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 Introduction

Life on Six Legs

Two-legged creatures we are supposed to love as we love ourselves. The four-legged, also, can come to seem pretty important. But six legs are too many from the human standpoint.

—JOSEPH W. KRUTCH




PEOPLE are more afraid of insects than they are of dying, at least if you believe a 1973 survey published in The Book of Lists. Only public speaking and heights exceeded the six-legged as sources of fear, although "financial problems" and "deep water" (presumably when one was immersed in it) tied with insects at number three. Dying came in at number six. I have no reason to expect that matters have changed much, and suspect that if spiders had been included with insects in the options, fear of the multilegged would have easily topped the chart. People have strong feelings about insects, and most of those feelings are negative.

And yet for centuries, some of the greatest minds in science have drawn inspiration from studying some of the smallest minds on earth. From Jean Henri Fabre to Charles Darwin to E. O. Wilson, naturalists have been fascinated by the lives of six-legged creatures that seem both frighteningly alien and uncannily familiar. Beetles and earwigs take care of their young, fireflies and crickets flash and chirp for mates, and ants construct elaborate societies, with internal politics that put the U.S. Congress to shame. And scientists—along with many backyard naturalists—keep on wanting to tell their stories.

 It's not just that we publish scholarly journal articles about insects, or use them in our laboratories. Insects are special. Rats and mice are useful scientific tools, too, but although we personify them in fairy tales or cartoons, rodents are just not as compelling as bugs. Birds are beautiful, and we admire them and write poetry about their song and grace, but they don't get under our skin—literally or figuratively—the way that insects do. When it comes to insects, we write about Life on a Little-Known Planet, with Bugs in the System. We muse about Little Creatures Who Run the World, and we're only partly joking. Those of us who study insects are passionate about them in a way that can seem incomprehensible to outsiders. People get why Jane Goodall loves chimps; they are less sanguine about my fondness for earwigs.

Some of it, of course, is the sheer magnitude of almost everything about insects—they are more numerous than any other animal, making up over 80 percent of all species. Estimates of the number of kinds of insects vary wildly, because new ones are being discovered all the time, but there are at least a million, possibly as many as ten million, which means that you could have an "Insect of the Month" calendar and not need to re-use a species for well over eighty thousand years. Take that, pandas and kittens! At any one moment, say while you are reading this sentence, approximately ten quintillion (10,000,000,000,000,000,000) individual insects surround you in the world. All of that variety gives enormous scope for evolution to act upon. Think of all those species as possible ingredients for a menu in a vast natural restaurant. You can come up with a lot more living recipes with insects than with the paltry few thousand bird species out there. And then there is the sensationalism; nothing gets my students' attention like hearing about male honeybees' genitals exploding after sex, and everyone has shuddered over the female mantis eating her mate. Insects routinely do things that would put the most gruesome horror film to shame.

 Of course, not everyone finds insects scary, The Book of Lists survey notwithstanding. Those books on insects find readers, the nature channels on TV often feature bugs, and in 2009 the London Zoo hosted a "Pestival," "celebrating insects in art, and the art of being an insect." It included art, lectures, discussions, and a celebration of all things entomological. It even featured a six-legged take on the recent death of pop star Michael Jackson: Japanese artist Noboru Tsubaki made a "Vegetable Wasp," described as "a kind of cocoon for Jackson to enable him to traverse between the world of the living and the dead." Whether this effort successfully put Jackson's spirit to rest or not, metamorphosis is a powerful, and not unwelcome, image for us noninsects to contemplate. When Isabella Rossellini made Green Porno, her series of short films on animal mating, she led off with insects: dragonfly, bee, mantis, housefly. They were compelling in a way that other animals are not.

So what is it that keeps us coming back to insects? Why do they inspire such strong emotions, and what can we learn about ourselves from watching their joint-legged lives? The newest discoveries in biology, about genomes and nerve cells and the evolutionary connections between them, are best revealed by insects. This book is my celebration of a world that is alien and familiar at the same time, an invitation to the latest news about insect lives. We are continuing to make extraordinary and important discoveries about insects, routinely even finding new species. I haven't seen Green Porno, but if the segment on dragonflies is up to date, it should include a shot of the male's jagged penis as it scoops out the sperm from a previous mate, replacing it with his own. Sperm competition, in which the sperm of multiple males battle inside a female's reproductive tract, was first discovered, and is best understood, in insects, and new aspects of it are being uncovered all the time.

 Insects are even teaching us about mind control, and maybe even about consciousness itself. A tiny wasp called the emerald cockroach wasp can do what many renters cannot: direct the movements of a cockroach. The wasp does this not to rid a kitchen of scuttling invaders but to feed her brood. Many wasps provision their young by paralyzing other insects or spiders and carrying them back to the wasp's nest. The paralysis, as opposed to out and out killing of the prey, helps the prey stay fresh while the young wasp larva feasts on the flesh. Of course, paralyzed insects can't put themselves into the nest, so the wasp usually has to do all the heavy lifting, staggering under the weight of her groceries as she flies back to her young. Except, that is, in the case of the jewel wasp, so named for the glittery emerald sheen of her exoskeleton. The female wasp doesn't send the roach into an immobile stupor; instead, she makes it into a zombie via a judicious sting inside the roach's head, so that its nervous system, and legs, still function well enough to allow it to walk on its own. Then, as science writer Carl Zimmer describes, "The wasp takes hold of one of the roach's antennae and leads it, like a dog on a leash, to its doom."

For years scientists were mystified about the precision of this sinister manipulation of the nervous system. How could a single injection of venom manage to produce what neuroscientists Ram Gal and Frederic Libersat, from Ben-Gurion University of the Negev in Israel and the Université de la Méditerranée in France, called "a living yet docile" victim? Finally, in 2010, through a series of meticulous manipulations of the cockroach nervous system, including a kind of wasp-mimicking injection at various sites along the collections of nerve cells in the head, the researchers demonstrated that the drive to walk in response to most stimuli is seated in a tiny cluster of cells called the subesophageal ganglia. By poisoning just this minuscule part of the nervous system, the wasp is able, in Gal and Libersat's words, "to 'hijack the cockroach's free will.'" Zimmer refers to the discovery as finding "the seat of the cockroach soul." I am not so sure I buy the idea that roaches have souls to be found, nor that free will is residing in all those cockroaches lucky enough to miss an encounter with a jewel wasp, but then I am not sure about either of those things in humans, either. But the finding illustrates one of the most enthralling aspects of insects: they make difficult-to-grasp concepts, for example, souls and free will, satisfyingly literal. If we can get to a roach's motivation to walk by throwing a monkey wrench into a couple of cells, can the ability to find motivations for human behaviors be far behind?

 Maybe you are convinced that insects are important simply because they invade our kitchens and crops, but you don't think they have any inherent magic. If you are one of those that think insects are important but not breathtaking, pests without inspiring passion, I want to change your mind. It's not just that insects are useful, even essential, given their role in pollination—providing what are now trendily called ecosystem services —or the use of their genetic information to cure malaria. Those practical reasons can make you need something, but not love it; no one denies our reliance on, say, soap, or drywall, but who wants to hear about their intricacies? Insects, on the other hand, can help us see another way of life, like a gloriously overblown version of cultural exchange. Travel is said to be broadening because it makes us realize that our way of doing things is not the only one, that people in other cultures live differently and get by just fine. Insects do that, too, only better. They too make us see that our way of life is not the only one—and I don't mean that we could be eating dung instead of cheeseburgers. I mean that it is possible to be unselfish without a moral code, sophisticated without an education, and beautiful wearing a skeleton on the outside. Insects can shake you in ways you never expected, and even more new discoveries about their lives have been made possible just in the last few years by the tools of genomics. So what do insects have that people haven't noticed?


 Insects Are Equal Opportunity

INSECTS are the great equalizers. There is not a corner of the globe where people—rich, poor, old, or young—have not had some encounter with insects, even if only to swat a mosquito or crush a cockroach. Because of that ubiquity, insects are the easiest portal to the animal kingdom, an inadvertent reminder that other creatures live here besides us, whether we want them to or not. We are all in the same buzzing, crawling boat.

But this is not to bemoan that we are all dragged down by the assault of six-legged life on our crops or our persons, a kind of vermin-ridden misery loves company. Insects also provide a much more uplifting egalitarianism. If you want to learn about the natural world but are too young or too poor or otherwise lack an opportunity to study the stars or put droplets of pond scum under a microscope, bugs are always there for you. I grew up in the middle of Los Angeles in a modest neighborhood without creeks or woods or much in the way of encouragement to do a project for the science fair. But early on I discovered that if I lifted the hexagonal concrete pavers in the yard, ants would rush to and fro carrying their plump white pupae, and that the tiny spiky monsters on the rosebush would metamorphose into ladybugs. I reared the fritillary butterflies that lived on a passionflower vine in our yard, year after year, never tiring of watching as the eggs hatched into threadlike caterpillars that grew and grew inside my jars, eventually hanging upside down from a stick and becoming a gaudy spangled adult. No special equipment necessary, no need to venture anywhere my mother would disapprove of or that cost any money at all. And the results were just as compelling, maybe more so, than if I'd had a telescope or a dissecting kit or a way to watch the social lives of wolves.

 This equal-opportunity entomology has been going on for centuries. Maria Sibylla Merian was a German-born painter whose work is rediscovered and shown every few decades; she was recently featured at the Getty Museum in Los Angeles. Merian documented, many years before the naturalists of the time, the life cycles of butterflies, moths, and other insects. Her work is exquisite from an aesthetic perspective, but what interests me more is that as a woman in the late seventeenth and early eighteenth centuries, she was able to make scientific contributions that would have been impossible in virtually any other field, simply by virtue of using the specimens from her own garden. She eventually traveled to Surinam to study the brilliantly colored insects of the steamy jungle, but that was after her interests had been firmly set. Although she, like many other women scientists and naturalists, faced opposition for her unfeminine activities, the accessibility of her subjects meant that she could keep doing the work she loved.

Interestingly, professional entomology has become one of the more male-dominated fields of biology, perhaps because of its connections with crop pest management and agribusiness, both of which tend to attract men. Regardless, it still appeals to children, both boys and girls, as my experience testifies. And even now it is not impossible to make important discoveries without a lot of technological gizmos. A group of scientists working in Brazil recently discovered that caterpillars parasitized by a wasp continue to make an unwitting sacrifice even after the wasp larvae have emerged from their host to pupate on a nearby stem. The ravaged caterpillar stands guard over the developing wasps and defends them against intruders with vigorous swings of its body, a most uncaterpillar-like behavior. Apparently the wasps exert a kind of mind control over their host that persists even after they leave it, doomed to die before it will ever become a moth.

This gruesome story has many arresting elements; most of the news coverage used words such as voodoo and zombie, as with the jewel wasp mentioned above. What I like most about it is that the scientists who discovered it were just watching the goings-on in a guava plantation, an illustration of what you can find if you are just paying attention. High tech has its place, of course, and I would hardly champion a return to simpler science or the eschewing of DNA sequencers. But I take great pleasure in the unifying ability of studying bugs. It's not just that insects level the playing field: they even supply the toys. The chapters that follow will let you play with them, will let you in on some remarkable new truths, in a way that would be impossible with most other fields of science.



 Insects Are a Mirror

ALONG with all of their alien behavior, insects seem to do much of what people do: they meet, mate, fight, and part, and they do so with what looks like love or animosity. Dung beetles take care of their helpless squirming young, doing almost everything human mothers do, short of giving their baby a bottle—or parking it in front of the television. Ants keep aphid "cattle," moving their herd from place to place and milking the honeydew the aphids produce. Bees convey the location of food using symbols. Unlike any other nonhuman animal, some insects live in sophisticated hierarchical societies, with specialized tasks assigned to different individuals and an ability to make collective decisions that favor the common good. They mirror most of our familiar behaviors.

