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Introduction


Algae. When you read the word, what pops into your mind? A bright green ring of slime around an outdoor drain? Dark green fuzz obscuring the glass of a fish tank? Pea-soup scum blanketing a pond in midsummer?


Whatever unpleasant image it is, I understand. Before I wrote this book, if I’d heard algae, I’d have instantly recalled the greenish hems on the damp shower curtains in the girls’ locker room at Pimlico Junior High. Seaweeds – these are algae, too – would have triggered another unpleasant memory. As a child, I learned to swim in a lake at summer camp, starting in the Guppies class and moving up to Minnows. The Minnows practised a dozen yards from the shore, where the water was chest-high. Seaweeds grew in patches out there on the silty bottom, but I kept my eyes open underwater and usually managed to steer clear. Sometimes, though, if an earlier class had churned the shallows and clouded the water, I would accidentally blunder into them. Their caresses along my bare arms and legs would send me into a panic – the slippery vines seemed as if they might wrap around me and pull me under. I’d bolt to my feet, gasping, and flounder my way out.


After the age of eight (when I graduated to Sunfish and swam beyond the dock in deeper water), I rarely thought about algae. And then, quite suddenly, in December 2008, I began to think about them a lot. That was when, in researching another book, I visited Valcent Products, a start-up biofuel company operating in a greenhouse in the dusty outskirts of El Paso, Texas. Founder Glen Kertz, backed by millions of dollars in venture capital, was growing algae in dozens of vertical, clear plastic panels, each ten feet tall by four feet wide and a few inches thick. Inside the panels, a water-and-algae mixture flowed through serpentine channels. That day, with sunlight streaming down from overhead, the panels glowed a bright, almost otherworldly green. Kertz, a man built on the Daddy Warbucks model with candid blue eyes, explained that the colour would deepen almost to black as the algae within doubled and redoubled. Once a day, half the contents of the panels was siphoned off and sent into a powerful centrifuge that separated the algae from the water, leaving an algal paste. The paste was then heated under high pressure to extract the oils inside, oils that would – when Valcent perfected its operations – be sold to a refinery to be processed into gasoline, diesel or jet fuel. New water was added to the panels every day, so algae were perpetually on the job.


Success, Kertz asserted, was just around the corner; Valcent would soon be producing 100,000 gallons of fuel per acre. Like the many journalists writing awestruck articles about the company, I was ready to be convinced. After all, crude oil is made of ancient algae, compressed over millions of years below ground. Valcent would be doing in a short time what Earth has been doing, slowly, for ages. By burning algae fuel in our vehicles, we would be taking carbon dioxide out of the atmosphere rather than putting long-sequestered carbon into the atmosphere, as we do when we burn fossil fuel. Because 14 per cent of global carbon dioxide emissions comes from burning transportation fuel, switching to algae oil would have a significant impact on climate change. Bonus points: growing algae requires no arable land and no fresh water, both valuable and increasingly scarce resources on our planet.


Unfortunately, for his investors, Kertz wasn’t much of a scientist or engineer, and shortly after my visit, Valcent went out of the oil business. (So much for those candid eyes.) Although Kertz’s oil-per-acre figure was too high by a factor of at least ten, the science behind algae fuel is perfectly correct, and a host of other companies, mostly small start-ups but also Exxon, had begun developing the multiple technologies involved. I eagerly followed the progress of these entrepreneurs, trying to figure out what was really possible. As I did, I found myself increasingly engaged – and ultimately engrossed – by the little green cells at the heart of these enterprises. Biofuels, as it turns out, are only a small part of the promise of algae.


My fascination became this book. It is the story of my journey – by phone, plane, car, boat, drone and scuba fins, across the US and around the globe from Canada to Wales to South Korea – to understand how algae, the most powerful organisms on the planet, influence our lives, for better and for worse, and what role they will play in our future. I start deep in Earth’s history and travel to the bleeding edge of modern biotechnology. Along the way, I meet scientists and entrepreneurs who have been harnessing these tiny dynamos to improve our health, nourish our ever-growing human population and clean up the mess we are making of our planet.


Algae are Earth’s authentic alchemists. Using sunlight for power, they take the dross of carbon dioxide and, with water and a scintilla of minerals, turn it into organic matter, the stuff of life. Even better, as they work their combinatorial magic, they burp oxygen. Take a breath: at least 50 per cent of the oxygen you inhale is made by algae. What is waste to them is priceless to all respiring animals. Without algae, we would gasp for air.


There is no shortage of algae. The oceans are blanketed in a dense but invisible 600-foot-thick layer of them. There are more algae in the oceans than there are stars in all the galaxies in the universe. Swallow a single drop of seawater, and you could easily down several thousand of these unseen beings. They are the essential food of the microscopic grazing animals at the bottom of the marine food chain. If all algae died tomorrow, then all familiar aquatic life – from tiny krill to whales – would quickly starve.


In fact, if algae hadn’t evolved more than 3 billion years ago and oxygenated the atmosphere, multicellular creatures would never have graced the oceans. It was a species of green algae that, 500 million years ago, acclimatized to life on land and evolved into all of Earth’s plants. Without plants to eat, the first marine animals that wriggled out of the water 360 million years ago would never have survived or continued to evolve and diversify into all the land-living creatures we know today, including us. If, several million years ago, our ancestor hominins hadn’t had access to fish and other algae-eating aquatic life – and thus to certain key nutrients – we would never have evolved our outsize brains. Without algae, we couldn’t know that all life depends on algae.


Algae’s influence extends long after their death. Their microscopic, carbonaceous corpses – those that don’t become food for aquatic animals and bacteria – drift down through the ocean like a steady snowfall. On the ocean floor, they silently accumulate, their carbon remains sequestered for aeons. By transferring carbon dioxide from the atmosphere to long-term storage, algae help keep our planet from becoming an unbearable hothouse. About 50 million years ago, when the Arctic was last ice-free year-round, a million-year burst of algae growth cooled the atmosphere to help create the icy conditions we see today.


Phycologists – scientists who study algae – have identified some 72,000 species, but there may be ten times as many yet to be named. Today, algae are in every earthly habitat, unseen under ice in Antarctica, blooming pink on the snows of the Sierra Nevada, in desert sand, inside rocks, on trees and in the fur of three-toed sloths (who eat them). They live symbiotically inside corals, which cannot survive without their partners. Coral reefs are home to 25 per cent of the world’s fish species and provide economic support to hundreds of millions of people. Now they’re dying at a shocking, heartbreaking rate because warming oceans disrupt the critical relationship between algae and their hosts.


