—Eben Bayer, Ecovative

hen Beyond Meat founder Ethan Brown finished

college, his professor father asked him, “What do

you want to do with your life?” He had no answer.
“What’s the biggest problem facing the world?” his father
probed further.! Climate change, Brown thought. As he looked
into the factors changing climate, he found that livestock pro-
duction was a leading contributor, with its intense use of land
and water and warming methane pollution from cattle. “MBAs
and engineers would go on and on about fuel cells,” Ethan
Brown recalled wryly, “and then go out and have a steak.”

By 2020, synthetic biology was helping to make sustain-
able food, drink, and clothing, offering the promise of mediat-
ing some of the damage caused by agriculture, responsible for
devouring hundreds of thousands of acres and millions of gallons
of water, and pouring warming methane into the atmosphere.
From burgers to steaks, cranberries to apples, leather to cotton,

and the shipping boxes containing them, synthetic biology was
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seeking to change what we eat and wear. This science brought
in idealistic and sometimes conflicted people determined to
unravel the tangled threads of cellular processes and, by doing so,
to restore Earth.

Of these hearth and home companies, plant-based Beyond
Meat was the first success, though it did not use synthetic biol-
ogy. Since 2008, Brown’s Los Angeles—area company had been
engineering patties of meatless chopped beef made from plant
proteins, apple extracts, and canola oil. Stanford professor Pat-
rick Brown’s (no relation) Impossible Burger quickly followed
by using yeast to ferment a blood-like soy protein, making its
burger more squarely a product of genetic modification than
Beyond Meat’s plant-based product. While Beyond Meat went
public in 2019, the Impossible Burger was being featured in
17,000 restaurants from the United States to Singapore, on CBS
This Morning, and in newspapers and magazines. By 2020, meat-
less meat was coming into its own.

Other companies made similar efforts in fishless seafood,
cow-free dairy, and in household items like packaging, clothing,
and, even, furniture. Boston-based Motif FoodWorks made a
variety of different animal-less dairy products and meats. “Try
the meatballs!” CEO Jonathan Mclntyre enthusiastically urged
me at a Ginkgo Bioworks conference cocktail reception. From
Ecovative in New York State came packing materials made from
mushroom root systems, the same source tapped by clothing
manufacturer Bolt Threads and others to replace leather. The
seafood company AquaBounty created the first FDA-approved
gene-edited fish, a fast-growing Atlantic salmon. In December
2020, a gene-edited pig from Maryland was approved by the
FDA: GalSafe pigs created less waste and used less land and
water than their conventional cousins.

Companies like Spiber in Tsuruoka, Japan, and Modern
Meadow in Brooklyn and New Jersey produced sustainable
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materials. Berkeley Yeast made beer without water-guzzling
hops, instead transferring hops genes into their brewing yeast.
The Netherlands-based company DSM sold alternative foods
for both animals and humans. California’s Finless Foods made
seafood without fish, and Perfect Day made milk without cows.

Despite the successes, most products were more expen-
sive and less tasty than the traditional products they sought to
replace. Still to be answered was, were they in fact healthier or
truly more sustainable. As former academic researchers who
started the businesses evolved into new roles as promoters and
industrial managers, some critics wondered whether venture
capital investment was the best source of funding for a new
industry. Small countries with tiny agricultural sectors, such as
Israel or Singapore, lacking land for ranching, poured govern-
ment money into the industries. Calling itself “start-up nation,”
Israel sought be a leader in the field.

While I sautéed my Morningstar meatless breakfast sausage,
the tools of synthetic biology were being applied to sustainable
beef, chicken, fish, cheese, fruits and vegetables, clothing, and
housing materials, inspiring alternative methods of production
and design. The meatless food industry, in particular, had been
ignited. “There has been precious little innovation in growing
food for a thousand years,” Motif’s McIntyre liked to say. “That’s
about to change.”

THE MEATY HISTORY OF MEATLESS MEAT

'The history of plant-based meat reaches back to 19o1. John Har-
vey Kellogg followed up on corn flakes with a vegetable-based
meat called Proteose, which did not catch on in the same way.
During World War II, rationing led people to canned substitutes
like Choplets made by Seventh Day Adventists. The vegetarian
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movement introduced in the 1990s the Boca Burger, its chunks
of vegetables visible within the gristle.> The meat substitute
Quorn appeared in the 1990s and is today sold as a fried appe-
tizer, along with the company’s meatless chicken, turkey roast,
and Salisbury steak.

Then came Beyond Meat. When he was growing up outside
of Washington, D.C., Ethan Brown worked weekends on his
father’s Virginia farm, where he got to know some of the cows
he milked by name. There, Brown reflected on the slaughtering
of animals and wondered why Americans consume protein the
way most of us do, as meat.* After earning a BA in history and
government from Connecticut College, then a master’s in pub-
lic policy at the University of Maryland in his father’s program,
he began thinking about global environmental issues. Feeling he
needed business preparation to make a difference in the world,
he got an MBA at Columbia University and joined a fuel-cell
company, promoting hydrogen as a clean gas alternative for cars.

Like the young Steve Jobs, Brown idolized Edwin Land,
inventor of the Land camera, whose goal was to create a life-
changing product before people realized they needed it. Land
promoted products like an artist-evangelist leading society into
new ways of seeing. Ethan Brown decided he would do the same
tor food. In 2009, he revisited the question he had asked himself
on his father’s farm. His answer was to launch Beyond Meat in a
warehouse district in California.

Pea and rice proteins made the stuff of the company’s
substitute-meat products. Within four years it had produced chicken
strips, and by 2017 Beyond Meat scientists created the first draft
of its hamburger. Taking the company public in 2019, Brown was
more poetic than self-congratulatory. “Let us find out what will
beautify the world,” he quoted Land, “although people may not
know it.”



HEARTH AND HOME R 1I§I

As many readers know, meat agriculture is a wasteful and
cruel enterprise, requiring tens of thousands of acres for growing
and grazing cattle, terrific amounts of feed corn that dominate
American farm planting, hundreds of thousands of gallons of
freshwater, not to mention the imprisonment and slaughter of
untold numbers of animals. Over the past twenty-five years, for-
ests the size of South America have been razed to create more
grazing pasture.’ Feed cattle contribute an estimated 25 percent
of the world’s methane gas (a prime object of concern for its
global warming effect), emitted through the belches caused by
the working of the gut microbes that ferment the grass the cattle
eat. Meat production is blamed for a few million tons of waste
per year, most of it nitrogen-rich stool and slop stored in foul-
smelling pools euphemistically labeled “agricultural runoff.” This
runoff pollutes rivers and seas and contributes to fish kills in
lethal, oxygen-poor red tides. Even a 20 percent replacement of
meat consumption by microbial-made proteins could halve the
rate of deforestation, according to a 2022 Nature study. Our meat
excesses damage our health, climate, and natural resources.®

The problem is, meat provides sustenance. Humans began
consuming raw meat some 3 million years ago and learned to
cook it 500,000 years ago. There was no looking back. Grilled,
sautéed, smoked, and roasted, meat produced protein energy and
delicious calories that enabled human brains to expand and jaws
and stomachs to shrink. Meat remains an efficient source of vita-
mins, and, in malnourished countries, the main concern is to get
more protein into people, not less. The meat industry argues that
today’s yields require one-third fewer cows now than forty years
ago, according to the Global Alliance for Climate Smart Agri-
culture, a pro-business think tank.” “We will use the enlarged
brains that meat gave us,” Brown liked to counter in presenta-

tions, “to get us off of it!”



152 £ RIPPLES IN THE WATER

Consumers also questioned the nutritional benefit and agri-
cultural footprint of plant-based burgers. The Beyond Meat
burger contained about the same caloric and salt content as a
meat burger, and its plant ingredients required thousands of
acres of land to produce. Its proteins come from processed rice,
peas, and mung beans, not from gene editing, so it is a natural
product. To improve on the Beyond Meat agricultural footprint
required gene editing and fermentation, which is what Impos-
sible Foods did.

The early leader in genetically modified meat production,
Impossible Foods was founded by Stanford biochemistry pro-
tessor Patrick Brown in 2011 after he took an eighteen-month
sabbatical to study the techniques of having microbes ferment
proteins. Brown was a science radical who helped found the free
online journal Public Library of Science in 2001 to circumvent
expensive journals like Ce/,, Nature, Science, and specialty publi-
cations. His company’s 2019 market report had the working title
“Fuck the Meat Industry.”

The key insight to the Impossible Burger is that meat’s appeal
comes from blood. Impossible’s main ingredient is a soy protein
called leghemoglobin, which, in grabbing oxygen from the air,
turns itself bright red. The related protein hemoglobin puts the
red in the blood of animals, hence in meat. Finding that the DNA
sequence making hemoglobin in feed animals is very similar to the
DNA sequence of leghemoglobin in soybeans, company scientists
worked for years to transfer that soy DNA into yeast. Thousands
of failed attempts later, they succeeded in transplanting the soy
genes into the yeast strain Pichia pastoris, the same strain used by
Bolt Threads in making proteins for spider silk fibers.

Their Impossible Burger debuted in July 2016 to fairly good
reviews but was high in sodium and somewhat low in protein.
A second version, Impossible Burger 2.0, was launched in 2019,

lower in sodium and higher in protein but with no cholesterol.



HEARTH AND HOME (R 153

It claimed to use 96 percent less land, 87 percent less water, and
generate 89 percent less greenhouse gas than did conventional
beef production. It had about the same amount of calories as
four ounces of chopped meat. The coconut oil it featured was
high in fat, however, and was later replaced with lower-fat sun-
flower oil, which also sizzled better on the grill.®

Questions were raised, however, about the yeast-produced
leghemoglobin. Soy contains estrogen-like hormones called
isoflavones, which some studies suggested could promote the
growth of cancer cells, or impair female fertility, or change men’s
hormones.” But the isoflavone claim was disputed. It was not
clear how genes encoding the leghemoglobin protein in soy
would cause yeast to produce isoflavones. “Soy does not produce
man boobs!” Patrick Brown replied to the critics.

Although priced three times higher than the cheapest ground
chuck, the Impossible Burger and Beyond Meat burgers have
seen their sales skyrocket, with Impossible Burger making it
into restaurants in many countries and Beyond Meat into super-
stores. Both companies vowed to bring their prices down and
the quality up as sales leveled off. Burgers were, however, just the
beginning. Other companies turned to steak, ribs, and chops.

Several companies began to study the production of meat and
fish cells in the lab to make products using three-dimensional
(3-D) printers and real animal cells, not vegetable DNA and
proteins, in a process called cell-free or lab-cultured meat or sea-
tood. We turn next to cell-free food.

“A MENU OF ABSTRACTIONS”

In a sleek lab, a huge, whitish scaftold feature is made from plant
cellulose. On it grows meat cells, made of real ingredients. Other

natural-product scaffolds could be soy protein or vegetable



154 %> RIPPLES IN THE WATER

material, and a bioreactor similar to a 3-D printer is churning
out huge numbers of cells at high densities. The starting point is
stem cells from cows or other animals, these cells cultured in the
lab in amino acids. One muscle stem cell can grow up to a trillion
meat cells.”” These grow into a tissue, spliced into strands that
also grow rapidly. The resulting meat is paler and less fatty than
the original but can be augmented for better look and taste.

Aleph Farms, a leader in the field of cultured meat, was
founded in 2017 in Rehovot, Israel. Aleph was creating sustain-
able steaks with zero waste and could even make food in outer
space for long missions as did sustainable seafood company
Finless Foods. Aleph’s affable Neta Lavon, vice president of
research and development, explained that its 3-D printed steak
was created by cells arranged in gigantic trays, building muscle
and fat tissues. These products are placed on an organic scaffold
and coated with canola oil to make them sizzle on the grill. The
scaffold material is critical because cells are living machines, and
the organic ladders affect how well the cells will function as fac-
tories. Cell-free is “lifting the hood of the car, pulling out the
engine, and repurposing it for other things,” said Northwestern
University’s Michael Jewett, who became a director in 2022 of
a joint U.S. Army institute for cell-free production of military
materials like camouflage and tents." By November 2022, the
US FDA declared that cell free, or slaughter free, chicken made
by the California company Good Meat, a division of UPSIDE
Foods, was safe to eat.”

Other companies were racing to expand cell-free manufac-
turing of other foods. California-basedBlueNalu was produc-
ing cell-based seafood. In New York, Atlast Foods came out
with plant-based bacon, while the New York State—based com-
pany Ecovative was making bacon out of the root systems of

mushrooms. The processes were becoming so sophisticated some
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lab-grown companies rejected the designation of alternative.
“We make meat, not meat alternatives,” said the brash Joshua
March-Henderson, cofounder and CEO of cell-free company
Artemys Foods in San Francisco.

Some founders were devotees of the hyper-local food move-
ment, in which highly trained chefs established ties with local
farmers to bring diners to directly experience their food. “We
are not in touch with what we eat,” explained Patricia Bubner,
an Austrian-born scientist who cofounded San Francisco-based
Orbillion Bio, which was replacing wagyu beef with cell-based
meat. “Growing up, I knew the farmer who raised the cows for
our milk and chickens for our eggs, or the plants for our vegeta-
bles. I came to Berkeley for my postdoc and became entranced
by the local food movement,” she said. To EatJust cofounder
Josh Tetrick, fast food from frozen-and-shipped meat is “a menu
of abstractions.”

By then, food synthetic biology companies explored new
techniques in locations all around the world. UPSIDE Foods in
Berkeley, Lightlife in Toronto and Massachusetts, Field Roast in
Seattle, Utrent in San Diego, and Sweet Earth in northern Cali-
fornia were finding success with substitutes such as mushroom
root systems as an ingredient for MyBacon, later purchased
by Ecovative. Several other companies were bought by indus-
try behemoths, such as Nestle buying Sweet Earth and Future
Meat Technologies.” Tyson invested in Beyond Meat. Archer
Daniels Midland partnered with Brazil-based Marfrig to sell
meat-free Revolution burgers. Cargill backed the precursor to
Upside Foods. Maple Leaf Foods acquired Lightlife and sold its
products in Canada.

Sustainable food spread to big chain stores. Walmart sold
Beyond Meat hot Italian sausage. Trader Joe’s offered affordable
Soy Chorizo and Chicken-less Strips. Target featured Ripple,



156 %> RIPPLES IN THE WATER

the pea protein—based milk, and its own line of plant-based
meats called Good & Gather. Meatless meat was projected to
grow into a $25 billion market by 2030 as more giant manufactur-
ers skipped the start-ups to start their own divisions." Chipotle
advertises its plant-based chorizo, but it was only available for
a limited time.

Sustainability came from the farm as well. In Canada, the
Enviropig was being genetically modified for fast growth, dis-
ease resistance, and decreased phosphorus in its manure. The
Enviropig gene complex came from a mouse and from E. co/i.”

Close behind meat and seafood came candies. One key snack
ingredient was collagen, made by grinding up the skin, bones,
and tendons of animals into gelatin, to go into favorite candies
like Gummi Bears or Starburst. “That process hasn't changed
since the seventeenth century!” Stephanie Michelsen, the com-
pany Jellatech’s quipping CEO, exclaimed at a conference.'®
Jellatech moved the genetic pathways found in natural collagen
into laboratory cells to make gelatin building-blocks. The com-
pany envisioned soaring sales ahead for sustainable gummi vita-
mins and cosmetics.”

Next up is sustainable clothing, seeking to reform an industry
notorious for its global waste, animal cruelty, and poor working

conditions.

FROM HEARTH TO HOME

In 2018, the sustainable clothing company Bolt Threads began a
historic collaboration with British designer Stella McCartney,
and every one of the ties, hats, and other clothing items they
made sold out, even at their high prices. McCartney wanted

more. She was committed to ethical production, and a main
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concern of consumers and designers was the sacrifice of ani-
mals for leather. Bolt Threads’ chief technology officer, David
Breslauer, told me, “Clients kept asking us, ‘Can you make
leather?”

The solution was to use as the raw material mycelia, the
teathery mushroom root systems that can be grown into mate-
rial for fabric in a short time. A century ago, East Europeans
had known that fine-spun mushroom root systems could be
crafted into beautiful, leatherlike fabrics. The company Myco-
works pioneered the use of mycelia to make a leather substitute
it called Reishi. Now Bolt Threads’ researchers sought to take
that knowledge further.

It required hundreds of different formulations before Bolt
Threads realized the leather substitute they called Mylo, Bre-
slauer told me. The leather substitute originated in the thread-
like mycelium roots of mushrooms found beneath plants and
trees (mushrooms are the fruit of mycelia in the same way grapes
are the fruit of vines). Mylo began as cells growing into a foamy
layer like squished marshmallows in eight to ten days, feeding
off of sawdust as a nutrient. The layers are refined and dyed and
the waste composted. This process was much faster and more
sustainable than the eighteen months to two years for a cow
to develop. In 2018, Stella McCartney produced her bestsell-
ing Falabella black leather purses out of Mylo, which was pro-
duced in factory facilities in Arnhem, the Netherlands; Portland,
Oregon; and Emeryville, California.

The company in 2022 was creating a new production site
in the Netherlands because *

4

we’re going to have to grow that
site at a ridiculous pace to keep up with demand,” CEO Dan
Widmaier told me. Demand for Mylo increased through agree-
ments with Adidas, to make the formerly leather uppers of its

Stan Smith tennis shoes, Lululemon, for yoga pants, and luxury
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clothing giant Kering. In 2022, Mercedes Benz came out with
Mylo interiors for its new electric Vision EQXX sedan. When
I asked Dan Widmaier whether, in graduate school, he antici-
pated hanging out with Paris designers, he said: “No. No, no!
'The fashion part, no way!”

As he reminisced, Widmaier considered the potential global
impact of developing a company, as opposed to remaining in a
university research lab. “We can quibble about whether synthetic
biology is a rebranding of the same-old genetic engineering
we'd been doing for twenty years, but for the ones who really
embraced the principles of engineering biology for a wildly dif-
terent, techno-forward future . . . it’s really hard to solve big
societal problems with academia alone,” he said."

For her part, Stella McCartney featured a Mylo body suit in
Paris. “This,” she told the New York Times, “is going to change
everything.”"

Mycelia also provided the basis for sustainable packing materi-
als. An estimated 20 percent of the volume of U.S. landfills is
taken up by expanded Styrofoam. Since one cubic foot of Styro-
tfoam requires the expenditure of 1%2 liters of petroleum, tremen-
dous amounts of energy are wasted in making it, and more in
breaking it down. Moreover, Styrofoam itself can remain in the
environment for up to five centuries, and less than 1 percent gets
recycled. As online sales of home-delivered goods skyrocketed
during the COVID-19 pandemic, so did the volume of pack-
aging waste. The items bought online were shipped in boxes
packed with Styrofoam filler.

Ecovative cofounder Eben Bayer’s familiarity with the ver-
satility and strength of mycelium began with splitting rotted
logs at his family’s Vermont farm, an arduous task made harder
by mycelium’s strength binding the wood. Tall in his hiking
boots and a swooping, skater-boy haircut, Bayer, a Rensselaer
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Polytechnic Institute alumnus, recalled, “Pigs and chickens were
really cool. . . . (But fungus) is compostable, circular, evolved
over millions of years.”™ At Ecovative, researchers produced
mycelium-based substitutes with similar properties to the pack-
ing material, but which could decompose within only forty-five
days. The company claims the sustainable packaging is better in
quality than the original.

'The process of creating products with mycelia starts with crop
waste—wood chips, corn husks, hemp, plant stocks—anything
discarded in growing crops. The waste is placed in designed
molds of recyclable plastic sheets and inoculated with myce-
lia, which performs like a glue. Water is added, and the mix-
ture is packed into a mold, where the mycelium cells feed on
the waste and grow into something resembling the same huge,
white marshmallows as in Bolt Threads’ process. In both cases,
the mycelium itself did not require synthetic biology. Ecovative’s
main product debuted as packaging inside shipping boxes hold-
ing tech giant Dell’s servers. Bayer explained, “We want people
to adopt this technology because it’s cheaper and it performs
better than plastics. Our sneaky run-around is that it’s actually
better for the planet.”” In a more recent innovation, Ecova-
tive built a tiny house with walls of mycelia. By 2022, the com-
pany spun oft one subsidiary called Forager that manufactured
vegan materials for fashion and automobiles, and another called
MyForest Foods that made MyBacon, which I sampled at the
2022 Built with Biology conference. The bacon was not bad.

Another source of global waste is discarded clothing. The
Swedish company Renewcell engineered microbes to recycle dis-
carded clothing into a clean, easy-to-sew material that it called
Circulose. Its first proof-of-concept in 2020 was a dress made
for the Swedish clothing company H&M that was 50 percent
Circulose. At a conference in New York’s Hilton Hotel, I held
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a gray, silky T-shirt from another creator of substitute textiles,
the Japanese company Spiber. The high-end shirt contained a
fraction of real silk but was mostly made with yeast-fermented
proteins. It felt as cool and sleek as water in my hands. With
ingredients for blue jean indigo produced by modified bacteria,
a new age of sustainable materials was struggling to take hold,

bringing me back to the sea.

NOT YOUR FATHER’S SURF AND TURF

As challenging as it was to alter agriculture, it was almost harder
to confront the dangers of ocean warming and overfishing.
Fueled by nutritionists’ warnings about the hazards of eating
red meat, fish consumption rose 400 percent from 1970 to 2019
in the United States, and overfishing became a global problem.
Fishing restrictions were notoriously difficult to enforce, and
consumers’ global demand for shark fin soup put those predators
on the endangered species lists, along with numerous other fish.

One of the first fish-alternative companies was Finless Foods,
established in California in 2017. Its goal of making an alterna-
tive tuna steak began with a simpler fish-free sashimi. “That’s
just muscle-fat, muscle-fat,” said cofounder Michael Selden, as
he recounted how the company? achieved the desired taste. The
cells were placed in a bioreactor and fed salts, sugar, and pro-
teins, replicating natural processes that occur inside of an ani-
mal. The replication is followed by placing the cells on a scaffold
to assemble in a predetermined 3-D structure.

Finless Foods was also reaching for the stars. Partnering with
a Russian mission and a company called 3D Bioprinting Solu-
tions, in 2019 it sent cells and equipment into outer space to

grow cell-free seafood aboard the International Space Station.
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They argued the experiment would save money and precious
payload weight, while providing better meals than the standard
prepackaged astronaut food.

Then there was seaweed. All green plants on land can trace
their origins to the sea plant. As Japanese, Koreans, and Chi-
nese consumers had long known, “seaweed has the potential to
address world hunger, climate change, and biodiversity,” the tall,
United Nations global compact senior advisor Vincent Doumei-
zel said in conference speeches. Doumeizel foresaw a coming
“seaweed revolution” including carbon-absorbing seaweed farms
whose produce is cured by solar-powered passive beach dryers.
Of the three most commonly known types of seaweed—green,
red, and brown—green seaweed is the origin of land plants and
closer genetically to an oak than to the other two kinds of sea-
weed. Today we cultivate only a few seaweed species out of some
35,000. “We have such ignorance,” Doumeizel exclaimed, “we
are like the farmers starting agriculture 12,000 years ago!”

'The advances in engineering cells to make a variety of hearth
and home products were accelerating, including algae to make
edible proteins, opening the way for visionaries to mimic nature’s

incredible creativity in art.

GARDENERS OF EDEN

An enduring interest in biodesign, the use of natural forms in
man-made works of art, appears in prehistoric French cave paint-
ings and the masks and intricate art works of pre-Columbian
American Indians. By the 1990s, modern biology—inspired art
exhibitions were springing up in London, Paris, and New York,
making use of natural materials to mimic plant and shell forms.

A nonprofit, international BioDesign Challenge competition



162 % RIPPLES IN THE WATER

encouraged high school and college students to devise engi-
neering projects for awards. The 2022 finalists included a Japa-
nese student team’s “post-anthropocentric vending machine,”
a Universidad de los Andes team’s moss water filter, and a Cali-
fornia College of the Arts student’s mosquito net made from
lemon rinds.?

Another biodesign pioneer was English artist and author
Alexandra Daisy Ginsberg, whose English countryside installa-
tion, Pollinator Pathmaker, featured colorful flowers to provide
havens for native bees and butterflies under threat. Other fea-
tures included an interactive website with which viewers create
their own visions of what Ginsberg calls The Eden Project.

Within the realm of house products, the potential of life’s
variety seemed boundless. Bolt Threads considered harnessing
the adhesive powers of mussels and barnacles for glues. Other
companies studied the hard structure of shells for construction
materials. At Rice University, Caroline Ajo-Franklin and her lab
were mimicking seashell structures and colors. “Their iridescence
comes from its organic layers of calcium,” noted Ajo-Franklin,
whose research in biosensors had applications in carbon capture,
bioenergy, and assembly of tiny structures. DARPA’s Engineered
Living Materials fund provided an initial grant. In one project,
her lab mimicked the intricate chain armor of a slime-forming
lake bacterium, Caulobacter crescentus.

Some products tapped a microbial survival mechanism dat-
ing to ancient life: biofilms. These sticky protective coatings of
bacteria on surfaces like metal or rock are created by secretions
to make a tenacious toechold for life. Biofilms can help treat
wastewater and remove pollutants and make antibiotics and
vitamins.* Biology may also form its own energy sources, like
an Israeli desert wasp that carries a photovoltaic cell on its back.

A threatened octopus or squid can change its color and texture
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by using chromatophores, color-changing cells, in its skin. Dam-
aged papaya fruit produces latex and heals itself. In North Caro-
lina, the Biomason company created concrete by making use of
bacteria, crushed rock or sand, nutrients and calcium and carbon
sources. The process resembled the ways corals and sea creatures
created reefs.

Utilizing nature remained challenging, however. Bioplastics,
for instance, required use of more land than in the traditional
process of making plastics from petroleum. But interest in the
power of synthetic biology came with sights set on reforming
humans’relationship with nature from one of domination to one
of cooperation. “We will eventually grow materials in a seamless
interface between humans and nature,” Ajo-Franklin predicted.

A final vantage point to see that interface was in easy-to-eat

fruits and vegetables.

“KNOW WHAT YOU’RE DOING”

On a drive to a Massachusetts farm, researchers Tom Adams
and Haven Baker were musing how fruits and vegetables needed
to be easier to snack on. Thoughts of pitless cherries, seedless
blackberries, or mangoes and pineapples the shape and size of
seedless grapes led them to found Pairwise outside Raleigh-
Durham, North Carolina. They began with a goal of improving
the bitter taste of mustard greens. “If we change the taste,” said
Pairwise science director Haven Baker, “we have a leafy lettuce
more nutritious and much cheaper than kale.”

Under CEO and Monsanto alumnus Adams, Pairwise part-
nered with German corporation Bayer to improve the hardi-
ness of licensed row crops—corn, soybean, wheat, cotton, and

canola varieties. They devised a method to increase the pest
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resistance of cranberries by tapping the best qualities of the
fruit’s hundreds of variants, of which only two were farmed in
the United States. Adams was leading a 125-person company,
whose science board included CRISPR pioneer Feng Zhang
from Harvard, and which drew early investments of s125 million
from Bayer and another s120 million from investors in Singa-
pore and New York.”

Augmenting fruits and vegetables was capturing the imagi-
nations of others too. Norwich-based Tropic Biosciences in
England was editing banana genes to help bananas resist a wide-
spread fungal disease. Also in the England, John Innes Centre
researchers were working on nutritious “super broccoli,” the first
approved European GMO, with a plan of having it on the mar-
ket by 2023.% Agriculture giant Conagen was partnering with
small flavor-and-fragrance ingredients company Blue Califor-
nia to make vanilla, citrus, and floral flavorings through fermen-
tation. It already had a variety of products like musk perfume,
natural preservatives, synthetic vanillin, and industrial chemicals
for sale. The scope of research that began with Beyond Meat,
dubbed plant-based 2.0, advanced to a new era dubbed plant-
based 3.0.

