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Of Extremists and Eccentrics




A Personal Preface




Only connect! . . . Only connect the prose and the passion, and 
the two will be exalted . . . 
E, M. Forster, Howards End





Eccentrics live longer, happier, and healthier lives than conformist normal citizens, according to the neuropsychologist David Weeks. In 1984, Weeks started the first large-scale study of human beings who might be described as “splenetic” but have no psychiatric condition. His findings, which he summarized together with the journalist Jamie James in a coffee-table book, Eccentrics (1995), reveal that our society would be poorer without its eccentrics. Conformists may be easier to reign over, but they have neither written Ulysses nor developed the relativity theory. And not very many serious politicians ever managed to become nearly as popular as Joshua Abraham Norton, the King of California and Emperor of the USA, sadly overlooked by most history books. Asked whether he was eccentric himself, Weeks replied: “I’d be extremely proud to be thought of as eccentric, but I don’t think I’ve done enough yet to deserve it.”


Some other inhabitants of our planet, however, deserve to be called thus, according to James Lovelock, the creator of the controversial Gaia theory and self-confessed nonconformist. He once compared those microbes that prefer extremely hostile conditions—and that are the heroes of this book—to the eccentrics of human society. If there is a link between eccentricity and the preference for extreme conditions, it may have been my hidden eccentric disposition, which directed me toward the extremes when I crossed the lawn that separates the chemistry and life sciences departments on the Regensburg campus, looking for a topic for my final-year thesis. As a chemistry student, I had come to like the ways and means of physical chemistry, but I wasn’t particularly keen to study the dynamics of benzene-water mixtures or hypercritical mercury vapors. The influence of my then-girlfriend and lab partner—a collaboration that has shifted to the field of bringing up children—had supplied me with a rather informal knowledge in biochemistry, a subject that some German chemistry departments are still trying to ignore. The extracurricular readings in modern molecular biology served as an antidote to the history-heavy chemistry courses. Only conned!—applying physical chemistry to biomolecules, that was an attractive option. In my supervisor, Prof. Rainer Jaenicke, I found a kindred spirit, an exiled physical chemist in the Biology Department, who set me to work on a sufficiently eccentric project; the molecular adaptation of microorganisms to high hydrostatic pressures such as those found in the deep sea.


To generate high pressure in the laboratory, you need several kilograms worth of heavy metal equipment, which may have scared off fainthearted biologists. Thus, the high-pressure research in the Jaenicke group was nearly always carried out by a small number of chemists who had found their way across the lawn. The technical challenges are also to be blamed for. the fact that adaptation to high pressures is by far not as intensively studied as the high-temperature response. Hence, before trying to find out how the adapted microbes cope with the pressure 10 kilometers below sea level, the more basic question to address is why normal, non-adapted organisms can be killed by one-quarter of that pressure. While my wife-to-be pressurized innocent little gut bacteria to search for their stress proteins, I picked one particular cell component suspected of limiting the pressure resistance of bacteria, namely the ribosome, the cell’s protein, factory.


The subject, which grew in various directions over the course of four years, earned me my first degree, the doctorate, and a modest reputation within the small community of high-pressure researchers. In the spring of 1993, however, I decided to give up this ecological niche and venture out into the big wide world, specifically to Oxford—I was awarded a European Molecular Biology Organization (EMBO) fellowship to study protein folding by analyzing the structural tendencies of protein fragments (pep-tides) in the group of Sheena Radford at the Oxford Centre for Molecular Sciences. No more extreme conditions, and no more complex systems, thought I. However, when I took up the fellowship in May, my new supervisor had different plans for me. She asked me to investigate how the molecular chaperone GroEL interacts with its substrate proteins. GroEL, which we will meet again in Chapter 3, is a double ring molecule with 14 subunits, as well as being a so-called heat shock protein, so both the extreme conditions and the complex molecular systems came back to me.


In the same year I suffered a severe outbreak of writing addiction—a condition that had been dormant inside me since the faraway times when I used to invest more time in my school’s magazine than in homework. It began quite harmlessly with the idea to gain work experience in science journalism after finishing my thesis. This required publishable sample articles, which were indeed published and set me on the track of writing regularly for a major newspaper (Sëddeutsche Zeitung) and for the German edition of Scientific American (Spektrum der Wissenschaft). The work experience never happened due to the lack of spare time between Regensburg and Oxford, but the habit of writing for one or two hours after finishing lab and family duties stuck. As the list of my journalistic publications grew, I realized there was a common motif in many of the contributions. Most of them deal with complex molecular systems such as can be found in the cell and are also aimed at modem submicrometer-scale technologies. This idea led to my first book, Expeditionen in den Nanokosmos, a juxtaposition of biological and technological nanoscale systems, which was published in October 1995.


For the follow-up, I did not have to search long for a topic. At some stage it must have occurred to me that I had been dealing with extreme conditions and stress all my scientific life, first the high-pressure biochemistry, then the function of a heat shock protein, and that those people who happen not to work in the same field tend to be (rightly) amazed to hear that organisms can thrive under thousandfold atmospheric pressure, in boiling water, or in saturated salt brine. Thus, as soon as I had finished work on the Nanokosmos I was able to put together a viable concept for Life on the Edge, which, again, evolved in partial overlap with .my regular newspaper and magazine contributions.