 And yet they do all those things in stunningly different ways from humans, getting to what look like the same destinations without any of the same highway systems or modes of transport. That reflection we recognize is eerily superficial, because what drives the behaviors is not what drives our own. Underneath the maternal care, the language, the system of social favors given and returned is a handful of nerve cells casually strung together in a few small clusters along the body wall. No cerebrum, no right and left hemispheres, not even that so-called reptilian brain part, the cerebellum. They don't have a pituitary gland, or a system of hormones like ours. And yet a sphecid wasp with a body smaller than a kidney bean can dig a burrow in the sand, go off to find a caterpillar just the right size to feed her young, and bring it back to the burrow, remembering where it was and how many other caterpillars she had already brought there. Most of us couldn't find a single caterpillar if we were commanded to do so, much less bring it back to a site the equivalent of a county away. A whole ant colony, with all the drama of the queen suppressing the reproduction of her daughters, can live inside an acorn. A female insect can survey an array of frantically displaying males, select one on the basis of a tiny difference in song, color, or smell, and then store his sperm for weeks or even years before selectively using a particular mate's DNA to fertilize some—and only some—of her eggs.

How is that possible? How can you get what looks like human reasoning, even human love, when you lack not only a human brain but even the chemicals in the blood that drive human emotions? It is easy to endow a fellow warm-blooded creature, for example, a dog or a bird, with motivations and feelings like our own, harder to do so when the entire nervous system of a fruit fly producing a wing-fluttering courtship song of come-hither would fit on a sesame seed.

 Insects bring home the uneasy truth that you don't need a big brain to do big things, and that in turn makes us question how the mind and, dare to say it, the spirit, are related to the brain. It even makes us question what it means to be human. What does it mean to have complex behavior? Does it mean you are smart? Is the complexity of a honeybee nest with its exquisitely economical hexagons equal to that of a Park Avenue brownstone? We all have our prejudices, and even scientists can be terribly vertebrate centric about understanding behavior. A huge fuss is made about the behavioral flexibility it takes for a New Caledonian crow to construct a tool from a leaf to poke a grub out of a branch, or a chimp to use a stick to get termites from a hole in the ground. It's that flexibility, we say, that's important—humans and a few other anointed species can change what they do to suit changing circumstances. We aren't little automatons; we are unique individuals. Behavioral flexibility is taken as the hallmark of intelligence and hence the key to human evolution. It is often linked to brain size, and that in turn is said to be important for allowing our complex behavior.

Natural selection can produce what looks uncannily like intelligent thought or emotion but is no more than the relentless culling of minute variations in genetic makeup, generation after generation, for millions of years. Not only that, but insects too have small personalities, with some showing boldness in new situations and some hanging back with what looks an awful lot like shyness. It's turning out that we haven't cornered the market on individuality, either.

Insects make us question virtually every assumption we have about what makes humans human. They lay bare the workings of evolution.

 


 Insects Are a Window

INSTEAD of a mirror, sometimes insects hold up a window, so that we can see through it and imagine life with different ground rules. Insects wear their skeletons on the outside, and they insouciantly transform from egg to grub to gleaming adult in the space of days. Insects use their antennae to smell and hear in ways we cannot even begin to comprehend, with male moths detecting the odor of a receptive female from a single molecule released miles away. Some bees and butterflies can see in the ultraviolet range, giving them an array of colors we don't have names for. Although, as I discuss in a later chapter, insects can learn more than we have previously given them credit for, they produce their complicated behaviors by and large de novo, without benefit of experience or schooling.

All of that difference means that we can learn from insects without having to claim kinship so insistently, the way we do with the feathered and furred. As the famous evolutionist Richard Dawkins said in an article about the intelligent design controversy, "Many people cannot bear to think that they are cousins not just of chimpanzees and monkeys, but of tapeworms, spiders, and bacteria." This unwillingness is particularly true for insects; it may seem improbable to imagine oneself related to microbes, but it does not offend. But to me that lack of identification with insects is precisely why we can look to them to gain insight into our own lives—we simply cannot anthropomorphize them into cute caricatures of humans.

Our inability to identify with insects can thus help keep us—and them—out of trouble, because we do not insist on making them into what they are not. Primates in particular, and especially chimpanzees, seem so much like little people that we almost cannot believe they are animals. When a pet chimp named Travis attacked a woman in Stamford, Connecticut, in 2009, people were shocked, mouthing, as Charles Siebert in the New York Times pointed out, many of the same platitudes as when the proverbially quiet neighbor goes on a murderous rampage. "He seemed so pleasant and mild-mannered." Siebert goes on to note, "There is something about chimpanzees—their tantalizing closeness to us in both appearance and genetic detail—that has always driven human beings to behavioral extremes, actions that reflect a deep discomfort with our own animality, and invariably turn out bad for both us and them."

 We don't have the same problems with insects. They are so hard to anthropomorphize, and yet they still have that superficial similarity to us. They challenge us to find an explanation for a behavior without resorting to human-specific quirks of physiology or genetics. Insects allow us to study phenomena—the effect of personality type on health, say—without the confounding factor of the mechanism behind them. In other words, if being hard-driving makes people and rats more likely to die early, you don't know if it's because of the stress itself or because of a hormone such as cortisol that happens to be linked to stress in both cases. But if being hard-driving kills off both people and ants, there must be something in the stress itself that is responsible, because ants don't have the same hormones, or indeed virtually any of the same mechanisms for getting from the environment to the behavior, that people do.

I have rarely if ever found insects frightening, at least in the abstract. But I certainly find them unsettling, reminders of another world. I am in good company; Charles Darwin, in his recounting of his observations of tropical insects, found that the possibility of finding so many different species "is sufficient to disturb the composure of an entomologist's mind, to look forward to the future dimensions of a complete catalogue." Some of that is the lack of 
expression, of what the psychologists call affect, the outward manifestation of one's inner being. The great entomologist Vincent Dethier, who wrote eloquently about the smallest details of fly behavior, felt that the lack of expression in insects stood in the way of our empathy with them: "One empathizes less, if at all," he said, "with a beetle or a fly which has a comparatively immobile head than with a praying mantis that turns her head and stares at one." That lack of empathy is not a hindrance, at least in my mind, but a help. Dethier also said, "It may be, as Alexander Pope averred, that the proper study of mankind is man; nevertheless, to know in which respects a fly is not a man cannot help but reveal something about ourselves." The newest discoveries about personalities in insects are revealing that connection.

Insects are starting to answer the question of "What does it take?"—to have a personality, to learn, to teach others, to change the world around them—with the humbling and perplexing answer, "Not much." Humbling because they do these things with brains the size of a pinhead, and perplexing because if that's all it takes, what does that mean for us, with our gigantic forebrains and exhaustingly long periods of childhood dependency?



 Insects Are Essential

If all mankind were to disappear, the world would regenerate back to the rich state of equilibrium that existed ten thousand years ago. If insects were to vanish, the environment would collapse into chaos.

—E. O. WILSON


WE ALSO keep coming back to insects because they are, however we may feel about them, extraordinarily important to the earth's functioning as well as our own. Insects help aerate the soil by burrowing through it, and nourish it by leaving their droppings. They eat dead plants and animals that otherwise would clutter up the planet, and release the nutrients back to the soil. They control populations of other invertebrates and vertebrates alike, by eating them or their food or by making them sick. In turn, insects provide food for other organisms. Perhaps most critical, insects are key pollinators of commercial and wild plants alike. All of these activities are performed to some extent by animals other than insects, of course, but the sheer magnitude of insect numbers means that they could not be eliminated without leaving a hole so large that, as Wilson says, the rest of the world's organisms would be unable to continue their lives.

 To make the worth of these ecological services, as they are called by scientists, more concrete, in 2006 John Losey from Cornell University and Mace Vaughan of the Xerces Society for Invertebrate Conservation calculated the economic value of four crucial tasks performed by insects: pollination, recreation, dung burial, and pest control of animals that eat crops, including other insects. They chose these categories because of the availability of data, not because of their perceived "importance," and acknowledge that the amount is almost certainly a conservative estimate. The total bill? Over $57 billion in the United States alone, and that just includes so-called wild insects, not domesticated honeybees or silkworms or other species that are reared commercially by people.

The recreational aspect of insects is not, as you might initially think, due to people wandering around the countryside collecting butterflies to be pinned under glass. Instead, Losey and Vaughan examined the importance of insects to hunting, fishing, and wildlife observation, including bird-watching. Fish need to eat insects, and we use insects to catch them. Game birds such as grouse and pheasants rely on insects as food, as do waterfowl such as geese and ducks. And without grubs, flies, and beetles, all those lovely harbingers of spring—the warblers and flycatchers, woodpeckers, and swifts—would perish.

 Dung removal is probably not a service to which people give much thought, but our own sewage issues aside, everyone produces waste, as the children's book notes rather more colloquially, and it has to go somewhere. If it weren't for insects, that waste would just linger on the surface of the soil or in the water, tying up nitrogen that could be enriching the soil, and providing a breeding ground for disease-causing organisms. Cattle also tend to shun grass that has been sullied by dung. By burying manure underground, dung beetles come to the rescue in many parts of the world, including the United States. They were introduced into Australia, where they do not occur naturally, to help process the massive quantities of dung produced by the cattle brought to that continent in the late eighteenth century. A friend of mine in Perth, Western Australia, worked with the Dung Beetle Crusade, a campaign sponsored by the government to help deal with the problem, and would take buckets of the beetles around the country.

Pollination deserves a special mention, both because of its importance and because the recent decline in honeybee colonies makes the topic particularly timely. More than 218,000 of the world's 250,000 flowering plants, including 80 percent of the world's species of food plants, rely on pollinators, mainly insects, for reproduction. Losey and Vaughan cite a 1976 publication estimating that 15 to 30 percent of our diet in the United States relies on food sources requiring animal pollinators. In a typical fast-food meal of a hamburger, fries, and a milkshake, most of the components required an insect somewhere along the way; although the wheat in the bun is wind-pollinated, the other plants, from the cucumber for the pickle to the feed eaten by the cow, are insect-pollinated. Nicola Gallai from the University of Montpellier in France and her colleagues estimated the world economic value of pollination to be $153 billion, pointing out that this is nearly 10 percent of the value of agricultural production used for human food in 2005. Even more graphically, researchers with the Forgotten Pollinators Campaign in Arizona calculated that one in every three bites of food is made possible by a pollinator. We tend to think primarily about honeybees when it comes to pollination, but hundreds of bee and other insect species help pollinate crops, including the blue orchard bee, the southeastern blueberry bee, and the squash bee. Bees are about much more than honey.



 Insects Are Hidden

DESPITE all of the aforementioned virtues, it is undeniable that insects will never fall into the category of what biologists call "charismatic megafauna," the large showy animals such as elephants and eagles that attract the attention of the public and help make the case for conservationists. When whales are endangered, people want to pass legislation and protest in storm-tossed boats. When a butterfly is endangered, people chuckle, and that's if they are feeling sympathetic. In the part of southern California where I live, endangered species are political footballs. Multimillion dollar housing developments can hinge on endangered species occurring on the land where they are planned, and when the Delhi Sands flower-loving fly was put on the list, people were not exactly imagining their wingbeats pulsing over the dunes as stirring music played, the way they would if the species in question were an eagle. It wasn't just that the flies were, well, flies, and hence lumped with vermin, it was that they were invisible to virtually everyone. Why should we save something we'd never even seen?
 