So, what exactly are algae? There is no exact answer. Algae is not a precise term, not a taxonomic category like the kingdom Animalia or the genus Homo or the species Homo sapiens. Algae (and the singular alga) is a catch-all term, a name for a group of diverse organisms. There are three types, which we’ll meet in order of their evolution. The smallest, most ancient of them are the single-celled, internally simple blue-green algae, now generally known as cyanobacteria (or, more familiarly, cyanos). Next up are the invisible, single-celled but internally complex microalgae. Together, cyanobacteria and microalgae are sometimes referred to as phytoplankton, from the ancient Greek, meaning ‘plant drifters’. Finally – and flavourfully – are the visible seaweeds, or macroalgae. Whether a cyanobacterium a tenth of the width of a human hair or a giant kelp that grows more than 150 feet tall, algae share certain characteristics. Most prominently, almost all of them photosynthesize, and the few species that don’t, once did.


Algae are also defined by what they are not. They are not plants, even though plants also photosynthesize. Until the twentieth century, algae were considered members of the kingdom Plantae. An understandable inclusion: many seaweeds look like plants, and colonies of microalgae growing on damp soil can look like mosses. Nonetheless, algae are fundamentally different from plants. They inhabit a kind of prelapsarian world where, floating in water with little or no effort, they bask in the sun’s energy and bathe in waterborne nutrients that easily pass through their cell walls into their cytoplasm. You will never find algae dressed in flowers, wafting scents, or sporting seeds and berries. Plants are the fancy-pants photosynthesizers of our world; algae are the plain Janes. But because algae have no petals or nectar, no pistils or stamens, no bark to keep them from drying out, and no wood to hold them upright, they channel far more of the sun’s energy into multiplying themselves. And that means they are dozens of times more productive than plants at making the carbohydrates, proteins, vitamins and oils – as well as accumulating the minerals – that we value.


You can get algae’s nutritional benefits – especially their healthy omega-3 oils – directly by eating seaweeds. Every year, more than 25 million tons of seaweed, with a value of more than $6 billion, are harvested from gigantic watery farms in East Asia or plucked from the rocks off the New England and northern European coasts. Seaweeds make up about 10 per cent of Japanese and Korean diets, and their sales are growing worldwide. In the US, various kinds of dried seaweeds are found on the shelves of grocery stores from Costco to Whole Foods, and they are sold just as widely in Europe. It’s easy to see why seaweeds are so popular: not only are many highly nourishing, many contain savoury umami, one of the five basic tastes our tongues perceive. I’ve included some seaweed recipes in the appendix if you’re inclined to expand your culinary horizons.


Most of the algae we eat are macroalgae, but a number of companies are tinkering with microalgae and cyanobacteria, figuring out how best to process and market them for human consumption. Later in the book, I’ll drop in on the test kitchen of a promising enterprise in San Francisco and sample cookies, bread and other foods that contain algae protein and oil instead of eggs and butter. Spoiler alert: the results are satisfying.


Even if you don’t choose to eat algae directly, you reap their nutritional benefit every time you eat seafood. Because sea animals dined on algae, they accumulated algae’s omega-3 oils, so you benefit second-hand. But today, half the fish we eat are grown using aquaculture, where they are increasingly fed with corn and soy. Could we feed fish with microalgae and maintain their nutritional profile? A company in Brazil grows algae in steel vats for just that purpose, and I’ll tour its operation to see how they do it.


Algae are a hidden part of our lives. You can find them in the kitchen: in ice cream to prevent ice crystals from forming, in chocolate milk to keep the cocoa suspended, in salad dressings to keep the components mixed and in many other foods. Your tap water may have been filtered at the water treatment plant with live algae that remove nitrogen and phosphorus or with fossil algae that strain out particulate matter. Your fruits and vegetables may have been grown in soil supplemented with algae. You can find algae in the bathroom, where they thicken your lotions, keep your hair conditioner emulsified, gel your toothpaste and coat your daily tablets. And you can now wear algae on your feet: a Mississippi company I’ll drop in on is making the soles of running shoes from pond scum.


As useful as algae can be, there can be too much of a good thing. In our era of global warming and unabated fertilizer run-off, rampant algae overgrowth is taking over more of our lakes and bays. Some of these algae ‘blooms’ are merely unsightly, but others poison animals, including us. Florida has been hit particularly hard in recent years. In 2018, the governor declared a state of emergency in seven counties as millions of dead fish washed up along the Gulf Coast and hospital visits for respiratory illnesses caused by airborne toxins jumped 50 per cent.


Algae needn’t produce toxins to kill. Indirectly, they create aquatic ‘dead zones’, areas with little dissolved oxygen where nothing can live. There are now more than 400 major dead zones around the world, covering tens of thousands of square miles, and they’re expanding every year.


Algae’s ability to multiply like mad threatens lives and livelihoods, but can we somehow harness that prodigious productivity for the benefit of the environment? Like firefighters who create back burns to fight forest fires, a Florida company I’ll visit is battling a plague of algae with more algae. As the world’s vehicles, factories and power plants continue to pour carbon dioxide into the atmosphere, there may be a role for algae in that clean-up as well. Algae are scarcer in the Southern Ocean than in the others; scientists are investigating how we might expand their numbers and thereby pull more carbon dioxide from the atmosphere and sequester it on the ocean floor.


The story of algae is like a woody vine deeply rooted in the past, reaching out in many directions in the present, and sending out new tendrils to find new purchase in the future. To bring order to my luxuriant subject, I have organized it into four sections. In the first, I trace the birth of algae and their conquest of Earth. Next, I explore the pleasures of eating seaweed and meet some of the people in the multibillion-dollar business of bringing it to our tables. In the third section, I tell the stories of people who have discovered all kinds of other uses for algae, from glassmaking in the seventeenth century to plastics and fuel today. Finally, I investigate the power of algae to alter – for worse, but maybe also for better – our overheated atmosphere and polluted waters.


But before we begin a 3-billion-year journey to tomorrow, let me start just a few years ago and right in my own front yard.
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1. Pond Life


A few years ago, I noticed an ad in a local magazine for a mid-century modern home designed by an architect I admired. Out of curiosity, I stopped by, even though my husband, Ted, and I weren’t looking to move. I was immediately charmed by the glassy structure and especially by the pond – a square reflecting pool, really – that snugged right up to and across the front of the house. To get to the door, you had to walk across a pathway of slate paving stones that appeared to hover just above the water’s surface. Enchanting, I thought.


