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Introduction




Man and man’s earth are unexhausted  
and undiscovered. 
 Wake and listen!  
Verily, the earth shall yet be a source of recovery. 
 

—FRIEDRICH NIETZCHE (1911) 
AND THUS SPAKE ZARATHUSTRA





ONE DOESN’T HAVE TO VENTURE FAR INTO THE UNDERGROUND for new discoveries. Step out into the backyard, for example, push your thumb and index finger into the root zone of a patch of grass, and bring up a pinch of earth. You will likely be holding close to one billion individual living organisms, perhaps ten thousand distinct species of microbes, most of them not yet named, cataloged, or understood. Interwoven with the thousands of wispy root hairs of the grass would be coils of microscopic, gossamer-like threads of fungal hyphae, the total length of which would best be measured in miles, not inches. That’s in just a pinch of earth. In a handful of typical healthy soil there are more creatures than there are humans on the entire planet, and hundreds of miles of fungal threads.


Some zealous soil ecologists have recruited small armies of graduate students and marched them into forests and grasslands to compile a complete inventory of subterranean life. Within a dimension of one square yard (about one square meter), they typically uncover billions of microscopic roundworms called nematodes, anywhere from a dozen to several hundred of the much larger earthworms, and 100,000 to 500,000 insects and other arthropods (species with hard exoskeletons). And that’s in addition to the astronomical numbers of fungi, single-celled bacteria and protozoa, and other creatures that don’t fall into these major groups. Many of the arthropods are very tiny and can be spotted only with a magnifying lens. Some defy classification; they simply have never been seen before. Even in well-studied areas, new arthropods and other multicellular species of unknown function are routinely encountered.


The numbers are staggering, the biodiversity fascinating, and the potential for discovery unsurpassed by any other habitat on Earth. Yet we have spent more time and effort examining small patches on the surface of the moon and Mars than exploring the subterranean habitat of our own planet. The words of Leonardo da Vinci ring as true today as they did five hundred years ago: “We know more about the movement of celestial bodies than about the soil underfoot.” Even in modern laboratories, scientists are lucky if they can come up with the right nutrient mix to culture and study 1 percent  of the microbes found in a typical soil sample. This poor success rate is due in part to the complex interdependence between subterranean organisms. They can’t survive when isolated from their neighbors. Until very recently, we knew next to nothing about the 99 percent of soil microbes that we could not raise in captivity except what their rotting cellular remains looked like under a microscope.


NEW TOOLS, HOWEVER, have opened a window to the underground, ushering in a cornucopia of subterranean discovery. Many of these tools have been borrowed from the tool chests of molecular biologists. The same molecular techniques that allow modern crime labs to detect a fragment of the genetic material left by a suspect at a crime scene allow modern soil labs to probe for evidence of specific organisms or characterize the full range of microbial diversity in a pinch of soil or a rock sample from the deep Earth. This still leaves many questions unanswered, such as the function of the many genetic types found. However, by identifying similarities in the genetic codes of newly discovered organisms and those we are already familiar with, scientists are often able to determine the ecological role played by previously unknown genetic types. At this point, the scientific community is grateful simply to have an opportunity to begin to quantify and catalog all that we have been missing.


In addition to the revolutionary breakthroughs in molecular biology, advances in engineering are providing scientists with new tools for reaching the remote habitats of creatures of the underground. New specialized drilling equipment and sterile techniques have been designed to tunnel into microbial habitats more than 10,000 feet (3,000 meters) below the rocky continental crust and seafloor, and retrieve samples that are completely free of microbial contamination from the surface and soils above. Such explorations have verified the existence of independent ecosystems that thrive in these deep subsurface habitats without sunlight, oxygen, or traditional carbon food sources, and at temperatures often exceeding the boiling point of water. On another front, advances in fiber optics, camera miniaturization, and radio tracking devices have given scientists unprecedented opportunities to study the behavior of burrowing animals within their subterranean habitats. Ecologists have gained valuable information for protecting species at risk, such as the black-footed ferret. Such information can also be used to develop humane control procedures for burrowing animals that have become agricultural pests.


 Every venture into the underground using these new technologies takes us into unexplored territory filled with unexpected delights. The comment of Alice as she wandered through Wonderland—“curiouser and curiouser”—comes to mind. The textbooks can’t begin to catch up. Our old notions of biology are being turned topsy-turvy. We are beginning to realize what “surface chauvinists” we have been in our myopic vision of life on the planet, blind to all but the most obvious of subterranean creatures. The latest scientific data suggest that the total biomass of the life beneath our feet is much more vast than all that we observe aboveground. Despite the preponderance of new evidence, our overreliance on visual experience to define our sense of reality makes this notion almost impossible to accept. We see the density of a rain forest, or the enormity of a giant redwood tree, and can only shake our heads incredulously at the possibility of another living world, a hidden subterranean biosphere, more immense than the grand scale of life aboveground.