 Yet this seemingly innocuous, easily overlooked quality of insects, belying the extraordinary activity going on under our noses, is exactly what draws those of us in the know to them. In 1991, the Society for the Study of Evolution held its annual meeting in Hilo, on the Big Island of Hawaii. I wanted to go for the usual reasons one goes to scientific get-togethers: people would give talks on their most recent work, I could meet up with old friends and colleagues, and I could recruit new graduate students or collaborators. Besides, I had never been to Hawaii, and I was also excited about seeing the sights, from volcanoes to birds that lived nowhere else.

I therefore decided to go a bit early to the Big Island, and entertain myself for a week or so before the meeting started. I have been studying crickets and their parasites since graduate school, and so it seemed obvious, at least at the time, that the entertainment would involve doing something with crickets in Hawaii. A colleague who had done postdoctoral work at the University of Hawaii in Hilo mentioned that an introduced cricket species, Teleogryllus oceanicus, was abundant on the lawns and vacant lots around the campus, and so I decided to collect some of them and dissect them to look for parasites. I now wonder just why this seemed to be the inevitable, or at least the best, option as a recreational activity, but regardless, the week before the conference found me and my long-suffering husband standing on the lawn near the university library, wearing headlamps and watching for crickets in the dark.

Crickets are usually rather secretive animals, with the males staying hidden in burrows or leaf litter while they produce their melodic songs. But here, we kept seeing males out walking around on the surface of the grass, brazen as could be, and what was more, they weren't calling. Since calling is the only way male crickets can attract a mate, and since attracting a mate is a cricket's—any insect's—raison d'être, I was puzzled. What were the silent males doing?

 In what has turned out to be the only time in my life that I have impressed my husband, also a biologist, with my scientific acumen, I said to him, "The only place I can remember hearing about crickets doing this is in Texas, where they get these acoustically orienting parasitic flies. But I've never heard of any crickets here getting them. I suppose I should look."

As you can probably guess, the next day I was dissecting the previous night's catch of crickets when a white maggot popped out of the body cavity of one of them, like a ghoulish jack-in-the-box. A little more work established that indeed, the crickets in Hilo—and, as it turned out, on Kauai and Oahu as well—didn't only attract the attention of amorous females when they called. They also risked being discovered by flies that use the chirps in a much more sinister way. Once a female fly locates a calling cricket, she deposits tiny larvae on him. A larva, usually one but sometimes two or even three, burrows inside the cricket's body and starts, ever so slowly, to eat his flesh while he is still alive. First it feeds on his body fat, but eventually, as the fly maggot grows until it occupies the entire body, from head to abdomen, it consumes the male's other organs, so that he is a shell that looks like a cricket but is pulsing inside with fly.

I am interested in this grisly process for many reasons, but mainly because it exquisitely illustrates an evolutionary conflict for the males: it is terribly dangerous to call, because males risk attracting the attention of the flies, but calling is the only way to attract a mate. That week in Hilo got me started on a research program I have continued ever since, trying to discover how evolution has worked out the crickets' dilemma. We work, of course, at night, when most of the locals as well as the tourists are elsewhere, in places that tourists would never think to go, and watch as the drama unfolds in the grass. I have learned a great deal from the crickets, and the whole time I feel as if I am in possession of an enormous secret that no one else in the islands, as they drink mai tais and lie on the beach, has any idea exists.

 I am fully aware that from most people's perspectives, that's exactly as it should be, and that knowing about pale sticky maggots bursting Alien-like out of the living bodies of other organisms wouldn't enhance their Hawaiian experience one bit. But for some of us, that sense of being in on a hidden world is exactly why we remain fascinated by insects. Several years into the project, I brought my graduate student Robin to Hawaii to study the crickets, and on her first trip we set out a trap to catch some of the flies, a relatively easy matter because of their single-minded attentiveness to the sound of a cricket. All we had to do was play cricket song through a speaker with a tile placed in front of it; the tile was covered with a sticky substance so the flies couldn't get away once they had been attracted to the song.

We turned on the recording and sat on a bench several yards away. After about twenty minutes I told Robin to go check the tile. She came sprinting back, visibly excited. More than a dozen flies speckled the tile, their wings buzzing in frustration. But Robin wasn't just satisfied at a successful experiment; she was also taken aback. The flies are not insubstantial, being about the size of a small housefly. But she'd never seen one before. Where, she wanted to know, had they been all this time?

It's simple, I responded. You've never seen them because you don't have anything that they want. But now you know they are there, and what they are doing. And things will never be the same.
 

 It is exactly this feeling of a mysterious intricate drama being played out under our noses while most people remain unaware of its existence that makes us keep wanting to understand the lives of insects. Their stories seem unbelievable, with each life cycle, each mating ritual, more extraordinary than the last, and yet they are true. The rest of this book goes to places most people never see, as scientists uncover their secrets with techniques as new as proteomics and as old as a nose buried in the grass watching the bugs go by. We are changing our minds about what it takes to learn, about the nature of individuality, and about what a gene really does, all because of insects and the way they both reveal and reflect our own lives.

Authors write fiction about parallel universes, they ponder the possibility of supernatural beings, maybe even the spirits of the departed, traveling in our midst. The ability to glimpse another world is always touted as an allure for those who dabble in the paranormal. But who needs to be able to see dead people when you can see live insects?



 Chapter 1

If You're So Smart, Why Aren't You Rich?


Learning on Six Legs



THE FAMOUS eighteenth-century naturalist Jean-Henri Fabre meticulously examined the mason bees of his native France, marveling at the tiny clay cells they constructed as cradles for their helpless larvae. When the young bee is ready to emerge, under the normal scheme of things it scissors its way out of the clay with its mandibles and squeezes through the opening. But Fabre, like calculating scientists before and after him, tested the ability of the bees to think by examining how they were able to overcome various manipulations of their chambers. First, he thwarted a bee by removing part of the clay and replacing it with a piece of paper. Undaunted, it sliced through the paper with the same motions it used for the thicker material. Then Fabre presented the young bee with not one, but two barriers: the usual clay, and paper a half inch in front of it, so that the insect needed to repeat the motion it had performed on the original cell on the paper. This it was unable to do, instead tapping fruitlessly at the paper it was completely capable of cutting through. Two barriers are never found in nature, and the bee couldn't perform acts outside its repertoire; we now know that it lacks the kind of neurological GPS ("if a new roadblock appears, repeat steps A through G until you see air") necessary to adapt to altered circumstances. Fabre tut-tutted over the bee's ineptitude, noting, "The insect would have to repeat the act which it has just accomplished, the act which it is not intended to perform more than once in its life; it would, in short, have to make into a double act that which by nature is a single one; and the insect cannot do this, for the sole reason that it has not the wish to. The Mason-bee perishes for lack of the smallest gleam of intelligence."

 Later scientists were equally condescending, noting with belittling superiority that although quite a few kinds of insects can perform remarkable tasks, they cannot learn from experience the way we humans can. In the late nineteenth century, the English physician David Douglas Cunningham was posted to the Indian Medical Service in Calcutta, where in addition to studying the pathology of infectious diseases he made detailed observations of the local flora and fauna, including the many large and easily observed insects. He was prepared to admit that some of the large wasps that provisioned their young with paralyzed caterpillars and other prey possessed something along the lines of what he termed intellect, given their complex behavior. But he was also fond of performing "practical jests" on the wasps. The females built mud nests on many objects, including the pipes in his study, and Lieutenant Colonel Cunningham enjoyed occasionally moving the pipe a foot or two from its original location while a wasp was out foraging for prey. He noted that it was then "amusing to observe the astonishment of its tenant when she returns to find her nest gone, and wanders round in perplexity until it is replaced and joyfully recognized." One could certainly wonder about how hard up for amusement one has to be before taking up playing jokes on wasps, but regardless, the same note of self-satisfaction creeps into Cunningham's writing that is seen in the writings of most of the early naturalists. Not being able to find something after it was moved, or being unable to recognize a novel feature in the environment must mean that insects, regardless of their awe-inspiring abilities to construct elaborate hives and find flowers miles away, are dimwitted at heart.

But in fact, it is turning out that here too our faith in our uniqueness may be misplaced, and that insects are capable of feats of intelligence that qualitatively, at least, may be quite similar to our own. This finding has many useful implications, from the construction of better computers and robots to a potential cure for brain damage. And it also challenges our ideas about what our own enormous brains might be for.



 Six-Legged Smarts

THE LIKELIEST candidates for insect intelligence, or at least the first ones to be considered by naturalists, have always been the bees, wasps, and ants. Partly this is because we see them more—in our gardens and kitchens—and they seem to be doing things, such as finding food and taking it back to their nest or hive, that require something resembling reasoning. Partly it is because of the sociability of many species, since we use our own intelligence to interact with each other so much. And partly, I think, it has something to do with the way that such insects use objects in their environment, whether it is to build paper cells from chewed wood pulp or to remove pollen from flowers and cram it into the built-in shopping bags on a bee's leg. Animals that have possessions seem smarter, somehow, which may be a comment on our own valuing of material goods.

 Fabre, Cunningham, and a host of other naturalists paid particular attention to the provisioning wasps and bees. These relatives of yellow jackets and honeybees do not live in social groups with a queen and workers. Instead, once she has mated, a single female searches for prey such as caterpillars or large toothsome spiders. After capturing the item, she stings it so that it is paralyzed but not dead, a kind of suspended animation refrigeration system. She lugs her victim to her nest, which may be a burrow in the soil or a custom-built cell on the surface of an object, as with the pipe-loving butts of Cunningham's "jests," and lays an egg on it. After the egg hatches, the young larva has a ready food supply that won't spoil. Depending on the species, the mother may return many times to add prey to supplement the larder or to lay more eggs in additional chambers.

While grisly in certain respects, the wasp's behavior undeniably requires two of the prerequisites for intelligence: learning and memory. The mother wasp has to remember where her burrow is, find the correct size and number of prey—in one species, the number of food items brought back to the nest is calibrated to the needs of the hungry waiting larvae—and go back to the correct place. All of this cannot be done purely by rote, because each nest is built anew, each cell provisioned separately, and each prey item puts up a different fight. The wasps seem to use landmarks to find their nests, like remembering where one's house is by recalling the location of the Starbucks at the corner, and if the landmarks are moved, the wasps fly around the area, like the agitated subjects of the jokes played by Cunningham. In their defense, incidentally, one wonders how most of us would do if we suddenly found the aforementioned coffee shop lifted in its entirety off of the block, between one latte and the next, and whether we too wouldn't mill around the area, unable to believe our eyes.

 Even more impressive than the ability of these wasps is that of another species of wasp that exploits the provisioning kind. These parasites do not care about the wasp larvae waiting for their paralyzed meal, but about the caterpillars that are brought to the larder. Instead of going out and hunting down their own prey, the parasitic wasps capitalize on the food brought in by the hunters and lay their own eggs on the item. The problem is that only a very narrow window of opportunity to lay an egg on the caterpillar exists, which is during the time that the caterpillar is being dragged into the nest by the wasp that first captured it. So instead of trusting to luck to find a host at exactly the right moment, the parasitic wasp performs a reconnaissance mission, flying around areas where the provisioning wasps are likely to be digging their nests, an activity that takes quite a long time and is much more apparent than the brief provisioning period. Once a nest-building wasp is detected, the parasitic wasp remembers where the nest is located and keeps that nest site under surveillance, so that she can spot when provisioning occurs, often many days later. Then she slips in and hurriedly lays her own eggs on the caterpillar.