Enchanting indeed, for apparently it cast a benumbing spell on my rational brain. How else to explain that I didn’t worry that the partial second storey was tilted, seemingly intent on slinking off into the backyard, or that a soup pot sat on a bedroom floor, evidently to catch drips leaking through the roof? Why didn’t I notice that the pond’s concrete walls were crumbling, and that the basement wall that adjoined it was damp? Ted was less entranced with the architecture but was bewitched by the large and sunny yard pleading for the ministrations of a devoted gardener. Spellbound, we signed papers, wrote cheques, and then spent the first eighteen months of ownership dealing with the house’s structural problems. At last, Ted was able to turn his attention to the yard, and I focused on the pond.


Though neglected by humans, it was hardly abandoned by life. Reeds had grown up in the four basins sunk into its floor; dragonflies with iridescent wings darted among them. Spring peepers, brown tree frogs about the size of a quarter, serenaded us every evening with a high-pitched chorus. It was hard to spot the songsters; they clung to the mottled beige brick wall that borders one side of the pond and to the shrubs on the other. A few intrepid fellows climbed up the broad windows on either side of the front door, pasting themselves like decals on the glass. The peepers had relatives, big green bullfrogs with striped legs and bulging amber eyes who sat on the paving stones and added bass notes to the afternoon and evening concerts. When I opened the door, the big guys marked my exit with a drum roll of plops as they hit the water.


All the frogs had come to the pond to mate, and evidence of their success – dozens of wide, gelatinous ribbons of eggs, each with a little black dot inside – soon appeared. Two weeks later, the dots hatched into thousands, maybe tens of thousands, of mobile commas. They emerged into an ideal incubator. With no fish around to feed on them, the roving punctuation survived in creepy numbers. But there was one benefit of this mass of tadpoles: we didn’t have an algae problem. Young tadpoles gorge themselves on microalgae to fuel their rapid growth and metamorphosis. Our tadpoles were so numerous and hungry, the pond water was crystalline.


By September, the tadpoles had either died or turned into frogs or toads and moved on. I would soon miss them; in their absence the pond water underwent its own metamorphosis. First, I noticed a slight haze. The haze gradually deepened into a green murk. Then, one morning, I spotted crescents of scum collected in the pond’s corners, and I recognized – with both irritation and some amusement, given my research – that I had grown my very own algal bloom. Under the summer sun, without any predators, algae had done what algae do so well: multiply. I could have battled the bloom with chemicals, but it was time to repair the concrete anyhow, so I pumped out all the water, along with all its microscopic inhabitants.


In the spring, the pond’s only visitors were workmen. By July, the reconstruction was complete, and the rebuilt structure had an ultraviolet filter to zap suspended algae and six bubblers to keep the water gently rippling and oxygenated. My next step was to stock the pond. Even before we purchased the house, I’d pictured water lilies with yellow flower-bursts hovering above round, cloven leaves, and goldfish lazing about, vivid against a pitch-black pond floor. It was too late in the season to buy lilies, but a nearby aquarium store had plenty of goldfish, and I bought a mix of calico Shubunkins and piebald, orange-andwhite Sarasas.


The sales clerk also urged me to buy floating ferns called azolla to provide shade for the fish in the midsummer heat and a hideout from any passing waterfowl interested in takeaway sushi. That sounded like a purchase that a conscientious new parent of goldfish ought to make. But when the young man came back with a quart-size plastic bag of Lilliputian ferns, I thought he was kidding. The plants were pretty – in the bag, they looked like a bundle of green lace – but they were grossly inadequate for their job. It would be like me trying to shelter from a thunderstorm under a tropical drink parasol.


‘No worries,’ he assured me. ‘You’ll see. This stuff grows like crazy.’


Still dubious, I bought them, and as soon as I got home, I set the azolla and fish free. The fish flashed around in a school, evidently exulting in their escape from incarceration. The little ferns aggregated in a green disc the size of a dinner plate. By the end of the week, the plate had become a serving platter. Another week later, the platter was the size of a carpet sample. Within a month, I had a fuzzy green rug floating on the water, which was on its way to becoming wall-to-wall carpet. By fall, I only saw a fish when one surfaced to nibble on the greenery. I had wanted a fishpond but had a fernpond instead.


I have since learned that, under ideal conditions, azolla can double in two to three days. The secret of the fern’s success lies inside the tiny leaves that compose its delicate, half-inch fronds. The leaves have an upper and a lower lobe. The lower one is translucent and shaped like a cup, so it acts like the hull of a boat and keeps the upper green lobe floating on the water’s surface. Each green lobe has a central cavity, and in that cavity live thousands of single-celled cyanobacteria, the simplest, most primitive type of algae. A particular species called Anabaena azollae lives exclusively in azolla. Not only are these cyanos photosynthetic, they also take nitrogen gas out of the atmosphere and transform it (that is, they ‘fix’ it) into the nitrogen compounds that all creatures require to live. In exchange for safe harbour, the cyanos pass along much of their fixed nitrogen to their fern host. Terrestrial ferns use their roots to mine fixed nitrogen compounds from the soil, which means their growth is limited to what they can scavenge near their root tips. Azolla has no such constraints. Its cyanobacteria are in-home fertilizer factories, cranking out usable nitrogen all day.


Azolla’s rocketing growth is not always appreciated; in certain countries and regions, ecologists label it as an invasive pest. In a sluggish canal or a placid reservoir, give azolla an inch, and it’ll take an acre. It can block pump filters and cover a body of water so tightly that boaters find it impossible to make headway. But for all the trouble azolla can create, in East Asia it has ardent fans.


Takao Furuno is a man who loves azolla. For more than forty years, he has been growing rice on five acres of flat land near the town of Keisen on Kyushu, the southernmost island of Japan. Furuno is a wiry, warm and earnest man, at least as far as I can tell by watching him in videos and reading his published work. He and his wife, who have raised five children, work together to grow and sell organic rice, vegetables, ducks and duck eggs. Furuno is committed to the organic family farm, not only as a profitable economic endeavour, but as a spiritually satisfying and environmentally sound way of life.


