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My Beautiful Genome



Prologue


My accidental biology

I’M DEAD TIRED. For the last hour and a half, I’ve been run through a battery of tests, all designed to shed some light on my personality, my disposition, and my intellectual abilities. I’ve volunteered to take part in a major research project to examine the connection between specific genes and personality – in particular, a tendency toward depression. We have finally reached the last questionnaire. A young, female researcher is gazing cheerily at me from across a table.

“I’d like to ask you some questions about your immediate family – having to do with drug and alcohol abuse, criminality, and psychological illness.”

Her perky blonde ponytail sways back and forth. It makes her look especially efficient.

“They’re not about you but about your first-degree relatives: your parents, siblings, and children.”

“I don’t have any children.”

“Your parents and siblings, then.”

“My parents are dead, but I have a brother.”

“Whether they’re alive or not doesn’t matter, the questions are the same,” she says. “Let’s start with alcohol. Have any of your first-degree relatives had any problem with alcohol?”

“Problem? Problem, you say? Yeah, well, I suppose I’d have to say yes to that. Such as it is.”

“Yes... ?”

“My father. Some would say he had a certain problem with alcohol.”

Starting your day with vodka in your coffee and working your way through with malt liquor might be called by some people a bit of a problem.

“For an extended period?”

“As long as I can remember, really. But he didn’t think it was a problem himself as such; he could certainly function.”

She flips the first page of the questionnaire, following the instructions.

“Did this alcohol abuse ever lead to divorce or separation?”

“Yes.”

She looks at me inquisitively, inviting additional information.

“Three times. Divorce.”

The eyebrows shoot up her forehead.

“Well, then. Was he ever sent home from work or incapacitated?”

“No, no.” Of course not. My father was a very capable and conscientious teacher all his life. He did his job, no matter what.

“No problem there,” I reply, thinking the worst is over.

But then she asks, “Were there any arrests or driving under the influence convictions?”

I pause. “A few. That is, I don’t quite remember.” I feel like I need to explain this, provide a defense. It all suddenly sounds worse than I remember it.

“Nothing ever happened. No accidents, I mean. My father was an excellent driver, even when he’d had a few. He was just unlucky enough to get caught. A couple of times.”

“Okay. Good. So, we’re done with alcohol.” She resumes the interrogation with a more optimistic tone. “Have any of your first-degree relatives had any mental health problems?”

“Yes,” I say without hesitation. I’m asked to identify which ones.

“All of them.”

She mumbles to herself, leafing through her papers, confused. “All of them? Okay, okay. Where do we start?” I want to be helpful, so I quickly run down the list: When I was little, my mother suffered from depression – deep, clinical depression, which was particularly bad in her last few years. My younger brother has had a few bouts of his own, and my father was manic-depressive, diagnosed at sixty, by which time the disease had come to be known as bipolar disorder.

“He had manic phases?”

“I’d have to say yes.” I flash back to that one Christmas when he essentially did not sleep for a week but trudged around the house clutching a stone-age axe in one hand and his well-worn Bible in the other. Talking and talking and talking, becoming more and more incoherent. Finally, we had to hospitalize him.

“Any psychoses?”

Here, I dig in my heels. After all, we’re not a family of lunatics.

“No. Nothing like that,” I reply. “Except, maybe... There were some episodes where my father believed someone was prowling around the garden shed at night to steal his tools. There was also a period when he thought someone was talking to him through the heating pipes, but that was only for a short time. It went away with a little Zyprexa.”

She looks down at her notebook again and adds a note. It says “mild paranoia.”

“Has anyone other than your father had psychiatric treatment?”

“We all have.”

“Medication or consultations with a psychiatrist?”

“Both,” I say. Then, something comes to me. “What about suicide attempts, do they count?”

The young researcher nods silently and locates the box on the questionnaire for suicide attempts.

“There were two of them – two that I know about, anyway. Both were made by my father. My mother, on the other hand, talked about it, but never tried it.”

The researcher stares resolutely at her papers as she turns to the final questions, having to do with narcotics abuse. Here, I can answer with a clear conscience that no one in my family has ever had any problems with drugs. Never.

“You’ve never yourself taken narcotics of any kind?”

“I drank some homemade hemp schnapps on New Year’s Eve at the beginning of the nineties, but that’s all. And it didn’t work.” Or, rather, it worked so well that I slept through the whole party, which reportedly took place in the great hall of Copenhagen’s squatter town Christiania.

“About alcohol,” she continues, “I also have to ask you about yourself. How many drinks do you have during the course of a week?”

“It must be around fourteen,” I lie, promptly and deftly. For some reason, twenty, or a bit more, doesn’t sound good, and my intention is always to stick to fourteen. “You know – two glasses of red wine a day, purely for medicinal purposes. It’s because red wine contains resveratrol, which is healthy for pretty much anything. Heart, blood pressure, cognitive faculties.”

She nods enthusiastically.

“Fourteen drinks, that’s within the National Board of Health recommendations. Good, good,” she says at last, displaying an almost liberated smile. “Yes, well, I don’t think I have any more questions.”

[image: image]

BUT I DO. I have questions. They’ve been smoldering quietly in my mind as we progressed from question to question. They were probably the real reason I volunteered to be a part of this genetic study.

If I am to be honest, there is a direct connection between my interrogation today in a nondescript scientist’s office and the hospital room at the other end of the country where I held my father’s hand as he died on a summer’s day a year earlier. Because what is an interest in genetic information about? It’s about your heritage, your history, your identity.

I sat there in that stifling hospital atmosphere with the person I loved more than anyone else in the world, unable to do anything except wait for his end. And when it finally happened, when my father was simply gone in a moment, a single sentence swirled in the back of my head: I’m an orphan.