'The state of the bioindustry in 2022 stood at several hundred
synthetic biology companies, compared to fewer than one hundred
a few years earlier. Investments were increasing. Early investors
included former Google CEO Eric Schmidt, whose capital
firm had invested in Bolt Threads, Zymergen, and Ukko, the
latter synthetically engineering meals to help people with food
allergies. PayPal founder Peter Thiel was also invested in Bolt
Threads and in a remote controlled biology company called
Emerald Cloud. Netscape co-creator Marc Andreessen invested
in Benchling, a company in which biologists could engineer

DNA with software before turning to experiments in the lab.?”
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Two of the most successful synthetic biology product catego-
ries were cosmetics and fragrances. Through yeast fermentation,
companies like Ginkgo Bioworks provided the ingredients for
cosmetics giants such as Robertet, but clients remained secre-
tive about their products. In 2021, Ginkgo partnered to do the
same with flavor manufacturer Givaudan.” Bolt Threads created
a skin-care product called B-silk, sold in a Los Angeles—based
hair-care line, and hired Ginkgo to help optimize its Mylo man-
ufacturing. Conagen made cosmetics and food products.

Generally, though, the market shares remained small. None
of the giant synthetic biology companies were turning a profit.
Even some of the health and green claims of synthetic biology
manufacturers were challenged. In clothing, for the moment,
it seemed like the most successful garments were only par-
tially created by synthetic biology. Zara’s attractive, little black
$69 carbon exhaust dress, made in partnership with LanzaTech,
was for sale online for Christmas 2021. As I marveled at the airy
lightness of a gray, partially synthetic Spiber T-shirt, I tried to
order the company’s synthetic spider silk, cream-colored Moon
Parka ski jacket. However, only fifty were produced. Adidas’s
Stan Smith Mylo-upper tennis shoes were still in production.
While I waited to order my sustainable clothes, the field of syn-
thetic biology was applied to mining and the military, both in
heightened states of alert.
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FANTASTIC VOYAGES
Mining and the Military

1t one of those rare moments . . . of an exponential curve in
both discovery and tool making.
—George Church

rom the high plateau of Chile’s Atacama Desert, gigan-

tic trucks are moving three-story-high mounds of cop-

per and rock.! Bacteria are placed on top of the waste

rock and left to break it down. Welcome to biomining, the pro-
cess of using microbes to extract metals from rocks, which came
to prominence in copper mining as a synthetic biology solution
to environmental issues and played-out mines. Copper smelting
created arsenic and sulfuric acid. Designed microbes ate both.
Some forty-four companies, in countries ranging from Kazakh-
stan to India to Ghana, were using biomining practices, not only
for copper, but also for other valuable metals and minerals. The
world’s biggest bioreactors could even clean up garbage dumps.
For centuries, pickaxes and then giant machines had been
used to extract Earth’s minerals, but the mining industry was
notoriously wasteful and damaging to the land. While mining

accounted for some 4 to 7 percent of humanity’s carbon dioxide
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emissions, it produced tons of toxic runoft and waste, devas-
tating the countryside with its gigantic excavations.? Yet, pre-
cious metals are more valuable than ever, central to technologies
that address the climate crisis. Synthetic biologists believed the
future of sustainable mining naturally existed in the ground.

Deploying microbes to pull out gold, copper, uranium, and
nickel from waste heaps and to clean them at the same time,
biomining could be a profitable business. Traditional mining
methods recover 60 percent of a mine’s valuable ore; biomining
could extract go percent. For this reason, biomining has been
called the “mining of the future.”

The Department of Defense was very interested. Similar
microbe use and engineering could help the U.S. military recycle
tons of waste metals such as brass, steel, and iron into biofuels
and feedstock. Bacterial bomb sensors and performance enhanc-
ers for the modern soldier were the goals of several secret pro-
grams around the world. China and the United Kingdom were
making synthetic biology a cornerstone of their national military
improvements. Vladimir Putin wrote about new genetic weap-
ons while quietly expanding Russian programs to synthetically
engineer smarter, stronger toxins.

Bioterror emerged as a bigger threat than ever, as argu-
ments raged over the origin of COVID-19. In previous years,
Iran, North Korea, and rogue groups had been considered the
prime bad actors, but China, Russia and the United States had
also researched the use of pathogens as bioweapons. The feared
weapons were not only warheads, but bacterial infiltrations into
the water or food supply or the leaking of enhanced viruses. In
the past, a group of researchers was criticized for synthesizing
a smallpox variant, then publishing the technique.* Now, the
U.S. Intelligence Advanced Research Projects Activity (IARPA)

funds labs to create algorithms to spot newly engineered killer



168 % RIPPLES IN THE WATER

pathogens before they attack.” But nothing was more emblem-
atic of biology’s disruptive power than the COVID-19 pandemic.

In the United States, DARPA had long given critical help
to synthetic biology research at early stages of development,
including ideas on biosecurity. “We want to avoid the mistakes
of the cyberworld,” suggested former defense assistant secretary
Andrew Weber, referring to the daily attacks of virus spyware
since the advents of the personal computer and the internet.
“Failing to fund security at the outset, it has been playing catch-
up ever since,” Weber said.®

A synthetic biology industry seemed finally to be gaining
ground. Toward that end, DARPA funded innovative develop-
ments for use in heavy industry and the military. “It’s one of
those rare moments, unprecedented or partially precedented,
of an exponential curve in discovery and tool making,” Harvard’s
George Church told me. “It has the feel of the Edison electrical
revolution, but this is going faster.”

From China, a respiratory virus spread around the world in
2020 and forced governments to respond. As public health sys-
tems raced against time, researchers struggled to understand
how their discoveries might be misused to cause future pandem-
ics. To understand the militarization of biology, one could start
with the past.

A RECORD OF BIOWARFARE

In ancient Rome, armies doused articles of clothing with the
smallpox virus, and then launched them by catapult against their
enemies.® During the French and Indian War, British general
Jeffery Ambherst authorized the provision of smallpox-infected

blankets to the Indians of Pennsylvania.” The Germans during
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World Wars I and II created biofactories for producing poison
gas, and the Japanese poisoned the wells of their enemies during
World War II by contaminating them with carcasses of diseased
cattle.

There was nothing unique about such weapons. Both the
United States and the Soviet Union funded huge Cold War pro-
grams to engineer pathogens to unleash into cities. Occasionally,
deadly accidents occurred. A research institute in Sverdlovsk
during the Soviet era sprang an infamous anthrax leak that
killed nearly sixty-eight civilians in 1979, by government admis-
sion, with estimates of the real death toll ranging up to 1,000
people. If mistakes were made, sometimes they were admitted—
most notably by the new Russian Federation government in the
case of the Sverdlovsk anthrax leak—but more often they were
not. Lab leaks were often shrouded in secrecy and thus hard to
document and analyze.

At least one outbreak of a virus was acknowledged as an acci-
dental lab leak, the emergence of influenza A virus in China
in May 19771 Genetic sequencing suggested the outbreak was
the result of a lab escape of a virus that itself had first been dis-
covered during the period 1948-1950." It was a seasonal virus,
affecting children, and fatalities were relatively few, but there is
evidence it spread widely in Russia.'” Shortly afterward came
the Soviet release of anthrax in the city now called Yekaterin-
burg. Some ninety-four people were infected in May 1979 after
a worker removed a faulty filter at the end of a Friday and no
one on the next shift replaced it.” That story, and the story of
the two-decades-long Soviet program to enhance smallpox and
anthrax as killers, were recounted by the physician and former
program director Ken Alibek in his 1999 book Bichazard.*

A 1995 outbreak of Venezuelan equine encephalitis in Ven-

ezuela and Colombia, a virus transmitted from horses, was also
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likely to be a lab leak from a research facility trying to develop
more powerful vaccines, according to a report in the American
Society of Microbiology’s Journal of Virology.® Six leaks were
documented from the labs studying the 2003 severe acute respi-
ratory syndrome (SARS) coronavirus outbreak, one in Taiwan,
one in Singapore, and four from a single lab in Beijing."* Alto-
gether they appeared to be responsible for one death, the physi-
cian mother of one lab worker who had traveled home by train.
In 2007, a British outbreak of foot-and-mouth disease among
farm animals was traced to a faulty drainage system at a Pir-
bright, England, biosafety level 4 lab facility, costing some £200
million in culled livestock.” In November 2019, right before
the SARS-CoV-2 outbreak, a vaccine factory leak in northwest
China resulted in some 10,000 people developing brucellosis
(a bacterial disease common in cattle) because of the use of
expired disinfectants. The factory was shut down.™

Until then, all the previous lab leaks had been of known
pathogens, limited in range and low in death toll. No one, to pop-
ular knowledge, had leaked a lab-enhanced virus into a city or
region. Still, the potential was obvious enough that on the eve of
the COVID-19 pandemic, public health officers were proposing
an international effort to prepare for a pandemic threat.

A more positive use of synthetic biology could be found in
a necessary industry. This is the new business called mining

without mines.

MINING WITHOUT MINES

The vast Atacama Desert stretched red as a Mars surface under
a faint, cold sun at dawn. Gigantic earth-moving trucks cart

away tons of rubble from an enormous mining pit and dump it
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into slag heaps. But what if microbes could extract valuable ore
from those heaps? That is what the Chilean mining company
BioSigma S.A. and others are seeking to do. The use of synthetic
biology in mining may make a dirty, wasteful process cleaner
and more efficient. It leaches valuable ore and reduced carbon
emissions from vast waste pits. It does so by using engineered
photosynthetic cyanobacteria to remove metals from wastewater
and slag containing sulfate and nitrate compounds. The poten-
tial is to treat hundreds of millions of gallons of wastewater a
year and to pull ore sustainably from abandoned mines.”

Biomining most commonly focuses on copper, uranium,
nickel, and iron. Other metals, such as gold, can become more
accessible through traditional mining techniques if the rocks are
dissolved in a process called bioleaching. The same process occurs
in nature over hundreds of years; bioleaching simply speeds it up.
Today, some 15 percent of copper and 5 percent of gold on Earth
comes from biomining, and that percentage is growing. The bac-
teria are natural, not the products of synthetic biology, but rather
chosen for their strange love of toxic environments that made
them candidates for life on Mars.** Normally reserved for metals
that can be recovered as microbes break down waste, biomining
is most economical where conventional mining has been com-
pleted and a mine played out.”

Such was the case in Chile. In that country’s copper mines,
bioleaching comprises some 10 percent of mining today, and the
percentage is growing. BioSigma in Santiago was a joint venture
by the Chilean mining company Codelco and Japan’s Nippon
Metals and Mining. It was almost a closed-loop process, mean-
ing no extra resources are used, just the natural microbes. Pilar
Parada Valdecantos, BioSigma’s biotechnology manager, pointed
out: “These bacteria need very little air and mainly oxygen and

CO,, and use the mineral itself as their source of energy.”
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Chile provides nearly 30 percent of the world’s copper sup-
plies and accounts for more than half of the country’s exports,
rendering efficient sourcing crucial for both the nation’s econ-
omy and global stockpiles. Chile’s biomining could limit CO,
emissions, toxic chemical buildup, and dangerous working
conditions for miners. As the world’s largest copper exporter,
its embrace of biomining could have a tremendous impact on
making a circular economy in one of the world’s most environ-
mentally damaging industries. It worked in a pretty straightfor-
ward manner.

One of the three most common biomining methods is heap
leaching, in which waste ore is piled into heaps where microbes
are added and left to work. Dump leaching, by contrast, con-
sists of low-value ore put in a sealed pit and bioleached. In a
newer process called agitation leaching, crushed rocks are placed
in large vats and shaken to distribute microbes evenly. The time
span required for these biomining processes, ranging from
months to weeks, is their limiting factor, making them slower
than mechanical extraction.

Still small in proportion to the overall industry, microbial bio-
leaching was slated to increase in use as mines become depleted
and more subject to environmental regulations.” In Arizona,
several mine leaching pads in the desert subject slag to micro-
bial erosion. Worldwide, some leading companies studying or
implementing biomining include Rio Tinto, NQ Minerals, and
Apex Minerals. The main biomining countries include South
Africa, Brazil, Chile, and Australia, followed to a lesser extent
by the United States, where the Houston-based company Cem-
vita is an innovator. In Germany, the Biotechnology Research
and Information Network (BRAIN) maintains a data base of
useful biomining microbes and manufactures a modular van-

sized BioXtractor that can help companies retrieve precious
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metals from waste streams.”* Canada is also active in biomining
research and development.

In addition to copper, biomining occurs for other precious
minerals. To reveal treasure such as gold, silver, copper, zinc,
and uranium within waste heaps and sediments, sulfuric acids
are introduced to promote the solubility of metal ions. These are
absorbed or accumulated by cultures of bacteria or their micro-
bial cousins called archaea. During this treatment, the internal
temperatures of the ore can reach up to 122 degrees Celsius.
More dissolving acid can be added manually or produced by
the microbes themselves. The deposits are washed to recover the
metal-laden microbes for processing.

Another biological option is to craft green plants to search for
petroleum and gold. It turns out that plant microbiomes change
when they detect these substances in the environment.” A euca-
lyptus tree that detects buried gold will produce gold flecks on
its leaves, glittering thoughts “in a green shade,” to quote poet
Andrew Marvell.

Finally, bioleaching can clean mine waste, thus providing a
double benefit.* Bacterially derived polymers can be added to
promote growth of the remediators, and the microbes can be
engineered for greater efficiency. Most of the microbes are acid-
loving bacteria or archaea with high heat-tolerance and the abil-
ity to oxidize iron- and sulfur-containing compounds. The most
commonly used are Acidithiobacillus, either solely or in mixed cul-
tures including bacteria such as Leptospirillum and Sulfobacillus.

The ability to engineer microbes to clean waste also caught
the imagination of many branches of the U.S. military, where the
grants agencies DARPA and ARPA-Energy had pioneered some
of the most significant advances of the past forty years. It is time
to understand a little more about these little-known federal agen-
cies and their roles in the growth of synthetic biology as a science.
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VIRAL PROTECTION

In the 1990s, DARPA began investing in synthetic biology
through grants to academic, corporate, and governmental part-
ners, not only to advance military proficiency, but also to craft
developments in data storage, medicine, and alternative energy
sources. From its six regional offices employing 220 government
employees, 100 program managers supervised some 250 pro-
grams. These sponsored research partnerships typically ran three
to five years and involved projects in science and systems capa-
bilities directed toward a goal of achieving tangible results.

DARPA’s Biology Technologies Office had awarded seed
grants to Ginkgo Bioworks, Zymergen, and Twist Bioscience,
while its Engineered Living Materials Program focused on pro-
gramming DNA and RNA. One such effort provided nearly
$25 million in 2013 to support Moderna’s early search for RNA
vaccines. Moderna received additional federal funding from the
Biomedical Advanced Research and Development Authority
(BARDA), a division of the Office of the Assistant Secretary for
Preparedness and Response (ASPR) within the Department of
Health and Human Services (HHS).

To advance synthetic biology solutions for security issues,
the Department of Defense created its Biological Technolo-
gies Office, which in turn initiated programs such as Battlefield
Medicine and Safe Genes, supporting research into restorative
therapies for injured soldiers, including neural implants for vet-
erans injured by high-concussion bombs. DARPA funded other
companies and universities such as MRIGlobal, the J. Craig
Venter Institute, MIT, Stanford, California Institute of Technol-
ogy, the Foundation for Applied Molecular Evolution, and still
more. The ultimate goals were large-scale production of sophis-

ticated tools to make bioengineering more efficient and accurate.
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By contrast, ARPA-Energy (ARPA-E), a Department of
Energy agency, funded biofuel research such as Keasling’s con-
tinuing efforts at Berkeley. In addition to these programs, aero-
bic microbes could be used by the military to make ferric iron
or to degrade metals like brass, steel, and iron, while anaerobic
microbes could recycle waste into fuels and feedstock, helping to
handle the massive waste in a military installation or campaign.
They could also help protect community infrastructure against
attack by sulfate-reducing bacteria, which were a billion-dollar
oil pipeline problem.

With the next generation of synthetic biology applications
slated to contribute up to s4 trillion to the American econ-
omy, the bipartisan-passed Fiscal Year 2022 National Defense
Authorization Act (NDAA) capitalized on the early efforts.
It established a National Security Commission on Emerging
Biotechnology to implement policies to advance the develop-
ment of synthetic biology and also protect the country against
biological threats. A federal biotechnology plan was a critical
policy recommendation of the White House Executive Order
on Advancing Biotechnology in 2022. As Heidi Shyu, Under
Secretary of Defense for Research and Engineering put it in
September, 2022, the Defense Department “recognizes bio-
technology as a Critical Defense Area that will change the way
DoD develops new capabilities, conducts missions, and adapts
to major global challenges.””

One big challenge of the future is to stop pandemics before
they happen. Toward that end, IARPA commissioned five labs
to create algorithms capable of spotting killer viral genetic
sequences. DNA makers like Twist Bioscience invested millions
for screening malevolent actors who might order pathogenic
sequences. Several other pandemic defense efforts were pick-

ing up momentum, including those run by the Departments of
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Health and Human Services, National Institutes of Health and
National Institute of Allergy and Infectious Disease. Then the
U.S. Air Force became interested.

“THE FUTURE IS BRIGHT”

From a packed conference room at the New York Hilton I lis-
ten raptly, typing in my laptop. “I'm a chemist making hybrid
synthetic cells,” brown-haired, thoughtful Nancy Kelley-
Loughnane is saying. At the Air Force Research Lab (AFRL)
in Dayton, Ohio, she and others had been urging the air force to
fund more research into synthetic biology. “The future of mate-
rial synthesis for military environments is bright,” commented
Kelley-Loughnane, describing her study of more efficient meth-
ods of bioproduction of materials.

Synthetic biology might help reduce the size and weight of
military equipment and improve biosensors or infrastructure in
hostile environments. Kelly-Loughnane’s research concerned,
among other things, Nvjp-1, a sandworm jaw protein that makes
up the animal’s strong jaw and increases hardness. “We think that
can be used for treatment of soldiers who've lost limbs to IEDs,”
she said. Coordinating the activities of more than oo scientists
and engineers from the Army, Navy and Air Force, she worked
on teams that were looking at high-energy density propellants,
which could be made at lower cost and higher energy density
than petroleum-based fuels, as well as a number of other appli-
cations.” The Air Force Research Lab had, among other projects,
engineered a gut microbe to produce a beneficial metabolite
when it sensed stress in a pilot’s body.”

DARPA had even funded partners in artificial intelligence.
As mentioned in chapter 5, DNA is a more stable digital storage
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medium than silicon, lasting hundreds of thousands of years as
opposed to a couple of decades. One could translate digital data
from binary o’s and r’s into the A’s, C’s, T’s, and G’s of our genes.
In addition, bioengineering itself creates huge data sets that
need standardization, with machine learning and automated
lab protocols improving its speed and calming its noise. Yvonne
Linney, former CEO of the company Strateos, pointed out that
after labs closed during the COVID-19 pandemic, translation
of lab protocols into code enabled scientists to run their experi-
ments remotely.*

Along with the military’s interest in synthetic biology as a data
storer is the prospect of bioremediation. How could synthetic
biology engineer microbes to recycle waste? To answer that, one

had to spend time in India, Australia, and in New York State.

CLEANING BROWNFIELDS
WITH BIOLOGY

Stony Brook, New York, is home to Allied Microbiota founded
by Ray Sambrotto, the company’s president and chief science
officer as well as a Columbia University professor. The company
developed a toxin-eating microbe to clean up brownfield con-
taminants like polychlorinated biphenyls (PCBs), dioxins, and
polyaromatic hydrocarbons (PAHs) in the soils and sediments
of industrial sites. Founded in 2017, Allied Microbiota employed
natural microbes but put them on a special patented diet to
speed up and lower the cost of cleanup processes, replacing the
trucking and re-dumping of contaminated dirt hundreds or
thousands of miles away.

Across the world in Southeast Asia, India was a leader in the

use of bioremediation to remediate trash heaps. At Kumbakonam
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in southern India, where the numerous universities earned the
town the nickname “the Cambridge of India,” the company
Zigma Global Environ Solutions has been treating a seven-
and-a-half-acre waste heap since 2015, using microbes to break
down the trash. Using similar technologies, the rest of India
was converting some 12 million tons of waste into soil in 2016.%

Australia was focusing on reclamation. Australia’s national
science agency, the Commonwealth Scientific and Industrial
Research Organization (CSIRO), partly based in Perth, funded
biotech for improving precious water quality. As CSIRO scien-
tist Anna Kaksonen explained, “Microbes can remediate sulfate,
nitrate, or selenite. They can clean organic impurities or make
wastewater more acidic or alkaline, as needed.”

Bioremediation makes use of plants and bacteria or their cous-
ins archaea to mimic natural systems for cleaning wastewater.
Researchers begin the process by analyzing DNA to identify
the microbes already contained in toxic industrial or mine
water. They then search databases of commercial microbe cul-
tures to conduct biomining experiments themselves, augment-
ing nature to make microbes that thrive in harsh environments.
Amazingly, those searches have led them to identify microbes
that create biodiesel chemicals in symbiosis with microbes
in wastewater, said Kaksonen. CSIRO-funded researchers
were so successful that the company Evolution Mining hired
them to treat the sulfate- and metal-contaminated waste-
water produced by its gigantic Mt. Rawdon gold mines near
Queensland.

The company wanted to create a new wetlands system from
sawdust, plant material, two plant-based chemicals, and synthet-
ically designed microbes to reduce sulfate and remove nitrate
from waste and extract more ore from it. “Because metals can

be more easily recovered from sulfides, and bioprocesses can use



FANTASTIC VOYAGES (R 179

organic waste streams, these techniques also reduce operating
costs,” Kaksonen noted.

Synthetic biology to clean mine-contaminated soil also involves
engineering green plants. Phytoremediation, in which metal-
accumulating plant species are grown atop the contaminated soil,
allows larger areas to be decontaminated more cheaply than by
man-made technologies of remediation. Some tree species include
poplar and willow for cadmium removal, Brassica for chromium,
copper, lead, and nickel removal, and Preris for arsenic. Afterward,
the plant or its leaves and branches are harvested and composted,
removing the contamination.

Scott Banta is a Columbia University professor of chemical
engineering interested in bioremediation. His team explores,
among other projects, the potential of bacteria in mining reme-
diation, using engineered versions of the bacterium Acidithio-
bacillus ferrooxidans to oxidize iron and sulfur. The researchers’
engineered microbes can be grown on iron aerobically or anaero-
bically, with oxygen or without. The microbes do what they do in
the wild, form biofilms that break down metal. “Mining compa-
nies feel they are in the forefront of solutions to environmental
problems,” Banta liked to say in conference presentations.? To
take one example, Banta notes, copper smelting produced arse-
nic by the ton. Biological solutions for removing arsenic might
include blasting the rocks, treating rubble with sulfuric acid, or
applying bacteria to eat the waste and leach out the metal, and
the cleaned waste could end up stacked hundreds of feet in the
air. One such heap in Chile’s Atacama Desert was dubbed “the
world’s largest bioreactor,” Banta recollected.

What would it take to make synthetic biology alter the econ-
omy of the 2030s? “Synthetic biology is going to remake the
world,” concluded one U.S. Air Force report.*® The COVID-19

response showed how that could happen.



180 £ RIPPLES IN THE WATER

“TRANSFORMATIONAL MOMENT”

In Wuhan, China, in December 2019, people were getting sick
with a strange form of pneumonia. When they sneezed, they
spread droplets containing a virus with spiky molecules that
made protein prongs resembling those on a king’s crown, simi-
lar to those seen in virus outbreaks in the Middle East in 2009
and earlier, in 2003, in China. In January 2020, a Chinese scien-
tist, at risk to himself, leaked the virus genome on social media,
giving researchers a blueprint to study. Researchers at companies
such as Moderna, BioNTech, CureVac, Johnson & Johnson, and
Oxford Biomedica texted each other. “We have to drop every-
thing,” wrote Oxford’s Sarah Gilbert.** Because of investment
from government funders, some of them military, they had a
head start on some of the traditional vaccine makers, but none
had yet brought a vaccine-related product to market.

As the number of deaths mounted, the World Health Orga-
nization and the Norway-based Center for Emergency Pre-
paredness monitored the efforts under way at more than 180
institutes in China, Russia, and labs across the world. Some were
synthetic biology researchers retooling to take on COVID-19.
Ginkgo offered free facilities for working on a rapid COVID-19
test. As February rolled into March 2020, the virus offered synthetic
biology a “transformational moment,” said Jennifer Doudna,
linking tiny labs and giant companies, profits and idealism in a
global effort.®

Even before the COVID-19 vaccine race, some research-
ers were hailing the new science. “The synthetic biology genie
was truly out of the bottle,” wrote George Church, in the 2014
book he coauthored with science journalist Ed Regis, Regerne-

sis: How Synthetic Biology Will Reinvent Nature and Ourselves.>®
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Some compared it to the assembly line of the automobile, or the
steamship to rail connection, or the silicon revolution.

The race for a vaccine catapulted synthetic biology to the
center of world events. Many of the disparate threads of a
new science were joined together to confront a crisis. The thrill
of synthetic biology was interdisciplinary, George Church
explained to me over the phone while he was boarding a plane.
“It’s the quality of being curious on many topics. It features
exponential progress and total engagement that makes you feel
like you're making progress at a fast rate,” he added without a
pause. “I like seeing science have a positive effect in society.””

As COVID-19 spread, synthetic biology research helped pro-
duce the two most successful vaccines. It also contributed to new
methods of testing and detection of new strains. Governments
noticed. By September 2021, the Biden administration was pro-
posing a $65 billion effort, in what science advisor Eric Lander
called a “massive Apollo-type program” to support advanced sys-
tems to sequence pathogens found in the environment, expand
lab capacity, and reduce health inequity.

Industrial synthetic biology spread to the cleaning of oil
spills and sands. Its targets now numbered antibiotic resistance,
safeguarding the environment, and making new medicines. As
a global crisis deepened, scientists turned to viruses that attack
bacteria, found in wastewater of all places. Synthetic biology
became an avenue to confront an infected Earth. One potential

solution came from the tiniest of killers.
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THE KILLERS

Viruses as Healers

For them to have a little fiddle-around with these phages and
to be able to make them cure something that is a huge global
problem is absolutely incredible.

—Joanne Carnell-Holdaway

s a fifteen-year-old in Faversham, England, cystic

fibrosis patient Isabelle Carnell-Holdaway was dying

of a drug-resistant infection after a double lung trans-
plant. Antibiotic treatments failed. Doctors told her family
to prepare for the worst. However, at the urging of Isabelle’s
mother, they contacted a phage research specialist.!

In addition to the pandemic, the world faces a crisis in
antibiotic-resistant infections. Promising synthetic biology research
into phages, tiny viruses that attack bacteria, may be a lifesaver.
They are unseen yet live everywhere from oceans to sand dunes
to our own bodies. Sporting angular, geometric heads with spin-
dly, spiderlike legs, phage viruses resemble tiny spaceships from
an alien planet. Resilient, adaptive, and numerous, these little
fighters are one of the most common entities in the world that

you have never heard of. Bacteriophages, or phages to the better
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acquainted, infect and destroy or (in keeping with the origin of
their name in the Greek word phagein for “eat”) devour bacteria.

They are most densely found in Earth’s oceans and are so
mind-bogglingly abundant that Yale research scientist Benjamin
Chan once noted, “There’s 10* phages on Earth. That’s like 10
million times the number of stars!” Although seemingly bent
on world domination, these aliens are remarkably useful in com-
bating drug-resistant diseases, making phages last resorts when
other forms of medical treatment fail.