Furuno was born in 1950 and grew up in the countryside of Kyushu. As a child, he played with his friends in the rice paddies and dug for loaches, a species of marketable, eel-like fish that burrowed into the wet mud when the paddies were drained. But by the time he was an adult and started his own farm, rice cultivation in Japan had changed completely. ‘We used to do it all by hand: weeding, harvesting, everything, but no longer.’ In the 1960s, farmers had turned to pesticides, herbicides and synthetic fertilizers, and rice farming had become a monoculture. ‘Rice productivity rose and farmers’ lives became much easier,’ Furuno says, ‘but there were no longer any fish in the paddies, and children no longer played there.’


When Furuno took up rice farming in the early 1970s, he started out using chemicals, as all the farmers around him did. But after reading Rachel Carson’s Silent Spring, he became concerned about the health of his young family and decided to take an organic approach. It was hard to make a financial go of it, though; weeds and insects ravaged his paddies. He was also working harder than his neighbours, rising before dawn and spending the entire day up to his shins in water, pulling weeds under the relentless summer sun. He tried all kinds of non-chemical methods of eliminating them: rotating between rice and vegetable crops, deep-water cultivation, double-ploughing, releasing young carp and using electric weeding machines. ‘But no matter what I did,’ he recalls, ‘the weeds defeated me.’


Then, in 1988, a fellow organic farmer in a nearby town told him about an ancient Chinese method of duck farming. Domesticated ducks were allowed to graze freely in rice paddies, where they ignored the rice plants and fed themselves instead on weeds and insects. Furuno decided to give it a try. That summer, he released four-week-old ducklings into a newly planted paddy surrounded with netting. The results were spectacular: the weeds disappeared completely and the ducks prospered.


Furuno went all-in for his own version of the Chinese method, which he called integrated rice-duck farming. He bred his own ducks, a cross between small migratory wild drakes and heavier domesticated female ducks disinclined to fly. Although Chinese duck farmers traditionally sheltered their birds in sheds after dusk, he knew that ducks (unlike chickens) have good lowlight vision and can forage on moonlit nights, so he kept them on the job around the clock. The extra hours his flock spent eating were helpful, but he kept losing ducks to the weasels, foxes and feral and domestic dogs that prowled the area, as well as crows and other feathered foes who could snatch a duckling. ‘If the predators succeeded even once in invading the paddy field and tasted the delicious meat, they continued to try desperately to get the ducks.’ Furuno baited steel traps with raw eggs to capture weasels, and he hung netting from poles around the perimeter of the paddies, either draping it over the little levees to entangle intruders or embedding the bottom edges into the soil. He even tried sleeping by the paddies to drive off intruders. Finally, after three years of experiments, he developed a foolproof system that combined electric fencing, embedded netting and fishing lines stretched in a zigzag pattern above the paddies.


Meanwhile, he perfected his rice-duck technique. He now transplants seedlings into his flooded paddies in early June and only introduces the fist-size ducklings three weeks later, when the young plants are large enough to stand up to the bump and bustle of the birds. Today he has about a hundred ducklings per acre that paddle about frenetically in the shallow water, unearthing weed seeds and stirring up silt that blocks the sunlight they need. Any weeds that do manage to poke their leaves up near the surface are nibbled relentlessly, if not uprooted altogether. The ducks also avidly pursue the various hoppers, cutworms and borers that devour rice plants, either catching them outright or, in their boisterous, wing-flapping efforts to reach them, knocking them into the water to their death.


Word spread of Furuno’s success in raising yields while eliminating the cost of pesticides and herbicides, and farmers across East Asia began to visit to learn his method. But he was not done tinkering. In 1993, he spoke with Professor Iwao Watanabe, an authority on azolla at the globally renowned International Rice Research Institute in the Philippines. Watanabe explained that for thousands of years, possibly as early as 6500 BC, Chinese rice farmers had purposefully cultivated azolla as a green manure. Their method was simple: buy a few ferns in the spring from purveyors who learned to keep them alive through the winter, add them to the paddies – where they multiplied mightily – and, after draining the paddies in the autumn, plough the azolla left behind into the soil. The azolla, rich in fixed nitrogen thanks to their cyanos, could double a paddy’s productivity. Buddhist monks travelling throughout East Asia spread the practice, and eventually millions of acres of paddies were covered in a bright green carpet of the fern. As a fertilizer, it was effective and cheap.


In the 1960s, however, when chemistry came to farming, the new herbicides were as deadly to azolla as they were to weeds, and the ferns vanished from farms, their use forgotten. Professor Watanabe, having heard of Furuno’s organic rice-duck method, thought the Japanese farmer might find growing azolla in paddies useful, not only as an organic fertilizer, but possibly as duck food.


Furuno tried it, and discovered that his ducks loved azolla. The ferns added enough additional calories to their diet that he could eliminate the supplemental feed he’d had to give them. (He still feeds his ducks a little broken, unmarketable rice, but merely to train them to come when he calls so he can easily gather them when he needs to.) In addition, he found that ducks feeding on azolla produce manure that is richer in fixed nitrogen. When the ducks’ churning feet break up their own excreta, some of the nitrogen is scavenged by microalgae, which then flourish. The enriched microalgae become food for insect larvae, which in turn become more nutritious duck food. Any of the ducks’ nitrogen-rich poop that drifts down to the mud is taken up by the rice plants’ roots, making for greener, healthier, higher-yielding rice plants. And the floating ferns don’t compete with the plants for other nutrients because they draw them from the water, not the soil.


In 1996, Furuno added fish – the loaches he’d seen as a child – to the menagerie in his paddies. The fish also eat the microalgae and provide more manure for the rice, as well as revenue from sales. Furuno’s rice-duck-azolla-fish method has now been adopted by more than 75,000 farmers in South East and South Asia, and that number is increasing. (It also earned him a PhD from Kyushu University.) Universities and research organizations across Asia confirm that farmers using his system have similar or higher yields than small farmers using conventional techniques. Moreover, they can sell their organic rice, as well as ducks and duck eggs, at a premium.


None of this would be possible without azolla, and azolla wouldn’t exist without the cyanobacteria living inside them. It occurs to me that Furuno’s rice paddy ecosystem is a microcosm of life on our planet: it all depends, and always has depended, on algae.




2. Something New Under the Sun


Imagine that you are a visitor on Earth 3.7 billion years ago, about 750 million years after the planet coalesced from cosmic dust. You are standing on a rocky volcanic island looking out over a greenish, iron-rich ocean that stretches to the horizon in all directions. There are no plants on your island; there is no soil for plants to grow in. Soil contains organic matter made of decomposed plant life, and no plants will grow on Earth for more than 3 billion years.