The realization left an icy sensation, not just of being alone, but of being without a source, without a history. Now, there was no one who had been witness to my life back to a time before I could even remember it myself. No one who could see and describe the thread that ran between how I was as a tot and what I later became, who I am today. The past, in its way, was gone. And the future – well, you could see an end to it. At forty-three, I’d reached the age when the chance of having children was pretty much theoretical. That’s fine with me, because I’d never seriously contemplated having any, but being both without a source and without any offspring is to be floating free in the vastness of humanity, of life. When you can’t see yourself in any other being, you can lose sight of yourself.

Where do I come from? Who am I? Am I going to be like my parents? How will I die? And when?

These are questions humans have always asked, but now they can be asked very pointedly and put to a wonderfully tangible informant–our own DNA. And I cannot help but ask these questions of my biology: I’m a biologist by training. I’m deeply fascinated by the human being as an organism. As the miraculous result of myriad microscopic processes unfolding.

It reminds me of something my father said to me countless times over the years, when he was in a sentimental mood or I needed cheering up for one reason or another.

“My dear daughter.” There was always a particular emphasis on dear. “You possess an incredibly fortunate combination of genes. You got all the good stuff from your mother and me, but you avoided all the bad stuff.” Here, he would embrace a slight pause. “Well, apart from the depressions. But, otherwise, you’ve got nothing but trophies on the shelves.”

What, as a child, do you say to that sort of thing? You roll your eyes and shrug it off. Parental pride is, of course, good for your fragile ego and limping self-esteem, but you also know that it’s way off the mark.

“Stop it, Dad, you’re talking nonsense.”

When I was young, I definitely did not see myself as a slender green shoot topping the stout branches and meandering roots of the majestic tree of my ancestry. I was my own person with my own will, quite independent of previous generations and their idiosyncrasies. What could something as abstract as “biological legacy” mean to me, an individual who was not only perfectly capable of thinking for herself but had no thought but of moving forward? Absolutely nothing.

Now, with my father’s death, it’s different. Now, it means something. Now, I want to trace my heritage to the roots. To know exactly which genetic variants and mutations have come down to me, and what they mean for who I am. I want to understand how these accidents of biology have shaped my life, my opportunities, and my limitations.

Of course, in front of the mirror, I can see my heritage chiseled directly, and not always entirely happily, in my physical features. The pronounced nose is clearly from my mother’s family, where you can spot it back in the sepia-toned portraits of my great-grandfather. My thin, bony frame comes from his wife – my grandfather’s crazy mother of whom everyone was afraid. A stingy shrew of a woman with a gift for domestic tyranny, I vaguely remember her from childhood visits to their apartment, infused with the acridity of mothballs and stuffed with heavy mahogany furniture and fussy crocheted doilies. My somewhat elongated, slightly plump face and my narrow lips are clearly a package deal from my paternal grandmother’s side of the family tree.

But my familial heritage is not confined to my features. It is undoubtedly from my paternal grandmother’s line that I also got my chronic tendency toward sarcasm. Occasionally, I can hear my father’s voice in the zingers spurting from my mouth, and I can almost feel his accompanying facial expressions in my features. Is it simply the product of childhood’s rigorous social training or is some biology mixed in there? Do we carry this sort of inheritance in our chromosomes? How do nature and nurture collide to create all the stuff that makes people interesting?

“It’s not because I like saying this, Lone,” said a well-meaning friend at university many years ago, “but your personality is against you.” That was around the same time an American friend called me “brutally honest.” That judgment made me feel happy about myself until she put her hands on her hips and shouted: “It’s cruel! Don’t you understand that people despise honesty?”

But how much of the unappealing aspects of my personality can I blame on the minute variations written into my DNA? Do my recurring depressions and consistently dark outlook on life derive from a few unfortunate genes, handed down from two different families? Or do they derive from an upbringing that could at times be, to say the least, challenging?

There is also the issue of physical ailments. I’m not plagued by illness or anything, apart from a touch of rheumatism in the innermost joint of my right big toe, which makes shoe shopping difficult and high heels impossible. But what might be waiting in my future? Will I die the way my parents did? Will I be hit by breast cancer at a young age or be forced to take year after year of pills to regulate my heart and blood pressure? If I took a sneak peek at my genome, could it tell me what is in store for me? And if I know my prognosis well in advance, can I rewrite my future?
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WE CAN FINALLY begin asking these questions, because a revolution is under way. Genetics is no longer a matter reserved for scientists and experts; it is becoming quite ordinary, practical, and everyday. In fact, over the next decade, genetics will become as familiar to us as the personal computer. Originally, computers were large, complicated, machines – mainframes – found exclusively in universities and research institutes and only available to the initiated specialist. But then the technological dikes burst, prices fell dramatically, and today computers are the tool of the masses.

But what’s the genetics equivalent of the PC? Well, the first genetic dating services are already in business. At GenePartner, based in Switzerland, they claim to be able to match love-starved singles on the basis of selected genes relating to their immune systems. A handful of studies indicate that such genetic compatibility results in both a better sex life and healthier babies. You can also have your prospective boyfriend – this only works for men – tested for whether he has an unfortunate genetic disposition for infidelity or for getting mixed up in bad relationships. If you have children, you can have them tested for whether they possess the genetic disposition for muscles more suited to speed-related or endurance sports. In the next ten years, all newborns will routinely have their genome mapped and deciphered, according to people in the know. And these same technological experts predict that, within a few years, a complete sequence mapping all six billion bases will cost less than the baby’s pram.

How can such straight-from-the-womb genome sequencing be used? And will there be any limitations to their real-life application? Jay Flatley, who heads the major league genomics company, Illumina, has argued that “the limitations are sociological,” and, of course, he is correct. Social norms and political legislation will dictate what we may do, and culture will dictate our demands and what we actually do.