This is more their world than ours. Around 10 million tril-
lion #rillion phage viruses exist on Earth, outnumbering all
living organisms combined. In the world’s oceans, phages
and bacteria are locked in an apocalyptic battle that kills, by
some estimates, 40 percent of the ocean’s bacteria, every day.
Discovered in Britain in 1915 in water from India’s river Ganges,
which defeated the bacterial disease cholera, phages were used
to fight Russian and German soldiers’ infections during World
War II but fell out of favor in the West after the triumph of
antibiotics in the 1940s.* Then, pathogens adjusted to the anti-
biotic medicines. Brushed off like a dusty book, phage therapy
was rediscovered in our time.

In emergency rooms, researchers mix “cocktails” of phages to
fight resistant diseases. The researchers of the U.S. Navy, whose
sailors often contract the antibiotic-resistant diseases of the
tropics and Near East, became leaders in detecting which phages
are the most effective against specific bacteria. This proved chal-
lenging because the little monsters were pathogen-specific.
Like ravenous jigsaw puzzle pieces, most phages are designed
to destroy a single corresponding target. They lack the blanket-
ing death star ability of antibiotics. Another challenging quality
was their location. Phages are found where bacteria thrive, so

rotting fruit and vegetables, soil and sewage are prime locations.



184 %> RIPPLES IN THE WATER

What a scientist needed to do was dig in the muck and match a
phage with its victim. But bacteria become resistant to their foes
over time. Only by carefully splicing difterent phages together,
mostly through trial and error, could researchers create medi-
cines against the trickiest of resistant diseases.

In England, Isabelle Carnell-Holdaway’s condition wors-
ened. No antibiotics worked against her infection. At the urging
of her mother, and with the help of a researcher at a London
children’s hospital, her doctors sent samples of her infection
to University of Pittsburgh phage researcher Graham Hatfull.
Hatfull was an innovative research expert on phage viruses and
also ran a two-semester undergraduate program called Science
Education Alliance-Phage Hunters Advancing Genomics and
Evolutionary Science (SEA-PHAGES). He and his team set to
work consulting his library of genomes, full genetic sequences of
phages, seeking a killer equipped to take on her specific infec-
tion. The work was difficult, and time was short.* To understand

how phages work, we begin in India.

THE PECULIAR HISTORY OF PHAGE

High in the Himalayas, at the source of the Ganges, icy, silt-
laden water carries down marine fossils from the melting per-
mafrost, as well as viruses. Locals and a British bacteriologist
had observed the water’s apparent antibacterial qualities but
did not know what was killing the bacteria. In 1917, an eccentric
French researcher named Félix d'Herelle, studying children who
survived dysentery, deduced a virus was the pathogen fighter. He
named it bacteriophage. A rival British microbiologist, Frederick
Twort, commented on the “transmissible glassy transformations”
the phages inflicted on their stricken targets, but it is d’'Herelle

who is credited with discovering phages’antibacterial weaponry.
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By the 19205, phages had become a life-saving medical treat-
ment in European clinics. In the 1940s, electron microscopy
confirmed d’Herelle’s insight that a bacterial virus was the life
saver. The effectiveness of phages was shown to be uneven and
hard to manage, however, and the mass production of penicil-
lin made it the prime antibiotic medicine of the West. Shunned
but determined to continue his research, d’Herelle moved to the
Soviet Union, where he helped found what was later called the
Eliava Phage Institute in Tbilisi, Georgia. The capitalist world
heard about phages through a novel: they were the subject of
the fictional quest in Sinclair Lewis’s best-selling Arrowsmith,
a Pulitzer Prize winner about virus hunting, science rivalry, and
a life of the mind.’

Phage therapy remained a subject of clinical studies in the
United States, Sudan, Egypt, and France and became a key
infection fighter in the medicine kits of German, Japanese, and
Soviet soldiers during World War II. The therapy was cheap, and
studies in Eastern Europe in the 1950s, and also in France, con-
tinued to develop a list of phage candidates and their targets.
Its popularity in the former Eastern Bloc countries hindered its
wider acceptance during the Cold War. Phages had drawbacks
as well. They were hard to isolate and culture, had a narrow range
of targets individually, and were less reliable than antibiotics. You
could not see them except with an electron microscope. They
were not as profitable either. Still, they were widely used for pure
lab research for their extraordinary ability to spread their DNA.
But in the 1960s, they fell into disuse as a medical treatment in
the West, languishing, until the wiliness of bacteria set the stage
for phages’ comeback.

As stubborn bacteria like methicillin-resistant Staphylococcus
aureus (MRSA) spread rapidly in tropical locations and through
gyms and hospitals, phages sprang back to life. The U.S. Navy’s

research teams discovered, or rediscovered, phage therapy in an
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attempt to combat the resistant bacterium Acinetobacter bauman-
nii, nicknamed “Iraqibacter” because it had infected so many
American sailors and soldiers in the first Iraq War. Phages were
the most diverse, abundant, least known predators on Earth. In
the 2000s, improved environmental gene sequencing methods
uncovered more and more of them, each with specific powers.
Still, few conventional medical institutions paid attention.

Then a Canadian epidemiologist named Steffanie Strath-
dee saved her dying husband from a vicious hospital infection.
Strathdee’s husband, psychologist Tom Patterson, was dying of a
drug-resistant infection. In an Egyptian hospital, suffering from
a gallstone attack, Patterson was stricken by a killer strain of Iraq-
ibacter. His condition deteriorated so rapidly Strathdee had him
airlifted to Germany and from there to their home in the United
States, where he was treated at the University of California, San
Diego (UCSD), hospital. But the Iraqibacter was resistant to all
available antibiotics. Soon after, Patterson fell into a deep coma.®
Over the internet, Strathdee and her colleagues tracked down
Texas A&M University’s Rylan Young. With Lt. Cdr. Theron
Hamilton of the U.S. Navy, the two teams concocted mixtures of
phages found in barnyard sewage and ship bilges that matched
Patterson’s bacterium. After Patterson miraculously recovered,
Strathdee and her colleagues went on to found the Center for
Innovative Phage Applications and Therapeutics (IPATH) at
UCSD in 2018, the first dedicated phage therapy center in North
America. Since then, it has become a resource for other desper-
ate patients and their doctors around the world. Strathdee also
chronicled her effort to save her husband in a gripping true-life
thriller, titled 7he Perfect Predator.

As fellow phage researcher Graham Hatfull looked and
looked, he settled on an unlikely candidate, or rather another

cocktail of candidates, to preserve a young girl’s life.
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SET TO KILL

Graham Hatfull is a soft-spoken, determined researcher and
educator who had grown up near London and studied biology
at the University of London before going on to the University of
Edinburgh for his doctorate. He earned two prestigious postdoc-
toral positions, one at the Medical Research Council in England
and the other at Yale in the United States. He was working on
the processes by which DNA molecules exchange information
when his advisor told him about the phage that infects the bac-
terium causing tuberculosis. The virus’s ability to infiltrate DNA
fascinated him.” Moving to the University of Pittsburgh, Hat-
full won a Howard Hughes Medical Institute Award, becoming
one of its “Million Dollar Professors,” given the money to cre-
ate a unique two-course undergraduate program in the study of
phage viruses. Students would spend the first semester digging
in the dirt and sampling phage DNA they found and the second
semester analyzing the results. They loved it and Hatfull loved
working with them.

For many phage species, the purpose of 9o percent of their
genome remained unknown.® As one of the few labs in the West
working on tuberculosis phages, Hatfull’s lab had worked with
numerous collaborators, including the University of KwaZulu
Natal in South Africa, with the idea to attack the bacteria that
cause tuberculosis and other diseases. Hatfull and University of
Pittsburgh biology professor Roger Hendrix together had per-
fected the processes for analyzing phage viruses. They collected
samples from all over the world and sequenced their genes.
Hatfull’s students and collaborators went into backyards to find
medicines in the dirt.” Eventually the undergraduate program
grew to include some 200 institutes around the world. As part

of that effort, a phage was found in a rotting eggplant in South
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Africa and was nicknamed “Muddy.” Muddy, it turned out, could
attack Isabelle’s infection.

Until that point, phages had been used primarily as research
tools by Western synthetic biology researchers. The viruses
could be tapped to move genes, kill or neutralize bacteria, clean
infected wounds, hack the human microbiome to treat diabe-
tes, protect coral reefs, and diagnose and treat some types of
cancer. Phages were critical in the development of CRISPR
gene editing, and research like that of Northwestern’s Danielle
Tullman-Ercek and many others in this book began with phages.
“So many synthetic biologists cut their teeth on phages,” Yale
specialist Paul Turner observed to me, “it is amazing.” Phages
would later provide critical help in the race for better COVID-19
tests and for a vaccine.!”

These viral killers inspired a small group of devoted scientists
who communicated regularly with each other. The process of
testing for them in the environment was exceedingly difficult,
requiring researchers to pull DNA directly from soil, waste, rot-
ting fruit and vegetables, or sewage, and then clean and purify
the sample before they could analyze it. They formed a unique
community with an occasional whimsical bent, writing about
their tiny subjects-of-study as if they were characters from
Dr. Seuss’s Horton Hears a Who, so that some of these scientists
became known to the public.

Among them were Anca Segall and Forest Rohwer, a teach-
ing couple at San Diego State University who once sponsored
a conference with phage artwork, poetry, and music. Rohwer
coauthored an illustrated book on them. “I love phages!”said the
Bucharest-born, dark-haired Segall from her book-lined office."
“They keep a library of genes no one has seen before, rarely
subjected to natural selection,” she added. Her husband stud-
ied damaged coral reefs to identify phages that helped preserve
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those wonders from a warming;, acidifying ocean. “If you save the
corals,” he told me, “you can save the world.”

Out of everything that Hatfull and his students collected,
that rotting vegetable held the key. Muddy was a virus from the
bacterium Mycobacterium smegmatis picked to treat Carnell-
Holdaway’s infection. Known since 1884, M. smegmatis can be
infected by many phages. Muddy was one of its prime antag-
onists. However, Muddy could not be used alone. Carnell-
Holdaway’s lung bacterium would soon learn how to defeat it.
It was combined with two others Hatfull’s lab engineered to
move from a benign phase called temperate to a virulent phase
called lytic. One phage, dubbed “Zoe],” was named for the niece
of the researcher who discovered it. If the combination worked,
it would be the world’s first synthetically engineered phage
treatment.

Now the issue was keeping the three viruses viable on ice
for shipment. That made a new challenge. They were racing the
clock. Hatfull’s team obtained Muddy and ZoeJ and ran DNA
tests. They added another phage to keep Muddy from expiring.
Next, they had to purify the samples, test them, ice them, and
pack them for shipment. The clock was running.

At home, Isabelle was seriously weakening. She felt so tired
most days she could not get out of bed. In December 2017 she
was hospitalized, and by January 2018 she had been moved to
the intensive care unit. Doctors advised her parents to prepare
for the worst.

Hatfull’s solution was packed and ready to ship, but the
European Union, of which England was then a part, prohib-
ited the import of genetically modified organisms. In a series
of overnight emergency e-mails and calls with EU officials, the
researchers argued that the dynamic phage duo joining Muddy

featured only a deleted gene, the one that caused it to remain
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temperate, but not a modified gene. Finally, it was approved for
importation.

On June 2, 2018, University College of London researchers
raced, panting, into the hospital room. They carried a cocktail of
three phages to inject intravenously. The choice of three was to
increase their precision. Two weeks passed. Four. Isabelle could
still barely breathe.

Then, six weeks later, the infection showed a dramatic
decrease in intensity compared to before the treatment. Isa-
belle returned to school and started driving lessons.”” A month
later she had taken up cake baking. Her recovery was featured
on National Public Radio and by the BBC. While she admit-
ted that she found it “gross” that one of the phages came from
a rotting eggplant, Isabelle and her family were grateful for the
return to normalcy it allowed. Joanne, Isabelle’s mother, com-
mented, “To have a fiddle-around with these phages and to be
able to make them cure something that is a huge global problem
is absolutely incredible.”

Researchers sought to apply the same principles to other
kinds of medicines. Yale researcher Paul Turner and Berke-
ley’s Adam Arkin founded a company called Felix Biotechnol-
ogy, for d’Herelle’s first name, to translate phages into clinical
therapies. By 2020, eleven phage clinical trials were under way,
many of them involving treatments for resistant lung infec-
tions in cystic fibrosis, and that number increased to 14 in 2022.
In North America, new clinics came at phages with renewed
interest. The leading U.S. labs were at UCSD, University of
Pittsburgh, Texas A&M University, and Yale. The Mayo Clinic
and Baylor College of Medicine were developing phage-based
treatments. Much of our knowledge of phage therapy came
from the Eliava Phage Institute in the East European country
of Georgia and the Ludwik Hirszfeld Institute of Immunology
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and Experimental Therapy in Poland, where it was used as an
antibacterial treatment.

New start-ups joined the pursuit. Locus Biosciences focused
on engineering phages for the clinic. The Maryland-based com-
pany Adaptive Phage Therapeutics, founded by a U.S. Navy
researcher with a Department of Defense biosafety grant,
developed phage treatments for secondary COVID-19 infec-
tions. Strathdee and Patterson invested in the latter company
themselves.

The goal was to beat microbial resistance at its own game.
To do so, researchers scoured the unlikeliest places for lifesav-
ers, such as Maryland sewage in the case of Tom Patterson and
the rotting vegetable from South Africa in Isabelle Carnell-
Holdaway’s case.'* As phage research accelerated, however,
larger-scale successes proved difficult to achieve. Many clini-
cal trials failed through inadequate understanding of phages’
complexity, and in time it was seen that Carnell-Holdaway’s
recovery was incomplete and her health remained precarious.
For insight into how the therapy might be improved from its
current state, we turn next to some other experiments that

succeeded.

TURNING PHAGES

One of the first places phages played a leading role was in the
labs of the early 2000s, where discoveries by Jill Banfield and
others led to the breakthrough of CRISPR gene editing. Phages
also played a major role in modifying RNA, for applications in
drug design, nanomaterials, and the COVID-19 vaccine.

Phages taught us how little of the world we really knew. Many

viruses, despite the ravages of pandemics, had made us what we
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are, from the gene for the placenta to the lens of the eye. If you
laid out all the DNA in phages from around the world, end-to-
end, they would stretch to the Perseus Cluster 300 light years
away® Phages helped some bacteria become resistant in the first
place, and the new theory proposed that phages could cripple
those defenses as well.

An industry that had quietly achieved a success in phage
synthetic biology was food safety. One company, which we met
in chapter 2, was called Sample6. Based on research in the Jim
Collins lab, the Boston-based company had a simple idea: use
phage viruses to detect Listeria infections in food-manufacturing
plants. The company built a customer base, winning a contract
with Nestle, owners of Hiagen-Dazs ice cream and one of the
world’s best-selling chocolate bars, before being sold.

At institutes like Strathdee and Patterson’s IPATH and com-
panies like Adaptive Phage Therapeutics, more clinical trials of
phages were beginning to treat burn-related infections, urinary
tract infections, and lung infections in cystic fibrosis patients.
More than fifteen companies, including BiomX, Messaging
Labs, Omnilytics and Intralytix (“lytic” for the types of phages
that destroy their hosts) went to work. Maryland-based Adaptive
Phage Therapeutics was developing personalized phage cocktails
for multidrug-resistant diseases. Some companies, like Locus
Biosciences, EnBiotix, and C3] Therapeutics, which merged
with a company called AmpliPhi and became Armata, engi-
neered phages to carry payloads for tasks like attacking resistant
medical-instrument biofilms.’ At least four companies were
developing phages for waste remediation. By 2022, more than
one hundred patients in Belgium and England had been treated
with phages.”” “We're a strange little family,” Steffanie Strathdee
told me. IPATH has been involved in the treatment of fifty-five

patients, and consulted on dozens more. Yale’s center has treated
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more than forty. At least twenty-four people received phages
from the Pittsburgh group.’®

The lab techniques work as follows. The phage knows that
in order to destroy its target bacteria, it must out-strength and
outnumber them. So, like the egotist it is, the phage rewires the
bacteria’s cellular machinery to make copies of itself. So many
copies, in fact, that once all the phages are assembled, they
explode outward from within the bacteria cell, shredding and
killing the bacteria in the process. These little soldiers hop from
bacteria to bacteria until all are destroyed. Unlike antibodies,
they make sure their cleanup process is complete, digging deeper
into the harmful bacteria if needed, where biomedical antibodies
may abandon ship the closer to the infection they go.

The role of the scientists was to screen which phages were
the most effective against specific bacteria. This was very dif-
ficult. Like ravenous jigsaw pieces, most phages are perfectly
designed to destroy a single corresponding bacterium. Yet bacte-
ria evolve quickly to resist phages, so scientists began to engineer
“cocktails” to anticipate their foes” defense systems. By splicing
together different strains of phages, scientists engineer medi-
cines designed for optimum effectiveness against specific killer
infections. Through this method, a patient gets a personalized
phage therapy, making phage therapy one of the factors leading
Western medicine in the direction of more customized, patient-
specific treatment.

Phages had long been used for lab purposes, enabling
researchers to transfer genes and proteins, deliver DNA, kill bac-
teria, and build genetic circuits. Bacterial defenses against phage
infection, as we saw in chapter 4, gave the world CRISPR gene
editing. Phages made the enzymes that helped to move proteins
in and out of a cell and to change the amino acids on a cell mem-

brane one at a time. They could be used as sensors, transporters,
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gene editors, and tumor killers. They could promote or suppress
reactions inside and outside the cell. “They give us,” said San
Diego State phage researcher Anca Segall, “awesome tools.”

Three other U.S. phage therapy centers, along with programs
in Belgium, France, Sweden, Australia, and the United King-
dom, had joined the long-standing institutes in the Republic of
Georgia and Poland, and IPATH in the United States, in the
fight against drug-resistant pathogens. Still, the institutes were
not yet harbingers of a paradigm shift in treatment. Some poorly
planned and well-planned clinical trials failed. Phage effec-
tiveness proved to be finicky and highly sensitive to individual
circumstances, so much so that phage therapy defied efforts to
apply it on a wide scale. “It is still something of a moving target,”
Graham Hatfull told a reporter in 2021, “that isn't completely
pinned down.”” Still, patients with resistant infections clamored
for more phage research. “I get calls every day from people who
are desperately ill,” said Ry Young, professor of biochemistry at
Texas A&M. “I have to tell them we're not there yet. It breaks
my heart.”

Indeed, once the COVID-19 pandemic spread, so much
attention was paid to pathogenic viruses that people forgot that
some 8 percent of the genes in the human genome are of viral
origin. Viruses like phages played many important roles in our
development. The most notable, perhaps, is the gene for the
human placenta, which sequencing has shown was originally a
gene from a virus that existed many millions of years ago. A virus
gave us the ability for live, safe birth.

'The story of phages remained a hopeful application of pure
science to the clinic. “It was Darwin on steroids,” as Hatfull
put it to me, meaning it was natural research combining under-
graduates and faculty from around the world that led to a useful

treatment for patients where antibiotics had failed.
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But as a new virulence spread in the late spring and summer
of 2020, most every researcher’s attention was redirected. The

power of biology changed the world.

A STRANGE ILLNESS

'The images coming from around the world in 2020 looked like
scenes from a dystopian thriller. Whole countries were placed
on total lockdown. In Wuhan, China, people were allowed to
leave their apartments only for an hour a week, to get groceries,
and then only with passes. New York City looked deserted in
gray, cold rain. Trafalgar Square was empty. The typically bustling
Paris Metro looked dark and terrifying.

After the virus genome was revealed in January 2020,
researchers, using algorithms, designed similar surface molecules
to place on harmless viruses and trigger the body’s defenses.
Fueled by billions of dollars in government emergency spending,
companies such as Moderna, CureVac, Johnson & Johnson, and
Oxford Biomedica pursued a vaccine. They had a head start on
some of the traditional vaccine makers, but none had brought a
product to market.

'This was synthetic biology’s big moment. The World Health
Organization coordinated the efforts of more than 180 institutes
to create a vaccine. In China, the companies CanSinoBIO and
Sinovac tapped weakened natural viruses, much as Louis Pasteur
had done. In labs across the world, synthetic biology research-
ers retooled to take on COVID-19. Several companies and
institutions, such as Jennifer Doudna’s Mammoth Biosciences,
Boston’s Ginkgo Bioworks, Harvard and MIT’s Sherlock Bio-
sciences, and the Yale School of Public Health, turned their sci-
ence platforms to making simple, cheap coronavirus tests.
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In April 2020, Doudna’s Mammoth Biosciences announced
successful trials of a CRISPR-based at-home COVID-19
test.?! Ginkgo Bioworks offered its facilities free of charge to
COVID-19 test and antibody makers. As a key player in the
pandemic battle, synthetic biology was playing many new roles.

THROUGH THE LOOKING GLASS

When COVID-19 vaccine makers ramped up their efforts in
2020, several labs turned to phage therapies to assist their research.
'The Russian Sputnik vaccine modified two cold viruses (adeno-
viruses) with phage. Johnson & Johnson’s vaccine did much the
same, using another common adenovirus. Adaptive Phage Ther-
apeutics devised a phage-based coronavirus test.

From labs around the world, phage therapy offered a new
vision of medicine in which viruses could be put to use. With the
potential for individualized treatment, doctors could avoid the
resistance-inducing overprescription of antibiotics. Spearheaded
by Steffanie Strathdee, Jessica Sacher, Graham Hatfull, and oth-
ers was a quest to share and improve an updated digital database
of all known phages and their targets. Sacher and others anno-
tated a database called Phage Directory. “For years, we've had
different keys and different locks,” said Strathdee. “But when you
need a phage, often you have only a matter of days or the patient
dies. You can't keep running researchers back into sewage!”*

The grand vision was to create an international online
library, available to all but especially to medical personnel in
lower-income countries where antibiotics may be difficult to
obtain. Another program was to develop a Phage Exchange
to share “cocktail” mixes. Then another young cystic fibrosis

patient, Mallory Smith, died because she did not get a phage
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cocktail in time, and researchers convened at the behest of her
parents. Smith’s haunting autobiography, Salt in My Soul: An
Unfinished Life, sounded a clarion call.® “There’s got to be a
better way for patients to access phage labs willing to do this
work,” Strathdee told me, “and for researchers to connect with
one another.” The Phage Directory cofounders began a web
newsletter, scheduled webinars, and established Phages for
Global Health, a nonprofit organization to distribute phage-
based medicines.

Felix, the company racing to adapt phages for treatments,
felt it was close to being ready. “We think we can be in clinical
trials in a matter of two years,” Turner predicted to me in 2021.%”

An outspoken voice making patients’ case for phage treat-
ments was advocate and consultant Ella Balasa, who was meeting
the challenge of her own chronic lung infection. As a medical
student in Richmond, Virginia, she had to leave school for a
time to deal with a resistant infection much like Carnell-Hold-
away’s. She was the one who brought phage to the attention of
her doctor. “Phage treatment saved my life,” Balasa told me.?
Balasa has testified in hearings and amassed a social media fol-
lowing to promote the work of new phage researchers. In the
meantime, Carnell Holdaway’s health declined as she struggled
with her resistant lung infection.

In Boston, the small start-up PhagePro developed a three-
phage vaccine to prevent the spread of cholera in impoverished
households, winning a 2021 grant to move to clinical trials.”” As
the field gained interest, Steffanie Strathdee pointed to the mas-
sive COVID-19 vaccine investment as a model for what it would
take to make the therapy more widely available.

In the United Kingdom, Carnell-Holdaway’s phage treatment
no longer held her infection in check. In the spring of 2022, she
passed away. “The type of infections currently targeted by phages
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are often the really rough ones,” observed Graham Hatfull,
noting the young girl’s courage in the face of an intractable infec-
tion. There is a “real need to progress to progress to formal clinical
trials where we can really learn about safety and efficacy.”® It is
not helpful to think of phages as ‘miracle drugs.”

Other efforts were under way to improve on phages’ potential
power through improvement by gene editing, as Strathdee and
Hatfull highlighted in a January 2023 Ce// review article.”” At
the same time, researchers sought other ways to exploit viruses
to deliver medicines, and a promising new Ebola vaccine used a
synthetically engineered virus. Still, every step forward prompted
the microbes to push back, and phages remained in some ways a
mystery. “You can get a readout of (phage) genes,” said a phage
specialist Karen Maxwell of the University of Toronto in Nature
Biotechnology, “but unfortunately . . . (often we have) no idea
what they’re doing.” For that, researchers envisioned a plan to
augment, not replace, antibiotics. “Not phage or antibiotics, but
phage and antibiotics,” became a mantra.

Then the COVID-19 vaccine race moved synthetic biol-
ogy to the fore of global science, world health, and public and
venture investment. Vaccine development, testing, and treatment
efforts stumbled and lurched forward simultaneously. We cover
the genetic engineering of vaccine development in chapter 11
and of vaccine production in chapter 12, the ethics of syn-
thetic biology in chapter 13, and synthetic biology in space in
chapter 14. Chapter 15 answers the question, Will this new sci-
ence make for an industrial revolution? Part III describes what

happened, and why.
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RACE TO A VACCINE

I never doubted it would work.
—Katalin Kariké

n 2019 in a small biotech company in Cambridge, Massa-

chusetts, scientists were struggling. The company, Moderna,

had been working on the tiny, single-stranded instruction
transmitter of cells, messenger RNA (mRNA), to attack dis-
eases caused by defective proteins, such as a condition that
causes jaundice.! Although the company had raised a billion
dollars, its business strategy had not worked. Under its CEO,
the French-born Stéphane Bancel, the company pivoted to vac-
cines and took a special interest in the severe respiratory viruses
emerging in pockets around the world. The plan, also embraced
by companies like BioNTech of Mainz, Germany, was to create
vaccines by programming mRNA with new instructions to cre-
ate virus proteins that would stimulate the body’s defenses. The
use of mRNA, life’s universal software, promised greater speed
and adaptability than what was possible in traditional vaccine

development. In an interview in Science, Moderna’s president,
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Stephen Hoge, explained that if they cracked the rules of
mRNA, “essentially the entire kingdom of life is available for
you to play with.”

Investors such as Alexion Pharmaceuticals poured hundreds
of millions of dollars into the company, but Moderna’s vaccines
had failed to make it to market. A partnership with pharmaceu-
tical giant AstraZeneca that focused on the immune system and
cancer had not panned out. Moderna had no sales revenue. Then
the coronavirus broke out in Wuhan.

The first step to making a vaccine was choosing how to
attack the virus. Use of mRNA requires editing the genetic
messenger to direct the patient’s cells to produce weaker ver-
sions of the virus’s dangerous spike proteins. The next step is
to test versions in mice to ensure that the protein sparks the
immune system to create antibodies. To do that, samples of
mRNA are manufactured through lab chemistry. The third step
is to optimize one best version, then manufacture human test
vaccines and make sure they are safe, setting up clinical tri-
als to see if they work. The final step entails the massive logis-
tics of fast, reliable, and adequate production and distribution.
Complicating a mRNA vaccine is its fragility, requiring super-
cold storage, leaving many experts to question its reliability for
world distribution.

Normally, it took ten to fifteen years to make a new vac-
cine, as in the cases of Jonas Salk’s and Albert Sabin’s break-
through polio vaccines in the 1950s. Until 2020, the previous
fastest development had been the nearly five years it took to
develop a mumps vaccine, which became available in 1967.°
But with global business, travel, trade, and almost everything
else at a standstill, and the world death toll soaring, no one
had that time.
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BABY STEPS

After a Chinese scientist and an Australian scientist together
revealed the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) genome, listing the sequence of the RNA virus
in January 2020, researchers around the world raced to under-
stand how best to attack it.* Its name reflected its crown-like
appearance under the microscope.’” Thanks to the work of the
preceding years, the BioNTech and Moderna researchers quickly
identified target sequences for making mRNA that would mus-
ter the human immune system to develop its defenses. The body
would be the manufacturer.®

February 2020 marked the first published U.S. death from
COVID-19, although others most likely occurred earlier.’
SARS-CoV-2 presented several challenges. It was a larger virus
and more transmissible than the earlier SARS viruses, and it
contained “bells and whistles” such as an enzyme deactivator
of the “oft” switch that would normally stop the human system
from overreacting.® Thus, many patients experienced a gyrating
immune reaction that almost defied treatment.