Yet another species of parasitic wasp lays its eggs on clusters of checkerspot butterfly eggs. The catch here is that the eggs can be successfully parasitized only for the few hours when the checkerspot babies have developed into first-stage larvae but have not yet broken out of the egg. The wasp circumvents this difficulty by learning where the eggs are ahead of time and then monitoring their progress until they are ready, with some individual wasps finding an egg cluster and then revisiting it for up to three weeks, a substantial portion of the wasp's lifetime.
 

 The wasps and their relatives among the other social insects are not the only ones that can learn new things. The caterpillars and butterflies the wasps use as prey are also capable of learning, and they can also develop preferences for particular foods, depending on the type of plant on which their mother laid her eggs. Such food snobbery is of more than academic interest, since some pest caterpillars that eat crops, for example, the young of the familiar cabbage white butterfly, can learn to eat new varieties of cruciferous vegetables; planting broccoli in hopes of evading butterflies that grew up eating cauliflower is futile. Interestingly, not all kinds of butterflies can learn to go to one kind of plant rather than another; checkerspots, eastern swallowtails, and a species of Heliconius butterfly all seem to be relative dullards. You can rear them on one kind of plant, but if you try to train them to visit another kind when it's time to lay eggs, the mother butterflies just won't make the switch. Perhaps it's not stupidity so much as brand loyalty, like refusing to accept Pepsi instead of Coke even if the former is on sale.

Parents often swear that their children are born picky eaters, and that they cannot be taught to prefer healthy snacks. But grasshoppers and their relatives the locusts can be taught to determine the nutritional content of different plants and feed preferentially on the most nourishing ones. In the laboratory, grasshoppers can be fed little cubes of synthetic diet, kind of like the power gels consumed by marathon runners, and the contents of the cubes varied according to the experiment. In one study, groups of locusts were given food lacking either protein or digestible carbohydrates. The experimenters gave one food in a yellow tube and one in a green tube, alternating the association between subjects, and then let the insects feed on a balanced diet for a few days to make sure they didn't become malnourished. Then, the locusts were deprived of food for four hours, a rather long time between meals for the insects, which usually eat more or less nonstop. When the locusts were placed in a test chamber containing yellow and green tubes, but no food, they went to the color associated with the nutrient—either protein or carbs—they had been lacking. This feat is particularly impressive because it isn't just the grasshoppers having some holistic instinct for eating what is good for them, but a learned association between color and a nutritional deficit. Toddlers, take note. Admittedly, the researchers didn't try offering the insects a choice between the hopper equivalent of Twinkies and that of tofu, but then I am not sure quite how one would go about determining what insect junk food would be like.

 Honeybees have long been known to navigate using landmarks and use information from each other to find food, as I discuss below and in another chapter, but a recently discovered ability deserves special mention: they can count. The ability to enumerate objects is considered one of those gold standards of intelligence by scientists, and several kinds of primates, some other mammals such as dolphins and dogs, and psychologist Irene Pepperberg's late African gray parrot, Alex, have been shown to do so. Still, you just don't think about insects in the same breath as you do arithmetic. But scientists Marie Dacke and Mandyam Srinivasan of the Australian National University in Canberra trained the bees to fly down a tunnel toward a food reward, using landmarks set along the walls and floor. To get to the food, the bees couldn't simply memorize the position of the landmarks, because the locations of the landmarks were shifted every 5 minutes. Instead, the bees had to learn that the food could be found at the base of landmark number 1, 2, 3, 4, or 5, depending on the individual experiment. Counting to four was mastered relatively easily, but getting to five proved challenging. Nonetheless, that the bees could generalize to a number at all, rather than simply flying until they saw an object in the same place it had been before, is an extraordinary accomplishment.

 The bees' ability is exciting not only because it helps demolish that boundary of the backbone with regard to intelligence, but because being forced to design the experiments required to demonstrate counting in a creature so different from us makes us strip down our methods to their essentials. Finding out if your three-year-old can count is one thing. But how do you come up with a test for counting, or learning in general, when your subjects can't talk, walk on two legs, point to anything, or even get rewarded with something they want, the way most people can? If we can design ways to study animals with these limitations, maybe it will help us work more effectively to test humans with limited abilities, or even design computer programs that could substitute for the abilities that are lacking.

Figuring out exactly how to test insect intelligence in a way that is meaningful to them but also tells us something is challenging. Reuven Dukas, a biologist at McMaster University in Canada, has studied learning in a wide variety of insects and thinks we may only be scratching the surface of their abilities. After all, if insects don't learn something, he says, echoing teachers everywhere, "Is it because I'm not a good teacher or because the animal doesn't learn?" It's always hard to know what tasks an animal will be able to perform that we can then generalize to other species. Jan Wessnitzer and colleagues from the University of Edinburgh showed that my favorite insects, crickets, could relocate a particular spot on the floor using objects in a photo along the wall of their experimental arena as landmarks—the best navigational aid was a rather stark landscape that looked like a desert in the American Southwest. The training scheme they used consisted of a floor heated to an uncomfortable temperature except for a single cooler spot that the crickets presumably preferred to stand on. It was called, without comment, the Tennessee Williams paradigm.



 The Face Is Familiar, but What about the Antennae?

LEARNING about food sources is one thing, since it is a natural behavior on the part of many insects, perhaps particularly honeybees. But scientists are now demonstrating that insects can be taught far more sophisticated tasks, sometimes having no apparent relation to their day-to-day requirements. Recently, for example, Shaowu Zhang and his colleagues trained honeybees to be extraordinarily discriminating in their decision making. The bees were given a reward if they chose a particular pattern on a card, but the "right" choice depended on whether it was morning or afternoon, whether the bees were out visiting flowers or returning to the hive, or a combination of both. The bees took a while to learn their task, but they eventually could make the distinctions, an impressive cognitive feat. Bees from laboratories in both Australia and Germany were tested, and in a happy blow for global diplomacy, turned out to be roughly equal at the task.

But remembering to choose one visual cue over another pales in comparison to another bee achievement: bees can learn to recognize individual human faces. Adrian Dyer at La Trobe University in Melbourne, Australia, and his colleagues there and at Cambridge University in England rewarded honeybees with a sip of sugar solution if they flew toward a particular image, a technique that has frequently been used by researchers. What was novel was the kind of image in his experiments: a black-and-white photograph of a man from a stock collection, compared with a photo of a different person, the same face upside down, and a drawing. Not all the bees got it right, but those that did could remember an individual face several days after their initial training. Dyer isn't suggesting that the bees actually "know" what they are looking at, or that they spend their days scrutinizing the people around them or developing an attachment to the beekeeper. They can't possibly undergo the same cognitive processes that we do when we recognize each other, given their limited nervous systems. Instead, Dyer believes that the ability is probably related to their skill at distinguishing one flower from another while foraging, something more useful in a bee's life. In other words, a bee that can tell a columbine from a daisy could use the same technique to tell a Roman-nosed individual from a snub-nosed one. Dyer went on to demonstrate that honeybees could discriminate among photographs of very similar natural scenes, with images of forests that differed only in the orientation of the branches, an ability that probably makes returning to the hive after a long foraging flight easier to accomplish.

 Regardless of how or why they do it, the bees' capacity to learn to recognize human faces has some important implications. Facial recognition has always been one of those skills thought to require a large brain, and psychologists had even speculated that a special part of the human brain is devoted to just that task. But bees don't have any of the same brain components that humans and other vertebrates do, so such a specialized structure must not be necessary to accomplish the discrimination. As Mandyam Srinivasan said, "Sometimes I wonder what we are doing with two-kilogram brains."

In addition to further blurring those boundaries between human and insect, there are some practical uses for the discovery. Computerized facial recognition would be a boon to security and crime-fighting agencies, and studying the mechanisms behind the bees' ability might yield insights into how to create such programs. I was seized by the image of a chamber with a bee at airport security, for instance, scrutinizing the faces of passengers to look for matches with photos of known terrorists. Whether this would work better than some of the current efforts is an interesting question.

Some humans themselves cannot distinguish among human faces, a condition known as prosopagnosia, or face blindness, thought to be due to a genetic defect; one estimate claims that 2.5 percent of the population suffers from some form of it. Some people with prosopagnosia can distinguish individual animals, but not people; Jane Goodall is said to have this form of the disorder. Prosopagnosia can also be present to greater or lesser degrees, so that one can have the disorder under certain circumstances but not others. In severe cases, sufferers cannot recognize their own face in a photograph. It seems to be related to the inability to navigate in the environment, which means that bees might be particularly suitable for using as models for studying the disorder, since of course bees are superstars at locating food sources and remembering nest sites. At the moment, no one has worked out the mechanisms by which the bees learn faces, but if they are linked to the ways in which the bees orient in the wild, understanding the bees' abilities could help people overcome their own face blindness.



 Each Ant, Teach Ant

WE—AND other animals—can learn things from objects in the world around us, like Dyer's bees or the wasps that remember the location of a rock near their nest. But most of us remember learning in school, from teachers. Insects may lack classrooms and textbooks, but increasing evidence suggests that they too can learn from, and act as, teachers.

 In common use, the word teaching usually means the transfer of information from one individual to another. A boy sees his sister feed the dog under the table and promptly learns to get rid of his unwanted broccoli the same way. Under that definition, though, even casual observation of another animal doing something that the observer then does would qualify. You could learn to run away from fires by noting a crowd fleeing a burning building, for instance, but has the crowd actually taught you? Even Charles Darwin suggested that many animals, including insects, do this; bees, he pointed out, could follow another worker flying to a source of nectar. If crickets are placed in a container with other crickets that have been hiding under leaves from predatory spiders, they are more likely to find a shelter and hide themselves. But this kind of use of public information seems a bit too haphazard to be real teaching. Animal psychologists are more stringent in their definition and often require the behavior to happen only when a naive observer (one that doesn't know how to do the task being taught) is present. That means that although a young male white-crowned sparrow learns his song from his father, the father isn't teaching him, because the adult bird would sing whether or not his son were there. Teaching also has to help the observer while costing the teacher something, usually the time and effort required for the demonstration.

Finding an occurrence of this more narrowly defined behavior in nature has been daunting, and until very recently scientists had essentially no examples of real teaching by animals. Just within the last few years, however, researchers have found three cases of it—one in a bird, one in a mammal (the meerkat), and one, in credibly, in ants. People are often surprised by the selectivity of this group, suggesting that surely some other primate besides humans teaches in a natural setting. At least for the moment, the answer appears to be no, which says something about our anthropocentric desire to only see, or bestow, special qualities on those we think are closest to us. That teaching happens in ants and not monkeys or apes is unsettling for the same reason I love studying insects: it's all about getting to the same destination with different modes of transportation.

 As anyone who has had to battle the brown ribbons of workers heading toward the sugar bowl knows, ants follow each other to get to food sources. It looks like they are just marching endlessly, one after the other, perhaps following the smell left behind by earlier foragers, but paying no more attention to each other than riders on the same subway train. Odor does play an important role in leading ants to food. But in at least one ant species, a single worker will actively recruit another ant to follow her to a food source or a new nest, or just to explore a new area, in a process called tandem running. The lead ant goes in front, while the follower keeps contact by tapping her with her antennae. If the follower gets behind, the leader waits for her to catch up, and spends time on the task that wouldn't be needed if the leader were alone, fulfilling the criteria outlined above. According to Ellouise Leadbeater and her Queen Mary University of London colleagues, who didn't do the research but study similar kinds of insect social behavior, "The intimate interaction between leader and follower in a pair of tandemly running ants at first sight bears all the hallmarks of a parent teaching a child to ride a bicycle." After being led, the following ant is able to find the target on her own, showing that she has indeed learned from the leader.