With each new subterranean discovery, it becomes more apparent that the niche occupied by Homo sapiens is more fragile and much less central than we once thought. Just as the astronomical discoveries of Copernicus forever changed our notion of our physical place in the universe, our new knowledge of the magnitude and genetic diversity of Earth’s subterranean world will forever change how we think about our place in the evolutionary “tree of life.” This revolution began inauspiciously in microbiology and soil ecology but has now spread to encompass the much broader disciplines of evolution and biology. And we have already benefited in practical ways from this revolution. For example, we are putting soil microbes to work for us to combat plant and human diseases, and to help in the cleanup of our toxic wastes.


THE STATUS OF SUBSURFACE biology today is reminiscent of where marine biology was fifty years ago, when Jacques Cousteau was first perfecting his Aqua-lung for exploration of another hidden realm—the oceans. It might sound odd, but my own experience with scuba diving was the spark that motivated me to write this book. Since taking up the sport just a few years ago, I have been awestruck by the scenic beauty and diversity of underwater life. I will always be grateful to the professional dive masters who have taken me and my friends on guided underwater tours. While we nervously stare at our gauges and try to avoid kicking each other with our fins, one of the guides will tap on his or her air tank and point—whoa! It’s a giant tarpon here, a manta ray there, or some other spectacular pelagic swimming below. Then, with hand signals, the guide herds us over to a coral formation and has us hover until we see what he or she has spotted— perhaps some tiny sea creatures doing a ritual underwater mating dance.


In my professional life as an ecologist, I have had the rare pleasure of exploring and learning about a realm—the subterranean world— that is just as diverse and fascinating as the oceans, but even less well known. It has also been exciting to bear witness to a scientific revolution in progress. I don’t think I exaggerate when I say that what I have discovered of the mysterious underworld of our planet not only adds tremendously to my enjoyment of the outdoors and appreciation for the full scope of Earth’s biodiversity, but enhances the quality of my day-to-day life. As a university professor and teacher, my natural inclination is to want to share this.


Knowledge of the incredible beauty, diversity, and activity of the subterranean world completely alters one’s perception of the landscape. Gazing out over a barren plain becomes an experience similar to that of gazing out at a wide expanse of turquoise sea. On my frequent walks along the trails of the Ellis Hollow woods near my home in upstate New York, I get the best of both worlds. There is, of course, the surface life to enjoy—the grassy meadows, the stands of maple, beech, and hemlock trees, the deer and scurrying rabbits being chased by my Labrador retriever companion. But I know this is just the icing on the cake. I am keenly aware of all that I cannot see—the thriving communities of unusual life forms beneath my feet, some of them perhaps several thousand feet below, playing their role in the cycling of the elements and other functions important to all life on the planet. Only hints of subterranean activities are revealed at the surface: The “earthy” perfume of soil bacteria known as actinomycetes, the small mounds of digested soil or “casts” left behind by earthworms, and the openings to the burrows of larger animals.


My doctoral training was in ecology and plant biology. My research program within an agriculture department at Cornell University for the past fifteen years has followed up, more or less, on that experience. Not surprisingly, my interest in soil organisms began with those that affect soil fertility and plant health, and in particular those that form mutually beneficial partnerships with plants. Professional interest evolved into a more personal interest as I was exposed, via scientific journal articles and discussions with colleagues in other disciplines, to the growing excitement generated by the revolutionary developments in many other aspects of soil biology. Writing this book has given me the opportunity to delve into those areas peripheral to my own research much more thoroughly and to discuss the details with scientists who have been at the center of the most exciting discoveries.


This book is by no means intended as a comprehensive treatment of the subject of soil ecology. My goals are modest: To introduce you to a few of the most intriguing creatures of the underground, and to the sometimes equally intriguing scientists and explorers who have studied them, from Charles Darwin and Lewis and Clark to those whose names may be less familiar. You may be surprised to learn of the many ways in which the diverse subsurface biosphere is relevant to our everyday lives and to the environmental issues we will be confronting in the twenty-first century. I hope to serve as a subterranean “dive guide” of sorts as we take a journey together into a mysterious world we are just beginning to comprehend.