The mRNA-focused companies were not the only ones
scrambling for a vaccine. Others were using the virus’s sequence
to produce conventional weakened versions of the virus, still
others to make a cutting-edge DNA vaccine, and at least
three groups were trying to modify a chimpanzee cold virus to
induce the human immune system to make the antibodies to
protect itself.’

But synthetic biology in the lab could do more with a killer
than speed the development of a vaccine. It could help make
tests and treatments. A critical problem of the U.S. COVID-19

response was the lack of reliable tests. Without tests, thousands
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of people waited hours in lines or suffered at home as the pandemic
kept spreading. Synthetic biology contributed to the develop-
ment of cheap, reliable at-home tests, and it worked on antibod-
ies and other new ways of attacking the disease."

Still, the Holy Grail was a vaccine. The mRNA vaccine-
makers made snippets of DNA sequence, which in turn made
the mRNA they would use to engineer model vaccines to test
in mice. At Moderna and BioNTech, researchers transferred the
newly minted DNA to E. co/i, which dutifully divided, their off-
spring featuring the modified DNA. The extra DNA then pro-
duced mRNA for tests in animals.

One advantage to companies like Moderna, Oxford, and
BioNTech was their previous experience. The infrastructure
and techniques had been developed and tested. Oxford had
run clinical trials on a vaccine for the Middle East respira-
tory syndrome (MERS) coronavirus and had a factory ready
to make doses. It started screening volunteers for COVID-19
vaccine safety trials and discussing manufacturing and ship-
ping with AstraZeneca. Moderna was at much the same point
because of its Zika vaccine development. BioNTech had been
working with pharmaceutical giant Pfizer on a flu vaccine and,
in March 2020, agreed to collaborate on a coronavirus vac-
cine." That groundwork was also a testament to early funding
decisions by some government agencies that supported mRNA
vaccine development. “We got lucky that mRNA vaccines
worked,” said former FDA commissioner Scott Gottlieb. But
it was not luck alone.

Time was so short that researchers had to run each stage—
build, produce, test safety, screen efficacy—simultaneously
rather than in succession as they normally would. The presence
of numerous critics, ready to assail most any mistake, added

further pressure. There was a huge amount of data to analyze.
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Failure on any of those fronts could derail the effort. The issues
of manufacturing, equal access, and difficulties of storage had to
be confronted. “This pandemic was going to define how people
thought about biotechnology for the rest of their lives,” com-
mented Berkeley’s Jennifer Doudna.

Dozens of other competing institutes raced the mRNA
modifiers to come up with a vaccine through more tried-and-
true processes. In Russia, the Gamaleya National Center of
Epidemiology turned to the adenovirus. Many utilized syn-
thetic biology to some extent, but not in the new way of Pfizer
and Moderna.

A major component in the race was an unstated competi-
tion. “We'’re not in a race against other humans,” commented
Oxford’s Sarah Gilbert. “We're in a race against a virus.”” Perhaps.
As the two mRINA vaccine teams went after the virus with all
the tools of synthetic biology, the promise of a new science was

put to the test.

FIRST MONTHS

Already in May 2020, BioNTech was injecting the first U.S.
patients in a combined Phase I and II safety trial of its vaccine
and had concluded its agreement with Pfizer to manufacture it
in bulk. In July, Pfizer signed a deal with the U.S. government
to provide up to 600 million doses. The preceding years of work
enabled BioNTech to move at a speed and scale never seen
before. BioNTech CEO and cofounder Ugur Sahin announced,
“We have been able to leverage more than a decade of experi-
ence in developing our mRNA platforms.™

Back at Moderna’s lab in Cambridge, Massachusetts, the

need for a coronavirus vaccine had outweighed concerns about
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Moderna’s somewhat barren earlier pipeline. Its stock price shot
up 200 percent from January to June 2020. Moderna’s work to
develop the mRNA-1273 vaccine relied on genetically engineer-
ing DNA to make the mRNA it needed. Cash for the project
came from the U.S. government’s Operation Warp Speed, and
the Biomedical Advanced Research and Development Authority
(BARDA) awarded the company a $483 million grant. Moderna
signed a deal with manufacturer Lonza to make from 500 million
to 1 billion doses.”

On May 18, 2020, Moderna issued a press release announc-
ing a successful Phase I safety trial. However, because the results
were published in a release instead of in a peer-reviewed jour-
nal, data and details were limited. Still, that month, the company
launched Phase II clinical trials to prove the vaccine worked and
proceeded with plans for Phase III trials on 30,000 individuals
to start at 100 sites in the summer.”* On Monday, July 27, 2020,
volunteer Melissa Harting of New York became the first partici-
pant to receive a dose.

While Moderna and Pfizer vaccine-makers confronted the
extremely cold temperature required to keep their vaccines viable,
CureVac, a smaller German company, was making an easier-to-
store, more easily tolerated, lower-dose RNA-derived vaccine.
However, CureVac lagged in its progress, despite getting gov-
ernment funding on a par with Moderna and BioNTech."” Still,
hamster experiments proved its vaccine worked fairly well. By June
2020, the German government had invested some $360 million,
and by the end of the year the company began final trials. Those,
however, proved a disappointment, perhaps due to the lower
dose or increasing number of COVID-19 variants. In June 2021,
CureVac’s vaccine was found to be only 47 percent effective.”®

Elsewhere, other technologies were employed, and the race

continued.
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“THE ONLY OPTION FOR US
TO GET IT ON TIME”

Johnson & Johnson was first among well-established compa-
nies to pursue a coronavirus vaccine.” Its Janssen Pharmaceu-
tical subsidiary collaborated with a team from Boston-based
Beth Israel Deaconess Medical Center to develop a medicine
for clinical trials. The company received $456 million in gov-
ernment funding. Nor was it starting from scratch. When the
Zika epidemic emerged in 2015, Johnson & Johnson research-
ers produced a vaccine using a cold virus studded with faux
Zika proteins. The Johnson & Johnson coronavirus vaccine was
similarly based on the pandemic virus’s genetic instructions for
making the spike protein. But the Johnson & Johnson vaccines
used double-stranded DNA, not the single-stranded RNA of
Moderna and BioNTech, to deliver the instructions.?’ Scientists
added the spike protein gene to a common cold virus known
as adenovirus 26. The vaccine created antibody responses in pri-
mates, with human clinical trials commencing in late July 2020
in the United States and Belgium.

Money poured in. In August 2020, the federal government
agreed to pay Johnson & Johnson s1 billion for 100 million doses.
In September, the Johnson & Johnson vaccine went to a clini-
cal trial, but on October 12 the company paused it to investigate
one adverse reaction. After falling behind its original production
schedule, in January 2021 the company released its results, show-
ing a 72 percent overall success rate in the United States and
64 percent in South Africa, where the highly contagious B.1.351
variant was driving cases in 2020. The vaccine also showed effi-
cacy against severe forms of COVID-19. In February 2021, the
Food and Drug Administration approved the vaccine, first for
emergency and then for general administration.
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Such a rapid turnaround was only possible because Johnson &
Johnson committed to production of a billion doses globally
even as it was still testing the vaccine. The company conducted
Phase III efficacy studies in North America and Europe, with
plans to branch into countries such as Brazil and South Africa.
Paul Stoffels, Johnson & Johnson’s chief scientific officer, told
Reuters the company had to start ramping up manufacturing
capacity immediately, even before it had a clear signal that its
candidate worked. “That is the only option for us to get it on
time,” Stoffels said. The company had a manufacturing plant in
the Netherlands that could make 300 million doses, but more
capacity was needed.” Ultimately, the maker of everything med-
ical from Band-Aids to baby powder deployed a weapon twenty
years in the making.

IN TIANJIN

Some 6,000 miles away, the Chinese company CanSino Bio-
logics (CanSinoBIO) was accelerating its vaccine trials with
equal frenzy. Like Moderna, CanSinoBIO was a relatively new
start-up, founded in 2009 in Tianjin, China. Tianjin was a
sprawling manufacturing center located south of Beijing. Can-
SinoBIO’s technology was based on four research platforms:
adenovirus-based viral vector vaccines (developing vaccines
from the cold-causing adenovirus), conjugate vaccine technol-
ogy (a type of vaccine utilizing a weak antigen and a strong
antigen), protein-based vaccines, and cell culture formulation.
Two late-stage meningitis vaccines were in development, and

one Ebola vaccine had received new drug approval in China in
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October 2017.> However, the company had experienced a $20
million loss in 2019.”

In May 2020, CanSinoBIO had made global headlines when it
became the first company to publish its findings from Phase I vaccine
safety trials in a peer-reviewed medical journal. The CanSinoBIO
vaccine was also an adenovirus-vectored drug using SARS-CoV-2
genetic material, similar to Johnson & Johnson's vaccine. In the
study, 108 participants aged 18 to 60 received high, medium, and
low doses of the vaccine. While T cell and immune responses were
promising, some 8o percent of participants reported fairly mild side
effects, including fever. Still, by being transparent about the data by
publishing the study in Zhe Lancet, the company set a precedent for
researchers worldwide.?*

On July 20, 2020, CanSinoBIO published the results of its
second trial of 603 patients. Phase IT was conducted in the same
way as the first, with participants given one of three differ-
ent doses of the vaccine undisclosed to either administrator or
patient to control for any placebo effect. There was a marked dif-
ference in side effects between high and low doses. High doses
of the vaccine produced severe side effects in g percent of volun-
teers, while lower doses only produced severe effects in 1 percent,
compelling researchers to scrap the highest dose. Still, the vac-
cine was sufficiently successful to be approved by the Chinese
government in late 2020 for emergency use for soldiers, a global
first in the vaccine race for approval.

In total, the lesson of the vaccine race was that if one invested
billions of dollars, one may realize immediate, sweeping benefits
from pure research such as what had been happening in syn-
thetic biology. Meanwhile, a huge question hung over the pan-

demic. Where had the coronavirus originated?
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THE QUESTION OF ORIGIN

The international debate over the origin of the pandemic virus
that killed about 6.9 million human beings invoked lab practices,
biosecurity, “gain-of-function” lab manipulation of viruses, and the
highest political stakes.” Several books have summarized what
is known to date. None have solved the most profound mys-
tery of our time. However a brief summary is critical in judg-
ing when and where lab biology has been either a savior or a
potential cause of disaster.

Viruses are studied and altered most every day in hundreds
of labs around the world. Thanks to the work of Chinese and
other researchers, we know that the SARS virus, the prede-
cessor of COVID-19’s SARS-CoV-2, originated from bats in
caves in southern China, having passed through a mammal in
the live markets of traditional Chinese medicine (TCM) in
2003, probably palm civets in Shenzhen, where they were sold
as food. SARS is a zoonotic disease, meaning it originated in
animals, as so many other viruses have. The mammals are bitten
by the bats and then captured for food. Animal handlers were
among the first infected by SARS.” The coauthor of the 2017
PLoS Pathogens paper that solved the mystery of the SARS
virus was Wuhan virologist Shi Zheng-Li, who would come
under criticism by supporters of the lab leak theory in the case
of COVID-19.%

When, on January 11, 2020, the SARS-CoV-2 genome was
posted online at some risk by seasoned virus hunters Edward
Holmes and Zhang Yongzhen, researchers noted something
unusual.” The spike proteins on its shell grabbed more tightly
onto human cell receptor proteins than to receptor proteins
of any other species. The spike featured a furin cleavage site, a

unique insertion of four amino acids on the protein not present
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in other related coronaviruses. It was almost as if that part of
SARS-CoV-2 had been designed to attack humans in particular.
As Australian virologist Nikolai Petrovsky summed it up to the
magazine Undark, “That’s weird. Holy shit.”?

To determine the origin of the virus, the World Health Orga-
nization (WHO) sent a delegation to Beijing in January 2020,
but the team did not receive full cooperation from the Chinese
government.” Investigators were accompanied at all times by
government officials and were not allowed access to the Wuhan
Institute of Virology where three workers had been hospitalized
for flu-like symptoms the preceding November.*® Nevertheless,
researchers suspected that the origin of SARS-CoV-2 was simi-
lar to that of the SARS virus, potentially through the Huanan
Seafood Wholesale Market where many early cases clustered.
The WHO team suggested that the virus originated in cave bats
and was carried by an intermediate host animal to humans.

The seafood market was disinfected and closed by the start of
2020. The trouble was, of the initial DNA tests of the Huanan
seafood market animals, it appeared that none showed infection
by SARS-CoV-2.' Pangolins, anteater-like mammals also sold
as food in Chinese wet markets, were named as the prime sus-
pects for transmission by researchers at the Agricultural Uni-
versity of Guangzhou.* However, in the 2020 paper proposing
pangolins as the intermediate host, only two out of one hun-
dred pangolins tested positive for SARS-CoV-2, and these for
a weak form of the virus that may have come from infection by
a worker.” However, a newly released, unpublished report sug-
gested that raccoon dogs in the market may have been infected
with SARS-CoV-2.

The Wuhan Institute of Virology was both a leading virol-
ogy research center and a source of quality control questions. It

opened in 1956 as a microbiology facility focused on soil pathogens
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to help farmers. Gradually it switched to virus research, and
some of the world’s top researchers trained its staff. The Wuhan
virologist Shi Zheng-Li was an expert on bat coronaviruses,
many of which were not dangerous to humans. The Wuhan
Institute was the world’s leading laboratory in coronavirus
study, with precautions against leaks exceeding those of western
labs, reported Royal Melbourne Hospital virologist Danielle
Anderson, the last western scientist to work there. (Anderson’s
time there ended in November 2019). Still, in 2017, Wuhan lab
researchers themselves had complained.* In 2017, lab research-
ers themselves complained of a lack of appropriate training,
prompting two visits by U.S. scientists who warned the State
Department of some staffing issues. The Wuhan Institute of
Virology had only recently received the biosafety level 4 (BLS4)
clearance, the highest such clearance, in 2018. It housed the
world’s largest collection of coronaviruses.

In February, a letter signed by twenty-seven scientists,
published in the British medical journal 7be Lancet, proclaimed
that the virus must have had a natural origin. But the almost
immediate blanket conclusion only deepened suspicions. A year
later, a Wuhan site investigation by WHO-commissioned scien-
tists was also inconclusive. It concluded, however, that a lab leak
was “extremely unlikely.

Another problem was the Chinese government’s failure to
disclose that a SARS-like coronavirus had been collected in
an abandoned mine cave in Yunnan, near the Laotian border,
sickening six miners back in 2012, and killing three.” The virus
was studied at the Wuhan Institute, but is not similar enough to
the pandemic virus to be called its progenitor.*® Finally, in 2021,
President Biden authorized a bipartisan U.S. panel to address
the many questions surrounding the origin of COVID-19. Its

final report was inconclusive but one “IC element,” intelligence
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community element, assessed with “moderate confidence” that
a lab leak was the pandemic’s origin.”” That was the FBI.

A provocative issue was to what extent the National Institute
of Allergy and Infectious Diseases (NIAID), headed by Anthony
Fauci, had indirectly funded the Wuhan research.”® From a
$3.7 million NIAID grant to a New York—based nonprofit, the
EcoHealth Alliance, to prevent pandemics, $600,000 was to be
provided by EcoHealth to the Wuhan Institute of Virology to
study coronaviruses in a collaboration planned for the period
20162024, at some $76,000 per year. The NIAID grant forbade
gain-of-function viral study, and required the reporting of any
adverse lab results, under a later rule called P3CO. A study of
the full 528-page description of the grant, released in September
2021, suggested the China lab may have altered SARS-like
viruses to study their pathogenicity.*” Few were accusing the lab
of intentionally leaking a killer, but there was suspicion a stored
virus could have escaped by accident.®

In support of those who blamed an accidental lab leak, in
September 2021 it was revealed that the EcoHealth Alliance had
applied for a DARPA grant to research the insertion of furin
cleavage sites into SARS viruses, to be completed at the Wuhan
Institute of Virology—exactly what the SARS-CoV-2 virus
proved to be. The grant was rejected, and EcoHealth claimed
none of the research was pursued. With all of the accusations,
the EcoHealth Alliance grant was canceled in April 2020. Eco-
Health was one of eleven institutes, however, awarded five-year
NIH grants in August of that same year."”

'Those arguing for a natural origin could point to the fact that
most every pandemic in history has been accused of coming
from human origin. The Russian government claimed Zika and
Ebola viruses were the results of American clandestine programs.
Some thought the same of AIDS. More to the point, a Pasteur
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Institute team report published in Nature in 2022 revealed that
the team had found bats in several caves of northern Laos and
southern China with coronaviruses that could infect humans.
The discovery suggested that coronaviruses emerge frequently
in bats, often without being identified, and might not need an
intermediate host to spread to humans. The causes for trans-
mission to humans might be our encroachment into remote
habitats, in part in search of guano as fertilizer.” A University
of Hawaii study in 2021 suggested that a warming climate was
fueling an increase in bat species in southern China, and that
outbreaks of coronaviruses are related to increasing numbers of
bats in a region.®

A 2022 study published in Science concluded that the Huanan
Seafood Wholesale Market in Wuhan was the early epicenter of
COVID-19.* But the passage of time and suppression of data
make it hard to trace the original chain of events. Answering
the question of COVID-19’s origin remains critical however, if
public health officials are to plan for the next pandemic. The risk
remains high, as human population growth brings us into closer
contact with more wild animals.

Biosecurity would be a critical foundation of a bioeconomy.
“We need a comprehensive plan so that our lack of preparedness
never happens again,” said former FDA commissioner Scott
Gottlieb. Wuhan virologist Shi Zheng-Li agreed. “This pandemic
has made me realize the importance of our work,” she wrote in
a reply to Science magazine. “With global environmental change
and the expansion of human activity, the risk of infection con-
tinues to increase.”®

Professor Shi vigorously defended herself, and then mostly
stopped talking in public.* She identified bats as the likely origin
of SARS-CoV-2 and noted that “the places where big emerg-

ing diseases break out usually are not their source of origin.”"
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She cited the high rates of virus antibodies found in Wuhan’s
house and stray cats, proposing that the virus was spread from
humans to cats. The bottom line, she argued, was that the Wuhan
Institute of Virology received its first samples of the virus back
on December 30, 2019, when it was labeled “pneumonia with
unknown etiology.”* She denied doing any unpublished gain-
of-function experiments with coronaviruses and ruled out the
possibility of an accidental release from her lab.

If one good result comes from the pandemic, it could be the
establishment of globally enforceable gain-of-function research
guidelines and coordinated public health responses for future
pandemics. For the moment, however, certainty seems unlikely,

and the origin question remains to be answered.

“THE GREATEST SCIENCE
EXPERIMENT IN VACCINOLOGY
THAT’S EVER BEEN DONE”

As 2020 slid from summer to fall, international air travel slowed
to one-third of its pre-pandemic level. Vacations became regional
or national, and the sales numbers for recreational vehicles,
national park passes, and campground reservations skyrocketed.
That summer, my family was fortunate to be seated around a
fire outside Glacier National Park, awaiting the rare appearance
of the comet NEOWISE. The falling comet slashed the black
horizon behind the Rocky Mountains. As we played a guess-
ing game about quotes from our favorite movies, the Milky Way
materialized like a giant shroud.

Around the country, people were protesting the killing of
George Floyd, state mask mandates, layoffs, and quarantine

restrictions. Many waited in long unemployment lines. Many
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Americans of Asian descent were harassed, including one of my
students, whose Michigan high school locker was covered with
COVID-19 stickers.

With tens of billions of dollars being invested in prevention
and treatment around the world, the COVID-19 vaccine race
became synthetic biology’s moment. Those words of Jennifer
Doudna were echoed by BioNTech CEO Ugur Sahin and
Scripps Research Institute virologist Andrew Ward, who called
the research programs “the greatest science experiment in vac-
cinology that’s ever been done.” Finally, after twenty years of
promise and potential, a new science was helping to solve a
world crisis.

Synthetic biology played its role in the pandemic response
in three ways: through the development of RNA- and DNA-
based vaccines; through diagnostics; and through therapies. In
diagnostics, several synthetic biology at-home tests were being
developed, some saliva-based and others using the traditional
nasal swab. Some detected antibodies and others viral proteins.
One used crowd-sourced detection systems developed at the
University of Washington. With COVID-19 tests in short sup-
ply at the pandemic’s outset, several synthetic biology compa-
nies stepped up their efforts to create tests to detect antibodies.
Two such synthetic biology companies, Sherlock Biosciences
in Cambridge, Massachusetts, and Mammoth Biosciences in
Brisbane, California, used CRISPR to engineer microbes to
detect the antibodies. “It felt like being in the World Series,” said
Christine Coticchia, Sherlock’s former principal scientist, in a
radio interview.

Many COVID-19 test kits required tedious liquid transfer
by handheld pipette or small glass tube. From New York, the
small company Opentrons made inexpensive robots called OT2

to perform such liquid transfers. During the pandemic, its robot
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sales skyrocketed to include some forty countries as well as its
home city when it won the New York contract to make the
robots for city tests.* Use of the robots drastically reduced the
wait time for test results. Will Canine, a cofounder of Opentrons
and former protester in the Occupy Wall Street movement, saw
his company’s valuation leap in one year from $go million to
$1.8 billion.

Ginkgo Bioworks also made COVID testing kits and shipped
them free to public schools across several states, while North-
western University and Yale School of Medicine researchers
turned their laboratory platforms to making alternative, inex-
pensive coronavirus tests. The Ginkgo effort was a partnership
with the company Concentric to collectively pool tests from sev-
eral patients at once, lowering the cost of COVID-19 testing,
securing access to tens of millions of rapid antigen, or surface
proteins, tests a month. Northwestern’s Center for Synthetic
Biology offered two different kinds of inexpensive tests using
cell-free technology, techniques that did not require living cells.
The company Distributed Bio partnered with the World Health
Organization and the U.S. military to create a universal vaccine.”
In Illinois, Argonne National Laboratory enlisted its artificial
intelligence algorithms to track the virus’s evolution, to predict
mutations, and to anticipate the next new virus outbreak.”

Other companies created versions of the virus protein to
help test therapies and to make synthetic biology COVID-19
therapeutics themselves. These included antibodies, weakened
proteins, and even synthetic steroids. Twist Bioscience in San
Francisco, for instance, used its unique silicon-based DNA writ-
ing platform for viral detection and analysis, and its clonal genes
allowed for quick development of vaccines from gene sequences,
which relieved lab scientists from having to handle dangerous

pathogens. The laboratory of Jim Collins, now at MIT, worked



218 % BIOINDUSTRIAL REVOLUTION

on a mask that could turn blue if the virus was detected in the
wearer’s breath.”

Newer synthetic biology companies focused on COVID-19 as
well. In California, Antheia worked on therapeutics. Academic
researchers like Yale’s Paul Turner made COVID-19 a teaching
tool for viral evolution. As winter 2020 rolled into the new year,
vaccine makers turned to manufacturing their medicines in bulk.
In the turn to global manufacturing, synthetic biology offered a
vision of what future bioindustry might look like, which is where

we turn next.
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Perils and Profits of a New Science

A revolution was made by people talking . . . about something
theoretical, something they hoped would exist. It was a dream.
—Malcolm Gladwell, The Bomber Mafia

t was a beautiful morning, and I was sitting at my usual

kitchen spot at the granite island, studying my laptop, click-

ing for what seemed the hundredth time through the web-
sites of Zocdoc, CVS, Walgreens, Jewel-Osco, Publix, Good
RX, App Doctor, and every other site I could think of, looking
for a vaccine appointment. Outside, the sun baked down on
the still water of the Gulf of Mexico. All I could see was “none
available.”

In the spring of 2021, Pfizer and Moderna competed to
produce their vaccines for millions of people. It was one thing
to make mRNA vaccines in small doses in the lab, but quite
another to build facilities to make enough to vaccinate a country
or a continent. The equipment and personnel costs were tremen-
dous. The fragile, organic ingredients interacted differently in a
small fermenter than in a gigantic 20,000-liter bioreactor, where

the pressure built up higher and the precious product had to be



220 %) BIOINDUSTRIAL REVOLUTION

separated from hundreds of gallons of broth.! Even differences
in tap water quality affected the outcomes. Pfizer had promised
100 million doses by 2021 but fell short by half, with an assurance
of more to come with money from the U.S. government.

The vaccine makers were solving problems that faced syn-
thetic biology as a whole: how to turn lab successes into a
business. By mechanizing the production of organic material
at unprecedented speed and scale, the efforts showcased the
required logistics of industrial synthetic biology. What was the
proper sequence and mechanism for feeding gigantic fermen-
ters? Should workers perform tasks by hand or could processes
be automated? Can yeast or bacteria be induced to ferment 24
hours a day? In the case of the Pfizer vaccine, how could the
product be kept at temperatures as low as 70 degrees below zero
Fahrenheit? The solutions required a combination of chemical
and mechanical engineering and sophisticated quality control.
Manufacturing needed thousands of skilled workers toiling
extra hours, wearing masks and bulky protective gear amidst a
global shutdown.

For many people, the lockdown rolled past in Zoom meet-
ings, sleepy classes, home schooling, new pets, and work from
home. For others, it meant furloughs, layofts, creditor calls, and
anxiously awaiting a stimulus check. Many of us felt we had
been waiting for years for the vaccine. I was one year shy of the
age requirement for Priority One inoculation status in my native
state of Illinois. I scrolled impatiently, not daring to lie about my
job status and cut in line only to be humiliated on social media:
“Professor caught lying on vaccine questionnaire!” It sometimes
telt like the worst part of the vaccine effort was seeing celebrities
pictured with bared biceps.

By January 2021, more than 2 million people were dead

worldwide, with 300,000 or so gone in the United States.?
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Twelve months later, 5.9 million people had lost their lives.? The
pandemic ebbed and surged. A series of network news programs
airing at the one- and two-year anniversaries of the pandemic
doled out the results. Hundreds of millions sick, tens of millions
unemployed, variants emerging. People coped by writing haikus
(three-line poems of meditation) and scheduling Zoom ses-
sions with therapists, and those were people with money. Com-
pared with the 17 to 100 million deaths that occurred during
the 1918 influenza pandemic or with the Plague (“Black Death”)
of the 1340s, which claimed one-third to one-half of Europe,
COVID-19 was less lethal but more draining because of its
endless social media fractures and accusations.* My wait for a
vaccine seemed to drag on.

There were hopeful signs. By 2022, vaccine availability was
much less of a problem than it had been. Why? The answer is in
the ways the vaccine makers achieved mass-production levels.
‘Things did not always go smoothly, but the surge of production
demonstrated some of the necessary technologies, capacity, and

capability to make synthetic biology a force in manufacturing.

“A SECOND MIRACLE ... OF
MANUFACTURING”

“Necessity is the mother of invention” is a saying that arises
during a crisis. What better time than a crisis for revolutionary
technology to take hold, when its appearance could ignite wide-
spread, immediate improvement in people’s lives? In the United
States, vaccine makers were reworking that common adage to
another philosophy that instead stated, necessity makes a child
of innovation. “Making a vaccine is quantifiably one of the hard-

est things human beings try to do” said Regeneron cofounder
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George Yancopoulos in the New York Times Magazine in June
2020.° The companies struggled at first.

The first COVID-19 vaccine approved for emergency use in
the United States was Pfizer’s, in December 2020, with Mod-
erna winning approval shortly thereafter.® Pfizer had only signed
its production deal with BioNTech some eight months earlier.
With the approval, the partnership had to speed into industrial
production and its huge challenges. Pfizer faced the added com-
plication of having turned down U.S. government funding ini-
tially. Pfizer facilities in Missouri, Massachusetts, and Michigan,
along with its base in Mainz, Germany, were retooled to meet
the demand. The effort’s meaning resonated with employees.
“Rarely do you see something you work . . . have an effect out-
side of the lab”said one research manager to the New York Times.
“This was coming home and seeing ten headlines a day.”