You will need to wear a breathing apparatus, as scuba divers do; as yet, there is no free oxygen on Earth. In fact, the atmosphere surrounding you is a deadly mix of carbon monoxide, carbon dioxide, methane, and possibly hydrogen and sulphur dioxide and nitrogen. But at least the temperature is pleasant: although the sun is only 70 per cent as bright as it is today, the carbon dioxide and methane keep the surface of the planet warm. Earth is rotating twice as fast as it does now, so you may be disconcerted to see the sun rise and set every six hours. The moon is also ten times closer and looms ten times larger and brighter in the sky. Its proximity gives it great gravitational power, pulling tides hundreds of feet in and out. You should be able to see its cratered surface clearly, but perhaps not this day. Volcanoes are far more active around the globe than they are now, regularly lofting ash and droplets of sulphuric acid into the atmosphere. At dawn and dusk, the sky glows shades of yellow and tangerine.


The world’s oceans have twice as much water as they do today, but the water is disappearing molecule by molecule. Because there is no oxygen in the atmosphere, there is no ozone layer. Without an ozone layer, ultraviolet radiation from the sun pours down on the planet unimpeded and blasts water into its components of hydrogen and oxygen. The lightweight hydrogen atoms go speeding off into space, and the oxygen immediately bonds with minerals in the water. Without an ozone layer, Earth is heading towards arid lifelessness, a fate that is befalling watery Venus, which is now bone-dry.


Nonetheless, at this time, there are oceans on our planet, oceans that harbour simple, single-celled bacteria and their single-celled cousins, the archaea. Like all living beings, these microscopic creatures need energy to function, as well as to construct more cell components when they are ready to divide to reproduce. Because their cell walls are rigid, eating their fellow creatures for energy is impossible. They can, however, pull compounds like hydrogen sulphide through their cell walls and into their interiors, where the compounds chemically react to release electrons. They use the electrons to create a short-term store of energy in a molecule called ATP (adenosine triphosphate). Then, using the energy of ATP and carbon dioxide dissolved in the water, the organisms build the organic compounds, including amino acids, proteins, lipids and carbohydrates, that they need to live and reproduce.


There are still plenty of such ‘chemoautotrophs’ around today, living in extreme environments like deep-sea hydrothermal vents or the hot, sulphur-rich springs in Yellowstone National Park. But sometime around the day of your visit (plus or minus 100 million or even 200 million years), a bacterium evolved that was truly something new under the sun. It floated near the surface of the ocean and appeared blue-green (cyan) thanks to its chlorophyll and other pigments. The pigments trapped photons, the particles of solar energy, which the cyanobacterium used to split water into hydrogen and oxygen, generate electrons and make ATP. Then, just as the chemoautotrophs did, it used ATP to construct organic compounds. The process, of course, is photosynthesis, and because the cyanobacterium burps oxygen as waste, it is called oxygenic photosynthesis. The process is so complex that scientists are still uncovering the details of its mechanisms.


Cyanobacteria were ideally equipped to prosper. Whereas archaea and all other bacteria simply floated around, hoping to bump into their favourite chemical food, these new kids on the block, rather than splitting molecules they might happen upon in the water, split the ubiquitous water molecules themselves. Eating whenever the sun shone, the cyanos multiplied extravagantly. And the oxygen they bubbled out will eventually (as in a couple billion years) float into the atmosphere, create a protective ozone layer, and save our blue planet from a dusty death.1


As if that weren’t enough, some species of cyanobacteria had more tricks up their blue-green sleeves. Life on Earth requires nitrogen; nitrogen is in DNA, ATP and proteins, among other compounds that living things absolutely require. Earth’s atmosphere has long been rich in the gas, but nitrogen atoms bind tightly to each other in molecular pairs, and life can’t use N2. Lightning strikes, blazing with 100 million volts or more of energy, can split N2 in two and combine the individual atoms with hydrogen and/or oxygen to make the fixed nitrogen compounds of ammonia, ammonium and nitrates. The trouble is, while lightning strikes are impressive, they’re not particularly munificent in creating these compounds. If life had relied on lightning alone, it would never have gotten off – or onto – the ground.


Enter cyanobacteria. They were able to accomplish exactly the same thing as lightning, albeit on a microscopic scale. Cyanos became the principal nitrogen fixers (diazotrophs) on the planet. Fortunately, they were happy to share what they made; they leaked about 50 per cent of their fixed nitrogen trove into the water, where other bacteria and archaea could take it up. Without diazotrophic cyanobacteria, only the simplest marine life forms would exist – and not too many of them at that. There simply wouldn’t be enough fixed nitrogen to go around.


Cyanos get extra kudos because fixed nitrogen wasn’t – and isn’t – easy for them to make. First, they had to manufacture an enzyme called nitrogenase, which contains iron and molybdenum and catalyses the reaction that fixes nitrogen. Then, they had to circumvent a problem of their own making: oxygen. Here’s the rub: an oxygen atom has six electrons in its outer shell and is always quick to grab two more to achieve its full complement of eight. Early ocean waters were full of dissolved iron, which has two electrons in its outer shell. You can see what happened: a cyanobacterium’s waste oxygen immediately grabbed the iron in a chemical embrace, leaving none for the cyanobacterium to employ to make nitrogenase.


Cyanos had to get creative. Some stopped photosynthesizing – and therefore emitting oxygen – while they fixed nitrogen. Others fixed nitrogen only at night while they weren’t photosynthesizing (thereby making hay while the sun doesn’t shine). Some joined forces with others of the same species to form microscopic filaments, like a string of beads. Every tenth or so bead stopped photosynthesizing and produced extra cell walls that made it impervious to oxygen. These beads (‘heterocysts’) devoted themselves to fixing nitrogen, and they survived by sharing their output with their next-door neighbours in exchange for sugars. Today, diazotrophic cyanobacteria still use one of these solutions.


But nitrogen was not the only problem cyanos had to solve to make it in the world. They faced another dilemma: they needed to gather sunlight near the ocean’s surface without allowing ultraviolet radiation to fry their DNA. In response, they evolved a slick exterior layer of polysaccharides (long chains of sugar molecules) called mucilage that acted as the world’s first sunscreen – and gave them their trademark slick surface. Ultimately, all algae would come to dress themselves in slime.