This is big news. As an accomplishment it may not rank with conveying the beauty of Shakespeare to a high school senior, but it means that even ants can respond to feedback from other individuals and modify their behavior so that they improve their performance. Feedback makes teaching different from so-called telling, where in effect one individual says, "Hey, there's a puddle of jam over in the north corner of the countertop, see you there," and then just takes off for the food. This behavior has therefore made scientists question how they define learning, teaching, and their prerequisites. Some researchers feel that because the ants don't improve the skills of those they teach, but simply lead their students along a path, the behavior doesn't really constitute teaching. But in a paper with the subtitle "Ants Are Sensitive Teachers," Thomas Richardson, who led the original project on tandem running, and his colleagues at the University of Bristol in the United Kingdom muse that the arguments over whether the ants are "really" teaching may just be "tracking our own understanding of what is special when humans teach.... We should thereby avoid succumbing to the understandable temptation to use the most exotic, extreme case, i.e., the human one, to define what is perhaps a relatively common phenomenon." In other words, once we find that ants do something like teaching, we should not redefine teaching so only humans can be said to do it. And if ants do teach, what other animals might be showing the same thing, if we only open our minds to see it?



 Smarter Is as Smarter Does

THE GENIUS of ants notwithstanding, if the basic components of learning and even intelligence lie within a great many creatures, why then are our minds so different? Why do we talk about crows and raccoons and dolphins being intelligent, but chickens and cows as dumb? Is being smarter always better? And if it is, why haven't all animals evolved to be smarter?

 The answers to these questions come from an unlikely source: the humble fruit fly. Now, I can usually sell people on crickets, and ladybugs, ants, and bees already get their own movies, toys, and children's songs. People are less than enthusiastic, though, about the possibility of a sparkling intellect lurking in the sesame seed-sized flies that buzz in clouds around decaying fruit. But in Tad Kawecki's laboratory at the University of Fribourg in Switzerland, fruit flies are contestants in an unending game of Jeopardy, insect style. And some of them are big winners.

The flies don't learn How the West Was Won or Celebrity Children, but they do have to master a category that might be called Distinctive Odors, by deciding whether to feed and then lay their eggs on a substance that smells like orange or one that smells like pineapple. One of the two offerings is infused with quinine, which tastes bitter, and the flies avoid that odor and fly over to the other area. Once the quinine is removed, some of the flies still remember to stay away from the place that had the nasty taste, showing they have truly learned the association. Then Kawecki takes the eggs that were laid in the tasty stuff, rears the adults that emerge, and repeats the whole experiment again and again. This means that only the genes from the flies that performed the discrimination correctly are passed on to the next generation. It's the same principle—artificial selection—that farmers have used for centuries to generate cows that give a lot of milk or corn that has large ears, but much faster and with an end product of faster-learning flies rather than county fair material.

Doing these experiments requires painstaking maintenance of the tiny flies in hundreds of jars held under exactly identical conditions—the same temperature, the same food, and in complete darkness. Most modern biology buildings have elaborate facilities for keeping the insects, but of course many scientists labor in less-than-ideal circumstances. As it happened, Kawecki used to work at the University of Basel, also in Switzerland, where his lab was in a crumbling fifteenth-century building in which the doctoral students used a former lecture hall of Friedrich Nietzsche for their office. Although charmingly located on the banks of the Rhine River and architecturally impressive, the building suffered from a variety of maintenance ills, many of which required the service people to enter the attic. The attic in turn was occupied by numerous pigeons and swifts, and one of the building maintenance workers complained so vociferously about the birds' lice and fleas he supposedly encountered in his effort to repair things that an exterminator was called in. While most people welcome the removal of insects from their homes, in a building where precious experimental flies are being kept, the situation is somewhat different. Kawecki and his colleagues made numerous panicky phone calls to the exterminators to make sure the process wouldn't decimate their subjects, and were assured that all would be well.

 Unfortunately, as Kawecki puts it, "the only animals [the exterminator] knew about were cats and budgerigars," and the insecticide proved fatal to some of the carefully reared fruit flies. Luckily, the scientists had to stagger the breeding of the flies because they didn't have enough room to raise them all at once, so they did not lose all of their years of effort. But Kawecki remains nettled at the company, which never admitted any wrongdoing, instead suggesting "it was our fault, keeping those stupid flies rather than cats and budgerigars, as proper Swiss citizens do."

Despite these setbacks, one generation of flies led to another. Through the selective breeding process, the flies rapidly improved their ability to remember which substance was attractive and which was not, and after about twenty generations, Kawecki had flies that could go to the bug equivalent of Harvard or Princeton. Instead of taking three hours to learn which substance has quinine in it, the new and improved flies knocked the task out in less than an hour. What's more, they could generalize their ability to other tasks that required them to avoid or prefer one odor to another, and even to other stimuli besides odor, which means that the flies were not simply evolving better discrimination of pineapple versus orange, they were actually getting smarter.

 Presumably, being able to detect good places to feed and lay eggs faster would also be useful in the real world, outside Kawecki's lab. So why don't flies show this brainiac capacity naturally? To put it another way, if the flies can get to be so smart, why aren't they rich, or at least more successful?

The answer seems to be that they don't live long enough. The life span of flies from the smarter lines averaged 15 percent shorter than their unselected relatives. Furthermore, the smarter females laid fewer eggs, an ominous characteristic from the standpoint of evolution, since it means fewer potential copies of genes in future generations. The decreased survival was particularly notable when food was in short supply, which gives a clue to the reason for the finding: learning is costly, and investing brain resources into intelligence may mean that you pay the price somewhere else. More brain, fewer eggs. The trade-off even occurs within the lifetime of a single fly. A group of flies that was trained to associate an odor with a mechanical shock and then deprived of food and water died 4 hours earlier than flies that were exposed to the smell or the shock but didn't have to go through the training, suggesting that something about the process of remembering the association drained the resources of the diligent flies.

Such trade-offs are common among living things, as I discuss in the chapter on personality. Animals that have many young also tend to have smaller babies, whereas species like us that give birth to one or a few offspring at a time generally produce relatively large ones. Here the trade-off seems to be that when natural selection gives a good learner, it takes away a long life. This could happen at two time scales. Within the lifetime of the fly, the energy a fly acquires could go either to helping it survive longer, or to nervous system machinery, but not both. It may be cheap to upgrade the memory in your laptop, but doing so in the brain is going to cost you.

 Over many generations, a different process may be at work. Say that a gene makes a fly smart, but because most genes have more than one effect, it also makes the fly vulnerable to starvation, or maybe more susceptible to infections. If being smart is advantageous enough—in Kawecki's lab, it made the difference between reproducing or not—then the gene conferring it will persist in the population, even if it also has some downsides.

Of course, it's not as if all animals get to go to some primordial retail smorgasbord and shop for a certain number of abilities, with some picking learning, long legs, and a mean tennis serve, while others choose curly eyelashes and a talent for languages but end up dimwitted. Exactly which abilities end up having to trade off against which others is still a mystery. But Kawecki's work suggests that the ability to learn, and hence perhaps intelligence, exacts a high price. And that in turn could shed some light on our own evolution. Humans may well have given up some other abilities when we evolved our large brains. What's more, having to learn everything from infancy, rather than being born with our skills, makes our childhoods vulnerable to everything from hot stoves to saber-toothed tigers or their modern-day equivalents. The trade-off in our case must have been substantial, but scientists are still wondering about exactly what it was that we humans had to pay for our intellect.



 Better Learning through Chemistry

ONE OF the wonderful things about using animals such as fruit flies and other insects to study learning is that they present a window into the brain. Exactly what happens in the body when you learn the capital of Mongolia, or how to get to the theater? We all have some vague idea that nerve cells send messages somewhere, that electrical impulses in the brain do ... something. And we can use complicated brain scans with colorful images of different centers of nerve activity, or detailed dissections, to try and figure out what that might be. But insects, unlike humans, let us alter a chemical here, or breed up offspring with a special mutation there, which means it is sometimes possible to pinpoint precisely what makes an individual able to perform a certain task. If one bug has gene variant A, and another bug's genes are exactly like it except for having gene variant B, and if the two differ in the time it takes them to find a food reward in a maze, then presto, we have a gene linked to learning.

In most cases, those carefully bred and engineered insects are fruit flies. In the chapter on personality I mention the "rover" and "sitter" flies, which exhibit genetically programmed differences in behavior. Kawecki and his colleagues, most notably Frederic Mery, examined these tendencies in light of their studies on learning. Each behavior is associated with a form of a single gene, and flies with the rover variant of the rover-sitter gene have better short-term, but worse long-term memory, something of a reversed Alzheimer's, where it is easier for sufferers to recall events of decades past than what they had for lunch. Sitters show the opposite pattern and can remember associations from several days ago, but not the fly equivalent of what they ate at an earlier meal. These different strengths and weaknesses make sense in the natural world of a fly; rovers are likely to move from one food source to another, so being able to quickly learn whether a given fruit is ripe or not is more important than remembering what happened in the more distant past. Together with Marla Sokolowski from the University of Toronto, who first discovered the rover-sitter dichotomy and has worked on its details for many years, the scientists then discovered that the differences in memory can be manipulated by increasing or decreasing the amount of an enzyme in the odor detection centers of the insects' brains. That enzyme may be the key to the trade-off between memory types, at least in flies, and suggests some interesting directions for similar studies in people.

 Another set of experiments focused on a different chemical. Using a modified version of the Tennessee Williams paradigm, in which flies are placed into a chamber that heats up on one side when the flies move to it, a group of researchers from the University of Missouri recently demonstrated that serotonin, the same brain chemical that features so prominently in human depression and its treatment, is key to the tiny flies being able to learn to avoid the hot spots.

The ability to stick to a task after having been distracted—something many children with learning disabilities struggle to accomplish—is also controlled by a few nerve cells and chemicals. Flies tend to move toward a visual object, for example, a stripe on the end of their container. If you remove the goal and show them a "distracter" stripe somewhere else, they veer off for a short time but can still remember where the original stripe was located. Geneticists have bred flies with mutations in various genes that produce chemicals important in learning (as with many specialized strains of fruit flies, these have fanciful names such as dunce and ignorant), and it turns out that while some of the mutants can still perform the task of recalling their goal as well as normal flies, others cannot. The mutant amnesiac, for example, learns just fine in the first place, but forgets what it learned almost immediately. This distressing tendency can be attributed to a defect in a single neurochemical, one that is extremely similar to a chemical in the human nervous system. Being able to break down a behavior such as recovering after a distraction into components so fine that we can determine exactly which gene is responsible for which part of learning is possible only in insects, at least so far, but maybe someday we will be able to extend this kind of detailed understanding to our own learning difficulties. What's more, the prospect of altering or curing defects in memory with gene therapy in insects suggests that similar treatments may eventually substitute for drugs or surgery in humans, a solution that could have fewer side effects and be targeted more precisely than current approaches.



 He Who Learns Last

WHICH came first, learning or instinct? Because humans rely so heavily on learning, we tend to think of it as an innovation, an evolutionary novelty that we alone have mastered. In effect, we like to think we invented invention. But centuries ago, naturalists believed that instincts, behaviors that are performed more or less the same way every time, arose after learning. Early animals, they claimed, had to learn things from scratch, and then after time, the repetition of a task was somehow impressed into the fiber of the organism so that eventually it became instinctive. This idea was particularly championed by Jean-Baptiste Lamarck, the French biologist whose ideas about the inheritance of acquired characteristics were first embraced by early evolutionists, including Charles Darwin, but later discredited. Knowing nothing about how genes and chromosomes could be passed from parents to offspring, Lamarck and his contemporaries reasoned that if, say, a horselike animal continually reached for its food at the top of a tree, its neck would become longer. This greater development would then somehow be passed onto its offspring, who in turn would develop even longer necks, eventually resulting in what we now call a giraffe.