As humans, we are a particularly “subterranean-impaired” bunch. We are oversized, solar- and oxygen-dependent, and genetically programmed to think in two-dimensional surface-space. These characteristics tend to exclude us from entering or fully appreciating the most fascinating habitats of the underground. What an adventure it would be if we could become microscopic spelunkers for a day in order to search for new life forms in the dark damp caverns of our backyard soil. Imagine rappelling our way down through a spectacular array of clay crystal formations, the beams from our hard-hat headlamps crisscrossing wildly as we try to catch glimpses of bizarre creatures scurrying about between the particles of sand and silt as big as giant boulders. We would get another perspective entirely if we could hop inside a microscopic submersible to join the unusual aquatic creatures that swim the narrow water channels of the upper soil horizons. If we could dive deep enough to roam the cold dark aquifers, or deeper still into the steamy zones heated by magma upwellings from the Earth’s mantle layer, even stranger worlds would be revealed. Such a “fantastic voyage” is impossible, of course, but with some imagination, there is nothing to stop us from taking an initial dip into the underground for an overview of what can be found there.


The subterranean is not one world but many. It is filled with many unique habitats, and the denizens of these habitats range in size from the microscopic bacteria to the easily visible earthworms and burrowing animals (figure I.1). Over evolutionary time, the activities of this diverse flora and fauna transformed the uppermost layer of the Earth from one of sterile, pulverized rocks and minerals to one that could sustain life both above- and below-ground.


When soil scientists visualize their subject of study they do not imagine a loose pile of dirt, any more than a doctor would imagine his or her patients as a pile of body parts. Soil scientists think in terms of soil “profiles,” which define the complex organic whole—the pattern of horizons or layers of minerals, organic matter, and living organisms as one ventures down from the surface toward bedrock. Soil profiles are used like fingerprints to classify soils in terms of their physical and biological composition and the history of their formation. Soils are referred to by taxonomic names based on their profiles, just as biologists use the binomial genus-species classification system to identify organisms. For those who know the taxonomy, a soil profile’s name immediately reveals what type of rock “parent” material the soil was formed from, details of its biological and climate history over geological time, the topography of the region, and its suitability for farming, skyscraper construction, or other uses.
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FIGURE I.1 Soil biodiversity within the root  zone. Depicted in the upper diagram are: (1)  buried seeds, (2) water bears, (3) springtails, (4)  mites, (5) insect larvae, and (6) ants. Depicted  in the lower, magnified view are: (7) clay particles,  (8) silt, (9) sand, (10) protozoa, (11) fungi,  (12) bacteria, and (13) nematode. Illustration  by Tamara Clark.






I’ll never forget my experience at a soil-judging contest when I was a graduate student at the University of California at Davis. I had accompanied a friend who was working toward his Ph.D. in soil science and was representing our school in a finals competition against other major land-grant universities. We could easily have been at a more conventional sporting event: The atmosphere was tense, and the contestants were focused, their adrenaline flowing. Soil pits about six feet deep had been dug in several locations in a meadow and up along a hillside to expose the profiles. Teams of students were in these pits with color charts, reference books, and meter sticks to measure the width of various horizons. The goal was to classify correctly the soils in each location. Winner take all. I was just an observer, so I listened while the Davis students debated in a fevered pitch among themselves. “Look, look at the cambic horizon; this has to be post-glacial.” “An Inceptisol!” one of them yelled out, pointing to one of the layers. “No way!” another grumbled. “See the shallow penetration of humus, and that argillic-like horizon? This is an Alfisol if I ever saw one.” I realized then that this special language of the underground, and a fascination with profiles, played a role in attracting many to this field of study.


Although my soil scientist friends would cringe at the notion of a typical soil profile, for purposes of introduction I have attempted one in figure I.2. The upper “O” (for “Organic”) horizon is not truly a soil by most people’s definition because it lacks the mineral components of soil—sand, silt, and clay. Commonly referred to as the “litter layer,” it may be composed of newly fallen plant debris, decaying logs, insect and animal carcasses at the top, and rich, partially decomposed organic matter and earthworm casts near the bottom. This layer can be several inches thick in a temperate forest or grassland, or almost nonexistent in a desert or tundra environment. The O horizon is the interface between the surface and subsurface realms, and many of the creatures one finds here inhabit both worlds. Familiar arthropods such as ants, sowbugs (“rolly-pollies” we called them as kids), millipedes, and beetles are among this group.


The larger burrowing animals also fall into the category of part-time soil dwellers. This group includes moles, ground squirrels, prairie dogs, ferrets, burrowing owls, rabbits, aardvarks, and foxes, to name a few. Many of them spend a lot of their time within the litter layer searching for food items such as fallen fruit, nuts, and tasty earthworms and insects. Others spend most of their time belowground feeding on plant roots. Still others are predators near the top of the food chain that roam the surface or the tunnels below in search of small prey. The burrowing animals as a group are among the most intelligent creatures of the underground, and many live in communities with a complex social structure. Prairie dog colonies often contain thousands of members and spread over an area of several square miles or more.