All in all, cyanobacteria were superbly equipped to prosper. Most species can double every seven to twelve hours, which means a one-by-one-foot plot covered in cyanos would cover the floor of a small office in two days. A few species can double every two hours, which means they could multiply to cover more than six football fields in the same period. Either way, with time measured in hundreds of millions of years, the first cyanobacteria multiplied beyond all imagination. Along the way, they evolved into species with a multitude of sizes and shapes: balls and ovoids, rods and spirals and filaments. (The smallest and most prolific, the round Prochlorococcus, was only discovered in 1986; there can be as many as 400,000 of them in a single teaspoon of ocean water.) Floating near the surface and stuck together by their mucilage, they formed masses of floating green mats. The mats assimilated the microscopic flotsam and jetsam of the era, which included common minerals such as calcium carbonate and magnesium carbonate, as well as dead microorganisms, and grew denser. All the while, living cyanobacteria glided – thanks again to their mucilage – towards the sunlit surface and kept multiplying.


Cyanos proliferated most abundantly in shallow waters where essential minerals such as phosphorus and molybdenum eroded from the rocks. Year by year, half-millimetre by half-millimetre, the mats grew deeper, and all but the top surface gradually hardened into layered rock formations. Over the aeons, these formations, called stromatolites, grew until they were hundreds of feet deep and miles long. Some formed domes the size of hills. Slice through an ancient stromatolite, and you see what look like countless layers of tissue paper, each a season’s growth, in tones of taupe, sand and ochre.2


The exponential growth of cyanobacteria continued unimpeded for about 1.5 billion years. Because they faced no predators, cyanobacteria kept reproducing, absorbing carbon dioxide, creating fixed nitrogen, and burping oxygen into the water. None of that oxygen entered the atmosphere, though. All of it latched onto dissolved iron molecules, creating iron oxide. In other words, the ocean rusted. Over the course of a billion years, cyanobacteria sent twenty times more oxygen than there is in the air today into the oceans, where it hooked up with iron and drifted down to the ocean floor in reddish particles. Ultimately, cyanos created about 85 billion tons of iron ore, an amount equal to 5 per cent of the Earth’s crust. Next time you open your steel car door or pick up a stainless steel fork, consider the cyanobacteria that helped make it.


One day, about 2.5 billion years ago, cyanobacteria’s oxygen combined with all of the oxidizable metals in the ocean and the first bubbles of oxygen drifted into the air. Free oxygen! Surely the curtain would now go up on complex life, fish would soon be swimming the seas, and amphibians crawling onto shore. But not yet; not for millions more years. Because land masses were rich in iron too, the first atmospheric oxygen went to rusting rock. Finally, with nothing left to bond with, the first molecules of oxygen slipped out of the water to float free into the atmosphere.


Paradoxically, what we think of as life-giving oxygen was actually catastrophic for living beings. Oxygen was toxic to bacteria and archaea that had evolved to live in anoxic water, so these species either died, mutated to use oxygen for respiration or relocated to the ocean depths, where oxygen hadn’t penetrated. But cyanobacteria had another powerful means to deal out destruction: lethal ice.


As oxygen molecules drifted into the atmosphere, some reacted with methane gas, transforming it into carbon dioxide and water. Both methane and carbon dioxide are greenhouse gases that trap solar heat in the atmosphere and prevent it from radiating back out to space, but methane has a far more powerful greenhouse effect. So, as methane became CO2, more heat escaped to space. At the same time, cyanobacteria continued to soak up carbon dioxide through photosynthesis and send large amounts of it to the ocean floor in the form of dead cells. In sum, cyanobacteria were slowly removing two greenhouse gases from the biosphere, and therefore cooling the planet.


Accelerating the process, the supercontinent of the era, Kenorland, was breaking apart into smaller continents and exposing more rock surface to the atmosphere. More rock surface meant more weathering, a process that also draws carbon dioxide out of the atmosphere. As a result, Earth grew colder and ice slowly advanced from its poles towards the equator until, about 2.4 billion years ago, it had become a giant snowball. In some places, ice and snow lay half a mile deep.


Microscopic algae, innocuous in the singular and extraordinarily powerful in the unfathomable many, had first conquered and then killed a living planet.





1 The very first photosynthesizers did not produce oxygen. Instead, they captured near-infrared light with a purplish pigment, stole electrons from sulphur compounds in the water, and pooped microscopic grains of pure sulphur as waste. They never prospered the way their cyano cousins did, but their descendants carry on in anaerobic waters today.


2 For the most part, stromatolites stopped forming hundreds of millions of years ago, when fish and other marine animals evolved and began grazing the living, topmost layer. But you can still see them in places such as Shark Bay, Australia, where the water is too saline for fish or snails to live. At low tide, the stromatolites look like boulders sitting on the sand, with oxygen bubbles rising from their wet surface.




3. Algae Get Complicated


The thing is, it’s hard to keep a planet cold if it’s got a hot heart. During the 300-million-year Huronian glaciation, while Earth’s surface lay ice-bound, magma and hot gases continued to rise from the planet’s molten mantle through volcanoes and rifts in the ocean floor. New methane and carbon dioxide entered the water and the atmosphere, gradually reversing the work of cyanobacteria. About 2.1 billion years ago, the atmosphere had trapped enough heat to defrost the planet. The cyanobacteria that had survived the big freeze – perhaps under thinner ice in equatorial regions or near the shores of active volcanoes – got back to work.


At this time, an entirely new life form evolved in the oceans. Previously, the only living creatures had been bacteria and archaea, both of which are prokaryotes: simple, single-celled creatures that have a rigid cell wall, no membrane-bounded nucleus and no organelles, and whose DNA is contained in a single circular chromosome. The newbie was a eukaryote, a far more sophisticated organism with a membrane-bounded nucleus that contained multiple linear chromosomes, as well as a host of other organelles. Chief among these little internal organs were mitochondria, which are oxygen-burning, internal combustion engines that convert food into energy. Mitochondria turbocharged the eukaryotes, enabling them to construct 100,000 times more proteins – and therefore more enzymes, hormones and structures – than prokaryotes. It was as if the new organisms had the power of a sophisticated 3D printer whereas cyanos had a starter set of Lego. Among the important new structures eukaryotes built was a flexible internal framework called a cytoskeleton and whirling flagella that propel them in their hunt for food. And hunting is the appropriate word. Prokaryotes ‘eat’ by transporting small molecules through narrow channels in their cell wall, but the more elastic eukaryotes, which are ten to twenty times larger than prokaryotes, can eat by engulfing entire organisms.