Pfizer converted its plant in Chesterfield, Missouri, to pro-
duce the DNA templates for the mRNA vaccines, combin-
ing tiny loops called plasmids containing the instructions to
make coronavirus spike proteins.® This process thus began with
premade snippets of genetic material. The DNA was manu-
factured in enormous quantities in fermenting vats of E. co/i
bacteria modified to take up the premade genetic material. The
fermenters at the sleek, 295,000 square-foot facility resembled
those of an industrial brewery. As these E. co/i reproduced
rapidly, each new generation produced more and more of the
desired DNA template.

Scientists recovered the bacterial DNA by shearing the cells,
dissolving their components, then distilling the extracted DNA
by chemical methods. The DNA was employed to produce the
vaccine’s mRNA. This was done by cutting the bacterias DNA
with enzymes, making small linear strips, purifying them, and
storing the DNA in one-liter bottles, each containing enough
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genetic material to make 1.5 million doses. This was very similar
to technologies used by biotechnology companies in the 199os,
except at vastly larger and more sophisticated scales. The bot-
tles were frozen and shipped to one of two Pfizer plants, either
in Andover, Massachusetts, or in Mainz, Germany, where the
contents were translated into fragile mRNA, tested, frozen, and
shipped to Kalamazoo, Michigan, to be thawed, mixed with
water, and encased in the vital fatty lipids that held the vaccine,
then frozen at 70 degrees below zero Fahrenheit to be shipped
to patients.

The Kalamazoo operation was arguably the most critical.
If the plant could not push production, then all the gruel-
ing twenty-four-hours-a-day, seven-days-a-week scheduling
would be for nothing. The midwestern town was home to one of
Americas first drug manufacturers, Upjohn. Pfizer had acquired
Upjohn’s sprawling plant, built in 1948 as a producer of steroids
and snakebite antivenom medicine. The building was nearly a
quarter-mile long to house the various machines and store their
supplies and products.’ It featured four tall white towers resem-
bling grain silos, for storing the dry ice needed to encase the
vaccine for shipment. In September 2020, the Kalamazoo plant
made its first test run, pumping precious messenger RNA to be
encased in lipid, or oil, membranes.” Gigantic sub-zero freezers
were ready to preserve the vaccine vials. Ductwork beneath the
ground sucked out the hot air created by the freezers.

'The first test failed. Engineers traced the problem to a faulty
filtering membrane that leaked the precious lipid particles. They
corrected the membranes for a similar test in Pfizer’s Puurs,
Belgium, manufacturing plant, and this succeeded." But the fil-
ters remained a weak point even as clinical trials showed how
well the vaccine worked. The clinical successes put more pressure

on the Kalamazoo workers, identifiable by their bright yellow



224 % BIOINDUSTRIAL REVOLUTION

shirts as they packed the bottles in the dry ice, preparing to ship
them the instant the FDA granted emergency approval. By the
time the approval arrived in early December, Pfizer had cut its
2020 production prediction in half, from oo million to 50 mil-
lion doses. Needing money, the company sought U.S. Defense
Production Act authorization to purchase packing supplies, and
the new Biden administration agreed.”? The new president called
it “a second miracle, the miracle of manufacturing.”

Millions of vaccines shipped in outsized containers. The
complicated handling required high-tech equipment and large-
scale organization. Some journalists compared the scale to that
of the Apollo space program, but this much bigger operation
more personally affected the lives of everyday people. The newly
developed expertise and processes, equipment and training,
could prepare the groundwork for what could be a bioindus-
trial revolution, using the raw materials of nature for sustainable

medical, material, food, and clothing production.

TREATMENTS IN THE PIPELINE

By the end of 2021, synthetic biology expanded with more than
$4 trillion invested worldwide. Ginkgo Bioworks catapulted to
Wall Street and was valued at s15 billion. The top companies
included familiar names such as Ginkgo, Amyris, Bolt Threads,
Antheia, LanzaTech, Pivot Bio, and Impossible Foods, along
with Ames, lowa—based Renewable Energy Group or Eddyville,
Iowa—based Cargill. Iron Man actor Robert Downey Jr. invested
in synthetic meat makers. In Skokie, Illinois, LanzaTech part-
nered with Lululemon to make yoga pants out of steel-mill car-
bon exhaust, which it was using also for detergents, and with

Zara to make a black cocktail dress from the same source.
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Next to tackle was how to distribute synthetic biology—
created COVID-19 treatments. Ginkgo Bioworks, Twist Biosci-
ence, and Antheia were among those providing crucial services
for free or at reduced rates. Ginkgo committed much of its tech-
nology to better testing and offered its test for COVID-19 free
of charge to schools. The company also offered its automated
tools to support COVID-19 surveillance, tracing, and manu-
facturing.” Twist Bioscience likewise offered its silicon gene
manufacturing tools for viral detection and as prized RNA con-
trols.” Integrated DNA Technologies, the thirty-year-old DNA
synthesis company, provided coronavirus samples to qualifying
labs. ATUM, another DNA synthesis company, lowered costs
and increased the accuracy and efficiency of gene manufacturing
to order.

Some critics questioned the wisdom of making potentially
dangerous samples of SARS-CoV-2 DNA available to labs
on request. A few years earlier, DNA synthesis companies had
banded together and created a select list of some sixty genetic
agents, including those of the SARS and MERS viruses,
that would require a security vetting of the customer before
shipping.' The consensus by the time of the pandemic’s sec-
ond year, however, was that as the SARS-CoV-2 genome was
already circulating freely, the benefits of making virus cop-
ies available outweighed the risks. But was the publishing of
virus genomes a sound practice? A 2022 article in ACS Synthetic
Biology, “Making Security Viral: Shifting Engineering Biology
Culture and Publishing,” offered three recommendations. First,
journal editors should include security expert review before
publishing viral study protocols. Second, that review process
itself should be published. Third, article review should include a
questionnaire asking authors to reveal their own security evalu-

ations of their work."”
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Other research and new product development progressed as
several companies continued with research programs beyond
pandemics. Using CRISPR engineering, the Cambridge, Mas-
sachusetts—based company Sherlock Biosciences had created
inexpensive Zika and Ebola tests but swerved its entire work-
force toward the coronavirus. By the end of 2021, it was shipping
some 10 million COVID-19 tests a month to China, India, and
Saudi Arabia, under an emergency use authorization.™

Such successes helped drive synthetic biology’s public offer-
ings. The stock market continued to rise, and the temptation was
to raise money on the wave. In late 2020, Twist went public with
a successful initial public offering (IPO) valuation of s110 a share,
earning s300 million from the sale. In June 2021, Zymergen, with
an IPO of $31 a share, raised s500 million. But such money could
backfire. The danger was to overhype results. In fewer than eight
months, Zymergen admitted in August 2021 that its revenue fell
far short of predictions and would remain so. Its one product, a
toldable phone screen material called Hyaline, was not perform-
ing well and had attracted fewer customers than anticipated. Its
stock plummeted some 70 percent in a single day, and the CEO
resigned. By 2022, the company was seeking a buyer.

As an industry, synthetic biology remained a realm of mostly
small-to-moderately-sized companies and labs, or divisions
within corporations, confined to small market shares while also
performing research on behalf of government. The prospects
were bracing, however. Some $3.3 billion was spent on tissue
engineering research in 2021, for instance, but that figure was
expected to leap to more than $26 billion by 2027.” Despite the
mRNA vaccine success, the bid to expand and fully automate
and become an industrial revolution remained a ways off.

As for the COVID-19 crisis, the synthetic biology company
Distributed Bio, working with the World Health Organization
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and the U.S. military, was seeking to develop a universal vaccine
platform through use of artificial intelligence, while continuing
its search for new antibody treatments. In January 2021, Charles
River Associates acquired the company, infusing much-needed
cash. The synthetic biology company GenScript was offering
its high-tech coronavirus test free to researchers. Hundreds of
synthetic biology companies scrambled to meet the multiple
demands of a pandemic in an uncertain future. Treatments,
some created using synthetic biology technologies, were improv-

ing survival rates. Among these were antibody cocktails.

ANTIBODY COCKTAILS AND
ANTIVIRAL PILLS

Synthetic biology contributed more than vaccines to easing the
pandemic. Monoclonal antibodies were the laboratory-made
molecules that mimic the immune system’s defenses against a
virus. In the case of SARS-CoV-2, the laboratory monoclonal
antibodies targeted the virus’s spike protein, either preventing it
from binding to the patient’s cells or labeling it to be destroyed.?
To get such COVID-19 medicines, researchers isolated anti-
body-producing B cells from recovered patients’ blood and
reproduced the cells in humanized mice (mice engineered with
functional human genes or cells). The Y-shaped antibody pro-
tein’s two arms locked onto infected cells to prevent the infec-
tion from spreading. As the coronavirus mutated, however, it
became necessary to devise multiple antibodies in cocktails to
hit more than one target.

The initial COVID-19 antibodies were made by Regeneron,
which received emergency FDA approval for use in patients with
severe symptoms, such as President Trump when hospitalized
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at Walter Reed National Military Medical Center in October
2020. The way Regeneron used synthetic biology was as follows:
First, the target was identified. Then, humans with resistance to
the target were found through the Regeneron Genetics Center
library. Medicines were then tested with a technology called
VelociMab (mab for monoclonal antibody). The best candidates
were tested in patients and the medicine optimized and pro-
duced in huge quantities in fermenters up to 10,000 liters in size.

In all, four such antibody treatments were approved for
emergency use, with hard-to-remember names such as Bamla-
nivimab, etesevimab, casirivimab, and imdevimab. The govern-
ment bought 1.5 million doses of Regeneron’s medicine, but it
did not help as much as hoped as the deadlier Delta strain of
SARS-CoV-2 became widespread.”’ Cumbersome to adminis-
ter, Bamlanivimab’s FDA approval was revoked in April 2021.%

More significant were antiviral pills made by Pfizer (Paxlovid)
and Merck (molnupiravir), with the hope of improving recovery
as the highly communicable Omicron variant spread through
the beginning of 2022. High-risk patients could obtain the pills
with a prescription, but they had to be used early after infection
to be effective. Learning from the widespread unhappiness with
unequal vaccine access, both companies signed deals with the
United Nations nonprofit Medicines Patent Pool to make the
pills available at low prices in developing nations.

The Pfizer treatment initially required thirty pills over
five days, and the Merck treatment required forty pills. Pfizer
announced its pill was 89 percent effective if given within the
first three days of symptoms, and MercK’s pill was 50 percent
effective.” The Pfizer pills were developed originally during the
SARS epidemic, while Merck’s were developed for flu. As early
as 2015 Vanderbilt University researchers were testing MercK’s

molnupiravir for coronaviruses, where it seemed highly eflicient
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as a treatment. Both were protease inhibitors of the class of
drugs used to treat HIV, and Merck’s was a polymerase inhibi-
tor similar to hepatitis C treatments.” These kinds of inhibitors
block a critical enzyme a virus uses to replicate itself and reduced
AIDS death tolls significantly. The Merck pill, for instance,
prevented the maturation of the virus and caused it to mutate.
Pfizer’s Paxlovid is a three-pill dose that consists of two separate
medications. The first two pills inhibit an enzyme the COVID
virus needs to make functional virus particles. The third pill is
a booster.” The governments of the United States and United
Kingdom both bought millions of doses of each, as it was hoped
the pills would ease the worst of the pandemic. Swiss company
Roche was working on similar antiviral medications.?

In the end, COVID-19 accelerated synthetic biology
research.” As new variants like Omicron emerged, the biggest
challenge was to distribute the biomedical breakthrough gains
tairly, widely, and efficiently. Toward that end, discussions began
for a new public health global network to make science break-

throughs more readily available to all.

A GLOBAL NETWORK

The effort that enabled Moderna and Pfizer researchers to cre-
ate, test, and manufacture their mRNA vaccines in record time
was a joint government, nonprofit, and business affair. When the
Food and Drug Administration issued emergency use authori-
zations for the vaccines, it authorized that vaccinations would
be covered by Medicare or be free of charge. Vaccinations in
the United States began on December 14, 2020, barely eleven
months after the virus was identified.”® That vaccine triumph

was only the beginning of what was needed.
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Questions were raised about fairness. The manufacturers had
worked with U.S. federal and state officials to get the medicines
out “as quickly as possible,” according to the Centers for Disease
Control and Prevention (CDC) website. The rollout was com-
plicated by the fact that storage required powerful freezers, and
the vaccines had to be offered in two doses several weeks apart.
Vaccine shipments were tracked online by the CDC’s Vac-
cine Tracking System (VTrckS).” But access to these benefits
was highly unequal. In the United States, if one was Latino or
Latina, that person was twice as likely as non-Hispanic whites
to die of coronavirus. If one was Black, three times as likely.
Even after the vaccine rollout quelled the infection rate in Bra-
zil and India, the pandemic raged nearly out of control in those
countries.’*® A person’s income played a key role in his or her
chances of survival.*!

As the pandemic surged again in early 2022, protests of the
profits made by Moderna and Pfizer continued. The fortunes
stood in contrast to past vaccine creators such as polio’s Jonas
Salk and Albert Sabin, who each earned nothing from their tri-
umphal efforts. “It belongs to God,” Salk famously said. In part,
the windfall was partly a result of taking an enormous risk, and
partly a result of larger economic changes since the Reagan era,
when capital won out over labor, enabling people like Gates,
Bezos, Zuckerberg, and Thiel to become multibillionaires. From
an economic standpoint, the vaccines revived global markets at
a time of world recession and would be considered worth the
fortunes they generated. From a human standpoint, they offered
the infinite value of saving a life.

But the question of profits loomed with each passing call for
more vaccine availability, and thus sales. As BioNTech’s market
value soared past s21 billion, its founding couple, Ugur Sahin and
Ozlem Tiireci, became among the richest people in Germany.
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'The boosters caused Moderna’s stock prices to shoot up 35 per-
cent in December 2021, leading Bernie Sanders to tweet: “This is
obscene. Last week, 8 investors in Pfizer and Moderna became
s10 billion richer as news about the Omicron variant spread. It’s
time for these pharmaceutical companies to share their vaccines
with the world and start controlling their greed.”

Still, the carless couple Sahin and Tiireci lived in a fairly unas-
suming Mainz apartment with their teenaged daughter, rid-
ing bicycles to work. “Discussing business is not his cup of tea,”
Pfizer’s Albert Bourla told the New York Times of Sahin. Sahin
announced he wanted to make sure the supply system could
reach everyone, vowing to create “a global network” of regional
manufacturing centers, beginning with one in Singapore and
tollowing with another in South Africa.®

As many fortunate people like me waited for their appoint-
ments, many of those in developing countries could still not
get them or settled for the less effective Chinese and Russian
vaccines.’* Pretty much all I wanted was a vaccine, for fam-
ily, friends, and me, but the fairness arguments were only
beginning.

SUNSET ON THE BEACH

Inside the Bonita Beach Grande Crossing Publix Supermarket
in southwest Florida, I could overhear an older woman talk-
ing about Chicago newspapers with another woman, possibly
her caregiver. She was called up to the supermarket pharmacy
counter. Next to go was a young man in gym clothes, baggy long
pants and T-shirt, reading his cell phone. Then it was my turn.
“Theodore, what’s your last name?” a young tech called out

from the drive-up line. “Are you ready? You look so ready!”
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The head pharmacist, Chad Slocum, worked nimbly with
the components of the shot. “You were early, Theodore,” he
remarked.

It was April 13, 2021, in a strip mall supermarket beneath a
sunset-rose-colored sky. I had pulled up with my wife to get my
Moderna dose, parked, and walked into the pharmacy corner.
It was not crowded. Two young women attended a makeshift
reception folding desk set up near the cleaning products. “Let
me see your identification,” one said. “Not that” (I put away
my Illinois driver’s license), “your Florida ID.” I produced the
requested documents, following the state website guidelines.

After the shot—administered in the midst of handling drive-
up pharmacy customers—I felt a flood of gratitude. Heading
into the parking lot, I drove straight to the beach in the setting
sun, thinking of enjoying the waiting glass of retsina wine with
my wife and her high school friend at her friend’s condominium.
Hundreds of thousands like me were tweeting pictures of their

vaccine shots, and I felt hopeful. Possibly it could not last.

“AS DISRUPTIVE AS IT GETS”

As more vaccines rolled out, the news carried reports about the
fortunes the Moderna and Pfizer vaccine makers had made,
along with the backers who had invested in them. In 2020,
Moderna stock rose 7.2 percent in one day in December 2020.%
The forty-seven-year-old Stéphane Bancel’s 9 percent stake
in the company had risen 50 percent in value since December
2018. This meant that, according to an estimate in Forbes maga-
zine, he was now a billionaire.** So was MIT professor Rob-
ert Langer, who was a company board member and investor.

Nobody suggested the profit was illegal. Rather, the question
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was whether such profits were proper or ethical in a time of
global depression.

The U.S. government invested in Moderna, which then sold
its taxpayer-funded vaccine back to the government. Although
Pfizer did not take U.S. federal money at first (only later, to help
meet demand), issues were raised about the costly packaging of
the vaccine. The larger forty-eight-well containers used required
well-equipped industrial facilities generally more available in
urban sites, enabling Pfizer to control the distribution to profit-
able markets, it was suggested.”

BioNTech’s well-liked founders, Ozlem Tiireci and Ugur
Sahin, earned a similar windfall.*® They were multimillionaires
already, following the sale of their previous 2001 biotech startup
Ganymed, which sold for s1.4 billion in 2016. They had taken
their successor BioNTech public early, at a seemingly inop-
portune moment, in October 2019, right before the coronavirus
outbreak. Its initial IPO was a disappointment.” but by June
2020, the stock price had tripled in value and continued to rise
through the fall. Other companies gyrated in the opposite direc-
tion. Zymergen's August 2020 crash was followed by an investor
lawsuit. On the other hand, Ginkgo BioworksWall Street offer-
ing raised some $1.6 billion, and the company started two new
foundries in Cambridge to augment the Boston Design Center
space it had outgrown. Overnight, the five cofounders became
multimillionaires, close to billionaires. “Jealous,” tweeted Twist
Bioscience CEO Emily Leproust, as synthetic biology followed
its biggest investment year in 2020 with a bigger one in 2021 and
a larger one in 2022.%* In July 2022, Ginkgo bought Zymergen.*

The pandemic was profitable to the vaccine makers, to be
sure. With sales of $21 billion for Pfizer’s vaccine alone, the coro-
navirus vaccine became the biggest-selling medicine in history.

Both Pfizer and Moderna prepared to extend the success of the
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messenger RNA platforms to treat other infectious diseases,
such as flu, tuberculosis, rabies, malaria, Zika, and viruses that
had not even emerged yet. Each company had an mRNA cancer
program in place as the Biden administration proposed a mas-
sive investment in biotechnology “This is about as disruptive as it
gets,” the University of British Columbia’s Pieter Cullis told the
Washington Post.* “It’s a fantastic time for life science,” added
Cullis, who helped create the lipid nanoparticle casings for the
vaccines, a technical innovation some ranked as high as that of
the mRNA vaccine itself.® But how do you share the benefits of
taxpayer-funded research that yields such high value?

As new SARS-CoV-2 variants spread, it seemed like masks,
lockdowns, and distancing might become recurring fixtures of
our world. When focus on the new science increased, the ethics
issues had to be confronted. The Biden administration bought
hundreds of millions more doses of the Moderna and Pfizer vac-
cines and planned to distribute them to poor and developing
nations. In 2022 BioNTech unveiled a mobile container-sized
vaccine factory that could manufacture doses in Africa within
the year.* But that was not enough. The benefits had to be
shared, domestically and internationally.

Synthetic biology came of age with the global production of
vaccines. Many, however, questioned the higher prices of meat-
less meat, fishless seafood, and milkless dairy products. To shape
the public debate, the field’s leaders, and their communications
officers, became major figures on Twitter, podcasts, Zoom casts,
and in publications from Fast Company to Forbes. But some of
their arguments changed.

In the wake of the pandemic, some synthetic biologists no lon-
ger claimed they were simply industrializing biology. Humans had
invented other industries. But biology had invented humans.®

Biology was not a mere technology, but rather a majestic sphere
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beyond human activity, almost of creation one might say. In enlist-
ing biology’s help, companies were the partners of a profound
collaboration, in which universities were no longer the centers
of technical innovation. “Companies are incredible vehicles,”
Ginkgo’s Jason Kelly told investors in a January 12, 2022, Zoom
conference, “to tackle big things.”

'The speed of such advances made it time to examine the ethi-
cal and policy debates surrounding the new science, including
viral research, CRISPR gene editing of human embryos, and
synthetic biology’s unequal distribution of benefits in a world of
rich and poor. As lab techniques became widely available, fresh
questions arose about biosafety and bioterror. How would DNA
synthesis companies know who was ordering genetic material,
and for what purpose? Garage science rebels joined an infor-
mal, do-it-yourself secret society of biology hackers. The benefits
accrued from taxpayer funding were unequally distributed, they
argued. It was time to understand the responsibility of taxpayer-

supported science research to the public need.
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THE MOIRALI'S GIFT

The last speaker at the conference is always the ethicist.
—Laurie Zoloth

group of researchers had gathered by Zoom to con-

sider the possibility of opening synthetic biology to

indigenous forms of knowledge. The group, including
the Faber Futures biodesign company director Natsai Audrey
Chieza from London, discussed the benefits of tapping many
more diverse voices outside of the classroom and boardroom in
charting a course for science research.

Around the world, the pandemic had revealed the dangers
of unequal access to health care. Protests had mostly stopped,
but many people were worried about inflation and disenchanted.
Issues of access to the COVID-19 treatment and preven-
tion breakthroughs, and the to the benefits of biotechnology,
remained. As the SARS-CoV-2 virus was mutating and vac-
cine boosters were being administered, many in the developing
world could not get shots. The vaccine companies refused at first
to share their intellectual property with countries in Africa and

South Asia.! Some synthetic biology founders were becoming
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multimillionaires, even billionaires, while much of the world
waited for medicine. Some anti-vaxxers were taking expensive
experimental treatments while emergency rooms in the devel-
oped world remained full of unvaccinated, and vaccinated,
COVID-19 patients.

There were lessons learned from the way in which govern-
ment-supported vaccine research was turned to astronomical
profits, observed economics professor Massimo Florio of the
University of Milan. “Governments should be stronger than
corporate lobbying and should require both a patent waiver and
deep technology transfer to qualified third-party producers,”
Florio wrote in a Research Europe opinion column. “We must
define a modern form of intellectual property rights in the pub-
lic interest.”?

The lack of access to expensive biomedical breakthroughs,
and the dropping cost of lab equipment, led to a do-it-yourself
community proclaiming molecular genetics should be for every-
one. Molecular biologists with PhDs and amateur activists were
shooting YouTube videos on how to make insulin drugs or do
personal gene-editing in garages and apartments. Some ordered
kits on Amazon, while serious, idealistic scientists founded com-
munity labs dubbed “biospaces”in cities around the world. Some
of them, such as New York—based Genspace, sponsored classes
and built labs almost as advanced as those “generally confined
to well-funded academic institutions and private corporations,”
Margaret Talbot wrote in the New Yorker.? Others made the
technologies “better, cheaper, faster, and more available,” said
Opentrons’ Will Canine, such that first-rate academic and com-
mercial labs purchased them.

In the beginning, many in synthetic biology had sought
universal accessibility. The BioBricks and OpenWetWare web-

sites featured a free online library of standard genetic material.
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The malaria medicine created in Jay Keasling’s lab was made
available at cost in Africa.* Those altruistic researchers of
the 2010s sought solutions to the urgent problems of a new
social and environmental order, ranging from climate change to
unequal health care. By 2022, some of the biggest synthetic biol-
ogy companies had patented discoveries and reaped increas-
ing windfalls. The biggest exemplars of the windfalls were
Moderna and Pfizer, who would not divulge their COVID-19
vaccine formulas, arguing that patents protected their hard
work and imagination.

The argument over the origin of SARS-CoV-2 also shed
new light on the risks of under-regulated research. A World
Health Organization panel in 2021 called for stringent global
review of access to gene editing data.’ In the United States,
the National Biodefense Science Board, planning for the
next pandemic, climate change, and bioterror, called for a
regulating body to keep pace with scientific advances. Syn-
thetic biology was now a subject of wider media coverage.
With a valuation of the biotechnology industry at more than
s4 trillion, some companies promised more sustainable and
affordable clothing manufacturing, including the one founded
by Natsai Audrey Chieza and others like it. Still, the problems
of access persisted.

In Greek mythology, the three Moirai (or Fates) write our
stories, determining our life span by spinning and cutting the
thread of life. They are remorseless. As the pandemic ebbed and
surged, poorer regions of the globe struggled. How could science
pay back the governments that funded it and the people who
funded the governments? What was the best approach to bring-
ing in new voices and ideas to science? It was time to answer

those questions.
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“THE MOST STUNNING ETHICAL EVENT
IN THE HISTORY OF SCIENCE”

In 1974, a federal research biochemist we have met briefly,
Maxine Singer, was worrying about the misuse of the powers
of genetic research. She chaired a conference where the latest
techniques of recombinant DNA got her thinking about the
danger posed should gene-edited pathogens leak from a lab. She
and her conference co-organizer wrote a letter to the National
Institutes of Health (NIH) expressing their concern that “too
little solid information” existed to allow such DNA research to
proceed without monitoring.® At the suggestion of the NIH,
the Conference on Recombinant DNA Molecules (commonly
referred to as the Asilomar Conference) met in 1975 at the
Asilomar Conference Grounds in Pacific Grove, California, to
consider a way forward.’

Lurking behind the calls for ethics review was a sometimes-
horrific past of medical research abuse. While the ethicists
could draw upon a tradition of thought from Hammurabi
and the Talmud to Aristotle and Hippocrates, Muhammad and
Maimonides to Susan Sontag, they also had to confront a his-
torical record marred by terrible exploitation of human subjects.
That history included Nazi experiments on concentration camp
prisoners; the United States Public Health Service and Tuskegee
Institute’s mistreatment of Black inmates, some of whom were
told they were receiving antibiotics for syphilis when they were
not; forced sterilization of some Latina women; and numer-
ous transgressions when the disenfranchised were subjected to
research without consent.® Such breaches led many universities
to create institutional review boards in the 1980s and 1990s to

assess experiments involving human beings.
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For three days at Asilomar, arguments raged between promi-
nent figures, including the three future Nobel Prize winners
Sydney Brenner, Paul Berg, and David Baltimore (the latter
also a future National Institutes of Health vaccine committee
director), as well as Maxine Singer, who would go on to become
president of the Carnegie Institution in Washington, D.C. Ulti-
mately participants agreed that research should continue “under
stringent restrictions,” Berg recalled.’ Their proposal confined
the gene modification of pathogens to the laboratory and pro-
hibited the injection of pathogens into human beings and the
editing of embryonic genes. Other rules focused on the protec-
tion of privacy, proper transparency about risk, and an inclusive
and ethical system of choosing and communicating with human
subjects for clinical trials and medical research. These guide-
lines became a basis for a U.S. federal guide for publicly funded
research. Berg, introduced in chapter 5 as the first researcher
to transfer a gene from one organism to another, worried most
about science privatization. “Once . . . corporations begin to
dominate the research enterprise, it will simply be too late,” he
warned colleagues.”® The NIH created a standing Recombinant
DNA Advisory Committee to address that concern."

Amidst this oversight, organism engineering advanced so
rapidly that Hollywood thrillers like Blade Runner or Gattaca
became the sounding boards for social anxieties. New fields of
scholarship, including disability studies, medical humanities,
and animal rights theory, arose to explore how our words shaped
our willingness to harm animals or each other in the guise of sci-
ence. At the same time, the infusion of capital into biomedicine
continued. “The commercialization of molecular biology is the
most stunning ethical event in the history of science,” cautions
the narrator of the 1990 novel Jurassic Park. “Suddenly it seemed

as if everyone wanted to become rich.”?
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Some of the people working in synthetic biology companies
fell in love with Jurassic Park when they were children. Today,
Jurassic dinosaur stencils and statues decorate the automated
foundries of synthetic biology company Ginkgo Bioworks.
Steven Spielberg gave a dinosaur head to Ginkgo’s CEO when
the company went public. Thus two threads, one academic and
the other popular, triggered awareness of the need for ethics

review of synthetic biology research.