[image: i_Image1]



FIGURE I.2 Typical soil profile showing the primary soil layers, or  “horizons.” Illustration by Tamara Clark.





Fortunately for soil ecologists, the vast majority of activity takes place within the litter layer and the top layer of actual soil just below it, called the A horizon. The A horizon is typically four to sixteen inches (ten to forty centimeters) deep. It often contains the highest densities of plant roots and soil organisms of the entire soil profile. It is also often rich in decomposed organic matter as well as a mixture of sand, silt, and clay minerals. Much farm labor is devoted to managing this “plow layer” zone which is so important to crop productivity.


We tend to think of plants, whether crops, wildflowers, or gigantic trees, primarily in terms of their aboveground foliage displays. This is only half the story, of course. Plants are in fact unique in that they equally and simultaneously inhabit both the surface and subsurface worlds. They are the great mediators between the two realms. Their leaves gather carbon and energy through the process of photosynthesis, while their roots drill for water and mine the soil for essential nutrients. Plants eventually are eaten or die and decompose, serving as the base of the food chain for both surface and subsurface ecosystems.


The soil zone immediately around plant roots is a unique, highly populated habitat because it is rich in sugars and other nutrients that leak out from living roots or become available as small root hairs die and decompose. The roots themselves account for much of soil biomass. If we could magically take an upside-down stroll through the underground, we would experience a dark “forest” of roots as dense as the aboveground display of tree trunks, branches, and leaves.


The roots of most plants do not work alone in their quest for water and nutrients. They are helped by beneficial types of soil fungi, collectively called mycorrhizal fungi, that attach to roots and often form a below-ground network between plants of different species. Not all fungi are so helpful; some cause plant diseases, while others parasitize neighboring soil organisms. But the majority of fungal species are harmless and live strictly off of decaying wood and other organic debris, playing an important role in decomposition and nutrient cycling. The threads of fungi of all types that crisscross throughout the O and A soil horizons provide an added benefit for soils by sewing small soil particles together into aggregates. This improves soil “tilth,” or structure, improving drainage and aeration of the subsurface.


The thousands of species of bacteria found in the top two soil horizons play a vital role in the biogeochemical cycling of elements that is important to the sustainability of all life on the planet. Many break down organic matter to basic nutrients that can be absorbed by roots of plants or used by other soil organisms. There are very few waste products, pollutants, or toxins that cannot serve as food to one bacterial species or another. A few bacterial species found in the upper soil zones are pathogenic to plants, animals, or even humans. (Yes, Mother was right, you should wash your hands after playing in the dirt.) But others form important, mutually beneficial symbiotic relationships, such as the very important nitrogen-fixing bacteria that attach to roots and supply the plant with nitrogen in exchange for sugars.


There are many tiny micro-arthropods that inhabit the A horizon and the litter layer. Mites, which resemble tiny spiders, and springtails (some of which literally spring about when they come to the surface) are particularly abundant in most soils but are easily missed without at least a magnifying lens. As many as 100,000 springtails might be found in a square yard of forest soil. Springtails are also known as snow fleas because they sometimes appear in large numbers on melting snowbanks in early spring. Also very common are the non-arthropod, microscopic water bears. They were given this name by the famous nineteenth-century naturalist Thomas Huxley, who thought they resembled bears (see figure I.3). As their name implies, they are essentially aquatic and swim along the water films adhering to mosses and plant debris. Water bears are famous for their ability to dehydrate to a small percentage of their normal water content and hibernate until conditions become favorable again (for up to one hundred years if necessary!). As part of the soil food web, the water bears and arthropods feed on organic debris, nematodes, or fungi and other microbes that are abundant in the upper soil layers.


Earthworms, justifiably the best known and most beloved of soil creatures, can be found in the litter layer at night, when they creep up from deeper horizons to harvest fallen leaves. Walking through a deciduous forest, it is easy to spot the openings to earthworm burrows if one knows to look for the bouquets of dried leaf petioles sticking up from them. Often the first to attack freshly fallen plant debris, earthworms are extremely important as “biological blenders” of the underground. Their burrows create biopores that serve as an oxygen pipeline for plant roots and other subsurface life. Earthworms are appropriately named because as they tunnel through the soil horizons they consume huge amounts of dirt, gleaning it for useful food items. Their waste droppings, or casts, are rich in organic matter and nutrients and are heavily colonized by small arthropods and microbes, who break the material down further. In many ecosystems, quite possibly including your own backyard, the uppermost “soil” is composed almost entirely of casts left behind by earthworm feeding.
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FIGURE I.3 Scanning micrograph of a water bear (tardigrade), magnified  150 times. Water bears usually inhabit damp soil or mosses and leaf  litter. Courtesy of John H. Crowe, University of California at Davis.