In China, ambitious, well-to-do parents are already beginning to test the genes of their children before school age, to give them the best upbringing – though whether that upbringing is optimal for the child or the parents is a bit hazy. At Chongqing Children’s Palace, a summer camp, one part of the package is a test of eleven different genes that is supposed to provide an excellent picture of your child’s potential. The camp’s directors send a saliva sample to the Shanghai Biochip Corporation, which returns a detailed statement about the child’s intelligence, emotional control, memory, and athletic abilities. This is supplemented with advice from the camp about possible career paths. Is young Jian a powerful CEO in the making, a budding academic, or just a future bureaucrat?

You don’t need to send your child to western China if you are anxious to discover and nurture the native gifts of your spawn. You can simply contact the US startup company, My Gene Profile. In their promotional videos, a mustachioed and slightly chubby man explains that good parenting is all about directing your children toward success and happiness, and that this is best done by identifying their abilities through My Gene Profile’s test of forty genes. Their test – that is, the interpretation you receive from the company – will reveal the after-school activities for which you should sign up little Emma, and the education that will offer her the biggest pay-off.

Unfortunately, in the here-and-now, this vision of a genetic horoscope is a pipe dream. Both the Chinese children’s camp and the American test kit, with its accompanying books on childrearing – available with additional payment – are pure fabrication. Any serious geneticist would shake her head and call them a con or quackery. No one knows of any set of individual genes that can be used to outline a human being’s potential or describe the optimal trajectory of his or her life. For now, that is. But the fact that companies can sell this sort of thing says something about the status and role genes have in our twenty-first-century concept of ourselves. It also illustrates the hunger out there to be able to predict a life, to shape and optimize it according to our own designs.

Will this ever become a reality? Can the genome be a crystal ball that tells us how life will be? Might DNA be the path to self-knowledge and even a road to change?

I want to go in search of some answers to these questions, and to try to find the limit to which we’re willing to probe our futures – my future. I want to know how it feels to have a close encounter with my DNA, this invisible, digital self that lies curled up like a fetus in every single cell of my body.
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Casual about our codons

Get to know your DNA. All it takes is a little bit of spit.
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“THERE HE IS – that’s him!”

The man next to me rolls his eyes and tips his head in the direction of an elderly gentleman with an odd bent who is slowly making his way across the lawn beyond us. It’s James Watson, the man I’ve come to this conference at Cold Spring Harbor Laboratory, near New York City, to meet. He’s wearing a grass-green pullover and a fire-engine-red bush hat.

“Big Jim!” my interlocutor notes with a broad smile. “If you want to talk to him, you’ll have to be aggressive. He’s pretty talkative up to a point, but he’s become a bit skittish with reporters.”

That’s understandable. Watson, who together with his colleague Francis Crick, is credited with uncovering the chemical structure of the DNA molecule in 1953, had recently experienced an annus horribilis. In 2007, he had run foul of the media machine, and lost some of his luster as a Nobel Prize winner, during a book tour in Britain to promote his latest autobiography, Avoid Boring People. In an interview with the Sunday Times, he had remarked that he thought the prospects for the African continent were gloomy, because the intelligence of blacks was lower than that of the rest of the world’s population. He went on to say he hoped everyone was equal, but that “people who have to deal with black employees find this not true.” He also managed to assert that it would be perfectly okay if, on the basis of prenatal testing, a mother-to-be decided to abort a fetus that might have a tendency toward homosexuality. Why not? That sort of choice is entirely up to the parents.

These were opinions Watson had aired in various iterations many times before, but printed in black and white, in a major newspaper, they could no longer be tolerated. Enough was enough. Though a small group of academics defended Watson and tried to explain his statements, the remainder of his book tour was canceled. The Nobel laureate went home to his laboratory at Cold Spring Harbor, where he had been pleasantly and securely ensconced in the director’s chair since 1968.

But the furor wouldn’t die. Soon after his return, a contrite Watson issued an apology with a built-in disclaimer – it wasn’t really what he meant, and blacks are certainly fine people – but the protests continued. Finally, the laboratory’s board stepped in. At seventy-nine, Watson accepted an emeritus position and enforced retirement. Not that he was thrown out: he still retains a wood-paneled chancellor’s office, in whose antechamber a secretary guards the doctor’s calendar with the ferocity of a dragon. And he still shuffles about the lawns and supplements his role as the godfather of genetics with a passion for tennis.

“The most unpleasant human being I’ve ever met,” the well-known evolutionary biologist E. O. Wilson is on record as having said of Watson. And when the old man wasn’t being called a racist, the word “sexist” took its place. Watson had a reputation for not accepting female graduate students in his group and for making statements to the effect that it would be an excellent innovation if we could engage in a little gene manipulation to ensure future generations of women are all “pretty.”

With this nagging in the back of my mind, I pull myself together and trail after Dr. Watson, notepad in hand.

“What do you want?” he asks nervously. “An interview?”

Watson fixes on me from behind a pair of glasses that make his eyes look like a pair of golf balls. Their assessment does not, apparently, fall in my favor.

“I don’t have time,” he says softly, turning away. “I have to go home for lunch. I’ve got guests I need to talk to. Important guests.”

He looks around impatiently, as if for someone to come and save him.

“Just ten minutes,” I plead, but this time I receive a heavy sigh and a sort of wheeze as a reply. When he remains standing there, oddly indecisive, a kind of impertinence takes over, and I mention almost at random one of the lectures from the day before, on genes and schizophrenia. He’s hooked. Watson abruptly draws me inside, into the empty Grace Auditorium, where the conference on personal genomes is taking place, and sits down in one of the front rows.

“My son has schizophrenia,” he says. I nod in sympathy – I had heard the tragic story of his youngest son, Rufus. Immediately, Watson begins to mumble. He whispers and snuffles, but his eyes are clear, without a hint of the confusions that often come with old age.

“With respect to genetics, it’s still a huge motivation for me to see that this disease is understood. If you ask me what I’d like to see come out of the genetics revolution, it is this: I want to see psychiatric illnesses understood and explained. We have no idea what’s going on. Imagine: there are a thousand proteins involved in every single synapse through which a nerve cell transfers impulses to another. And there are billions of them.”