A CHRONICLE OF SYNTHETIC
BIOLOGY ETHICS

From the start, many synthetic biology researchers deemed
ethics a cornerstone of a democratic science guided by a respect
for life. Many of the field’s founders, like Stanford’s Drew Endy,
MIT’s Tom Knight, and Harvard’s Pamela Silver, argued that
findings and technologies should be open source. To some new-
comers, Endy became “my leading spiritual, ethical guide on
what we should build,” said robot maker and Opentrons CEO
Will Canine. In the same idealistic vein, the student iGEM
competition required all experiments to contain a human impact
statement. “I have never seen a science so focused on ethics,”
Target Malaria researcher Alekos Simoni, coauthor of an article
proposing ethical guidelines for gene drive studies, told me.

As investment in synthetic biology increased, however, such
idealism clashed with the demands of stock pitches. Universi-
ties lost some of their frontline research positions to commercial
laboratories where there was little ability to monitor or police
research practices.

The speed and range of researchers’ power to design and man-

ufacture new life forms continued to increase. The J. Craig Venter
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Institute’s first semisynthetic bacterium prompted the Obama
administration in 2010 to ask the Presidential Commission on
the Study of Bioethical Issues to create a report on the ethics of
engineering life.”® The commission declared that synthetic biol-
ogy research should be based on the principles of public benefit,
responsible stewardship, democratic discussion, and fairness of
availability. This report was followed in 2012 by a federal National
Bioeconomy Blueprint to serve as a research road map. But
research kept speeding forward. The advent of CRISPR gene
editing in 2012 was followed by rapid improvements in DNA
synthesis, as hundreds of labs fine-tuned genes inexpensively and
quickly to make medicines, clothing, food, new organisms, or liv-
ing computers. Babies born with edited genes followed in 2019.
Such breakthroughs brought to life the pages of a science-fiction
novel as policy makers struggled to keep up.

One set of responses came from the community, where vari-

ous do-it-yourself movements each gained its own following.

MAKER SPACES

In a red brick building near Gowanus Bay, the Brooklyn-based
community lab Genspace is reopening for classes, “where any-
body, anywhere can do science,” offers executive director Beth
Tuck. The oldest community biology lab seeks to demystify sci-
ence and allow community members to learn such techniques as
sequencing their own DNA or designing their own organisms.
As a part of the movement to bring easier access to lab technolo-
gies such as CRISPR gene editing, community laboratories like
Genspace have spread around the world—oftering conferences,
classes, and videos encouraging people to try out cutting-edge

lab work themselves.



THE MOIRAI'S GIFT (R 243

It began with a group of entrepreneurs, artists, and scien-
tists who met in a New York apartment living room in 2009.
They wanted to let the general public learn science. Building on
the open science advocacy of the 2000s and synthetic biology’s
annual iGEM student competitions, which featured a category
inviting community lab teams to participate, like-minded think-
ers sought to democratize science by opening access to technol-
ogy such as polymerase chain reaction (PCR) machines to clone
genes. Other community labs soon followed, such as La Paillasse
in Paris, France, MadLab in Manchester, England, Bioligigara-
gen in Copenhagen, Denmark, and BioCurious in Santa Clara,
California. By 2020, there were more than sixty such community
labs, with the number increasing every year. At Genspace, the
goals are “ethics, transparency and diversity,” achieved by classes
and tutorials sparking a sense of “curiosity, experimentation, and
collaboration.”

One part of the motivation could be dated to 2015 when the
nonprofit collective called Open Insulin in Oakland, California,
protested the high price of insulin in the United States, pro-
duced by the companies Eli Lilly, Novo Nordisk, and Sanofi, as
it rose from s21 to $300 a vial in a few years. There was no eco-
nomic reason for the increase, argued Colorado State University
biochemist Jean Peccoud, founder of the journal Synthetic Biol-
ogy, “no justification other than greed.”® Buying up expensive
equipment on eBay from bankrupt biotech companies, by 2018
the biohackers were featured in multiple news stories. Lead-
ing spokesmen included the former NASA biochemist Josiah
Zayner, who injected himself with CRISPR-edited genes on
YouTube to increase muscle mass. “My mom,” he admitted to
The Guardian, “was so sorry I left NASA.”Y

Some of the directors were professors. Genspace was devel-

oped by Ellen Jorgensen in Brooklyn, New York, formerly an
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adjunct professor in the Pathology Department of New York
Medical College. She taught Genspace’s free course and also
founded the nonprofit Biotech Without Borders. It was she who
incubated the Genspace’s first genetically edited fluorescent E. co/i
under her armpit while in bed at night. From MIT’s Media Lab,
David Sun-Kong directed the Cambridge, Massachusetts—based
Community Biotech Initiative, to make the new science available
to all. Sun-Kong was also an award-winning rapper.

The robot-making company Opentrons modeled a partner-
ship among community biologists, public health officials, and
venture capitalists. It too began at Genspace. Cofounded in
2013 by political science major Will Canine and New Jersey
robot-maker Chiu Chau, the company produced an easy-to-
use, high-quality liquid-handling robot to make DNA analy-
sis more affordable. Located in a brownstone alongside artists,
where the doorbell sounded bird calls, the company won a
start-up grant from Y Combinator, the seed investor that had
supported companies such as Ginkgo Bioworks and Dropbox.
It participated in the iGEM student competition and “received
orders from the top synthetic biology labs around the country,”
Canine told me." Opentrons expanded manufacturing facili-
ties in China and the United States. After the company won
a competitive bidding call by New York City to test people for
COVID-19, hospitals around the world snatched up its robots.
The company’s valuation rose to s1.8 billion. “There are some
magical opportunities where a venture-backed business and a
good political project can overlap,” Canine explained. “Open-
trons is one of those.”

The fact that wealthy nations needed do-it-yourself (DIY)
biology, however, was criticized. DIY drug manufacturing in
a nation like the United States signaled that we had “a broken
system,” Yale epidemiology professor Gregg Gonsalves told the
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New Yorker. It showed the “dead end of desperation,” of people
who could not afford high-tech health care. “All that energy and
anger might be better focused on politicians,” Gonsalves contin-
ued, to improve access to the latest care.”

Toward that end, new policy proposals sprang up to confront
unequal access to medicines. A new academic field, called health
humanities, sought to fill the gaps when high-tech Western
medicine failed in reaching the people who needed it most. A new
type of physician, the hospitalist, was designated to coordinate
patient care among different specialties and the unequal power
relation between doctors and the people they served.

One of the first tasks of the medical humanities, and of ethi-

cists, was to give more scrutiny to gene editing of humans.

GENE EDITING REVIEW

As the two Chinese girls with edited genes turned three years
old, the ethics committees of several science organizations in 2021
promoted new policies of gene editing oversight.?’ The World
Health Organization was one. A similar set of guidelines was
developed by a combined group at the U.S. National Acad-
emy of Sciences, the U.S. National Academy of Medicine, and
the Royal Society. Both proposed that researchers slow down
or stop the editing of human embryos, which cannot consent.
The Russian geneticist Denis Rebrikov, researching gene edits
for children of deaf parents, committed to following the new
guidelines, but cautioned: “Where did you see the researcher
willing to slow down?”*

The popular tide was turning for some gene therapy in
humans, where safer and more precise techniques such as base
editing, altering only one base (A, C, T, or G) of a genome might
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relieve suffering. Several biotechnology companies were work-
ing on gene therapies for congenital deafness, and thousands
of people with sickle cell anemia were anxious to join any gene
editing study they could find.?? Updated rules for gene therapy
studies were discussed in March 2023 at the Third International
Summit on Human Genome Editing in London, but a final
report was not completed.”

One model could be found in the regulation of stem cell
research. Today, pluripotent stem cell researchers, like those at
the company Novo Nordisk, may only use human embryonic
stem cells “derived from surplus embryos from in vitro fer-
tilization (IVF) treatment that are donated with freely given
informed consent.” Such embryos are otherwise “destined by law
to be discarded,” according to the company website.* Even so,
stem cell regulations spawned from President George W. Bush’s
Council on Bioethics were strict.

Back in 2012, scientists had issued a report titled Principles
for the Oversight of Synthetic Biology, which included the banning
of human germline editing and protection of workers and the
community. It mentioned something called the “precautionary
principle” invoked since 2001 in environmental research. The
principle included four elements, according to an Environmental
Health Perspectives article written by Massachusetts researchers:
“Taking preventive action in the face of uncertainty; shifting
the burden of proof to the proponents of an activity; explor-
ing a wide range of alternatives to possibly harmful actions; and
increasing public participation in decision making.” Another
review article in 2021 suggested many of the same ethical guide-
lines for gene drive research.?

With such guidelines in formation, an immediate challenge
was to monitor the lab virus study we reviewed in chapter 11,

“gain of function.”
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NEW VIROLOGY OVERSIGHT

A joint international effort was under way to create comprehen-
sive limits to gain-of-function study of viruses. Giving viruses
additional functions had, in many cases, produced successes.
In 1937, researchers studying yellow fever devised a vaccine by
causing the virus to infect chicken cells. A herpesvirus had
been engineered to attack human cancer cells and was now an
FDA-approved therapy for melanoma.” Many gene therapies
are delivered by engineered, weakened viruses. But if there was
one thing that all could agree on after the pandemic, it was that
any future gain-of-function virus experiments must be better
regulated.

As far back as 2006, the National Biodefense Science Board
(NBSB) was created by Congress, with thirteen members from
academia, government, and business, to protect the insights gained
from the study of pathogens. In 2016, the U.S. National Science
Advisory Board called for an international governing body over
molecular biology to ensure that gain-of-function research was to
be strictly overseen and openly conducted.? The criticism of gain-
of-function study of respiratory viruses stems from a University of
North Carolina study by Ralph Baric in 2015, when his team took
the first SARS virus, added a surface protein from a horseshoe
bat virus, and showed it could infect mice.”” In January 2020, the
NBSB created an expert panel to review rules for such gain-of-
function virus research.” By 2022, a National Security Commis-
sion on Emerging Biotechnology was being formed to address
new threats and, by January 2023, stricter guidelines on gain-of-
function research were proposed to the National Science Advisory
Board for Biosecurity (NSABB).

Several companies, such as Twist Bioscience, instituted inter-

nal institutional review boards and formed red teams to try to
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hack their own biosecurity measures. The Boulder-based digital
gene company Inscripta ran algorithms to determine whether
customer DNA requests were safe. “We need better tools for
understanding function from gene sequence,” Inscripta’s bios-
ecurity specialist Elizabeth Vitalis told me, “when we create life

forms that have never been seen before.”™!

Experts agreed that
an international registry of dangerous gene sequences accessible
only to qualified researchers was needed, but how best to main-

tain the secrecy of such a registry remained undetermined.

SCIENCE FOR EVERYBODY

As 2022 rolled on, Ginkgo Bioworks was valued at an astound-
ing s17.5 billion” with: “was planning a new 228,000 foot facil-
ity called the Foundry at Drydock. In a May 11, 2021, filing to
go public as a special purpose acquisition company (SPAC),
Ginkgo had called biology “the most powerful manufacturing
technology on the planet.” The SPAC combined Ginkgo with
the Soaring Eagle Acquisition Corporation, providing the new
company with s2.5 billion in cash. The new company was named
Ginkgo Bioworks Holdings. Jason Kelly and Reshma Shetty
remained on the board, where they were joined by experienced
public company investors like Harry Sloan, former CEO of
Metro-Goldwyn-Mayer (MGM).

A special purpose acquisition company is a publicly traded
company with a two-year life span formed to effect a merger
enabling another company to go public. SPACs raise money
mainly from public-equity investors and often offer a company
better terms than a traditional IPO would. SPACs had a pop-
ular run. In 2020, 247 were created with $80 billion invested.*

In the first quarter of 2021, 295 were created, raising $96 billion.
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‘They are generally formed by investors with expertise in one field.
Ginkgo was a unique opportunity in the founding of a new indus-
try, argued Sloan and Kelly, in a “category of one (that) launched
the modern practice of synthetic biology.” The company made
money by user fees and by taking partial ownership in its clients,
such as Motif Foodworks, Synlogic Therapeutics, Huue (a sus-
tainable clothing dye manufacturer), or Arcaea (a sustainable cos-
metics maker). Ginkgo’s 2021 IPO raised s1.5 billion.

To address issues of equity, Ginkgo began offering new
employees class B shares, making them part owners and giv-
ing them greater voting power than the investors in the original
class A shares. The company published a magazine, Grow, edited
by Christina Agapakis, to explain “the unfolding story of syn-
thetic biology” to the public. Grow devoted its entire October
2021 issue to equity in the field, featuring long-form articles on
unequal access to COVID-19 vaccines north and south of the
border in Laredo, Texas, and a history of the 1970s Black Pan-
thers public health advocacy in Black communities, to name a
few of its thoughtful treatments of hidden science history.*

From a lawn chair on the grass, my DePaul University col-
league, health humanities professor Craig Klugman, discusses
the ethics of treating people who refused to be vaccinated. Such
people have to be treated, he tells my freshman class. It is a rule
of Hippocrates. Then he explains why we are sitting outside
in the September Chicago sun, wearing masks, and not in the
classroom. A member of the National Biodefense Science Board,
Klugman works on measures to prevent the next pandemic.

COVID-19 confirmed for the world the power of biology,
and of synthetic biology. The pandemic brought questions of
access to science into sharp relief, as our world of expanding human
contact with animals and climate change met up with mutat-

ing viral pathogens. Suddenly a bigger audience understood the
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reach of such viruses, their antibodies, and vaccines. A ratio-
nal observer would have been gratified that government could
promote research and make its benefits, like vaccines, available
free of charge. Tasked with preventing more crises, the National
Biodefense Science Board was meeting quarterly under Xavier
Becerra, secretary of the Department of Health and Human
Services. Together with the secretary of state, Antony Blinken,
Becerra wrote an opinion piece in the Journal of the American
Medical Association calling for strengthening the World Health
Organization’s pandemic response powers, the international
sharing of data, and increased funding to developing nations to
help detect and contain outbreaks earlier in their spread.®
Leading thinkers decried the high cost of genetic cures for
illnesses such as Huntington’s disease (about a million dollars for
a single surgery) or sickle cell anemia. Ethicists shunned the idea
of editing embryos of the unborn and devised rules for one-time
correction of gene defects. Dalhousie University’s Francoise
Baylis raised concerns about gene editing, gaining the support
of such disparate voices as Harvard’s technological cheerleader,
biologist George Church, and the Divas with Disabilities Proj-
ect, science critics who worried about the ability of technology
to direct the fates of “those most vulnerable for extinction.”®
Laurie Zoloth, a University of Chicago professor of religion
and ethics, connected Jewish themes from the Talmud with
arguments on behalf of science democracy, diversity, equity, and
mutual appreciation, along with a plea for community involve-
ment in research decision-making beforehand, rather than regu-
lations or punishments afterward. She published an influential
2021 Cell article, “The Ethical Scientist in a Time of Uncer-
tainty,” entreating researchers to “cultivate classic values of verac-
ity, courage, humility, and fidelity.” The gene editing dividing

line, most ethicists agreed, was to permit somatic or body cell
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gene editing for curing single-gene diseases like Huntington’s or
sickle cell anemia, but stop at embryonic editing.

A few took a more extreme position in favor of embryonic
gene editing, including Julian Savulescu, of Oxford University’s
Uehiro Centre for Practical Ethics. Savulescu argued that gene
editing is a tool of nature that should be made available to
parents at risk of passing on genetic disease to their children.
Not to use CRISPR gene editing would be bad parenting, in
Savulescu’s view.

Today, a new concern is a currently permissible advance-
ment that enables parents using in vitro fertilization to choose
from multiple embryos the one with the most desirable genes.
Elsewhere, in 2021 the U.S. National Counterintelligence and
Security Center issued a report warning that a prenatal genetic
test from the Chinese company BGI was being used to col-
lect data from millions of unborn babies.® Gene harvesting
and theft are practices by which unscrupulous researchers may
tap the richness of data from humans and the biodiversity of
undeveloped nations without informed consent. One related
question is whether future parents will be more tolerant of
embryonic gene editing than those in the past. The ethics of
the age of biotechnology presents great opportunity and some

significant risk.

BRIGHT LIGHTS

Setting out from my daughter and son-in-law’s San Antonio
home, I push my granddaughter’s carriage past the river
haunted by ghosts of the Spanish. Their seventeen-month-
old sits wide-eyed in her stroller. It is hot. As a new grand-

parent, I feel that Earth’s future is my number one priority.



252 9> BIOINDUSTRIAL REVOLUTION

This was synthetic biology’s moment to change that future.
Some companies were pushing for a circular economy. Some
sought to turn waste into energy. Some were toolmakers. Some
sold DNA. Meat without animals, seafood without fish, milk
without cows, eggs without chickens, and microbial sensors to
assist your immune system, joined in a race for solutions to the
world’s most pressing problems.

By the fall of 2022, the World Health Organization called for
an international registry and standards for all human gene editing
experiments, as well as an avenue for whistleblowers to speak out.
The report opposed unscrupulous sales of faulty treatments to
those in chronic pain and the use of gene editing to enhance ath-
letic or intellectual abilities. Several gene editing trials were under
way related to cardiovascular and other diseases. Even then, many
ethicists insisted on a mechanism for spreading the benefits of
gene editing equitably to prevent the advantages going primarily
to elite groups. Still, there was no method of enforcement, other
than governments’ own funding oversight.

Amidst the pandemic, observers pointed out the inequity
in COVID-19 survival rates. In the Coronapod podcast of the
journal Nature, journalist Amy Maxmen showed how vulnerable
the rural poor were to phony cures and misinformation. The vac-
cines were not making enough headway into rural populations,
such as the migrant farmworkers of California’s San Joaquin
Valley* Some people mistrusted doctors and hospitals, feared
the expense of treatments, and suffered alone, in some cases
spending more for quack cures while ignoring a free vaccine.

'The new industry stood poised to respond to the next global
pandemic, with prospects of RNA treatments for diseases ranging
from cancer to AIDS. One positive sign was an explicit acknowl-
edgment of the potential of synthetic biology in the Biden

administration’s proposed science and infrastructure budgets.*
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The CDC maintained surveillance of inbound pathogens at ports
of entry, employing the Ginkgo Bioworks subsidiary called Con-
centric as one of its partners to do so.” But the spread of mon-
keypox, and the conflicting public health messages about it, had
some critics saying the CDC had not learned enough from its
COVID-19 mistakes.

Finally, under pressure from activists, the Biden administra-
tion announced it would partner with industry to spend billions
of dollars to manufacture vaccines to reach poorer countries.*
It was hoped that everyone who wanted a vaccine could get one,
and that anyone who wanted training in the new industry could
get it. The 2022 White House Executive Order on Advancing
Biotechnology called for more educational programs in biotech-
nology at Historically Black Colleges and Universities, other
minority-serving institutions, and in community colleges and
technical high schools.®

Accessibility to biotechnology poses a global challenge. But
first, a glimpse of the potential of programmable life comes from

the vantage point of space.
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TO THE PLANETS AND BEYOND
Synthetic Biology in Space

We can do darn near anything.
—Lynn Rothschild, NASA

t an astrobiology conference on a remote Sicilian

mountain, University of Minnesota researcher Kate

Adamala loved standing outside at night, watching
the stars explode in the sky.! She had grown up reading Isaac
Asimov and Ursula Le Guin books in her parents’ small, Soviet-
style apartment in Poland. Now she was working on life’s origin
in a leading Italian lab. She had never thought that was some-
thing you could do as a career, and get paid for it.

Many researchers saw space as a significant testing ground
for miniaturizing and lowering costs of synthetic biology, which
could then be applied to Earth environments. In space, modified
yeast and bacteria could recycle waste into energy, fertilize soil
to grow food plants, clean dirty water, and turn carbon dioxide
into medicines. Some synthetic biology researchers turned to
creating hardy forms of life to support colonies on Mars, starting
with microbes from frigid Earth deserts. With plans to return
to the moon and Mars, NASA and the European Space Agency
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reached further. German researchers modified bacteria to pro-
duce protein from dim sunlight or to seed Mars soil, and U.S.
researchers sought to build storage and housing structures from
freeze-dried mushroom roots.

The application of synthetic biology to space was spear-
headed at the NASA Ames Research Center near Mountain
View, California. At the smaller Center for the Utilization of
Biological Engineering in Space (CUBES) in nearby Berkeley,
other researchers from around the country were programming
DNA to make ingredients for medicines, food, and materi-
als in Mars-like conditions. A newer site of research was the
European Space Agency’s Barcelona-based Micro-Ecological
Life Support System Alternative (MELiSSA) pilot plant which
produced, among other things, radiation-resistant plants that
could be grown in tiny spaces with minimal sunlight and water.
Elsewhere, as on the top of Hawaii’s Mauna Loa volcano,
NASA was studying the effects of an experiment in which six
young people were isolated for eight months at a remote site,
communicating with “Earth” only on a twenty-minute delay, as
if on Mars. “I miss it,” their captain, James Bevington, said to me
of the peace he felt there. “I loved it.”

From food and energy creation to repair of building materi-
als, space scientists engineered microbes and plants that could
help sustain life on other planets. “Synthetic biology is core to
NASA’s mission,” MIT’s Chris Voigt told me. Some leapt at the
challenges as an opportunity for fundamental transformation.
One significant name among those inspired by synthetic biology
in space was that of NASA’s Lynn Rothschild, lead researcher of
NASA’s Bio and Biology-Inspired Technologies.* Another was
Kate Adamala, cofounder of an innovative research company
and leader of an international group to create synthetic cells
from scratch. “Life’s not a hard technology,” Adamala told me.
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“It’s made of proteins, lipids, and other molecules, and it is
programmable.”

'The venue was space, but the small, lightweight, living tech-
nology could be applied at home. “The social good would be
to use these technologies to feed, house, and clothe people
on Earth,” said Adam Arkin, Berkeley biologist and CUBES
director, “using just carbon dioxide, light and water.” Under-
standing synthetic biology in space could help us to save Earth.
To understand how, we begin in the imagination and then
journey to Mars, a Hawaiian volcano, and a snowy Colorado

mountaintop.

IMAGINED WORLDS

For 150 years, science-fiction writers have imagined space-
ships loaded with technologies to make planets inhabitable for
humans. That process, called terraforming, entails modifying a
planet’s natural state as humans have done on Earth. The term
came from a 1942 short story in the magazine Astounding Sci-
ence Fiction, Jack Williamson’s “Collision Orbit,” but the idea
had been around much longer.® H. G. Wells’s War of the Worlds,
for instance, featured a reversal in which invading Martians try
to terraform Earth to help themselves survive.” Author Robert
Heinlein explored an agricultural alternative in his 1950s novel
Fuarmer in the Sky, about terraforming Jupiter’s moon Ganymede
using the ringed planet as a sun. Early scientific ideas included
the proposal that greenhouse gases could melt Mars ice into
water. In 1973, Carl Sagan suggested doing much the same by
transporting darkened material to the red planet’s ice caps to
absorb sunlight. In Arthur C. Clarke’s 200z: 4 Space Odyssey,

aliens turn Jupiter’s moon Europa into an escape haven, while
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casting down their black monolith for the seemingly promising
primates of our planet.®

What many of these tales shared was hubris. Other novels
raised the obvious ethical question: What right do we have to
alter other planets? That question is familiar to Star Trek fans,
where the prime directive is never to interfere with a planet’s life
forms. Beyond the doctrine of non-interference is the danger of
transforming a planet into something resembling Earth’s indus-
trial wastelands. NASA researcher Chris McKay answered such
questions in a series of scholarly articles and in a 2021 presenta-
tion at the Mars Society virtual conference.” McKay concluded
that a planet might be terraformed ethically, but only if no native
life forms were found first. If such life forms were discovered,
then they are to be encouraged to thrive. Others argued for
“para-terraforming”—altering a lifeless planet’s conditions only
in enclosures governed by international treaty."” Yes, but how?

Probably with a lot of synthetic biology, whether in covered
plots shielded from hostile temperatures and toxic atmospheres
or in underground quarters safe from solar radiation. How would
you engineer life to grow in such environments to make medi-
cines, materials, and food? You could modify existing life forms
or build new ones of your own. That’s a part of what one inter-
national group of researchers, called Build-a-Cell, have been dis-

cussing for years in weekly sessions chaired by Kate Adamala.

TO BUILD A CELL

Ever since she could remember, Adamala had been fascinated by
extraterrestrial life. Growing up in a working-class neighborhood
in a Polish city, she played with chemistry sets that sometimes

exploded in the family’s apartment, driving her mother crazy.
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But working-class life had its advantages. Adamala’s education
was free. She loved thinking about how life can emerge from
chaos and made it a focus of her studies.

Joining the team of biochemist Pier Luigi Luisi at Roma Tre
University, Adamala traveled to conferences he chaired in India
for discussions with Buddhist monks. The professor booked
their team sometimes in a tiny monastery, at other times in a
posh mountain resort. “Why does DNA always try to replicate
itself?” the monks might ask. Good question. From Luisi, she
learned how to think deeply in multiple disciplines, starting in
chemistry and then turning to biology because it “made chemistry
come alive,” she explained to me.

Adamala went on to Harvard where she worked with geneti-
cist Jack Szostak on some of those big questions and others. She
and Szostak published papers on the ways cells might form
from organic materials. “Oh yeah,” Adamala recalled in her
droll manner, “and he won a Nobel Prize.”" When Adamala’s
husband got a job in Boston, she had to find a postdoctoral posi-
tion quickly. She e-mailed the bearded, outspoken neurobiol-
ogy researcher Ed Boyden at MIT, and he agreed to hire her.
With him, Adamala pursued cutting-edge work programming
RNA to help heal damaged brains. She and Boyden cofounded
a company called Synlife to modify cells to treat victims of com-
bat injuries, car accidents, or the brain trauma of concussions,
research they covered in a paper published in 2020 in Ce/."

From health to waste treatment, food to energy, engineered
microbes could help sustain life in space. But here on Earth, the
research field needed to unite multiple disciplines. To do that,
Adamala joined with Stanford’s Drew Endy and others to create
an international group sharing lab insights. “The technologies
had gotten good enough for researchers to unify,” she told me,

“toward building a living cell. That’s amazing because synthetic
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biology is not known for unifying!” The news media was skepti-
cal. The online science site STATNEWS called their Build-a-
Cell group “a motley crew of undergrads and legendary genetic
engineers.”” Seminar topics included the Max Planck Society’s
efforts to craft cell membranes in Germany, the University of
Bari Aldo Moro’s program to create photosynthetic cells in Italy,
and the success of New York’s Binghamton University in engi-
neering bacteria to generate electricity. “Build-a-Cell blows my
mind with the amazing work going on in labs around the world,”
observed Lynn Rothschild, herself a leader in adapting synthetic
biology to space.

As part of NASAs own research support, the agency took
Build-a-Cell one step further, creating a university center for the

study of synthetic biology in space, which is where we turn next.

GRAVITY

You are on a planetary mission’s sixth month, firing across space
in your cramped aluminum and graphite vessel. Bored and sick
of frozen burgers and protein shakes, you long for a taste of real
tood. You cannot order from Grubhub. What do you do? Grow
your own, with synthetic biology. Luckily, NASA’s Space Syn-
thetic Biology project had developed several grow-your-own
food technologies for long space flights. One was the BioNu-
trient system, containing dehydrated yeast modified to make
essential nutrients found in vegetables, and which the agency
was testing on the International Space Station.™ Just add water,
mix, keep the packet warm for forty-eight hours, and enjoy a
comforting, nutritious meal. The astronauts were conducting
multiple rounds of tests on the system, adding sterile water and
powdered food for the yeast. The BioNutrient system could
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provide cost-effective nutrition while reducing waste. At least it
beat Soviet cosmonaut Yuri Gagarin’s 1961 toothpaste tubes of
pureed beef and chocolate sauce.