Continuing our downward journey, the next layer is the B horizon. Roots and soil creatures are not difficult to find here, but their numbers are fewer. Arthropods are rare at this depth, but one would encounter earthworms (which can easily burrow to a depth of three feet, or one meter), fungi, nematodes, and bacteria. The B horizon is often high in clays, and some of the highly decomposed, black, gummy organic matter known as humus is sometimes near the top of the layer.


The C horizon, which typically begins three to six feet below the surface, is relatively devoid of organic matter. Soil life here is often exclusively microbial. The numbers of bacteria at this depth are usually less than one thousand within a gram of soil (a pinch), compared to populations approaching one billion per gram nearer the surface.


Until quite recently, scientists believed that the region below the C horizon was incapable of supporting life. But in just the past couple of decades, we have discovered thriving microbial ecosystems thousands of feet below our common soils. Some are so deep that they are heated by the radioactivity and upwellings of hot magma from Earth’s interior. The creatures that inhabit these environments are called “extremophiles” because they are living without oxygen or light, and at temperatures that often exceed the boiling point of water.


THE MORE WE LEARN about the spectacular biodiversity of the underground, the more questions we come up with. How and where did it all begin? How did surface and subsurface creatures co-evolve such an efficient recycling system, one that has sustained life on Earth for three and a half billion years?


Addressing questions such as these will be part of our journey, and will require some digging into the past. We begin our story in chapter 1 with the very origin of the Earth and its soils, and the evidence that life on our planet may have first emerged in a subterranean environment. In chapters 2 and 3, we examine the Earth’s most ancient life forms, the extremophiles, and learn how the discovery of their amazing genetic diversity has led to a complete overhaul in our thinking about the course of evolution and our place within the tree of life. In chapters 4 through 6, we learn about a few inconspicuous creatures of the underground (including a bacterium, a fungus, and the earthworm) and their tremendous impact on the cycling of elements and the flow of energy essential to all life on our fragile planet. Chapter 7 discusses the dual nature of soils with regard to deadly plant and human diseases: A few soil microbes have caused much human suffering, while others provide us with some of our most powerful antibiotics. Chapter 8 describes the tragic history of human interactions with prairie dogs and other burrowing animals. The final chapter explores the impact of human activities on the soil resources important to our food security, and the potential for using soil microbes for bioremediation of damaged soils.


No need to don special gear, other than perhaps reading glasses, for this journey. Just find a quiet spot, a comfortable chair, and let’s dive in.


















Part One 
ANCIENT LIFE






















1
 ORIGINS




The origin of life appears. . . to be almost a  miracle, so many are the conditions which would  have had to be satisfied to get it going. 
 

—FRANCIS CRICK, LIFE ITSELF: ITS NATURE AND ORIGIN  (1981)







Why, who makes much of a miracle?  
As to me I know of nothing else but miracles,. . .  
Every cubic inch of space is a miracle,  
Every square yard of the surface of the earth is  spread with the same,  
Every foot of the interior swarms with the same. 


—WALT WHITMAN, LEAVES OF GRASS (1855)





THE EARTH WAS NOT CONSTRUCTED WITH A DELICATE HAND. It was hammered into shape slowly, by the brute force of a meteor bombardment that lasted hundreds of millions of years. The soils, the seas, and our primitive microbial ancestors emerged in the midst of apparent chaos and catastrophe. The process began billions of years ago as our entire solar system was congealing from a swirling cloud of hot gases and nuclear ashes left behind by exploded stars. Some of the objects colliding with the Earth at this time were planetesimals—objects as big as small planets. The kinetic energy released by these impacts literally shook the Earth to its core and melted much of the rocky crust and interior. Some chunks of the planetesimals and meteors became permanently embedded in the Earth, while other pieces were sent hurtling off into space like giant shrapnel. The mass of the primordial Earth accumulated slowly, like a globe that grows as a sculptor slaps on clay, one handful at a time. With greater size, Earth increased in its gravitational force, attracting even more of the wandering debris of space.


It is hard to come up with a specific date of birth for our planet, given its gradual development. Basing their calculations on the “radioactive clock”—measurements of the level of radioactive decay of certain elements found within the Earth’s crust, such as uranium and lead—most geologists place the Earth’s age at about four and a half billion years. The Earth went through horrendous growing pains during its first billion years. Just as the frequency of meteor impacts began to decline, violent volcanic eruptions began to spring up around the globe as the planet’s hot interior “degassed.” When the Earth’s surface temperature finally began to cool, the massive volume of water vapor in the atmosphere condensed and poured down from the heavens in fierce rainstorms of truly biblical proportions. The torrential rains lasted millions of years, creating our oceans—the hydrosphere as we know it—in the process.