One day, roughly 1.6 billion years ago, one of these hefty, well-equipped eukaryotes bumped into a tasty cyanobacterium. The predator consumed its prey, as single-celled eukaryotes do, by first folding its wall around it. The fold became a pouch, which then closed and pinched off from the cell wall. The cyanobacterium found itself inside the predator, inside a vacuole – a bubble, of sorts – formed from a piece of the eukaryote’s cell wall.


This should have been the end of the cyanobacterium. The eukaryote’s digestive organelles – its lysosomes – should have latched onto the vacuole and broken its contents down completely. But on this one day, at this one unique moment, the victim somehow evaded destruction. The cyanobacterium took up residence inside its would-be predator. There it lived on, still intact inside its own membrane, as well as a second membrane, the ‘gift’ of the eukaryote.


Now the roles changed. The predator became a landlord; the victim its tenant. The eukaryote sheltered the cyanobacterium; the cyanobacterium, using sunlight that passed through the eukaryote’s cell wall, continued to make sugars. Some of those sugars it leaked into its host – rent payments, you could say. So cosy and comfortable was the cyanobacterium in its new home that it continued to reproduce. And when the eukaryote reproduced, its offspring inherited encapsulated cyanobacteria, like buying a house and having the rent-paying lodgers stay on. Over time, some of the cyanobacteria’s genes transferred into the nuclei of their hosts. This was a survival imperative; DNA replication takes time and energy, and those individual eukaryotes that eliminated duplicative genes could reproduce faster and more efficiently, and thus become more numerous, which is to say, more successful.


Eventually, the cyanobacteria lost so many of their genes – about 90 per cent – to their hosts that they could no longer function independently. They had become chloroplasts, the green, disc-shaped organelles that carry out photosynthesis. These eukaryotes could now feed themselves with the energy of the sun, making them photoautotrophs, and they ceased to be heterotrophs, organisms that feed themselves by eating other organisms. More precisely, they were eukaryotic, single-celled, oxygen-emitting photoautotrophs. In other words, they were now microalgae.


Microalgae evolved in other ways. They developed pyrenoids, bubble-like compartments in the cell that concentrate carbon dioxide around an enzyme called Rubisco, the enzyme at the heart of photosynthesis. In photoautotrophs, Rubisco catalyses the chemical reaction that converts carbon dioxide into organic compounds. With pyrenoids, microalgae were cooking on a professional range instead of a hot plate.


They also split into two major lineages in this period: red algae (or rhodophytes) and green algae (or chlorophytes). The third major group, the brown algae (Phaeophyceae) – likely a fusion between a red and a green alga – would evolve much later. Don’t be misled, though, by these colour categories. Algae and seaweeds contain a variety of pigments. Not only are some pigments more dominant than others, their intensity can vary with changing environmental conditions. Red algae can look dark green, purplish and even black; brown algae can appear green, red, yellow or even blue. What you see is not necessarily what you’ve got.


Microalgae were far more sophisticated, powerful and adaptable than cyanobacteria, and they seemed poised to take over the oceans. But poised they remained. Despite their advantages, they wouldn’t flourish for a billion years. From about 1.8 billion years ago to 800 million years ago (an era known as the Boring Billion), the simpler, smaller cyanobacteria continued to rule the waves.


What held microalgae back? For starters, they can’t fix nitrogen because they can’t manufacture nitrogenase. They never developed mechanisms for isolating the waste oxygen they produce, which meant they had to scour nitrogen, already fixed, from the water. Today, oceans, rivers and lakes have higher levels of fixed nitrogen, courtesy of cyanobacteria, but during the Boring Billion, the compound was in short supply.3


Fixed nitrogen wasn’t the only molecule holding microalgae back. They were also in dire need of phosphorus and other mineral compounds. Imagine two porous ceramic balls, one the size of a golf ball (a cyanobacterium) and the other the size of a large beach ball (a microalga). Drop them into a tub of red dye. It will take longer for the beach ball to absorb the dye and turn completely red than for the golf ball. In fact, if there’s not enough dye, the larger ball will never become fully red. Substitute essential minerals for dye in this thought experiment and you see the problem – the large microalgae required more nutrients than the surrounding water could supply. To make matters worse, microalgae need greater amounts of nutrients per volume than cyanobacteria do, thanks to their sophisticated structures. Even today, the nutrient-poor areas of the ocean are dominated by cyanobacteria. So, although the Boring Billion was an era of almost perpetual summertime, the living wasn’t easy for microalgae. Despite their advantages, they merely puttered along in shallow waters. The world was dominated by prokaryotes, and life made no great leap forward.





3 No eukaryote has ever been able to fix nitrogen. While certain plants – legumes such as peanuts and soybeans – are said to fix nitrogen, diazotrophic bacteria living on the plants’ roots actually do the job for them, in exchange for sugars the plants leak from their roots.




4. Land Ho, Going Once


Finally, life got more lively. How so? The Earth moved. Earth’s crust is broken up into a dozen rocky tectonic plates that move about on a softer underlying mantle. Some of the plates carry major land masses; others are covered primarily by water. At the beginning of the Boring Billion, the continent-carrying plates got locked together, like cars jammed into a junction when the traffic light has failed, and formed a single, massive continent. At the end of the period, about 800,000 years ago, rifts opened up at the plates’ junctures, and the continents slowly moved apart. As they did, more coastline was exposed to currents and tides. Erosion increased dramatically, spilling greater amounts of minerals into offshore waters. And, according to scientists Jochen Brock and Amber Jarrett at the Australian National University, the retreat of massive glaciers at the end of a major glaciation (the Sturtian) scraped phosphorus and other nutrients from rocks, which then washed into the oceans. The bottom line: more minerals fed more cyanobacteria, and more cyanobacteria meant more fixed nitrogen in the water.


All these nutrients were microalgae’s ticket to reproduce. Their numbers exploded, and they – along with cyanos – created vast, thick slicks of green scum along the new coasts.