 Lamarck was quite interested in invertebrates, a subject not much studied by naturalists in the late eighteenth and early nineteenth centuries, and he was intrigued by the idea that they exhibited such fixed behaviors. It seemed reasonable to him and many of his contemporaries that doing something, whether following an odor trail or learning to count, could cause a permanent change in the body, and that such changes could be inherited. Of course, we now know that the genes cannot be influenced in exactly the way that Lamarck imagined. And it is likely that both learned and instinctive behaviors evolved together. Most behaviors, even in insects, are due to a combination of influences from the environment, and hence subject to learning, and influences from the genes, and hence instinctive, making the old argument somewhat moot.

Dan Papaj, a biologist at the University of Arizona, doesn't believe Lamarck himself was correct, but he does wonder if there aren't new ways in which learned behavior could influence evolution. He works with a variety of species, from butterflies to parasitic wasps, to see just how learning operates in nature. He points out that the idea that fixed behaviors could have arisen from something an ancestral insect learned to do is not as far-fetched as it might seem. Researchers in the fields of robotics and artificial intelligence are particularly interested in how changes in stimuli—that is, the response a computer gets when it executes an action—could then make the computer's actions more sophisticated. It would be amusing if the behaviors so derided by Fabre and Cunningham turned out to pave the way for better, and more flexible, computers.

 Finally, social insects are well known for their genetically hard-wired altruism; honeybees can't help committing suicide when they sting an intruder in defense of the colony, because the stinging apparatus remains imbedded in the victim, tearing the innards of the bee asunder after the sting. But it has just come to light that ants, at least, can also choose to rescue their kin from harm even when the peril is novel. Elise Nowbahari and her colleagues in France and the United States took ants, partially submerged them in sand, and restrained them with a nylon filament so that their bindings were concealed under the surface. The scientists then re-leased either strangers or nest mates of the victim and watched the ants' behavior. If, and only if, the entrapped ant was from the same nest, the other ants hurried over, dug her out, and bit the snare away. Ants from foreign colonies, even though they were the same species, were left to struggle helplessly.

Such a complex sequence of behaviors pushes the boundaries of what we thought an insect could learn. And if the same ability applies to species other than ants, we might want to rethink those sticky traps that attract cockroaches and trap them, alive and kicking, on the surface. If the roaches become able to rescue their fellows by nibbling through the glue, you have to start wondering if they might then be capable of plotting revenge.



 Chapter 2

Six Legs and a Genome

SOME of the most cutting-edge discoveries about insect molecular genetics, and therefore about how genes do and don't dictate complex behavior, have been made because Gene Robinson was tired of harvesting fruit. As a student worker on a kibbutz in Israel, he was asked to "help out with the bees temporarily, and since I was bored to tears picking grapefruits, I volunteered. I remember I was smitten that very first day."



In his correspondence, he glosses over exactly why the bees were so appealing, but despite parental skepticism (he summarizes his mother's response as: "No doctor, no lawyer, where did we go wrong?"), Robinson went on to pursue a master's and later a Ph.D. in entomology. Now at the University of Illinois, he still professes an unabashed love of bees, which he has parlayed into one of the most compelling uses of genomics, the study of an organism's entire mass of DNA, anywhere in the world of biology. Robinson is interested in just how a complicated behavior such as the division of labor in a honeybee colony, where some bees go out and forage among the flowers while others stay home and nurture the young, is derived, first from the hormones coursing through the bee's body, then via the firing of nerve cells in the brain, and ultimately from the minuscule variations within a gene that directs the activity. He calls what he does sociogenomics, the molecular genetics of social behavior. It is where the genetic rubber meets the behavioral road, and it can best be understood using insects.

 Before explaining sociogenomics, a bit of background about the new age of genomics, and about what we mean by sequencing a genome or having a "genome project," is in order. The genome is the total set of DNA in an organism, arranged into the chromosomes that are characteristic of each species; humans have twenty-three pairs of chromosomes, while cats have nineteen pairs, cows have thirty, silkworms have twenty-seven or twenty-eight, and a species of ant has just one. Sequencing a genome means determining the order of the four chemical bases that are the building blocks of the helix of DNA. The bases are called adenine, thymine, guanine, and cytosine, usually abbreviated with their initials A, T, G, and C. The genes themselves are particular sequences of the bases that contain instructions on the manufacture of proteins that make up the structure of the body or instructions on regulating when and how other genes become activated. Not all of the DNA consists of genes; scientists knew going into the Human Genome Project, the first of such efforts, that some amount of the material on the chromosomes would be noncoding, meaning it does not contain information about either gene regulation or the making of a protein. The genome sequence therefore consists of a long—a very, very long—string of four letters, grouped together in a particular arrangement unique to each species.

Once the Human Genome Project was completed in 2003, it was clear that more genomes needed sequencing. Many scientists wanted to put two animals next on the list. First would be the zebra fish, as a way to examine genes responsible for the development of a fertilized egg into an adult organism, and then the laboratory mouse, because as a mammal we could more easily compare its genes to those of people. Nobel laureate Sydney Brenner demurred, saying that "the mouse is too close. It hasn't had enough time to randomize, so you are confused by the commonness of origin."

 What he means is that because we so recently shared a common ancestor with mice, our genetic material is already very similar to theirs. But which genes are the essential ones, the ones retained through hundreds of millions of years? How have genes changed to perform different functions? To answer that, we need insects. It's been 250 million years since the mosquito Anopheles gambiae and the fruit fly Drosophila melanogaster shared a common ancestor. That's roughly the same evolutionary distance that exists between humans and fishes, a third more than the distance between humans and chickens.

Of course, it's not an either-or situation. The zebra fish and mouse genomes have now been sequenced, along with those of the chicken, the African clawed frog, and a nematode called Caenorhabditis elegans. Genome projects are in progress for a whole host of others, including the European hedgehog, the green anole (a small lizard often sold in pet stores as a chameleon, although it is only distantly related to the true chameleons), and the gorilla, in addition to many invertebrates. Nevertheless, insects can reveal the process of evolution in ways that no other group of organisms can.

As I already pointed out, insects are the most diverse group of organisms on the planet—there are more kinds of insects than any other organism, they live almost anywhere except deep in the ocean, and they vary enormously in size, shape, food habits, and virtually every other aspect of life. A queen ant can live for decades in her nest, while tiny midges that circle over fast-running Appalachian streams can dispatch a whole adult lifetime, complete with finding a partner, mating, and laying eggs, in a prompt 45 minutes. That diversity makes it much easier to answer questions about the genes responsible for traits such as life span or body size, because we have so many different types of animals to compare. Even if we had genomes for all the primates, say, or even all the mammals, it wouldn't be as useful as having genomes for as many types of insects, because compared with insects, one monkey is pretty much the same as another when it comes to appearance and even behavior. A monkey is a lot more like a mouse than a grasshopper is like a flea. And of course insects are important vectors of diseases from malaria to typhus, as well as linchpins of our agriculture through pollination and pests because of their fondness for the same foods we eat. Without them, we cannot understand what makes life tick.

What's more, because we shared a common ancestor with insects so long ago, we can use them as a way to explore how we arrived at similar-seeming destinations with such radically different modes of transportation. For example, we are social and spend time and energy taking care of our young. Honeybees are social and spend time and energy taking care of their young, too. We share a fair proportion of genes with honeybees—but are the genes associated with social behavior the same in both of us? If they are different, how do they get similar results? If they are the same, why did the genes persist through evolutionary time in us and them, but not in thousands of other species?


 Size, Junk, and Garbage

BEFORE exploring which insects have had their genomes sequenced and what those sequences tell us, it is necessary to look at a different kind of large-scale genetic information we can get for living things: genome size. Before we knew much about the chemical bases that comprise the DNA inside a cell, we could at least determine the amount of DNA itself. Indeed, calculating an object's size is one of the first things we do with something new, whether that something is a previously undiscovered mountain, a recently incorporated township, or a newborn baby (why the vital statistics of weight and length are so often included on birth announcements is a mystery, at least to me, but it testifies to our obsession with measurement).

 Ever since the DNA molecule was discovered in the late 1800s, scientists were interested in the amount of it in different kinds of animals and plants. In the 1940s and early 1950s, the "DNA constancy" hypothesis, which stated that the nuclei of cells in various tissues contained about the same amount of DNA, and that this was roughly twice the amount contained in sperm cells, was used to test, and eventually support, the notion that DNA was indeed the source of genetic material.

Once this idea was accepted, it seemed plausible that the more DNA a species had, the more genes it possessed, and therefore the more complex it could be. Intuitively, people looked at genes like money in the bank; the more you have, the more you can buy. Scientists thus expected that smaller, simpler organisms such as amoebas or flatworms would have less DNA per cell than hamsters or birds of paradise. Much to their surprise, this turns out not to be the case. The amount of DNA—weighed in picograms, or trillionths of a gram—is not related to the apparent complexity of the animal or plant in which it resides. Knowing genome size is useful in deciding which organisms should have their genomes sequenced, for the purely practical reason that sequencing smaller genomes is cheaper.

Animals vary seven-thousand-fold in their genome size, and as you might expect, insects are champions of this variation. Among mammals, the smallest genome of 1.73 picograms resides in the Asian bent-winged bat, while the largest, in the red viscacha rat from South America, is really not all that much bigger, at 8.4 picograms. This size difference is dwarfed by insects, which vary 170-fold in genome size. Here the champion seems to be a mountain grasshopper, with the diminutive Hessian fly as its sparsely endowed counterpart. Humans, by the way, have genomes of a modest 3.5 picograms, which at least weighs in at more than the house fly, though less than that of the grasshopper.

 Aside from the kind of Trivial Pursuit cum Guinness Book of World Records appeal of this kind of information (though, alas, clues about genome sizes are unlikely to come up in crossword puzzles), what does the variation in genome size—and its lack of relationship to the complexity of the organism in which it resides—mean? Obviously, more isn't better. Bluntly put by Ryan Gregory, a biologist at the University of Guelph and one of the world's leading genome size researchers, this decoupling of DNA content and complexity puts paid "the expectation that genomes consist of the genes, all the genes, and nothing but the genes."

So if the genome contains material other than genes, how did that happen? Furthermore, what exactly is that other material, and what is it doing in there? And why do some organisms seem to have so much more of it than others?

The answers to these questions are intertwined. Some of the "extra" material consists of free-floating bits of DNA, sometimes called transposable elements or, more colorfully, selfish DNA. These arise when a sequence of DNA copies itself several times and then just lingers as part of the genome. It is selfish because, a la Richard Dawkins's selfish gene, the elements benefit by making more copies of themselves, but they do not contribute to the functioning of the organism in which they reside. If there is no disadvantage to the organism of harboring them, or even if there is a cost but no means of getting rid of them exists, they will persist, cluttering up the genome and giving us those oddball genome sizes in some species.