As Watson warms to his subject, I run with his change in mood. My own greatest interest, I hurry to tell him, is behavioral genetics, in understanding how genetic factors take part in shaping our psyche and personality, our mental capacities, and our behavior as a whole. It is known that heredity is involved not only in our temperament and mood, but in complex matters such as religiosity and political attitudes.

Yet how could a slight variation in the proteins that sail around our brain cells possibly lead to a preference for right-wing or left-wing politics? At one end, you have some strings of genetic information; at the other, a thinking, acting person; and in between, a black box. A box that researchers are only now beginning to prise open.

His golf-ball eyes harden their lock on me. “Mental capacities?” Watson then says in a thin but sharp voice. “Yes, they are interesting, of course – academically interesting – but you have to understand that disease is always the winner, when research money is being distributed. And it has to be that way... there are people out there suffering!”

He wheezes again. Whether it is to clear his throat or his thoughts, I am not sure.

“Truth be told, I don’t believe there is a chance that the mysteries of schizophrenia will be solved for another ten years. At least ten years.”

Many would agree with Watson’s assessment. In 2009, a small army of researchers announced the results of three gigantic studies, involving fifty thousand patients scattered across many countries, into the genetic cause of schizophrenia, and they had found very little. In the New York Times, Nicholas Wade bluntly called the disappointment “... a historic defeat, a Pearl Harbor of schizophrenia research.” The only firm result: no particular genes could be found that determine whether a person develops schizophrenia or not. Furthermore, it is presumably not even the same genes that are involved in all patients.

Here at the Cold Spring Harbor conference, the participants have been discussing the great mystery of genetics: the issue of the missing heritability. This is the “dark matter” of the genome. Again, take schizophrenia. Scientists know from countless twin and family studies conducted over decades that the disease is up to eighty percent heritable, but, despite the army of researchers’ thorough studies, with tens of thousands of patients, only a small handful of genetic factors have come to light. Altogether, these factors explain just a measly few percent. So where are the rest to be found?

“Rare variants,” whispers Watson, as if he were making a confession. “I think it lies in rare variants, genetic changes that are not inherited from the parents but arise spontaneously as mutations in the sick person. Listen: you have two healthy parents and then a child comes along who is deeply disturbed. So far as I can see, it cannot be a question of the child having received an unfortunate combination of otherwise fine genes. Something new has to happen. We have to get moving to find this new thing, and my guess is that we need to sequence the full genome of, perhaps ten thousand people, before we have a better understanding of the genetics in major psychiatric diseases.”

I ask how it feels to have your genome laid out for everyone to see on the Internet, but Watson pays me no heed. He is lost in his own train of thought.

“Just think about Bill Gates. This man has two completely normal parents but is himself quite strange, right?”

Fortunately, Watson continues before I’m forced to offer a reply.

“No debate,” he says. “Bill is weird. Maybe not outright autistic but, at least, strange. But my point is that we cannot know in advance who we as a society need. Who can contribute something. Today, it appears that these types of semi-autistic people who are good with computers are really useful. I don’t have a handle on all the facts, but I could imagine that in a hundred years, as a result of massive environmental changes and that sort of thing, we human beings will have a much higher mutation rate than we have had up until now. And with more genetic mutations, there will be a greater variation among people and, thus, the possibility for more exceptional individuals.”

He gives me a quick sidelong glance. “There are very few really exceptional individuals, and most people by far are complete idiots.”

There is a little pause.

“But success in life goes together with good genes, and the losers, well, they have bad genes.” Watson stops himself. “No, I’m in enough trouble already. I’d better not say more.”

His self-imposed silence lasts five long seconds.

“I mean, it would be good if we could get a greater acceptance of the fact that society has to deal with losers in a sympathetic way. But that’s where things have gone wrong – that we would rather not admit that some people are just dumb. That there are actually an incredible number of stupid people.”

I suddenly recall one of Watson’s classic remarks, that the proportion of idiots among Nobel Prize winners is equal to that among ordinary people. Of course, I don’t mention it. That would be crude and insolent, and though I tend to be brutally honest, I know not to push my luck with the old man. Instead, I ask how it feels to be able to look back on the almost incomprehensible advancements that he helped to kick-start almost sixty years ago.

“I never thought that I would have my own genome sequenced – the whole thing mapped from one end to the other. Never. When I was involved in the Human Genome Project, where over several years we mapped the human genome as a common resource, that sort of personal genome seemed entirely utopian. And even when young Jonathan Rothberger from 454, the sequencing company, suddenly offered in 2006 to sequence my genome, it sounded crazy. But they did it.”

The dreamy gaze disappears.

“Today, it’s about getting every genome on the Internet, because if you want to know something about your genome, you have to have a lot of eyes looking at it. That’s where the money should be going, to get more and more genomes published, so researchers can analyze them and squeeze more knowledge out of the information. Do you know what? They should sequence more old people, because for obvious reasons we are more willing than young people to put our genomes on the Net for public viewing.”

Once again, I see the chance to probe Watson about his genome. I want to know how it feels to scrutinize and immerse yourself in your own genetic material. To have made already the journey that I’m hoping to take. “Has knowing your own genome affected you?”

“No, I don’t think so. To be honest, I don’t think much about it.”

“What about the gene for ApoE4?” I ask cautiously. From the beginning, Watson said that he did not want to know whether he has this well-known variation of the Apolipoprotein E gene, which multiplies the risk for developing Alzheimer’s disease.

“No, because then I would fret about it, whether it was incipient dementia every time I couldn’t remember a name or something like that. Hah! As things stand, I only worry about it half the time.”

Since his genome is on the Internet, I wonder whether he really doesn’t know the truth or his professed ignorance is pure coquetry. I note out loud that there is no reason to remain ignorant, since he is already eighty-three years old – if he doesn’t suffer from dementia now, he probably never will.