Welcome to CUBES, based at the University of California,
Berkeley. Under its voluble director, Adam Arkin, researchers
sent the first BioNutrient packets to the International Space
Station for the use of astronauts, who then froze the results for
post-landing examination. Using a programmable 3-D-printer,
the BioNutrient system ignites bioreactions to make food
ingredients. The programmable device can receive new genetic
instructions from Earth, forming recipes for yeast fermenta-
tion of new food flavors. This five-year experiment is allowing
researchers to observe how much food engineered yeast can
grow, as well as its quality of taste.

Crop engineering can also enable plants to grow without
photosynthesis. For CUBES, Utah State researcher Bruce
Bugbee engineered crops to convert carbon dioxide into food,
without needing sunlight and while using less water than on
Earth. Bugbee pointed out that on Earth, crops are the big-
gest wasters of our planet’s freshwater, and crops that can be
grown with little water and sunlight would benefit astronauts
and Earthlings alike.

Imagine having a severe headache and reaching for lettuce
as a cure. This was the project of another CUBES team mem-
ber, University of California microbiologist Karen McDonald.
Aiming to keep astronauts healthy without multiple pill bottles,
she and her team hoped to produce space plants with medici-
nal benefits. Using CRISPR technology, McDonald and her
team worked on development of lettuce possessing antibiotic or
painkilling capabilities. Medicinal lettuce would not exclusively
benefit space travelers. In an era of rising drug prices, it could

provide medicine in neglected communities globally.
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'The biggest impediment for synthetic biology in space is the
enormous price per pound of payload it costs to break Earth’s
gravity. Kate Adamala told me: “There’s a steep learning curve
when your things fly. I never thought too much about limits like
power budget, weight, or atmospheric composition. I was going
to use green fluorescent protein for our microbes and realized,
‘Wait, we don't have enough oxygen for them to glow.”

Mastery of that learning curve was a challenge occupying the

unique, California-based NASA researcher Lynn Rothschild.

MAKE IT, DON’T TAKE IT

In the arid mountains around Mountain View, California,
the rocky soil bakes in the summer heat. At the NASA Ames
Research Center, Lynn Rothschild was talking with her team
about biomining.”® Astrobiologists have spent ten years devel-
oping matchbox-sized biomining reactors on Mars to use
microbes’ ability to extract minerals from rocks.'® Eighteen of
them went up to the International Space Station and performed
admirably, forming microbial biofilms rich with minerals such
as iron, calcium, and magnesium from rocks. But Rothschild
was thinking bigger. Much as poets say that strict formulas
make them more creative, Lynn Rothschild recommends a
similar inspiration for space synthetic biology. She has directed
ten Brown and Stanford University iGEM teams researching
topics like biomining and fungi-made materials. When a 2018
student mentioned that fungi bind metals, something clicked.
“I didn’t even hear what he said after that,” Rothschild remem-
bered. “I know about fungi. We could attach a protein to the cell
wall, I realized, and it would act as a water filter. It worked so

well it was amazing.”"
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Long-duration missions require technologies for radiation
protection, habitat repair, and various forms of life support.
Rothschild sums up the challenges succinctly in her humorous,
direct style. “You can't just say ‘Oops, I forgot . . .” The solution,
according to her and like-minded scientists, is life. The use of life
as a technology.

Synthetic biology is what may enable organisms to thrive in
extreme environments to produce beneficial chemicals desired by
astronauts. The potential for such genetic design was becoming
more hopeful after synthetic biology successes on Earth. Sci-
entific developments such as altering the genes of pests with
CRISPR and building packaging, furniture, and housing with
mycelia made some of the older plans for terraforming appear
obsolete. Under Rothschild’s enthusiastic direction, NASA was
moving into the business of redesigning cells to be factories.

With her doctorate in cell and molecular biology from Brown
and bachelors of science from Yale, the outgoing Rothschild
is an avid researcher of life on other planets, a field known as
astrobiology. She has studied extreme life in Kenya’s Rift Valley,
Bolivia’s Andes, the Australian outback and in New Zealand’s
hot springs. She started with protozoa, one-celled organisms
like amoebae, and then won a one-year contract at NASA to
seek out life on other planets. It seemed like her dream position,
even if only for what was originally supposed to be two years.

Late that year, she attended a thousand-person lecture by
NASA director Dan Goldin at San Francisco’s Moscone Center.
As she waited for him to begin, she introduced herself to the
program chief at NASA Ames Research Center, who stood in
the VIP section, along with the agency’s public affairs director.
She talked to him about her work, and his ears perked up.

“Lynn,” he asked. “Wait, do you mean you're a cell biologist?”

Well, yes, she said, that was her PhD thesis.
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“Welcome,” he said. “You're hired full-time!”

Rothschild went on to create the influential biannual Astro-
biology Science Conference (AbSciCon) and to lead iGEM
teams as synthetic biology became part of her search for alien
life. Rothschild did so well she was named by biotech company
Synthego as one of six critical women in synthetic biology in
2019." Surrounded by excited undergraduates crowded into her
lab every summer, she would get behind a microscope and lose
herself in looking at her first sources of study, beautiful protozoa.

'The biggest contribution synthetic biology can make to space
travel is to solve the “upmass problem,” Rothschild explains,
echoing Kate Adamala, the enormous expense of lifting weight
into space. Instead of hefting medicines and equipment at a
price of $20,000 per kilogram, you could instead carry tiny,
freeze-dried programmed microbes to make the chemicals and
material you need. “What about making your clothes (or) recy-
cling the clothes youre wearing?” Rothschild asks. “Making
your own detergents? The materials of the spacecraft itself?™
Microbes are not only programmable, they are self-repairing and
self-replicating. They could produce chemicals for products with
high fidelity at incredibly small scales, all while surviving on
minimal resources in the most hostile environments.

'Those ideas were thrashed out among her regular lab members
and in iGEM contributions from her student teams, several of
which won NASA Institute for Advanced Innovative Concepts
awards. Her team members called their extreme microbes “hell
cells,” putting them to work to make medicines and bricks for
buildings. Rothschild declared to audiences: “Synthetic biology is
the art of the possible. We must learn to make it, not take it.”

'The principle was to use self-sustaining organisms to recycle
waste into materials, foods, medicines, and energy sources. You

could transform coffee grounds into plastic plates, for example,
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and recycle waste into valuable products. NASA sponsored
a Deep Space Food Challenge to engineer microbes to make
ingredients for fresh foods. As new technologies on Earth pro-
gressed, updated DNA instructions could be sent from Earth to
fermenters on Mars, using knowledge both new and old.

'The Rothschild team program for the use of mycelia was to
make habitats grow on other planets. Adding water to a light-
weight, small, dormant fungus could gradually grow a domed
structure. The top of the structure, placed outside with water,
would become ice-covered. The ice could be slowly melted
down, dripping onto an underlying layer of cyanobacteria, or
pond slime, which could in turn photosynthesize faint sunlight
to create oxygen for astronauts and food for more mycelia under-
neath.”” Mycelia could also be used for biomining. In a 2019
Nature article, Rothschild and colleagues published a patented
approach to using mycelia for water filtration.” With the patent
in hand, her team turned to using microbes to extract minerals
from and clean wastewater.

As for medicines, insulin would be easy to bioengineer from
bacteria or yeast, as on Earth. Other treatments, like one to com-
bat bone density loss due to low gravity, were also possible using
fairly straightforward microbial manufacturing or, in the case of
bone loss, planting calcium-building transgenic lettuce seeds.”
Acetaminophen could be extracted from modified plants, much
as aspirin was first derived from the bark of willows.

A colleague of Rothschild’s, MIT astrobiologist Lisa Nip,
went further. She explored the potential of synthetic biology
to augment human survivability in deep space. “Synthetic biol-
ogy will be a means for us to engineer not only our food . . .
but also ourselves,” she says in lectures. The resistance of the
microbe Deinococcus radiodurans to high radiation is a model,

she argues. Nip believed genetic modification could supplement
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our melanin’s ability to protect us from radiation. The enthusias-
tic researcher relates such plans to the ways in which Tibetans
evolved to survive on low oxygen and in which some Argentin-
ians developed a tolerance for the arsenic-contaminated water of
the Andes.”

Both Rothschild and Nip end their public talks by addressing
fears associated with genetic editing. Rothschild challenges her
audiences to consider that “No one in the room has a wolf cub
at home, but you might have a puppy or a dog. . . . We've been
genetically modifying organisms for tens of thousands of years
and more,” she reminds listeners.?*

Back on Earth. NASA was testing biology to address another
profound need of astronauts: their emotional well-being.

LIFE ON MARS

You are one of six people trapped in a metal box on the top of a
volcano, on one of Earth’s most frightening rock formations on
the Big Island of Hawaii. You cannot leave for eight months.
Although little in danger of the volcano’s erupting, you will end
up surviving one earthquake.

A technical biologist, a social media expert, an engineer, and
an agronomist were among the group of twenty- and thirty-
somethings with resumes ranging from Google to graduate
school who were placed on top of a mountain in 2017 by NASA
for its Hawaii Space Exploration Analog and Simulation (HI-
SEAS) project. Their only contact with family, ground con-
trol, or anyone else “on Earth” was through e-mails featuring a
forty-minute roundtrip time delay imposed by NASA. The team
was living a simulation of life on Mars to learn what may keep

a space crew happy and healthy during an extended mission.
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'The job of the participants was to turn themselves from strang-
ers into a smoothly functioning team, all while tracking each
other’s food consumption, interpersonal dynamics, relaxation
behaviors, moods, emotions, roles, and performance, along with
other technical assignments.

'This was the group that the goateed Floridian with a green
thumb, Josh Ehrlich, joined from January until August 2017.
His team was proving, among other tasks, that humans can
engineer microbes to make proteins and chemicals they might
need on long space flights. As mission specialist of biology,
Ehrlich focused his efforts on studying plant growth, using a
model called Veggie from an ongoing project on the Interna-
tional Space Station.”

Ehrlich was not only a green thumb but also an engineer.
He had helped his single mom and grandmother plant their
squash garden in Hollywood, South Florida, where he grew up.
On the Hawaiian mountaintop, it was the unexpected findings
that made HI-SEAS an ultimate life experience for Ehrlich.
“I got really interesting results that came from the plant light-
ing, with the green LEDs, primarily,” he informed me. “The
neatest thing was understanding light variations that mimic
those on Earth optimize the growth of a plant, also provide
mood lighting for the crew!” Ehrlich was studying space engi-
neering and, after HI-SEAS, went on to work for Lockheed,
on swarms of miniature drones to find water on planets, and
on various other robotic and human-rated spacecraft including
Orion and Mars Base Camp, as well as spaceflight programs
with an emphasis on Low Earth Orbit and the Moon.

His crewmates in Hawaii were a collection of dreamers.
Laura Lark was a former Googler in charge of the NASA
module’s enhancement. Their talkative British science officer

came from the European Astronaut Centre, and their captain,
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James Bevington, was a Tennessee-raised astrobiologist working
as a visiting researcher in Danielle Tullman-Ercek's Northwestern
University lab.

Dropping everything to do this research for NASA was
“extremely disruptive” to their lives, Bevington said. Most every-
one “quit their job, or didn't know if they were going to have a
job,” he added. Yet the result was the most formative experience
he would ever know. “Before I was very technically focused,”
Bevington recalled, “all about data, results, measurements, and
statistics. I came to understand that people and teamwork are
more important. If you don’t have a functioning group, it doesn’t
matter how much knowledge you have.”

Some of their research included synthetic biology. For astro-
nauts assigned to Mars trips lasting years, needed medicines
would pass their expiration dates, Bevington pointed out. “So
you need a way to make them.” With synthetic biology, you
could program a plant to make aspirin, as other labs had pro-
posed, and then eat the plant when your head hurts. It could not
be any worse than college days of instant ramen.

Emotionally, life in space was not easy, however. The HI-
SEAS program was judged successful but also dangerous, and
when a subsequent mission had to be aborted because of one
participant’s illness, NASA suspended the program pending
review. For his part, Josh Ehrlich moved on from Lockheed
to Jeft Bezos’ aerospace company Blue Origin, where as senior
aerospace systems engineer, Ehrlich built a unique Al system
for ground-to-space communication on long-duration missions,
installed in the summer 2022 on NASA’s Orion spacecraft, from
there went to work on the Artemis mission.

Meanwhile, on our stricken planet, a much bigger and more
dangerous crisis was continuing, despite the help of synthetic

biology.
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“BIOLOGY ... EVOLVES TO SOLVE
NEW PROBLEMS”

Ginkgo’s cofounders rang the New York Stock Exchange’s
opening bell to inaugurate their company going public. “The
future is to grow” proclaimed a company banner suspended
over colorful sculptures of plastic flowers and DNA helices that
hung from the Stock Exchange’s fagade. The launch raised some
$1.6 billion in the biggest biotech IPO to date.® At a Times
Square rally, Ginkgo distributed giveaways of the stock listing
translated into a DNA sequence encased in orange plastic to
evoke the amber of Jurassic Park. “Biology makes szuff, and it
evolves to solve new problems,” Ginkgo noted in its Wall Street
Form S-4 announcing the public offering®

'The launch occurred in a strong world economy. Labor was
in short supply. Home prices were climbing almost beyond the
means of many buyers. Things appeared to be looking up. But
waves of new SARS-CoV-2 variants kept sweeping regions
from the former East Germany in Europe to Texas in the United
States, stoking fresh fears and renewing shutdowns. Inflation too
was rising. Universities, government agencies, and major compa-
nies like Bayer and Merck were pursuing programs in fields that
had raised billions of dollars. A €25 million ($28,201,000) Dutch
collaboration of multiple universities was trying to build an arti-
ficial cell. Some researchers thought it might prove to be easier
to make new life forms than to understand them. Historian
Sophia Roosth commented that synthetic biologists tended to
build novel life forms and then try to explain them.? The ques-
tion seemed to change from whether synthetic biology would
make an industrial revolution almost to when.

Synthetic Biology journal editor Jean Peccoud argued that

the new science’s economic contribution combined elements
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of manufacturing and computer programming. Abell Chair in
Synthetic Biology and professor of biological engineering at
Colorado State University, Peccoud noted that synthetic biology
cell factories made products, but those cells featured the artifi-
cial intelligence techniques of the computer. Biology researchers
no longer edited DNA themselves, but rather sent their desired
sequence to companies like IDT or Twist to have the DNA made.
Ginkgo offered cell development kits (CDKs) in imitation of
programmers’ game development kits (GDKs). “What the field
needs,” said Peccoud, “is a universal, standardized directory of
interchangeable biological parts.”

On a crisp winter night in the Gore Mountains of Colorado,
I stare at the sky, thinking about what Rothschild, Arkin, Pec-
coud, and Adamala had told me. Above me, Mars glowed red,
seemingly close enough to touch. A few miles away, commercial
and private jets at Eagle County Regional Airport are flown on
fuel made in part from beef tallow that burns like the traditional
tuel with which it is mixed. Here on Earth, the rapidly acceler-
ating science of synthetic biology, combining metabolic engi-
neering, standardized biological parts, gene editing, directed
evolution, and semisynthetic organisms, seemed poised to go to
the next level of producing ingredients for sustainable products.
Scientists were no longer beholden to evolutionary constraints
in engineering life. The time had come to judge what synthetic
biology could do for all humans on Earth, not just the privi-
leged like me.



15

FUTURAMA

Life is very short and what we have to do must be done in
the now.
—Audre Lord

T he crowd waited expectantly at the packed Oakland
Marriott City Center. It was mid-April 2022, and the
skies had cleared from a cold, windy rain in the Cali-
fornia city. I walked through the gleaming exhibits of microbe-
made sustainable skis, fungi-based building materials and pungent
bacon, whole labs on a computer chip and green-glowing house
plants, eager to hear about topics such as the “third agricultural
revolution” and synthetic biology-derived medicines for mental
illnesses. The founder of clearinghouse Synbiobeta, former astro-
biologist John Cumbers, stands at the front of the stage in a black
vest. Attending this conference were scientists such as Harvard’s
George Church, MyBacon’s Eben Bayer, Twist Bioscience’s
Emily Leproust, Persephone’s Stephanie Culler, and others 1
admired, like the iGEM competition administrative team and
the local high school and college students supported by schol-

arships from Ginkgo Bioworks and the foundation created by
tormer Google CEO Eric Schmidt.
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Outside the hotel, the world remained in stress, with new
SARS-CoV-2 variants requiring new versions of the successful
vaccines. The stock and housing markets were gyrating as infla-
tion, worker shortages, and fluctuating oil and gas prices pum-
meled economies. The flow of easy venture capital money of the
previous years had slowed.

On the one hand, some synthetic biology companies were
flying high: s17.6 billion had been invested in 2021, with much
more predicted in 2022. Some forty-two publicly held compa-
nies were listed on the stock market. By fall 2022 the science
would be the focus of a national plan that contained most
every provision the field’s leaders had wanted when they began
sixteen years earlier.

'The best way to judge synthetic biology is broadly, as that part
of economy based on products, services and processes derived
from engineering biological sources such as plants and micro-
organisms. By 2030, the global bioeconomy was projected to be
worth between s$4 trillion and s30 trillion.! COVID-19 vaccines
showed how quickly biotechnology could produce world-saving
medicines. Messenger RNA as a platform was being studied in
labs all over the world. The fast-growing companies Twist and
Ginkgo signed a four-year deal to provide engineered DNA
to meet the needs of innovative start-ups. The White House
wanted to invest in fermentation factories and markets for
synthetic biology-made goods.? The potential applications of
synthetic biology breakthroughs are wide and diverse.

On the other hand, many people could not afford products
that remained scarce and high-priced. In South Africa, research-
ers sought to devise their own COVID-19 vaccine without pay-
ing Moderna and Pfizer pricing, seeking a decentralized mRNA
platform to treat illnesses. Responding to pressure, Moderna
and Pfizer were building manufacturing plants in Africa and in

South Asia. Neither, however, was lowering its prices or sharing
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its formula. Some eighty patent fights raged around the world
for control of vaccine development and distribution.? The patent
battles over CRISPR gene editing were continuing. Some of the
outlandish synthetic biology forays seemed ill-considered, such
as the idea of resurrecting the mammoth.

Globally, the technology was spreading. Indian Oil signed a
deal with LanzaTech to set up the world’s first refinery of waste-
gas-to-ethanol production in Haryana, India. In the lake city
of Kisumu in western Kenya, the Fifth Africa Biotechnology
Conference concluded in November 2021. The month before,
the Inaugural International Synthetic Biology Conference was
held in Kampala, Uganda. iGEM had more than 350 teams from
40 countries compete at 2022’s conference in Paris.* Synbio-
Africa in Entebbe, Uganda, featured an iGEM showcase.

In the United States, several institutes were trying to attract
more diverse researchers into the field. Funded by the Depart-
ment of Defense, the nonprofit educational organization called
BioMade was sponsoring institutes on sixteen college campuses
to draw in students. With support from the National Science
Foundation, another nonprofit, called InnovATEBIO, was spon-
soring high school, community college, and college programs at
134 campuses around the United States. In Cambridge, Massa-
chusetts, the organization called BioBuilder brought together
entrepreneurs, high school students, and researchers to provide
bioeconomy student resources and training.

In cosmetics, clothing, and foods, products ranged from the
high end to the middle of the road. The exclusive restaurant Silo
London was incorporating biology-built materials in its décor.
Its lightshades were made by Ecovative mushroom root tech-
nology. Its dinner plates were fashioned from recycled plastic
bags and its tables from reconstituted food packaging. Stella

McCartney’s mycelium-made designs for Bolt Threads were
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among the designer’s biggest sellers. Meat producers like Tyson
and Cargill inaugurated plant-based divisions, and Cargill was
building a sustainable manufacturing facility using Genomatica
synthetic biology technology. Dairy producers Chobani and
Dannon started milk-free divisions based on synthetic biology.
'The world’s first butcher shop selling lab-made meat opened in
Singapore. The Israeli company Believer Meats broke ground
on the world’s largest cultured meat factory in Wilson, North
Carolina.” Not all those wonders seemed destined for mass con-
sumption, however. Many lab-derived foods were less tasty than
their natural counterparts. DNA-based computers had not mate-
rialized. Biomanufactured clothing served a small market.

Did the new science promise to become an industrial revo-
lution? Was another “industrial revolution” even desirable? To
answer such questions we start in the past, follow with current
government policies, revisit a sustainable fuel manufacturer, meet
a synthetic biologist and the themes of her science, and conclude

by returning to where we began this book.

A SUSTAINABLE INFRASTRUCTURE

Three industrial revolutions created the world we live in.® The
first, in the late 1700s, came from coal and the steam engine and
led to the transformative ship-to-rail transportation connection,
setting off the shift from agricultural to industrial economies. The
second, in the 1870s, sprang from electricity and oil, producing
the factory and automobile assembly line and the steel mechani-
zation of the early 19oos. Industrial revolution number three, in
the late 1960s and 1970s, encompassed silicon and nuclear power.
To these many experts now add a fourth, our current revolution

combining artificial intelligence and satellite communications,
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giving us the internet, social media, cell phones, and apps that
make consumption so easy and so stressful. While economic
historians may argue about the numbers and dates, each of these
upheavals created new levels of wealth amidst transformed social
structures. Industry took us off the farm and into the city.

'The first three revolutions resulted from energy sources that
inspired novel technologies. By contrast, the fourth revolution
combines information-processing breakthroughs with satel-
lite communications and miniaturization. The first three were
directed outward, the current one is directed inward. If syn-
thetic biology is to revolutionize industry, it will be an upheaval
in biological production, dependent on more affordable prices
and higher-quality products, uniting the lab techniques we have
covered—metabolic engineering, standardized parts, gene edit-
ing, directed evolution, and semisynthetic organisms, with new
ones from artificial intelligence and 3-D printing.

At its beginning, synthetic biology was a small commu-
nity of researchers funded mostly by government grants. They
applied the recombinant DNA triumphs of the 1970s and
1980s to engineer increasingly sophisticated gene circuits in
cells. Some sought to transcend capitalism and erase tradi-
tional boundaries between professional and amateur and com-
merce and academics.

Government played a key role. When Jay Keasling’s Berkeley
achievement in 2006 made a malaria drug available to people
in need, it and many subsequent efforts were funded by federal
programs sponsored by DARPA, the National Science Founda-
tion, and the Departments of Energy and Defense. Companies
as different as Moderna and Ginkgo won their seed money from
such programs, in which a few government officers foresaw the
threats of biosecurity, climate change, and new viruses. They

pushed academics to devise solutions. The National Science
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Foundation funded the biannual gatherings of the Synthetic
Biology Engineering Research Consortium (SynBERC) and,
when its grant ended, underwrote the Engineering Biology
Research Consortium (EBRC) to drive the field forward. The
publicly funded Joint BioEnergy Institute (JBEI) in Emeryville,
California, was where many companies got their first access to
lab equipment.

Investment of Silicon Valley money followed and, with that,
the push for profit. The Gates Foundation funded the malaria
medicine success. Most every company’s initial public offering
was fueled by venture capitalists seeking a windfall. The ven-
ture capital firm DCVC was a big investor in Ginkgo.” Other
investors included London-based Atomico, where partner Siraj
Khaliq gushed about the promise of synthetic biology, saying,
“This is the most important technological revolution of our
time.” Cathie Wood, venture investor in California who made
a fortune on her early Tesla bet, told audiences, “The future of
investing is investing in the future.” Such pronouncements glossed
over company failures.

Government grants plus venture capital sustained the field
from 2000 to the present. Virtually no profit yet came from
consumer or wholesale sales. The small successes were mainly
in consumer products such as ingredients for flavors and fra-
grances, as well as fashion and packing materials, jet fuels and
medicines, and one world-saving vaccine. In foods, the plant-
based meat platform was expanding from the luxury market to
fast foods and cheaper restaurants. The brand Peet’s Coffee, for
instance, produced plant-based breakfast sandwiches made by
the company EatJust. In medicine, messenger RNA promised
to become a platform of new therapeutics and vaccines. In agri-
culture, Pivot Bio’s fertilizer replacement was on pace to cover

5 million acres’ worth of land. Others engineered microbes to



276 %) BIOINDUSTRIAL REVOLUTION

free farmers from the use of pesticides. In medicine, potentially
therapeutic DNA was being 3D-printed.®

Around the world, several government programs tried to
jumpstart the industry with policy initiatives. Here are some
that worked.

SUCCESSFUL GOVERNMENT POLICIES

Synthetic biology was embraced more readily, and sooner,
by governments other than the United States. Some countries
needed to maximize agricultural output. Singapore, Israel,
and the Netherlands became leaders in making cell-free food
ingredients—proteins created in the lab on natural scaffolds—
followed closely by the UK, Spain, and Germany. Singapore
invested $20 million in the Synthetic Biology for Clinical and
Technological Innovation (SynCTI) program at its National
University and cofounded the Global Biofoundry Alliance. The
Israeli government funded cell-free meat manufacturing by
companies such as Rehovot-based Aleph. Australia’s national
science board became a leader in sponsoring biomining. In the
United Kingdom, the leading institutes include Oxford and
Cambridge Universities, the University of Edinburgh, and the
Warwick Synthetic Biology Research Center.” Imperial College
London’s Synthetic Biology Hub features three branches—the
Centre for Synthetic Biology, SynbiCITE, and the London
DNA Foundry. In Germany, experts drafted recommendations to
support research led by the prestigious Max Planck Society. The
authors of a 2022 Schmidt Futures Report criticized the fact that
many U.S. synthetic biology companies turned to “manufacturers
in Belgium, Canada, China, Germany, India, Mexico, the Neth-

erlands, Slovakia, Slovenia, and elsewhere” for bioproduction,
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calling for a policy to boost U.S. fermentation infrastructure.” The
same call for more such facilities was echoed in Europe.

The Chinese government was a world-leading supporter of
the science, sponsoring some nine synthetic biology projects,
including state-controlled fermenters. In Hong Kong, the plas-
tics and real estate magnate Li Ka Shang made the biggest sin-
gle private investment, contributing $63 million to a synthetic
biology research center.” The tech hubs of Shenzhen and Bei-
jing housed two institutes with ties to well-known researchers,
Berkeley’s Jay Keasling at the Shenzhen Institutes of Advanced
Technologies (SIAS) and Harvard’s George Church at the
Beijing Genomics Institute (BGI). At the end of 2020, China
announced the creation of a joint government research center
with Belgium.

In the United States, the EBRC had since 2007 brought
together academics and entrepreneurs to shape policies calling
for federal investment in bioproduction. It proposed a series of
regional fermentation centers, as had been done with wartime
penicillin production in the twentieth century. Experts called
for an innovative approach to regulatory policies, some of which
were contradictory. Researchers called for money to train a
diverse workforce in the new jobs.

That policy effort has succeeded. The late 2022 White House
Executive Order on Advancing Biotechnology and Biomanu-
facturing Innovation made synthetic biology the focus of a
sweeping national industrial program. “The COVID pandemic
has demonstrated” the report began, “the vital role of biotech-
nology and biomanufacturing in developing lifesaving diagnos-
tics, therapeutics, and vaccines.” The order called for s2 billion
to expand the infrastructure of biomanufacturing—meaning
fermenters on the scale of those used to make the COVID

vaccines—and to coordinate government policies amongst
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different divisions including Health and Human Services, National
Security, and the Office of Science and Technology.

The plan envisions better coordination of policies regulat-
ing human-made biological entities. In the United States, the
oversight of synthetic biology products is divided among three
different federal agencies, the Food and Drug Administration
(FDA) for food and drugs, the United States Department of
Agriculture (USDA) for remade food crops and livestock, and
the Environmental Protection Agency (EPA) for organisms that
might assist in industrial remediation. Such regulation must be
streamlined for this science to make a thriving industry.