The original igneous and metamorphic rocks on the Earth’s surface, left behind by volcanic eruptions and upliftings from the mantle layer below, were washed by the relentless rains, and their minerals flowed into the oceans. This was an essential first step in the formation of primitive soils that would eventually support a vibrant plant and animal life. These primitive soils lacked organic matter but contained sand, silt, and clay minerals in various proportions.


Clays are unique among the mineral components of soil. They are chemically reactive, microscopic, crystal-like structures that form out of saturated solutions of silicate and metal oxides. Sand and silt, in contrast, are large, chemically inert particles formed by the simple weathering and pulverization of rock. Some clays are crystallized deep within the Earth’s mantle layer, at high temperature and pressure, and then brought to the surface by the churning motions of the Earth. This process is driven by radioactive heating deep within Earth’s mantle and is part of the same plate tectonic geological cycle that gradually moves the continental crusts.


HOW THE STARDUST components of our planet managed to buck the thermodynamic tendency for disorder, and organize into the intricate design of living systems, is a puzzle that has perplexed scientists for decades. This much is known: Life—the biosphere—originated sometime within those tumultuous first billion years of Earth’s history. Microfossils discovered in recent years, and larger fossils formed by visible colonies of bacteria that clump together in mats called stromatolites, provide unequivocal evidence that microbial life was present as early as three and a half billion years ago, perhaps even earlier. Given what we recently have learned about the setting just prior to the emergence of these creatures—meteor bombardment, an epidemic of volcanic eruptions, and intense ultraviolet (UV) radiation (there was no ozone filter in the upper atmosphere)—many scientists are becoming convinced that the ancestors of Earth’s first life forms must have originated well below the surface. Any new species that might have ventured out from Mother Earth’s protective womb in those early years would have been quickly destroyed by one surface catastrophe or another, its evolutionary path nipped in the bud. The young Earth was like a war zone where the safest place to be—the only place to be—was underground.


The notion of the underground as the cradle of life is contrary to a popular theory held throughout much of the twentieth century that life began in a shallow body of water, or perhaps in the surface waters of the ocean, where evaporation might have concentrated just the right “primordial soup” of ingredients for life to emerge. This theory arose from Charles Darwin’s speculation that life originated in “some warm little pond.” Darwin wrote this in 1871 in an informal, private letter to his botanist colleague Joseph Dalton Hooker. It was not an idea that he had particular confidence in or intended to promote. Nevertheless, his followers took the remark quite seriously. The letter has been cited in virtually every book and review article on the subject of the origin of life since Darwin’s day.


Darwin would probably be both surprised and a little dismayed to learn how much his casual comment influenced thinking on this matter in the twentieth century. In other writings, he made it abundantly clear that he felt the issue was best left to future generations, who would undoubtedly have a better foundation for tackling the subject. For example, in an 1881 letter to Nathaniel Wallich, curator of the Calcutta Botanical Gardens, Darwin refers to the issue as ultra  vires (beyond the powers) of science at the time: “You expressed quite correctly my views where you said that I had intentionally left the question of the Origin of Life uncanvassed as being altogether ultra  vires in the present state of knowledge.”


Although it is possible that the details of the origin of life may forever be ultra vires, we have many exciting new leads to follow as we enter the twenty-first century. Most of these point toward a subterranean environment rather than a “warm little pond” as the cradle of life—possibly within the murky sediments of the ocean floor or deep within the water-filled pore spaces of the continental crusts. As we shall see, support for this idea goes well beyond the fact that the underground would have been the safest refuge from the violence and climatic turmoil of Earth’s first billion years. The underground was also the place where the essential ingredients for primitive biochemistry were to be found, and where today we find bizarre microbes believed to be the direct descendants of Earth’s first life forms.


JUST A COUPLE OF YEARS before Darwin wrote his frequently cited letter speculating about the warm little pond, another famous naturalist of the day, Thomas Huxley, had published a bold and widely read essay entitled “On the Physical Basis of Life.” Although Huxley agreed with Darwin that it was premature to attempt to pinpoint the origin of life, he explained that living organisms are constructed from atoms and that life’s activities are ruled by the laws of physics and chemistry. Huxley reached very deep and stretched very far considering it would be another century before the field of molecular biology emerged. He was accused of religious heresy in many quarters, but this was nothing new for Huxley, who was already well known as a fearless and eloquent supporter of Darwin’s evolutionary theory.