 Other noncoding DNA is often called junk DNA, which sometimes is used to mean all types of genetic material aside from the genes themselves, but more properly refers to copies of genes that used to be functional but are now obsolete. Like a manual lawnmower with a broken blade that you tuck away in the garage even after you've bought an electric model, the junk DNA clutters up the genome. In a distinction reminiscent of couples squabbling over organizing the closets, some scientists call DNA junk if it's not functional at the moment but could be useful at some hypothetical time, like that lawnmower, but garbage if it's not functional now and never will be, like—well, maybe it's best not to offer an example here. As with the transposable elements, junk DNA is thought to accumulate because DNA has an inherent tendency to copy itself unless otherwise halted.

Genome size is often, though not always, a reflection of body size, particularly among insects and other invertebrates. And insects that take longer to develop from eggs into adults have larger genomes as well. Another restriction on insect genome size seems to be the way that the species develops—does it go through a metamorphosis with egg, caterpillar, cocoon, and adult stages, like a butterfly, or does each successive stage look like a slightly pumped-up version of the one before, like a grasshopper? The butterfly types seem to have far smaller genomes than the grasshoppers, for reasons that are unknown. Also perplexing is a link between sperm length, which as I discuss further in a later chapter varies enormously among insects, and genome size. And intriguingly, all insects that exhibit social behavior, including not just bees and wasps but termites, as well as cockroaches that take care of their young after hatching, have reduced genomes, despite the vast evolutionary distance between these groups.

I look forward to the solutions to questions about genome variation, but what I like best about the measurements of genome size is the way they make our selves feel so literal, so concrete. Thinking about how many molecules can be crammed into a cell, imagining the adenines and thymines jostling for position, or the helices spooning like lovers in the nucleus, means that we can visualize who we are with startling clarity. Science writer Carl Zimmer titled his book tracing the history of our understanding of the brain and its relation to the mind Soul Made Flesh, in reference to the way that we can now see our essence in neurochemicals and gray matter. Thinking about the actual DNA, doled out in infinitesimal picograms in the genome, seems to make that translation even more tangible.



 The Sequential Fruit Fly (and Mosquito and Beetle)

THE FIRST insect to have its genome sequenced was, as you might imagine, that sturdy workhorse Drosophila melanogaster. This was followed by the honeybee, a suite of other fruit fly species in the genus Drosophila, two mosquito species, the silkworm moth, and the tiny beetle that often inhabits the flour canister in your kitchen. More are on the way, and all are helping us understand the action of evolution on humans as well as our six-legged kin.

Let us begin with the fruit flies. D. melanogaster is the model species for genetic research, but other species of Drosophila lead lives that are both similar and different. Unlike the cosmopolitan D. melanogaster, D. sechellia, for example, lives only on the Seychelles Archipelago in the Indian Ocean, where it specializes on eating Morinda fruit, from a usually toxic plant. Drosophila grimshawi has elaborately patterned wings and is one of the extraordinarily diverse Hawaiian Drosophila, occurring only in a handful of remote locations. It is nearly a hundred times bigger than the puny D. melanogaster. A close relative of D. grimshawi, D. mojavensis is native to the Sonoran desert of the Southwestern United States and breeds on the spiky organ pipe cactus.

 The flies were chosen deliberately to cover a broad range of evolutionary history; the different species shared a common ancestor anywhere from half a million to sixty million years ago. This is approximately the same distance between humans and lizards, all within a group of flies in the same genus. Many of the genes are similar in all of the species, but others are surprisingly different. Journalist Heidi Ledford referred to the "turmoil" of the genome that is visible only when genes are compared across species; genes appear and disappear, the time and place for them to be switched on and off is altered. Even those stalwarts the sex chromosomes had some surprises; some genes were thought to be expressed only in males because of their position on the X chromosome, but different species with the same gene did not always express it in the same way. The genes used to code for molecules that fight microbes—part of the fruit fly immune system—are much more variable than others, which makes sense given the rapid rate of change of the disease-causing organisms. Genes for detecting odors, crucial to animals that make their living and find their mates on fermenting vegetation, are also diverse. And in some cases, although the regulation of a pathway for making a protein clearly changed, the protein itself was still being produced, suggesting that so-called transcriptional rewiring might be commonplace.
 

 In contrast to the desire to discover universal principles about the operation of genes from the workings of Drosophila, the scientists examining the two species of mosquito that have had their genomes sequenced had a much more practical motivation: they wanted to understand species that have such enormous effects on human health. The first species to be sequenced, Anopheles gambiae, is the principal vector of malaria in Africa. The second, Aedes aegypti, transmits yellow fever, dengue fever, and the less well known chikungunya virus; the latter was responsible for a recent outbreak in countries bordering the Indian Ocean that caused about 250,000 cases of illness and over two hundred deaths. Two U.S. Department of Agriculture entomologists, Jay Evans and Dawn Gundersen-Rindal, note that Anopheles was "the first animal to be sequenced, other than ourselves, whose actions have a strong direct impact on human lives." Although Aedes has a much larger genome than Anopheles, it doesn't encode many more genes, further supporting the idea that even closely related species can differ in the amount of noncoding DNA.

Once the sequence data can be used to identify functional genes, it should be possible to detect which genes are responsible for, say, successful transmission of the microorganisms that carry disease inside the mosquito's body, or for the mosquito's ability to use odor cues in sweat or exhaled breath to find a human to bite. The hope then is to tinker with these genes and breed a mosquito with a gut that is inhospitable to the malaria parasite, or one that cannot smell a delectably pungent victim nearby. Genes that are used to resist the effects of insecticides could similarly be altered to ensure that the mosquitoes remain vulnerable to certain chemicals.

If the fruit flies were sequenced to take advantage of the classic model system for genetics, and mosquitoes were sequenced in hopes of applying the knowledge to curing human disease, the flour beetle Tribolium castaneum could be said to have been sequenced because, well, no project in animal biology is complete without including a beetle. More kinds of beetles have been described than any other single group of animals—with over 350,000 species, one-quarter of all of the species of animals in the world is a type of beetle. The scientists who collaborated to sequence the flour beetle genome boast that beetles are "by far the most evolutionarily successful" multicelled organisms, and list, as if the insects were trying out for some kind of all-star reality television show, the many talents found in the group: "Beetles can luminesce, spit defensive liquids, visually and behaviorally mimic bees and wasps, or chemically mimic ants." I am not sure why these particular abilities are showcased, although there is a kind of "animals you might want with you on a desert island" kind of flavor to the selection. Interestingly, the beetles share with that other highly successful insect group, the ants, a lack of flight in day-to-day life; although most beetles can fly if necessary, their lives are mainly spent walking and tunneling on the ground. Whether this sacrifice of fragile wings is the key to their profligacy is not clear.

 Tribolium itself is a good choice, among all those hard-shelled crawling candidates. Because it is easy to rear in large numbers in Petri dishes or other small containers, it has already been the subject of other types of genetic studies for many years. It is also an economically important pest in stored grains, which means that discoveries about its genome could reveal genetic Achilles heels to be exploited in its control, an urgent need since up to now it resists all kinds of insecticides that have been used against it.

Despite all the attention paid to the fruit fly Drosophila and its kin, it turns out that Tribolium is more of an "ur-insect," so to speak, than the fly—in other words, the flour beetle's genes seem to be less specialized and more like that of the ancestor of the entire class of insects than do the Drosophila genes. Over 125 groups of genes that the beetle has in common with humans, for example, don't occur in the other insects whose genomes had been sequenced as of 2009, suggesting that Tribolium has some pretty basic genetic material. In fact, nearly half of its genes are ancient, with counterpart genes occurring in vertebrates. This primordial nature means that it will be easier to determine how genes have changed through evolutionary time by comparing various groups to the Tribolium, and to determine which genes are responsible for general features of insect biology, such as metamorphosis or molting, and which are more idiosyncratic, say, those controlling the ability to make honey.

 As is the case for genome size, and for that matter body shape and appearance, the genetic information from insect genome sequences is much more diverse than that obtained from vertebrates. A few constants appear, such as genes associated with detecting odors or those used to produce compounds that fight disease, but others are far more specialized. Silkworms possess about 1,800 genes that aren't seen in mosquitoes or fruit flies, including some used to make silk; although all insects and spiders use silk in some form or another, for spinning cocoons or dropping down from ceilings, the silkworms seem to have some additional genes exclusive to their lineage.

Of course, the first step after sequencing is to find genes with particular functions. Once that is accomplished, the opportunity arises for new, and sometimes diabolical, methods of pest control. Scientists are currently trying to use genetics to make insects pass on the instruments of their own destruction. A gene that is innocuous in the presence of, say, a particular antibiotic, but lethal otherwise, is inserted into an insect. The insect is then reared on a diet containing the antibiotic until it is an adult, when it no longer feeds, and is released into the wild. After the insects with the manipulated genes mate with normal members of the opposite sex, they produce offspring containing the gene—but those offspring are out in nature, where the lethal gene takes effect. Other even more clever methods are in the works.

 As with genome size, studies of genome sequences confirm the presence of a hefty amount of noncoding DNA. One researcher refers to it as "dark matter," similar to the science fiction-like invisible stuff of outer space, which conveys both the mysterious nature of the substance and the almost peevish response that its discovery has elicited. We all seemed to have expected Mother Nature to be more thrifty in her allocation of genetic material, maybe saving that extra DNA, like leftovers at dinner. Shouldn't somebody have made another organism out of those bits and pieces of adenine and cytosine? Or maybe we just don't like the idea that it doesn't take many genes to make a whole complicated being; as Ryan Gregory says, "The strikingly low number of genes required to construct even the most complex organism represents one of the most surprising findings to emerge from the analysis of complete genome sequences." Somehow we seem to feel cheated by our own simplicity.

Of course, it's not that we are simple, per se. It's just that, once again, we are reminded that evolution is a tinkerer, using what's at hand to make its products. I like to think of the nuclei of our cells, not as perfectly tuned whirring machines, each gear essential, but as vast echoing warehouses of factories. Entire machines are outdated and useless, left rusted in a corner but never taken away and demolished. Others are jury-rigged out of pieces from older models and newer ones, rattling jerkily through their paces but ultimately manufacturing something useable.

 


 The Social Genome

ALTHOUGH honeybees, like mosquitoes, are enormously important to human well-being, the sequencing of the honeybee genome was heralded not just because it might help us fight the mysterious decline of colonies throughout North America, but because bees are such extraordinarily social animals. Gene Robinson, who eschewed fruit-picking to devote himself to bees, thinks studying their genomes can show us how animals can become so integrated that they are often described as a single superorganism. According to the great biologist and ant lover E. O. Wilson, "If Earth's social organisms are scored by complexity of communication, division of labour, and intensity of group integration, three pinnacles of evolution stand out: humanity, the jellyfish-like siphonophores [creatures such as the Portuguese Man o' War], and a select assemblage of social insect species." Where does this high degree of interdependence come from?

One of the most surprising pieces of news from the honeybee genome project, published in 2006, was the relative paucity of genes associated with defense against diseases, compared with the other insects that have been examined. Given the crowded conditions of your average hive, one might imagine that pathogens would spread faster than colds at a preschool, which should select for highly vigilant immunity. One possible explanation is that the intense social behaviors of the bees, for example, the grooming and licking that individuals are always bestowing on each other, obviate the need for other defense mechanisms. It is also possible that honeybees, domesticated as they have been for thousands of years, will turn out to be an anomaly in this regard, a question that the sequencing of other social insect genomes should help settle. Two other startling results were the small total number of genes in the honeybee genome, and the apparent conservatism in the rate of the genome's evolution, compared with the mosquito Anopheles and Drosophila melanogaster, so that at least for some groups of genes, bees are more like vertebrates than those other insects. Contrary to what had been believed previously, in fact, bees seem to have arisen quite early in evolutionary history, branching off before the beetles.