Next in the plan is to train a bigger workforce, not only in
the biotechnology centers of Boston, San Francisco, New York,
Illinois, Iowa and Texas, but in other states as well. Additionally,
some of the same agricultural states could be tapped as providers
of biomass straight from the farm, slaughterhouse and ranch.

Finally, the plan aims to support markets through subsidies
to trucking companies and auto and boat makers to adopt the
products of biotechnology. Mercedes, for instance, featured
Mylo mushroom-made leather in some cars, as we have seen.
Noting the need for the United States to remain a global leader
of innovation, the plan envisions a nation powered by biofuels,
treated by biomedicines, clothed and housed in sustainable bio-
materials, readily available at affordable prices.”

Still unclear is whether the various programs will be imple-
mented and, if so, how well whether they will work in the
marketplace.

One model of how synthetic biology could sell products
remained that of the California company Amyris, originally
funded by the Department of Energy and DARPA. Amyris
had its own factory and introduced cosmetic ingredients such as

squalane, a synthetic yeast-made version of shark oil squalene. Its
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Biossance cosmetics and Purecane sugar substitute brands were
expected to top $300 million in sales in 2022. This is a traditional
way to make money as a manufacturer. “When we sell a kilo of
squalane directly to the consumer,” John Melo told Barron’s, “we
get $2,500 per kilo. When I sell it to another beauty company,
I get $30. Do the math.” Analysts projected the company could
be profitable by 2024, a first in the industry."

Another model was that of Massachusetts-based Ginkgo
Bioworks, a platform company in something like the way Apple
provided a platform for other app makers. Ginkgo reported $478
million in revenue in 2022, representing an increase of 52% over
2021. It was the world’s largest business-to-business synthetic biol-
ogy company, with a seventh Bioworks completed in Emeryville,
California, and expanded partnerships with companies like Lygos,
Synlogic and Bolt Threads, to optimize their biomanufactur-
ing. The organism was their product, as the founders envisioned.
Ginkgo was also expanding its partnership with the German cor-
porate giant Bayer to apply synthetic biology to agricultural prod-
ucts. It developed biosecurity technology to detect if a pathogen
is a product of human engineering of interest to law enforcement.

Thus far, synthetic biology businesses have offered a series
of modest successes. “Amyris is a solid base hit,” Bolt Threads’
Dan Widmaier confided.”® Many of the popular synthetic
biology products remained expensive and limited in availabil-
ity. The North Face ski jacket made by the Japanese company
Spiber costs more than jackets by its natural-fabric competitors.
In food production, the capacity of fermentation tanks remains
far below what would be necessary to replace meat.' MyBacon’s
Eben Bayer argued for new biological factories, such as engi-
neered moss, to make ingredients.

Other backers looked to industrial goods. DuPont was fin-

ishing a state-of-the-art Industrial Biosciences complex in the
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Netherlands. Cities in Asia recycled carbon dioxide and meth-
ane into fuels. Some of the goals from the EBRC had included
enabling nature to increase carbon uptake, engineering crops
to more efficiently assimilate nitrogen, making biofuels more
efficient, manufacturing better bioplastics, and reducing the
tootprint of materials and industrial and chemical manufactur-
ing processes, but none of these was happening on a commer-
cial scale.

Having spent so much time with academic scientists, I real-
ized if I were to answer whether synthetic biology would ever
constitute an industrial revolution, I had to return to a commer-
cial setting. I scheduled a second visit to jet fuel and chemicals

manufacturer LanzaTech.

POLLUTION TO PRODUCTS

On a last warm morning of November 2021, I returned to
LanzaTech in Skokie, Illinois."” The parking structure was much
fuller than it had been two years earlier. “We've doubled in
size,” Michael Kopke, vice president of synthetic biology, told
me. LanzaTech was making sustainable aviation fuels (SAFs)
for several airlines and many new consumer products ranging
from cleaners to clothing in partnerships around the world. It
employed more than 200 people working in facilities in China,
the United Kingdom, India, and the United States. Its Skokie
labs featured divisions for proteomics (the study of proteins),
metabolomics (the study of metabolism), and artificial intel-
ligence processing. The fermenting room tested the company’s
designed organisms in thirty-meter-tall steel tanks.

Koépke guided me to put on my carbon monoxide detector

and goggles. Dressed casually in jeans and a gray hoodie, he
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remained an aficionado of Chicago’s reggae clubs. As we dis-
cussed the company’s special project being pursued in associa-
tion with Northwestern University’s Danielle Tullman-Ercek
to repurpose bacterial microfactories to produce synthetic rub-
ber, funded by the Department of Energy, I recalled my first
visit to Tullman-Ercek and her work on promising drug delivery
vehicles in 2019.

Our LanzaTech tour began with its consumer product
exhibits: Swiss “Potz” cleaning supplies where both ingredients
and packaging are made from LanzaTech microbe-made alco-
hols, waste carpet that LanzaTech can convert to new products,
and the biology-made material of Lululemon sports apparel.
Manufacturer of one hundred new industrial molecules, includ-
ing different kinds of ethanol, isopropyl alcohol, acetone, and
others, the company displays a stock market—type LED ticker
on one wall showing how many thousands of tons of carbon
dioxide its factories have removed from the environment. The
reading was 150,000.

LanzaTech now had two large factories in China (the origi-
nal near Beijing and a new one near the Mongolian border) in
operation and others under construction in India, the United
Kingdom, Canada, and at Belgium’s Arcelor Mittal steel fac-
tory in Ghent. Other facilities include a Japanese landfill site
to pilot its ethanol-producing recycling process from waste. In
Japan, the company was creating bioplastics from gasified trash.
A larger factory is currently under construction in Soperton,
Georgia, again targeting ethanol for jet fuel but with plans to
start production of acetone and other chemical ingredients. The
Soperton factory featured a test site of new microbial strains
shipped to other production facilities.

Recent activities included an arrangement with SAS Air-

ways, Shell, and the Swedish power company Vattenfall to build
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a sustainable jet fuel factory in Europe and produce some 50,000
tons of fuel a year from waste gases. The Swiss sports clothing
giant On signed a deal with LanzaTech as did renewable plastics
leader Borealis, the latter to make the soles and sides of On’s
popular sneakers.

After a tour of the mixers, shakers, reactors, and anaerobic
solid glass compartments of the reactors, Képke introduced me
to chief sustainability officer Freya Burton. “Brands come to us,”
she said, referring to the company’s technology that can convert
industrial waste gas by fermentation into products like fibers for
clothing material. “We are creating industrial symbioses. Who
would have thought that our steel mill partners would end up
working, through us, with Lululemon or L'Oréal?”

LanzaTech had also signed an agreement with India’s gov-
ernment to convert agricultural waste into ethanol for trans-
port use. Expecting to become the world’s third largest aviation
fuel maker by 2024, India is a key market for LanzaTech’s
alcohol-to-jet technology. Much as with steel waste gases, the
technology converts the discarded stalks, leaves, and branches
of farm waste into fuels, textiles, detergents, soaps, and packag-
ing materials. To promote such collaborations, U.S. secretary
of energy Jennifer Granholm and Georgia senator Jon Ossoff
visited LanzaTech’s Freedom Pines manufacturing plant in
Soperton, Georgia, in October 2021. Utilizing waste carbon
oxides from a variety of feedstocks, that facility when com-
pleted is expected to churn out 1o million gallons of sustain-
able aviation fuel within five years. British Airways, Alaska
Airlines, and All Nippon Airways have committed to buying
the jet fuel from the Georgia plant. Other initiatives included
a European Union grant for its carbon capture technology and
expansion of its clothing, fragrances, and packaging partner-

ships. In February 2023, LanzaTech went public.
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As we walked through the white-walled labs in Skokie, Képke
talked about why he came to the firm from his native Ger-
many. “A lot of these techniques we had to develop ourselves,”
he explained. “I believed in what we were doing.” LanzaTech
had tripled sales in one year. It had seven plants in development,
with a third Chinese plant under construction.” As we met up
with company founder Sean Simpson for lunch at a Mexican
restaurant, Simpson answered the question then on my mind:
“Definitely this will be an industrial revolution. We have to
succeed. We have to see Ginkgo succeed, and others like us. The
world needs us,” Simpson said, as we munched on our enchila-
das and taco salads.

Outside the windows, a weak sun shone over the quiet street.
The new science, I thought, offered to change our relation to
ourselves, each other, and the world. Driving back from Skokie,
watching families out walking and bike riding, I reflected on

how the new field was also changing what a scientist is.

WHAT A SCIENTIST IS

From its beginnings in the early 2000s at MIT, synthetic
biology has fashioned itself as an inclusive science featuring
community labs, DIY experimenters, and a commitment to
understanding the ethics of changing life. Over the years, the
science had opened its doors to different types of researchers.
Many of the leaders of synthetic biology are women—Danielle
Tullman-Ercek, Emily Leproust, Aoife Brennan, Christina
Smolke, Kristala Prather, Tara Deans, LanzaTech’s CEO Jen-
nifer Holmgren, Steffanie Strathdee, not to mention Nobel
laureates Frances Arnold, Jennifer Doudna, and Emmanuelle

Charpentier. Others came from the DIY community. Emory
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University’s Karmella Haynes argued that synthetic biologists
did not necessarily need PhDs. Molecular biologists such as
Yale’s Natalie Kofler became involved in educating young people
about synthetic biology ethics by maintaining the website www
.editingnature.org and co-teaching a gene-drive ethics course
through the Harvard Citizen Science Initiative.

We have met the University of Utah’s Tara Deans, associ-
ate professor in biomedical engineering and inventor. When-
ever someone told Deans something could not be done, she
was motivated to do it. With a mother who was a diplomat, the
blue-eyed Deans grew up all over the world, including Germany
where she witnessed the fall of the Berlin Wall. For her doc-
torate, she won a position in the Boston University lab of Jim
Collins, where she was building a switch to turn off mammalian
genes. When she asked Collins to try a new tack, coupling her
repressor proteins with RNA interference to turn off the genes,
he gave her two months. Her seminal experiment on changing
mammalian gene expression appeared in Ce//in 2007.

Deans was in an unusual situation in graduate school because
she was the first female PhD student to have a baby. Accused by
some senior faculty members of not taking her scientific com-
mitment seriously, she gained the support of Collins and oth-
ers to write the department leave policy for pregnant students.
When she became pregnant a second time, however, she felt
overwhelmed. Collins reassured her. “This is great news,” he
said. “How can I help?” He also insisted they patent her genetic
switch published in Ce//.

“I am a scientist,” Deans recalled telling him. “I don’t profit
from my work.””

“No, you need to capitalize on this,” Collins insisted. “This is
your way of protecting your intellectual property.” With that, she
became an inventor. Some fifteen years later, when the rights

to her genetic switch were bought, Collins’s advice paid off with
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a welcome check for the associate professor raising a family on
two academics’salaries.

The science opened possibilities for creative research, and
young people, and conventional scientists to be celebrated in
popular and high culture. Oxford’s vaccine maker Sarah Gilbert
had a Barbie doll based on her distinctive red hair and was named
Dame Commander of the British Empire. BioNTech’s Katalin
Kariké was a role model to her former students and named one
of four Time Magazine Heroes of the Year in 2021. The iGEM
student competition was such an engine for commercial suc-
cess that NASA and other organizations were copying its for-
mat. Companies like Ginkgo, Opentrons, Eligo Bioscience, and
BluePha in China originated with iGEM. In its Lunar Gate-
way Project, “I've never experienced anything like this before,”
an award-winning Marburg, Germany, iGEM team member
tweeted of her synthetic biology competition experience.

Community researchers played a big role as well, like those
in Brooklyn’s Genspace lab. The DIY community of research-
ers contributed to the new science, and the diversity of that
community is still growing. A beguiling story remained that of
Opentrons, whose cheap robots helped New York City respond
to the pandemic and were lifesavers in financially strapped labs
and hospitals in Europe and Africa. Many other synthetic biolo-
gists led businesses—Kristy Hawkins, Stephanie Culler, Aoife
Brennan, and MIT professor Kristala Prather, who sat on the
board of Inscripta, the digital genome engineering company, and
ran the business Kalion with her husband, Darcy.

In a final group were the artists and designers, from Stella
McCartney to the artist Alexandra Daisy Ginsberg, lead author
of the book Synthetic Aesthetics: Investigating Synthetic Biology’s
Designs on Nature. Ginkgo published the company magazine
Grow as part of its effort to help prepare people to think deeply

about the changes to come, as an echo of the magazine 7hink
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that IBM published in the 1930s to explain to people what a
computer was. Grow’s fall 2021 issue titled “Equity” included an
essay by Sophia Roosth on a moment when the Black Panthers
aligned with doctors to promote public health in Black com-
munities.”* “I don’t think we've fully thought about how it will
change our lives,” BioDesign founder Daniel Grushkin told me.
I followed its breaking news in such Twitter handles as Gen
News, I Cloned DNA, DIY Bio, Girls Who Code, and IFL
Science (I F—ing Love Science).

“Synthetic biology is not just changing E. co/i,” Christina
Agapakis told me. “It’s changing people. We need to do the
social work with students and teachers to make road maps for
shaping politics. We need a parallel track in education about the
ethics of this science.””

Part of that effort is to consider the principles of altering life
and profiting from it. DARPA’s Safe Genes program required
researchers, for instance, to include a meeting with an ethicist.
In May 2021, the EBRC published a document called “Guiding
Ethical Principles in Synthetic Biology Research” that declared
six rules—to create products that benefit people, to consider
potential harm, to incorporate equity and justice, to openly dis-
tribute research results, to protect the rights of individuals, and
to foster communication among stakeholders and the public.?
With those principles in mind, the question became, How might
this new technology change our place in nature? To answer that,

we must look at its conceptual breakthroughs.

FIVE THEMES OF A NEW SCIENCE

'This science depended on five conceptual breakthroughs. First, life
is technology, and the principles of engineering can be applied
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to biological entities. Researchers can swap out cell controls, and
the engineered organisms can produce ingredients for products.
Second, the tensions between private and public, government,
university, and business are becoming obsolete. You need all of
them to innovate. Third, a combination of pure research and
applied manufacturing is the path forward. Fourth, the future is
interdisciplinary. Physicists, chemists, biologists, engineers, and
computer scientists will all contribute and everyone will need to
have access to its breakthroughs.

On the question of access, a series of initiatives sought to
make vaccines available from regional sources of manufactur-
ing less expensively than those of producers based in the United
States and Germany. The World Health Organization banded
together with South African universities and pharmaceutical
companies in some fifteen countries to create an mRNA vaccine
manufacturing center called Afrigen Biologics based in Cape
Town, using nonproprietary technology.

A fifth quality of synthetic biology manufacturing is that it
can be local, on a small scale, facilitating access to energy, sus-
tainable products, and medicines by more people. Places like
Kaffee Bueno in Copenhagen were taking waste and making it
into products, and Xilinat in Mexico City and Agricycle in Mil-
waukee were working to enable people to use synthetic biology
for profitable waste recycling. Toward that end, the field’s lead-
ers “have to figure out how to design its infrastructure, gover-
nance, and policy components,” said Michael Jewett, professor of
chemical and biological engineering at Northwestern University.
“We need educational programs and a global strategy to enable
people to flourish, to create local bio manufacturing of medi-
cines and foods.”” When Amyris struggled with its giant Brazil
refinery, it created a new one with five smaller bioreactors and

much more efficient and reliable production.
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'The cell phone provides a model of how synthetic biology may
create a revolution, said Jewett. The cell phone changed people’s
access to information processing. “What I hold in my hand is
available across the planet. Cell phones changed the ways dis-
tributed computing can occur. In a similar way, synthetic biology
has the potential to promote distributed biology for local solu-
tions to global problems,” Jewett said.

The most important challenge—local or global—would be to
sustain Earth. The techniques covered in this book—metabolic
engineering, standardized parts, gene editing, directed evolu-
tion, and new forms of genetic material—and their applications
in medicine, the environment, clothing, food, housing, biofuels,
defense, remediation, and biomining—promise a better future.
First on the list is medicine, where synthetic biology may help
confront bacterial resistance, and engineered microbes could help
protect the body as sentinels and delivery vehicles, not to men-
tion expanding their platform as mRNA and DNA vaccines.
Next is energy, where engineered microbes turn carbon waste
gases into aviation fuels or manufacture chemicals more sustain-
ably than from current fossil fuel sources. Then there is reme-
diation. Biomining and biorefining using synthesized microbes
could reduce emissions and waste. Bioengineered microbes can
draw down carbon from the atmosphere.

Synthetic biology offers the potential to be something dif-
ferent from the first three industrial revolutions. Those revolu-
tions, coal, petroleum, electricity and nuclear, gave us enormous
material gains but also the environmental crises we face today.
Perhaps a new industrial revolution is 7o what we need.

'The pandemic showed that if several billion dollars are spent,
mass production breakthroughs in fermenting by designed
bacteria were indeed quite possible in a short time. Such tech-

nical expertise can be extended. As of today, synthetic biology
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has created a raft of companies, numbering around 600, and the
pace of innovation is expanding rapidly. The products include
medicines like engineered CAR-T and stem cells to protect
our health. The cancer-fighting CAR-T cell companies include
Pfizer, Kite, and Allogene. For stem cell therapies, there are
Vertex Pharmaceuticals in Boston and LocateBio in London,
England. In cosmetics, there are Amyris, Genomatica, and
Arcaea. For sustainable food and clothing, there are Huue, Bolt
‘Threads, Spiber, Impossible Burger, Motif Foods, and Aleph in
Israel. In remediation, the company Allonia engineered microbes
to recycle municipal and agricultural waste. You can send a gene
sequence to a genome company like Inscripta, and they will
send you back new E. co/i or yeast that you created.

This is not yet an industrial revolution, but it could be.
Engineered biology will be part of a matrix of processes to cre-
ate a more sustainable world. It offers a possibility of realigning
the human relationship with Earth. Call it a production plat-
form and a portal to a new society that manufactured in part-
nership with nature, not in opposition to or domination of it.
The creation of new life forms could enhance the world for the
improvement of human beings. With that thought, I decided to
return to where I began.

REAL FARM

Outside the Oakland hotel atrium, I stare at a single red gladi-
olus, glowing with a color brighter than any human-made dye.
Nothing man-made can compare to it. At the three-day-long
Oakland conference, business owners have explained how they
would use cell components the way electrical engineers used

resistors, capacitors, and switches to implement a controlled
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output—except they would program cells using DNA, RNA,
and proteins. Conference sessions have covered new ways of
making drugs, cancer treatments, fertilizers, fuels and food, cos-
metics and clothing. A human kidney grown in a genetically
engineered pig kept a young person alive. In the area of biosecu-
rity, synthetic biology is taking a lead in new virus prevention
and detection. Some of the most widely used school COVID-19
tests are the products of synthetic biology.

Leaves were sprouting on the trees on Oakland’s Broadway,
with its marijuana dispensaries, police administration build-
ing, and homeless camp under the freeway. I stepped out from
the show’s high-glitz promotions, passing the murals honoring
great Black artists—]Jimi Hendrix, Tarika Lewis, and Ishmael
Reed, to name a few who lived or performed in the city—and
took an Uber to nearby Emeryville and the JBEI lab of Jay
Keasling. There in the plant room with Arabidopsis and other
green crops flourishing under blue lights, I had begun my journey
four years earlier.

Keasling’s father was retiring from farming after sixty years,
he told me, and Keasling was going to give the commencement
address at his alma mater, the University of Nebraska in Lincoln.
1 waited for a while before he raced into his office and motioned
me to a chair. He unwrapped a turkey sandwich and told me
about his new company, Zero Acre Farms, to produce sustain-
able cooking oils to replace the ecologically disastrous palm oil.
'The new product came out in July 2022.

He was moving as fast as ever in his field of metabolic
engineering. Downing his sandwich ahead of a Zoom meet-
ing with federal officials, he told me the world was at an inflec-
tion point, and synthetic biology was one of the best solutions
to address the problems of climate and energy. He also had
another partnership with GlaxoSmithKline to have yeast make
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a molecule for a health-care product. “We’ll probably be able to
talk about it more in a year,” he said.

But what the lab was spending most of its time on was the
engineering of large enzymes called polyketide synthases, from
microbes, to make ingredients for use in sustainable plastics. But
that was not all. The lab was partnering with a small Copenha-
gen lab to engineer yeast to produce a molecule for an antican-
cer drug. “It’s probably the longest metabolic pathway that’s ever
been taken. It’s from a roadside plant in California, and put into
yeast,” he told me.

From there, he shared his vision for the future. “I'd like us to be
able to design biology on a computer and build it with robotics.
I'd like to see a lot more companies that are cash-positive. We just
talked about the ones that I'm founder of, but then there’s a whole
slew of companies that have come out of the lab.” He went on to
name yeastless beer-maker Berkeley Yeast, CBD maker Deme-
trix, Amyris, “and there’s another company just a few blocks over
here called Ansa. The two graduate students, while they were in
my lab, developed an enzyme that would synthesize DNA with-
out a template. And so it’s an alternative to solid-phase DNA
synthesis, which is the basis for all of the reagents we use now in
the lab. To have that change is pretty amazing.”

The clock was ticking. He had to get on the Zoom call to
discuss biosecurity. As I walked out onto the sunlit industrial
side street, I stopped at my favorite Mexican restaurant to jot
down my notes. I recalled watching an earlier Zoom confer-
ence featuring Keasling. When he had explained in a conference
session that he had grown up on a farm in Harvard, Nebraska,
a young researcher in the audience had asked him: “What?
A real farm?”

I thought of the synthetic biology horizon of new products:

virus-sensing fabrics, cell-free systems to make antibodies and
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meat and fish products, and engineered microbes to make sus-
tainable clothing, fragrances, painkillers, household items, and
agricultural and industrial goods. I felt a mix of excitement and
urgency in the idea to use biology as a technology. The farmer
is an optimist, native American Will Rogers once said, “or he
wouldn’t be a farmer.”

“Yes, a real farm,” Keasling said.
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GLOSSARY

ANTIBODY: A large, Y-shaped protein used by the immune sys-
tem to identify and neutralize pathogenic bacteria and viruses.

BIOBASED MATERIAL: Material derived from or relying on bio-
mass (in whole or in part).

BIOFUEL: Fuel that is derived from biomass.

BIOMATERIAL: Any biological substance that has been engi-
neered to interact with biological systems for nonbiological
use.

BIOMINING: The process of using microorganisms to extract
economically valuable materials from rock ores, mining waste,
or other solid materials (e.g., electronic waste).

BIOSENSOR: A device that uses in whole or in part living
organism(s) or biological molecules to detect the presence of
chemicals.

CARBON FIXATION: The process by which biological organisms
convert inorganic carbon into organic compounds.

CAR-T CELL: Semisynthetic or modified immune cells to detect
and attack cancers.

CELL-FREE SYSTEM: A synthetic biological system that acti-
vates biological reactions without the environment of a liv-

ing cell. A cell-free system is an engineering biology tool for



302 £ GLOSSARY

more controlled study of cellular reactions; simplified pro-
duction of desired chemicals, biomolecules, or materials; or
production in extreme or non-natural environments or with
non-natural precursors or components. Cell-free expression
is used for making proteins outside of living cells.

cHASsIS: An organism that serves as a foundation to physically
house genetic components and supports them by providing
the resources to function, such as transcription and transla-
tion machinery.

DIRECTED EVOLUTION: A process of speeding up and guiding
mutation in the lab to explore new design space in organism
engineering beyond natural selection.

DNA (DEOXYRIBONUCLEIC AcID): The double-stranded mol-
ecule that carries genetic information.

ESCHERICHIA coLI (E. coLi): A diverse group of bacteria
found in the environment, foods, and the intestines of people
and animals.

GENE EDITING: Changing DNA by changing the composition
and sequence of nucleotides in a cell (aka genetic engineering).

GENE EXPRESSION: The process in which a gene’s information
is put to use in making a protein.

FERMENTATION: A process in which yeast break down sugar
and make carbon dioxide and alcohol.

METABOLIC ENGINEERING: The practice of optimizing genetic
and regulatory processes in cells to increase the production of
certain substances.

PHOTOSYNTHETIC CAPACITY: A measure of the maximum
rate at which leaves are able to fix carbon during photosynthesis.

POLYMERASE CHAIN REACTION (PCR): A method widely
used to rapidly make billions of copies of a DNA sample,
amplifying it for study in detail.
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POLYPEPTIDE: A linear organic polymer consisting of a large
number of amino-acid residues bonded together in a chain,
forming part of (or the whole of) a protein molecule.

REPLICATION: The process of making an exact copy of a DNA
molecule.

RNA (RIBONUCLEIC AcID): (Usually a single-stranded) mol-
ecule that transfers information carried by DNA to the cell’s
protein-making machinery.

RNA VACCINE: A new type of vaccine composed of the
nucleic acid RNA packaged within a vehicle such as a lipid
nanoparticle.

SEMISYNTHETIC ORGANISM: A genetically modified organ-
ism, often a bacterium like E. co/i, and which has unnatural
genetic information inserted into its genome.

SEQUENCING: To determine the primary structure of a poly-
mer like DNA or RNA by analyzing the sequence of its four
bases.

sTEM cELL: An undifferentiated cell of an organism that is
capable of giving rise to cells of many different tissues.

SYNTHETIC BIOLOGY: A discipline involved in the construc-
tion of new biological entities such as enzymes, genetic cir-
cuits, and cells or the redesign of existing biological systems.
Synthetic biology builds on the advances in molecular, cell,
and systems biology and seeks to transform biology in the
same way that synthesis transformed chemistry and inte-
grated circuit design transformed computing. The element
that distinguishes synthetic biology is the focus on the design
of core components that can be modeled and tuned to solve
specific problems.

YEAST: Single-celled microorganisms classified as members of
the fungus kingdom.
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McClintock, Barbara, 32

McDonald, Karen, 260

Mclntyre, Jonathan, 148, 149
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See also biomining

Mirsky, Ethan, 7173, 75, 76, 77

Moderna, 6, 58, 180, 201220, 230,
232234, 271272, 274, 299;
DARPA and, 174; investments
in, 231, 233; stock price of, 231;
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COVID-19 vaccines, 237, 238; for
CRISPR, 58,78, 272

Patterson, Tom, 186, 191

Pauling, Linus, 32

Paxlovid, 228—229

PCB:s. See polychlorinated biphenyls

PCR. See polymerase chain reaction

Peccoud, Jean, 243, 268—269

Peck, Bill, 100, 101, 102

Peet’s Coffee, 275

penicillin, 4, 16-17

Peres, Lazaro, 129

Perfect Day, 62, 149

Perfect Predator, The (Strathdee),
186

performance enhancers, 8o

Persephone Biosciences, 121-123, 270

pesticides, 57, 85, 276

Petrovsky, Nikolai, 211

Pfizer, 120, 204, 205, 219—220,
222-224, 232—234, 271-272, 289,
299; antivirals by, 228—229;
investments in, 231; windfall
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184—186; number of, 183
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RNA (ribonucleic acid), 303;
building blocks of; 95;
customization of, 3—4; DNA
and, 53; oligonucleotides of, 46;
phages and, 191; proteins and, 53,
90, 94, 98; vaccines, 216, 303; for
viruses, 212. See also messenger
RNA

RNA interference, 54

RNARx, 97

Robertet, 165

robots: for COVID-19 tests, 216—
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SPAC. See special purpose
acquisition company

Space Odyssey, A (Clarke, A.),
256—257

Space Synthetic Biology, of NASA,
259

special purpose acquisition company
(SPAC), 248—249

Spiber, 148149, 160, 289

spider silk, 71—73, 7578, 8182

Spielberg, Steven, 241

spike proteins, 202, 207, 227
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Innovation

Synlife, 258

Synlogic Therapeutics, 120-124;
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