Huxley identified four elements as primary ingredients for the evolution of life—hydrogen, carbon, oxygen, and nitrogen. Modern chemical analyses verify that of the more than one hundred elements in our periodic table, these four account for more than 95 percent of the atoms found in the human body. The same is true for bacteria, fungi, earthworms, great white sharks, giant redwoods, you name it. This similarity in the elemental composition of all life forms (that we know of) is a point that Huxley also emphasized.


What is even more remarkable, however, is the similarity between the elemental composition of living organisms and that of the universe as a whole. Recent spectroscopy measurements of stars and interstellar dust confirm that the same four elements identified by Huxley as the main components of most of the biosphere also happen to rank within the top five in cosmic abundance. The miracle of life, as we shall see, lies in its complexity, not in the scarcity of startup ingredients.


Hydrogen makes up more than 90 percent of all the matter in the universe, and more than 60 percent of the atoms in the human body. All of this hydrogen was formed in the fiery explosion of the “big bang” fifteen billion years ago. It is the simplest of all atoms, with a nucleus containing one proton, orbited by a single electron. All of the other elements in the human body were forged some time later by the nuclear fusion reactions of burning stars. In these nuclear fusions, the nuclei of simple light elements, beginning with hydrogen, collide to form the larger nuclei of the heavier elements. As William Fowler said in accepting the Nobel Prize for his work on the origin of the elements in 1983: “All of us are truly and literally a little bit of stardust.”


The Earth is by no means unique in the universe in containing the basic elements of life. In fact, due to the way things sorted themselves out in the initial formation of our solar system, the Earth has relatively less hydrogen, carbon, oxygen, and nitrogen than some of our planetary neighbors more distant from the sun. Nevertheless, the fact that we and all our biotic co-inhabitants are here is proof that the Earth contains enough of life’s essential elements to build a thriving biosphere, provided that a system for recycling those elements  is in place. Soil organisms play a central role in this recycling system, as we discuss later. The key question here is, why did life originate from these basic elements on our planet and presumably not on others?


Earth’s great advantage as a life-generating planet lay not in a superior abundance of essential elements, but in the fact that many of these elements were combined into specific molecules that facilitated an evolution from geochemistry to biochemistry. The 1871 essay by Thomas Huxley goes on to identify three simple molecules that were essential for the formation of life on Earth: water (hydrogen and oxygen), carbonic acid (carbon, hydrogen, and oxygen), and ammonia (nitrogen and hydrogen). Huxley’s assertion has stood the test of time. All modern theories of the origin of life recognize the important role played by these three molecules, and all concur that an abundance of one of them—water—is what is most unique about our blue planet.


It is within the milieu of water that the chemistry of all life as we know it takes place. Many of the other compounds essential for life are useful only in the presence of water. Their role is determined by whether they dissolve in water and by the effect of water on their electrochemical properties. Water is found nearly everywhere on Earth, both above and below the surface. Even in desert environments that appear dry and lifeless to us, thriving microscopic communities of subterranean organisms are often swimming happily within the thin water films that adhere to clays and porous rocks.


Prior to the appearance of life on our planet, it was within water and water-saturated soils and sediments that many important organic compounds (which contain both carbon and hydrogen) were first synthesized. Organic compounds such as amino acids, nucleotides, and lipids were the necessary building blocks for Earth’s first proteins, genes, and cell membranes, respectively. The synthesis of these building blocks could have occurred spontaneously only if the basic thermodynamic laws of nature favored the chemical reactions, or if energy was supplied to overcome the thermodynamic barrier. Just as a ball tends to run downhill rather than uphill unless we supply energy to push it up, a chemical reaction tends to go in the thermodynamically downhill direction unless energy is supplied to make it do otherwise. Christian de Duve, the Nobel Prize–winning biochemist, felt that “the pathway to life must have been downhill all the way.”


But life as we know it today does not just happen spontaneously. Biomolecules and their interactions with each other are highly organized and therefore go against the basic thermodynamic tendency toward entropy, or disorder. Living organisms have successfully battled entropy by evolving mechanisms to harvest external energy (the gathering of solar energy by photosynthetic organisms, for example) and use it to go uphill, to drive thermodynamically unfavored reactions.When an organism dies, this capacity is lost, entropy wins the day, and catabolic reactions break down complex biomolecules into their elemental components. The question is, how did those basic building blocks of life whose synthesis is not thermodynamically favored ever come into being before there were living organisms to harness the necessary energy?