 Bees do have a lot of genes associated with producing and detecting pheromones, chemicals used to communicate with other individuals, which is not so surprising given their reliance on signaling within the colony, and they have some new genes that are associated with collecting nectar and pollen. But do they have special "sociality genes"? Several years before the honeybee genome sequence was completed, Gene Robinson noted that the difference between highly social insects such as the bees and solitary species such as Drosophila was likely to lie not in the creation of entirely new genes, but in changes in the way the same genes were turned on and off, or in the amount of product a given gene made. With some exceptions, this has turned out to be the case. Indeed, Robinson and his postdoc Amy Toth suggest that just as developmental biologists have discovered "modules" in body plans, with wings, legs, and arms produced from similar groups of genes in different animals, behavior can likewise be broken down into building blocks.

One of the most significant elements of insect sociality is the division of labor that Wilson cited above. Unlike other insects, or even virtually any other animal except for a few oddballs such as naked mole rats, in ants, bees, and termites queens do queenly things like produce eggs, males mate, and workers, well, work. Within the workers, different individuals often specialize on particular tasks, for example, going out and collecting food, or cleaning up the hive. This division, like the stratification of human industrialized societies, allows the colonies to be much more efficient. And the whole idea of sterile individuals that nonetheless labor for the group as a whole is a hallmark of sophisticated social organization. But what determines the destiny of any one individual?

 It's arguable whether being a queen in a social insect colony is enviable or not, what with the continual egg laying and never getting outside, but the dogma used to be that queen honeybees were made, not born, via the feeding of royal jelly, a substance produced from glands in the heads of the workers that is given in lesser and greater amounts to different larval females. Adult bees, regardless of their social status, do not eat royal jelly. If you got a lot of royal jelly, the thinking went, you became a queen, while more modest amounts destined you for a short, chaste life among the colony proletariat. In the words of royalbeejelly.net, "Royal Jelly, the queen's food, makes the queen into a bigger animal with superhero powers," which I suppose is true if being capable of laying massive numbers of eggs is viewed as the insect equivalent of making yourself invisible. The association between upward mobility and royal jelly has given rise to a number of claims about the substance's ability to cure everything from asthma to wrinkles, though in a more sober moment surely someone has pointed out that bees suffer from neither.

But now it's turning out that at least for some social insects, you are not only what you eat, you are also the way you were born. In honeybees, different nutrients interact with the genome to switch some developmental pathways on and off, for a much more complex picture than had originally been supposed. In some ant species and at least one kind of termite, females bearing one version of a gene are more likely to be queens, while females with another version end up being workers. A particularly odd version of this genetic influence on caste occurs in harvester ants, in which two genetic lines coexist; queens belong to one line or the other, but workers are a cross between them. If a queen's eggs are fertilized by a male sharing her pedigree, the larvae become queens, but if the father is from the other line, the daughters become workers (recall that sons are produced only from unfertilized eggs, so they don't enter into the calculation). The difference between queens and workers can also be due not to a gene or genes being present or absent but to the regulation of those genes. A recent study of honeybees found at least two thousand genes that were present in both workers and queens were expressed differently in the brains of the two kinds of individuals, further supporting the idea that it's not just what you have but what you do with it—or what it does to you—that counts.

 Queens may also specialize, with multiple reproductive females starting a nest together and then divvying up the duties like housemates, so that one goes out and collects food and the other stays home caring for the offspring. Alternatively, in the fire ant common to the southern United States and named for its painful sting, some colonies have one queen and others have two or more. The fatter queens go solo, whereas the burden is shared, literally and figuratively, in the nests ruled by multiple, lighter queens. Queen physiology, and the way the queens are treated by the workers, are both controlled by genes.

The role taken on by a worker had also been thought to be, if not diet related, at least environmentally determined, with all older worker bees, for example, doing more foraging and younger ones staying behind as "nurses." Now, however, the picture seems both more complex and more genetically determined. The age-related changes in tasks occur, to be sure, but altering the genes can change the workers' behavior, making them go out to forage at a younger age than they normally would. At the same time, foraging is influenced by social cues such as the age of other colony members and the type of pheromones given off in the hive, which in turn can feed back to the worker and change the hormones secreted inside the worker's body, further altering behavior. As in the queen-worker distinction, gene expression differs depending on the task the workers do. Hives with differences in genetic makeup also show different patterns of work. Most interesting, when a queen had mated with multiple males, the resulting blended family of workers was more efficient at making honeycomb, rearing the young, and flying off to collect pollen and nectar than were colonies started by a queen that had mated only once.

 A group of scientists at the University of Sydney performed a clever experiment to examine the genetic regulation of reproduction in honeybees. Like humans, bees are affected by carbon dioxide gas, but unlike humans, queen honeybees respond to CO2 by increasing their ovary development, as if they had just mated and were getting ready to start a colony. In contrast, if a queen is removed from a hive, something the workers can detect immediately, the workers respond to the gas by suppressing their ovary development, just as if the queen were present and producing all the eggs (worker bees are able to lay eggs, although their sisters often prevent them from doing so).

The researchers, led by Graham Thompson, placed virgin queens and queenless workers in a chamber with CO2 for 10 minutes and then compared the gene expression in the bees' brains as well as their level of ovary development at intervals of several days. They examined twenty-five genes and found differences in expression in ten of them, suggesting that the bees are exquisitely sensitive to small changes in their environment and that the actions of their genes are altered accordingly.
 

 Where did the extreme social behavior in these insects, with its self-sacrificial sterility, come from in the first place? The study of the honeybee genome, as well as detailed information on the genes of social and nonsocial species, supports an idea that had been around for a while among entomologists: start with mothers sticking around to feed their young, and go from there, progressing from maternal care to the more generalized care of siblings. Many insects show a more modest amount of social behavior than the ants or honeybees, as I describe in the chapter on parental care; they may guard their eggs, bring food to the developing young, or join forces with other females to rear offspring collectively, and they provide good test cases for this idea. Toth, Robinson, and a group of colleagues used the common paper wasp to see if care of sisters and care of young were governed by the same genes. Although the genome for the wasps has not yet been sequenced, the scientists used an innovative technique to characterize short segments of DNA that were already known to be associated with social behavior in honeybees. Although the bees and wasps last shared a common ancestor 100 to 150 million years ago, the genetic material that was examined turns out to be amazingly unchanged.

Paper wasps do not show the extreme differences among castes seen in ants or honeybees, but the scientists were able to examine DNA from four kinds of individuals. Foundresses are the females that start up a colony in the spring, usually by themselves, which means they forage as well as reproduce. They rear the first generation of daughters, who then become workers, allowing the foundress to become a queen and spend all of her time laying eggs. Finally, gynes are females that mate late in the year, spend the winter in a sheltered place, and then emerge in the spring to become foundresses.
 

Despite the identical outward appearance of the four types, and the fact that in some cases they are actually the same individuals performing different tasks, the researchers found that the wasp females differed markedly in the expression of genes in their brains. Workers had brains that were more like the foundresses that also cared for young than the queens and gynes that reproduce. Some of the genes that differed in expression were related to the production of insulin, an important component of nutrient regulation in insects, as in humans, which suggests that becoming social involved evolutionary changes in how food is perceived and processed. Toth and Robinson believe that the path from completely solitary to intensely social made use of a kind of molecular toolkit common to the ancestors of both kinds of behavior, modified in small ways as natural selection acted on the components. This differs from earlier ideas that new behaviors needed new genes.



 The Collaborative Dictator

RESULTS such as these are leading us to a much better understanding of what it means to have genes control anything, whether that is social behavior or eye color. People often assume the existence of a gene "for" a trait, so that if you have the monogamy gene, for example, you won't cheat on your spouse, but if you lack it, your infidelity is inevitable. Studying genomes shows this is futile. First, genetic material is often redundant, nonfunctional, or just plain disassociated from any obviously useful protein. Second, genes are the great recyclers—all of our genes were modified from preexisting ones, with some new mutations that occurred at random thrown in. The genes associated with parental behavior are related to those that make a bee more likely to feed her sister, which are also associated with myriad other behaviors. This means that no gene can be associated de novo with a single trait and that trait only. Third, and maybe most important, genes are regulated with a complexity that is only just beginning to be understood. As in the paper wasps, it's not the genes themselves that change, it's the conditions under which they are expressed, and that regulation requires a host of other genes.

This is not to suggest that we shouldn't try to explore the genetic basis for behaviors such as courtship or maternal care. On the contrary, the new technologically sophisticated methods can reveal extraordinary detail about the mechanisms behind even complicated behaviors. But we should abandon, once and for all, the antiquated notion that we will ever have a catalogue of genes that can be neatly assigned to one and only one characteristic, that a gene associated with long eyelashes will have no truck with one making us more likely to prefer salty foods. Genes may dictate the production of proteins, but they do so in a maze of collaboration with other bits and particles of DNA.



 What Next?

GENOME sequencing seems to induce a kind of greed in scientists, a hankering for more species with more variants of behavior and appearance. Many biologists have a favorite study organism and so often would love to have "their" animal or plant sequenced next. As the costs of processing samples decreases, the need to set priorities won't be quite so pressing, but right now several scientists have come up with justifications for "wish lists" to help guide future efforts.

Evans and Gundersen-Rindal used four criteria to evaluate groups of insects for their place on the list. First was genome size: smaller genomes are easier to sequence, and we already have an idea of genome size for many of the major categories. As mentioned earlier, flies, butterflies, and the bees and ants all have relatively small genomes, while grasshoppers and crickets, cockroaches, and silverfish, those odd little wingless pests in libraries, all have rather large ones. The central database called GenBank already has information on proteins in some of the groups, particularly flies, which also helps in starting a sequencing project. Evans and Gundersen-Rindal also ranked the insects for species diversity within each group, arguing that we would be better off working with diverse groups because they are likely to have more researchers working on them. Finally, they scored the insects for their effect on humans, where, as you might imagine, the elusive silverfish were pretty low on the scale. Overall, they plumped for more flies, more social insects such as bees and ants, and more beetles, with some moths and butterflies thrown in as well.

 Beetles, particularly dung beetles, were also favorites of biologists Ronald Jenner and Matthew Wills, who suggested that the horned dung beetles in the genus Onthophagus would be particularly useful. As with antlers on deer and moose, the horns are more developed on males and are used in fights between rivals for females, allowing researchers to examine the genetic control of sexual differences. What's more, horn size is influenced by the environment in which a beetle matures, with better nourishment yielding more impressive weaponry; this could yield insights into the ways that genes are switched on and off by external factors.

Using criteria roughly similar to those of Evans and Gundersen-Rindal, myrmecologist and insect photographer Alex Wild mused about which ants would make the best candidates for genome projects. He settled on seven prospects, including the leafcutter ants of the New World tropics, which as their name implies slice off bits of vegetation that they bear off to the nest, where the material is chewed and used as a base for fungus gardens. The wood ants were another favorite, with many examples of social parasitism, potentially giving insight into the evolution of this unusual life history. One of the responses to Wild concurred with his proposal of another species, the bullet ant, which has an exceptionally painful sting, although the enthusiasm seemed to stem more from a desire for revenge by a victim than any biological justification.

 The future clearly contains no shortage of animals to examine. I have a sneaking interest in those silverfish, though. Turns out they have some pretty bizarre mating tactics; the male spins a thread between a vertical object, such as a twig, and the ground and places a sperm packet beneath the thread. He then coaxes a female to walk under the silk, where she picks up the packet with her genital opening. After the sperm have drained into her body, she detaches the packet and eats it. The genetic story behind this kind of sex at a distance must be pretty amazing.
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