“You haven’t quite understood,” he says, slightly hurt. “Dementia can easily strike in your nineties; it happened to my own grandmother. She was born in 1861 and died when I was twenty-six. Wonderful woman, by the way. I must tell you...” He turns around to face me. “I know many men in their eighties who are still razor-sharp, but I don’t know many role models who are over ninety. Something happens to most men between eighty and ninety.”

For a moment, I think that he has revealed a sense of humor, but before I laugh I catch the expression in his eyes. He is utterly serious.

“But there is something else. I believed that, as a white male of European origin, I could tolerate milk and have always drunk it. And I’ve eaten ice cream, lots of ice cream. But my genome reveals that I am partially lactose-intolerant. Today, I only drink soy milk and must admit that I actually have fewer gastric problems.”

This was, perhaps, too much information.

“Everyone should have this kind of knowledge from birth, so mothers could make sure their children have the best possible diet.” He muses on another example: heart attacks and hypertension. “I also have a gene with reduced activity that makes me metabolize beta blockers poorly. Because I have high blood pressure, the doctors had already given me medicine. With this genetic knowledge, it was suddenly not strange that the pills just made me fall asleep. One out of every ten Caucasians has a genetic variation that makes beta blockers ineffective for them. Everyone should be screened for that kind of stuff, right?”

Suddenly, Watson changes track.

“We’ve reached a point where we have to ask ourselves how much we can defensibly contract out to private companies. I’m an academic, dammit, and I would rather see my friends’ genomes mapped by an academic lab like the Broad Institute in Boston or the British Sanger Centre than by some company. These outfits come and go and have no real interest in the science,” he says, staring vaguely in the direction of the larger-than-life-size portrait of himself that is the auditorium’s only decoration. The artist looks to be an admirer of the British painter Lucian Freud and, like his role model, has depicted his subject with every fold of skin and liver spot.

The living Watson slumps a bit in his chair. He looks infinitely tired, an old turtle more than an old man. He shakes his head.

“I don’t know where we end. Think that we’ve come so far that everyone can not only have his genome sequenced but can have it done by Google.”

He relaxes his arms over the chair and falls into a reverie.

“Are you going back to Denmark now?” he asks out of the blue, for the first time in a directly friendly tone. I answer in the affirmative.

“Poor girl. That country is the saddest place I’ve ever been. Before I went to the University of Cambridge, I was there for a whole year, doing virus research for the National Serum Institute in Copenhagen. As I remember it, the sun never came out once.”
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THE YEAR JAMES Watson spent in Denmark was three years before the breakthrough that transformed him forever into Big Jim and revolutionized humanity’s understanding of biology. As his colleague Francis Crick shouted that evening after the two had finally grasped the helix form of the DNA molecule and tumbled into the Eagle Pub in Cambridge: “... we had found the secret of life.”

In his classic account, The Double Helix, Watson describes how he hit on the structure one day when he was sitting in the lab playing around with cardboard models of the four bases that serve as the genome’s universal building blocks: Adenine, Guanine, Cytosine, and Thymine. At once, the young but intensely ambitious researcher realized how these bases must fit together in fixed pairs: that A and T combine with two weak hydrogen bonds, while G and C bond with three. It also became obvious how the bases had to face each other and, thus, hold the molecule’s backbone – the two long phosphate strands – in a three-dimensional double helix. A beautiful, biological, winding staircase.

Until that moment, Watson and Crick had been engaged in a long and merciless race. On their perch at the University of Cambridge’s Cavendish Laboratory, they had been out in front, but the legendary Nobel Prize winner Linus Pauling, of the California Institute of Technology, had nearly caught up. It was difficult for most observers to believe that Pauling would not win the contest, but the old giant became mired in some blind alleys involving his work with proteins. That allowed Watson and Crick to cofound the genetic revolution.

To have hit upon the double helix structure was equivalent to breaking through a wall – a thick, reinforced concrete wall. Now they had discovered not only that the previously mysterious DNA was the bearer of an organism’s genetic heritage, but also how the whole thing was screwed together chemically. The molecule’s structure was crucial. Only once it was revealed did scientists finally have a key for unlocking the genetic mechanism’s operation at the most basic level: the manner in which characteristics that develop over the lifetime of an individual can be physically passed on from generation to generation, nicely packed into an egg and a sperm.

On the surface, that process almost seems like magic, like pure mysticism. In the nucleus of all cells are some genes – heritable units, so to speak – that are themselves unchanging and static but which nevertheless provide the source for the eternal change and dynamism that characterizes every living organism. A human being’s genome – his or her total hereditary material – consists of forty-six different chromosomes, each of which is one long DNA molecule. These comprise the two sex chromosomes, X and Y, and twenty-two ordinary, housekeeping chromosomes that are each supplied in two different copies – one from each of our parents. In a way, the genome behaves like a queen ant. She remains passive, hidden, and protected deep in the center of the colony, where she is serviced by diligent worker ants and from which, via her production of different types of offspring, she controls the life of the entire ant society. Correspondingly, the genome is found in the cell nucleus, from where its information is read and transmitted to the rest of the cell, and to the organism, through a series of molecular middlemen.

The miracle is that along the way an elegant and gradual transformation from a digital code to an analog reality takes place. Genes do not do anything; they just are. But the information they contain – the genes’ essence, as it were – is converted into the stuff that realizes biological ideas – namely, proteins. Proteins are the workhorses of the organism. These large, clumpy molecules with their moveable parts and biochemical capacities can carry out all the tasks life requires.

We are not only largely built of protein, which is found in every cell and organ structure, we also function via proteins. Enzymes are a specialized class of proteins that take care of our biochemistry, and another class of specialists are the receptors – proteins that are responsible for all sorts of internal communication, through conveying chemical signals within cells and between cells and organs. In short, there are proteins in everything, and every single one of them is built on the basis of information in a corresponding gene.