At the same time, microalgae began to evolve, transforming themselves into the beautiful, exotic zoo of microscopic life forms that we see today. A group of round species, the coccolithophores, grabbed calcium carbonate from the water and turned it into armour of exquisitely sculpted shields and spikes that make the organisms look like carved ivory beads. (The skeletons of coccolithophores accumulated on the ocean floor for millions of years and are visible today, constituting much of the white cliffs of Dover.) Diatoms incorporated silicon into their cell walls, making crystalline shells that have upper and lower halves – or frustules – that fit just inside each other like a box and its lid. (When diatoms reproduce, their halves split apart and each one develops a new frustule mate.) Dinoflagellates evolved two flagella, hair-like structures that whirl with different rhythms and allow them to move forwards and to make controlled turns. Some microalgae evolved toxins; others luminescent compounds, perhaps to confuse predators. One group evolved an ability to thrive in hot water (up to 56 degrees Celsius or 132 degrees Fahrenheit) and tolerate sulphuric acid, arsenic and other heavy metals; another developed a flowing motion that allows individuals to ooze their way through sand and mud. Still others reproduced as single cells but joined together to form filaments, which likely deterred predators who found them too large and difficult to consume.
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Then, 650 million years ago, life took another big leap: some single-celled organisms became multicellular. (Multicellular organisms are those whose cells are permanently linked to one another, communicate among themselves, and perform different functions.) As multicellular creatures ourselves, the advantages of this body form seem obvious, but they aren’t really. For billions of years, life existed only in single-celled forms, which were extraordinarily successful. The question of why and how multicellularity evolved is one of the most interesting questions in evolutionary biology.


Biologist Steven M. Stanley at Johns Hopkins University suggested in 1973 that it began with microalgae. He proposed that small microalgae in danger of being eaten by larger, single-celled heterotrophs somehow banded together to make themselves harder to be engulfed. The theory is appealing: everyone intuitively understands that walking in a group through dangerous territory is a better idea than going it alone. But how exactly would the transition have occurred?


In the late 1990s, Martin Boraas, professor at the University of Wisconsin, recreated a process that might have started the journey. He and his colleagues had long been growing Chlorella vulgaris, a common green microalgae species, as a sort of guinea pig for their lab experiments. Ordinarily, an individual C. vulgaris reproduces by growing larger while simultaneously dividing into at least two and as many as sixteen daughter cells. The daughters then separate one from another, tearing apart the cell wall of the mother as they do, and quickly grow to adult size. Generation after generation, the microalgae reproduce in this manner. But once in a long while, a mutation leads to an incomplete separation of the daughter cells, which instead remain loosely clustered together and linked by a ropy membrane that is the remnant of the mother’s cell wall.


In his experiment, Boraas introduced a common single-celled predator, Ochromonas vallescia, into a microalgae culture. O. vallescia are twice the size of the microalgae, so they readily grazed them and, well fed, they reproduced with abandon. But once the predators had polished off most of their prey, their numbers declined sharply. Not surprisingly, the microalgae rebounded. These see-sawing population explosions continued, but over time, the composition of the C. vulgaris community changed. More and more of the offspring emerged from the mother cell not as single cells, but in those loosely attached clumps – clumps that, not coincidentally, were too large for the O. vallescia to consume. By the twentieth reproductive cycle, most of the microalgae reproduced this way. Even when predator numbers were low, the cluster form of microalgae prevailed. Boraas and others hypothesize that this sort of defensive strategy was a first step in the evolution of multicellular algae – seaweeds.


Seaweeds, or macroalgae, are more than conglomerations of microalgae. For starters, they have three distinct parts of their body, or thallus. Starting from the top, the blades of a seaweed are the organism’s chief light-capturing device, much like a plant’s leaves. (Some seaweeds’ blades branch, forming a treelike shape; others are a single pennant.) Many seaweeds have a second body structure, the stipe, which is a flexible, hollow, stem-like part that keeps the seaweed upright. In large seaweeds, the stipe also channels sugars from the most photosynthetically active blades near the water’s surface to the lower blades, which can be (as in the case of the giant kelp) more than 150 feet from sunlight. Most seaweeds also have a holdfast, which anchors the seaweed to sand, mud or rock, either with a kind of glue or with root-like projections. Unlike roots, however, a holdfast does not take up nutrients. Some seaweed species also have pneumatocysts, which are round or oblong gas-filled sacs that float the blades towards the surface, where photons are more plentiful. All the cells in the blades and stipes photosynthesize and take in minerals through their cell walls.


It’s hard to date precisely the stages in algal evolution because these organisms, including seaweeds, generally don’t fossilize. But in 2010, palaeontologists were excavating a site near Lantian in central China that had once been a coastal zone. Peeling back thin layers laid down roughly 600 million years ago, they uncovered the carbon shadows of thousands of inch-high seaweeds that had a narrow stem-like stipe and delicate, branching blades that look, in carbon profile, like twigs. In fact, the Lantian seaweeds look so much like tiny plants, it’s tempting to imagine that they simply crept onto land to become Earth’s first plants. But seaweeds were too specialized and had travelled too far down their evolutionary path to adapt to such a radically different environment. It would be like fish evolving directly into mammals without having passed through amphibian and reptilian incarnations. In fact, plants evolved from a far simpler group of organisms: a group of single-celled green microalgae called charophytes.
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The first step in the ultimate (but not inevitable) path to land was that some marine charophytes evolved to survive in fresh water. This was no small feat; oceans are dense with minerals that microalgae take up easily – so easily, in fact, that they developed electrochemical pumps to expel the excess. In fresh water, however, minerals are scarce and need to be pumped in, not out. This meant that if any saltwater alga was to survive in fresh water, it had to have a pump that worked in reverse.


Scientists suggest that, around 730 million years ago, certain charophyte individuals made just such an adaptation, perhaps in deltas where saltwater bays were infiltrated by freshwater rivers or, having been blown inland by storms, in freshwater ponds. In either case, some charophytes had a mutation that enabled their cellular pumps to work backwards. In fact, today certain charophyte species (the euryhalines) are able to adapt quickly from marine to brackish to freshwater habitats.


Imagine a freshwater charophyte microalga in a pond or stream, temporarily stranded on a damp, shaded bank. The alga could survive, especially if it rained from time to time, as long as it wasn’t blown out of its covert into searing sun and lethal heat. Ancient charophytes didn’t have holdfasts, but some had primitive rhizoids, delicate little thread-like extrusions that could lightly snag a surface. When an alga with rhizoids found itself stranded or blown onto land, its rhizoids helped it stay in place. Modern plants have inherited the genes that code for rhizoids; today, those ancient genes play a role in developing and maintaining roots.
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