One possibility is that some of the energy-requiring reactions occurred in the vicinity of, and were tightly coupled to, other reactions that were favored and released energy. Another possibility would have been fortuitous unpredictable energy input from external sources such as ultraviolet radiation or lightning strikes. In 1951, Stanley Miller, who was then a graduate student working under the direction of the physical chemist Harold Urey at the University of Chicago, conducted a landmark origin-of-life laboratory experiment that demonstrated this latter possibility. Within an apparatus of flasks, glass tubing, and condensing columns, he created an artificial atmosphere composed of hydrogen, ammonia, and methane and a water “ocean.” He passed electric sparks through the gas to simulate lightning supplying energy for chemical reactions. Within about a week of this treatment, the liquid contents had turned a vivid bloodred color, and Miller decided it was time to make an analysis of the results. To the surprise of the researchers and the rest of the scientific community, 15 percent of the original carbon of the methane gas turned up in several different water-soluble amino acids. Although amino acids are by no means huge macromolecules like some of the proteins that they are part of, their synthesis from a mixture of such simple ingredients was a bit of a shock.


Among the other important products of the Miller-Urey experiment were formaldehyde and hydrogen cyanide. Formaldehyde was an exciting result because it has the capacity to self-assemble into a ringed sugar molecule known as ribose, which is an important component of our genetic material—RNA (ribose nucleic acid) and DNA (deoxyribose nucleic acid). Hydrogen cyanide was initially considered an undesirable and toxic by-product, but later it was shown that it could lead to the production of adenine, another molecule of tremendous importance in biochemistry. Adenine, like ribose, is a component of RNA and DNA as well as a part of the structure of adenosine triphosphate (ATP), life’s most important molecule for the storage and transfer of chemical energy.


By the 1970s, some scientists were beginning to conclude that the puzzle of the origin of life was all but solved. Cooking up the “stuff of life”—amino acids, nucleotides, lipids—was proving to be a piece of cake. Add a dash of energy, perhaps lightning or UV radiation, to some common chemicals and . . . voilà! It wasn’t life exactly, but the results were interesting enough to stir the imagination.


Spirits were substantially dampened in the 1980s, however, when new evidence collected by geologists and astronomers began pouring in to indicate that the assumptions about Earth’s primitive atmosphere and oceans in the Miller-Urey and subsequent experiments were off the mark. Hydrogen gas is an element too light to have ever been held in our atmosphere in any significant quantities by Earth’s gravitational field. Also, while methane and ammonia may have been present in some phases of the evolution of Earth’s atmosphere, the concentrations assumed by Miller and Urey were almost certainly too high.


Just when it was beginning to appear that the brilliant experiments of Miller-Urey and others had been for nought, discoveries within some of Earth’s most obscure subsurface environments renewed hopes. It turns out that hydrogen, methane, ammonia, and other chemicals used by the pioneer origin-of-life researchers for synthesizing the basic building blocks occur in abundance near deep-sea hydrothermal vents and in certain regions deep within the Earth’s crust. These subsurface environments are hot—often near the boiling point of water—because of heat generated by radioactivity, compression, and upwellings from the mantle layer below. Energy budget calculations suggest that this thermal energy could be used to drive the synthesis of amino acids and nucleotides.


Although this discovery offered a reasonable explanation of how life’s basic building blocks might have been synthesized, as the twentieth century ended we were still very far from resolving the mystery of life’s origin. Ironically, it was one of the century’s major achievements in biology—the discovery of DNA’s function and complex molecular structure—that became the core of the impasse for origin-of-life researchers.


Biologists marvel at the size and complexity of DNA: Two nucleotide chains intertwined in the famous double-helix shape, with the precise sequence of the thousands of nucleotides in each chain determining the genetic code. Even with an abundance of nucleotides, how could these elegant genes of ours have been put together? And the same question can be asked with regard to the formation of complex proteins from a soup of amino acids. Expecting such things to happen simply by supplying energy is too far-fetched. As the Australian physicist Paul Davies put it, that would be like “exploding a stick of dynamite under a pile of bricks and expecting it to form a house.”


In modern cells, individual strands of DNA form the template for their mirror-image replication during cell division. This process is catalyzed by protein-enzymes that are very large macromolecules themselves, often comprising hundreds of amino acids folded up in peculiar ways. The various folds and prosthetic-like extensions of the enzyme help to hold the correct nucleotides close together and in just the correct orientation during the DNA synthesis process, thus reducing the energy requirement. But in a prebiotic world, before there were living cells with DNA instructions for the sequencing of amino acids, how would such enzymes have been constructed? It’s a mind-boggling catch-22 problem of interdependence. It is nearly impossible to imagine the synthesis of DNA (or RNA for that matter) without a protein-based enzyme to catalyze the hooking together of nucleotides, and it is equally hard to imagine how these required enzymes, composed of hundreds or thousands of amino acids, could be produced without instructions from DNA and single-stranded RNA “working copies” of the DNA code.
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