The process of changing from gene to protein is a precisely choreographed dance. Each of our forty-six chromosomes is a long, unbroken DNA molecule. Imagine a long spiral, like a zipper, the teeth of which on each side are the simple bases A, G, C, and T. When a protein is produced, the zipper is opened in the place at which the gene is found, and special enzymes start transcribing a copy of the information. The copy is produced in RNA, which is a structural cousin of DNA with slightly different chemical components.

The small molecular transcript from a gene is called a messenger RNA (mRNA), and it is just that – a messenger. It is dispatched from the compact nucleus out into the cell, where it offers itself for translation. The translation occurs in large protein factories, which are themselves built from a series of proteins and which read messenger RNA molecules as recipes.
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The recipe for a protein is itself in the genetic code. A given sequence, that is, a sequence of bases in the RNA molecule, specifies one and only one corresponding sequence of amino acids which, when they are linked together, constitute a protein. A genetic sequence of three bases – a codon – specifies one and only one amino acid out of the twenty that organisms make use of. If you have a genetic sequence CCC followed by AGC and then ACA, it means that the amino acid proline is to be hooked up with serine, which in turn is to be connected to threonine.

Correspondingly, there are start and stop codes. A messenger RNA is translated into protein by the code being continuously read and translated into a growing chain of amino acids. When a stop code appears, the process completes, whereupon the finished protein is spit out into the larger, complicated cellular machinery with specialized compartments where further modifications and renovations are made.

Nearly every one of an organism’s cells contains basically the same information hidden in the genome. They each have their own special identity, due to the fact that the information inside is treated differently. Only those genes that are suited to the individual cell’s tasks are read, translated, and allowed to produce protein. A liver cell forms protein from a certain array of genes, while a brain cell uses a completely different array.

In the midst of all this reading and translating, genetic mutations occasionally occur. Mutation means change, and genetic mutations assume many forms. There are point mutations in which one base is changed into another base, and there are larger changes that either remove a number of bases (deletion) or add new ones (expansion). Finally, pieces of the DNA of chromosomes can be rotated so its base sequence is inverted.

Genetic mutations can change an organism’s proteins in several ways. A single point mutation can replace an amino acid in a protein, thereby making the protein fold in a new way and, perhaps, making it more or less effective for the tasks it performs. Larger mutations can likewise change the function or completely inactivate the protein. Finally, mutations in DNA regions that do not themselves produce protein but, on the contrary, regulate production, can give rise to the formation of more or less protein.
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These changes can trigger physiological effects, some of which are beneficial and some of which are harmful. Mutations arise all the time because of damage to the genome or mistakes in DNA copying, and these mutations, which are passed on to the next generation, may over time be dispersed in the broader population or disappear again. They are, so to speak, the fuel of evolution.

We all have the same genes, each in two copies, one from each parent (apart from the single genes of the sex chromosomes). However, because of the mutations that have occurred over the course of evolution, millions of which have survived and spread throughout the species, most genes exist in different variants. The astronomical number of possible combinations of these variants means every one of us is physically and physiologically different. Even identical twins. Although the twins’ original genome sequences are identical, mutations, and especially individual epigenetic modifications, accumulate throughout life, differentiating their genomes. Each of us carries a unique, beautiful genome.
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NOT UNTIL 1963, ten years after the DNA structure was served up by Watson and Crick, was the genetic code – the language of genes – finally cracked. And with very few exceptions, that language is universal across Earth-bound life. Whether you are a flu virus, a slime mold, a manatee, or a manager, your genetic code contains the same components. From this scientists derived another piece of knowledge:

Life is not based on chemical substances or molecules but on information, pure and simple.

Well, “duh,” we say today with a shrug. And without raising an eyebrow, we can recite the statistics that human beings share ninety-eight percent of their genome with a screeching chimpanzee, sixty percent with a skittering mouse, and even twenty percent with a lowly roundworm a millimeter long. But take a moment to think about this, slowly and carefully. This insight goes deep, and touches on something central, something almost psychologically jarring.

For one thing, it testifies to a common and global biological heritage that is not superficial, but reaches into the very core of all living creatures.

For another, it forces us to think about life in a new way. The phenomenon of life should not be viewed as a number of fixed, defined forms – slime mold, manatees, managers. Rather, it is a continuous stream of information. The myriad specific life forms are just temporary vessels holding the genetic information before it is transmitted on and on through time in novel combinations.

It also allows us to consider biology in terms of the digital world. Genetic information is like software programs and data that are expressed in binary code and can be read in the same way by different computers, whether a monstrosity of a stationary IBM, a sleek little Mac or, for that matter, a mobile phone. The genetic code’s message is the same. In a corresponding way, a brain cell in a human being reads and translates “gene language” in the same way as a yeast cell.

The significance of this realization stretches far beyond the psychological. Biology’s fundamentally digital nature has a dramatic consequence: genetic information does not belong to a particular place but can be freely transplanted between very different organisms. There is nothing particularly “rose-like” about a gene found in a rose; the same gene can just as easily produce its protein in any other living organism.

This knowledge became tangible in 1973, when the molecular biologists Stanley Cohen, Herbert Boyer, and Paul Berg showed they could move information between organisms. By using naturally-occurring enzymes that clip and cut DNA, they showed that a gene cut from the skin cell of a frog could be transferred to a bacterial cell and that, undaunted, the bacterium proceeded to produce the protein specified in the frog gene. In other words: a gene is a gene is a gene.

Thus gene splicing, also known as gene technology, was born, and science kicked down the door to a new world, in which genetic information could be moved freely between individuals and even between species that could never have mixed their genes in nature. New forms of life were imagined, from plants with practical traits designed specifically for agriculture, to microbes engineered to produce medicinal proteins. Incredibly clever, all of it.

The scientific community’s high enthusiasm was matched by its high anxiety. What unimagined life form might pop up along the way? Could the manipulation of nature’s creations wind up disturbing or destroying the complicated ecological puzzle that billions of years of evolution had created, honed, and fine-tuned? Were we playing with Pandora’s box?

To tackle such questions, in 1975, the top researchers of the time gathered together in California, at the now-legendary Asilomar Conference on Recombinant DNA. They did not just want to discuss how gene technology could be pursued with the greatest possible safety; they also wanted to jumpstart a public debate on the subject. It was just after the Watergate scandal, and there was a general longing for transparency in societal institutions. Now it was science’s turn to come out of the closet. One faction believed that the only sensible approach was to impose, for a defined time, an immediate moratorium during which everyone desisted from gene technology experiments while they considered what the consequences might be. Another faction argued that guidelines should be immediately established, and experiments should be run within defensible safety margins.

The latter group won the day. And with their victory, molecular biology reshaped the entire field of biology. Within a couple of decades, work on gene technology dominated biological research. Today, there is not a single sub-discipline in biology that does not involve genetic knowledge or genetic data. Even a botanist must occasionally take off his rubber boots and log onto a database. Kinships between plants are no longer determined by fiddling with petals or reproductive organs but by comparing genetic sequences among species.

The list of organisms that have been subject to gene manipulation is long, almost boundless. Strawberries have been pumped full of antifreeze proteins, which they produce via a gene borrowed from a deep-sea fish. Genes that code for a spider’s silk proteins are placed in yeast cells, which then happily produce great quantities of fine spider silk that can be spun into super-strong, flexible materials. Christmas trees are made resistant to disease, and flowers are equipped with colors they would never have discovered themselves. Innocent aquarium fish have been given a gene from a jellyfish that makes their bodies glow fluorescent green. And pigs are given genes for human diseases, such as Alzheimer’s, so that they can serve as model organisms for research into a cure.

Manipulation is one broad lane in the gene research highway; mapping is the other. We are living our version of the Enlightenment’s obsession with taking a census of the planet’s manifold life forms, describing them, comparing them, and thus creating order in their mutual kinship. Now, genetics is the key to all order and understanding. One organism after another has had its genome sequenced from one end to the other, and the sequences have been entered onto massive databases.

It began with the smallest life forms, viruses, which are not actually alive, but rather “parasites” built exclusively of genetic material. Then came “real” organisms, from bacteria and molds to plants and animals – almost four thousand organisms, including Homo sapiens, from every step in the evolutionary ladder.

“The most wondrous map ever produced by humankind” is the map of the human genome. It began in the 1980s, as a crazy idea among the most far-sighted geneticists, who envisioned a tool that would unravel the inner workings of our biology and speed up disease research considerably. The project was monumental for the technology then available, and the Human Genome Project, an international consortium, was established to get it up and running. James Watson, by then no longer a lanky boy with big ears and sharp elbows, but a power to be reckoned with in the research world, was one of the driving forces. The consortium would piece together the entire human genome, a sort of encyclopedia of us. When the project was officially launched in 1990, it was expected to take fifteen years to compile this great reference work.

For years, mapping proceeded apace without much ado. Scientists at the Sanger Institute, near Cambridge, UK, and the National Institutes of Health near Washington, DC, among other laboratories, steadily worked away. Then, out of the blue, war broke out. The American geneticist and entrepreneur, J. Craig Venter and his for-profit company Celera promised to map a complete genome faster and cheaper than all the academic groups combined. Venter had established a veritable sequencing factory in Rockville, Maryland, just down the road from NIH, and filled it with a new generation of sequencing machines and a phalanx of supercomputers rigged to put together the genetic jigsaw puzzle. The initiative was not welcomed. Venter was called a maverick in the newspaper headlines, and Watson, in his typical style, came out and called his competitor “Hitler.”

The acrimony ended with a compromise, in which Celera and the Human Genome Project exchanged vital data. This convenient union worked together to produce the first rough outline of the human genome in 2001, four years earlier than planned. The sequence was launched with grandiose rhetoric. The US President, Bill Clinton, and the UK Prime Minister, Tony Blair, appeared hand in hand on television, speaking of the“Book of Life.”

But the book contained some surprises. Researchers were stunned at how little content there seemed to be. The scientific consensus had predicted that there must be around a hundred thousand genes in the human genome, but the analysis indicated that it was closer to twenty thousand to thirty thousand – shockingly few.

Genes constitute only about two percent of the whole genome, appearing like pearls threaded on a long string. Each gene corresponds to a sequence that twines between a start signal and a stop signal; in between the genes lies a sea of DNA that never produces protein. The remaining ninety-eight percent of the genome is a mixed bag of components that are, as yet, only poorly explored and understood.

The genes themselves are flanked by regions that help regulate how active the gene is. You can compare it to a speed regulator, which can boost the production of RNA or gear it down, according to need. But these regulatory regions don’t take up much space, and most of the rest, by far, is what is sometimes called junk DNA, simply trash. A part of it – in fact, eight percent of the total genome – looks like nothing more than a virus graveyard, containing sequences stemming from a motley crew of viruses that, at various points far back in the depths of evolution, have latched on as stowaways and lost their ability to make us sick.

Other “junk,” though, is beginning to reveal its genuine function. It turns out this mess is not just passive – it gives rise to huge quantities of RNA molecules that are never translated into protein, but travel around the cell on their own. Scientists have already discovered that some of these RNA molecules help regulate how active “real” genes are; others are still waiting to have their role clarified.

So, from the genetic material of a few hundred anonymous individuals, hundreds of thousands of lab-hours, and four billion dollars, the Human Genome Project gave us the first biological map of humanity. The technological developments that made it possible also now mean that things are moving at an incredibly rapid pace. Today, the cost of sequencing DNA is almost in free fall, to the point where the fall is faster than would be predicted by Moore’s law (which says that the price of calculating power of microchips will drop fifty percent every year and a half). Between 1999 and 2009, the price shrank by the factor of a whopping fourteen thousand, and in 2010 – barely a decade after the first genome was sequenced – companies such as Illumina and Complete Genomics could sequence a person’s genome for six thousand dollars. The work is done by a single machine and takes a single day.

More than anything, the genome project is the emerging seedling of a genetic-industrial complex. Once the initial vision was fulfilled, the international machinery of discovery that had been established at large research institutes could not just stand idle, and scientists pinpointed new projects to throw into the works. They shifted their focus from creating a map of our basic, common genetics to investigating individual variation. The goal was to catalog all the differences found in our DNA because they, of course, are central to understanding the differences between people.

The first big enterprise, HapMap, aimed to throw light on the variation between the large geographic groupings we traditionally call “races.” To see if these groupings correspond to actual genetic differences, HapMap mapped the genomes of people from five major ethnic groups. The effort yielded the first catalog in which point mutations – substitutions of one base for another in the genome – appear. These commonly studied mutations have gained an idiomatic abbreviation, “snip” (SNP or single nucleotide polymorphism). It is estimated that there are somewhere in the neighborhood of fifteen million SNPs in the human genome, though just over three million have been identified and conscientiously entered into the international SNP database.

Future steps will involve cataloging variation in ever finer detail, by sequencing as many complete genomes as scientists can get into their labs. At the end of 2010, the list of published, freely accessible genomes stood at two dozen and included the genomes of celebrities such as Bishop Desmond Tutu and actress, Glenn Close. Research institutions hold unpublished records of almost two hundred more people. But that’s only the beginning. The 1000 Genomes Project is sequencing the genomes of over a thousand volunteers for public use, and the even more ambitious Personal Genome Project is endeavoring to collect a hundred thousand genomes. These genome collectors are pursuing all types of variation.

We humans do not just carry around small, discrete SNPs, with an A in one and a G in another, ready to be noted and entered on a database. We also carry far more drastic mutations: large pieces of DNA may have fallen out, been duplicated one or more times, or simply have moved around and landed in different places in the genome. For the mutation hunters in the research community, the preferred tracking tool of recent years is the so-called genome-wide association study. Association studies are supposed to highlight which genes influence certain diseases or other human characteristics. They are incredibly simple in their design. A group of volunteers suffering from a particular disease, or possessing a particular trait, is compared to a control group that does not have that disease or trait. Both groups are tested for a number of known SNPs, using a “gene chip.” Inside this ingenious, postage-stamp sized device, small pieces of DNA are placed, which flutter like sea grass on the ocean floor. Current gene chips can typically test between half a million and a million SNPs, drawn from across the landscape of chromosomes. This massive quantity of data is fed directly into a computer, and software is used to find patterns in the chip’s genetic observations.

The question posed by such bioinformaticists is basic: does one SNP (or more) recur far more frequently in the sick subjects than in the well ones? If it does, the mutation is considered a marker associated with the disease. Once scientists know where the marker is to be found in the genome, they can use its placement to work out which gene it is associated with. They can also calculate how much the presence of the marker increases the risk of developing the disease. This method makes it possible to study the causes of a disease without first forming a hypothesis of where the problem resides. It’s the equivalent of casting a large, finely meshed net across the genome and seeing what comes in with the catch. As soon as the bioinformaticists and their computers have hit on an association, the biologists can run to the lab and investigate the identified gene. By clarifying the gene’s role in the organism’s tissue, researchers hope to gain insight into the biological mechanisms of the disease and, eventually, discover new treatment methods and drugs.

One early, and very well-known, association study whetted appetites in the field. In 2005, a team led by Robert J. Klein of Rockefeller University was able to show that a serious eye condition, age-related macular degeneration, is clearly associated with a SNP variant in a very particular gene already known to produce a protein that regulates inflammation. The result killed two birds with one stone: not only was there a connection that could be used to identify people with a high risk of getting the disease but also a threshold that could be used to clarify its mechanisms.

Two years later, the first truly significant association studies were published in the journal Nature. In the first, scientists from McGill University in Montreal tried to locate the genetic factors involved in type 2 diabetes, one of the major lifestyle-associated diseases of our time. After testing nearly four hundred thousand SNPs, the McGill group found many associations – notably variations in two already well-documented genes. Later that year, the Wellcome Trust, in the UK, backed similar studies for type 1 diabetes, type 2 diabetes, high blood pressure and cardiovascular disease, rheumatoid arthritis, Crohn’s disease, and bipolar disorder. Two hundred researchers analyzed data from seventeen thousand people, healthy and sick, and revealed a number of new genetic associations.

To date, association studies have provided more than four hundred associations between particular gene variants and everything from prostate cancer, to kidney stones, to curly hair, and even to something as esoteric as the ability to smell digested asparagus in urine.
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NICE. BUT CAN anything practical come of finding the gene that makes some of us super-sensitive to après-dîner asparagus fumes? It happens that the ever-cheaper technology for sequencing genes, studying genetic variation, and running association studies has given birth to a brand new creature living beyond the laboratory. As the well-known American psychologist Steven Pinker strikingly remarked: “We have entered the era of consumer genetics.”

The Great Leap Forward to consumer genetics came in 2008, when the masses were finally invited to join James Watson, Craig Venter, and a handful of celebrities, at the sequencing party. In a heated race to be the first to the market, two companies, the deCODEme, in Iceland, and the 23andMe, in the US, began selling personal gene profiles. If you mailed in a bit of saliva or a cheek swab, deCODEme or 23andMe would test your sample, searching for between half a million and a million genetic markers. Your SNPs would then be compared with results from several high-profile association studies – checking to see if your genes match those associated with, for example, cardiovascular disease, diabetes, or Alzheimer’s disease. Association studies are not cut and dried, however. You aren’t receiving a genetic diagnosis, informing you that you have or are very likely to get a genetically determined disease. On the contrary, you’re getting a risk assessment, a collection of indicators that compare your chances of getting a disease to the general population’s:
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