The book starts with an introduction to life, its basic requirements and limits, leading to an attempt at defining the “normality” from which life’s eccentrics deviate. Then we embark on an armchair voyage around the extremely hostile places on our planet and make the acquaintance of their well-adapted inhabitants. Their niches can be quite small, such as caves underneath the ground, or really vast, such as the ice fields of Antarctica, We will face abrupt temperature drops, fatal pressure changes, and various chemical stress factors. And everywhere we will encounter organisms that not only tolerate these stress conditions, but even cannot live without them. After these impressions you may be curious to know how these organisms manage to cope with all these hostile conditions. Chapter 3 will give you some of the many different answers that nature has come up with. Due to the importance of biochemical details for the stress responses and adaptation mechanisms, you may find this chapter a little bit more demanding than the bulk of the text. Don’t give up, because afterward it will be downhill all the way. The amazing abilities of various microbes to deal with extreme conditions have also excited the imagination of both biotechnologists and medical researchers, and applications affecting our everyday lives may not be that far off. Once upon a time, conditions were extreme virtually everywhere on our planet. At the time when life originated, the Earth was an entirely different place from what it is today. Therefore, the origin and early evolution of life can very well be counted as “life on the edge” and is discussed, in detail in Chapter 5, At the very end we will raise our views beyond the horizon of our home planet and ask whether there is life out there, in the extreme environments that may exist on other planets.


To prevent the stress pervading the pages of this book from inflicting the reader as well, 1 have scattered stress-relieving Sidelines and biographical Profiles of some relevant scientists all over it. (Of course there are more relevant scientists working in these fields than I can present in detail; some of them are mentioned in the text, and most of them should turn up in the list of references. My apologies for any involuntary omissions.) A third kind.of diversion, labeled Focus, is to be handled with care. These are meant to provide stress-resistant and studious readers with more detailed accounts of current molecular biology issues related to the main topic. Less ambitious readers can safely skip these, as the understanding of subsequent sections does not depend on them in any way.


Of course, a book not only arises from night shifts at the computer; it also owes a great debt to conversations, correspondence, and e-mail exchange with many kind and inspiring people, including family members of three generations, Mends, colleagues, and editors. Many thanks to all who gave hints and tips, commented on parts of the German or the English manuscript, or Just asked a question reminding me that science can be really fascinating, even for nonscientists. Special thanks go to Jonathan Jones, who read the entire first draft of the translation, and to Kevin Plaxco, whose many inspired suggestions include the title of the English edition.


While I was working on this book during the night shifts, my day job took the shape of a David Philips Research Fellowship funded by the Biotechnology and Biological Sciences Research Council (BBSRC). In a five-year project, I am now studying the folding of “newborn” proteins, and the first model protein I am looking at, the cold shock protein CspB, also appears prominently in this book. Extreme conditions seem to stay with me whatever I am doing. Maybe that’s because I am an eccentric after all.


Postscript; It has been a special pleasure for me to see the arrangements for the English translation settled swiftly before the original edition was even on the market. Thus, only minor additions were needed to keep the book up to date, and a few formal changes were made to streamline the overall structure of the book. From what readers of the German version tell me and from my own impression from rereading the whole kaboodle for the purpose of translation, it should be fun to read—it certainly was fun to write and translate. Enjoy!





MICHAEL GROSS 
Oxford, June 1997














1
Introduction Life and Its Limits


Life is a paradoxical phenomenon. It is enormously varied—with creatures ranging from one thousandth of a millimeter to dozens of meters in length, having lifespans from hours to thousands of years, and with some species that spread over the whole of the globe, while others stay in their tiny ecological niche. And still, life is extremely uniform. All cells are built according to the same principles from the same molecular building blocks, no matter whether they are free-living microbes or a tiny part of a huge organism, and regardless of their position in the big family tree of life. 


Life is almost everywhere, as long as we stay on the Earth’s surface. However, if we consider the whole planet from its center to the outer reaches of its atmosphere, the biosphere will appear as a wafer-thin layer between the boiling lava and the freezing stratosphere. And if we were to “ask a learned astronomer” where to find life, the. answer would be: almost nowhere.


Seeing that life is ubiquitous on the Earth’s surface but extremely rare in space, we conclude that the conditions under which life can persist fall in a very limited range. Presumably this is even truer for the conditions under which life can arise. What makes our planet such a hospitable place is the fact that the environmental conditions are rather unspectacular compared with the rest of the universe, and amazingly constant over time. In fact, the observation that the average temperature of the Earth’s biosphere has barely changed during the three and a half billion years since the origin of life, although the energy intake from the Sun was 30 percent less than it is now, led James Lovelock to formulate the much-disputed “Gaia hypothesis.” His theory, named after the ancient Greek Earth goddess, states that the entire planet, including the biosphere as well as the inorganic constituents of the geo- and atmosphere, is a self-regulating cybernetic system, like a hyperorganism. We will have a closer look at Gaia in Chapter 6.


Despite the surprisingly moderate and constant climate, conditions in many areas of our planet are extreme by biological standards. In many places, microorganisms can only survive with the help of adaptive mechanisms against high or low temperatures, pressure, or chemical stress that evolved over millions of years. The number of different species in such extreme biotopes is typically much lower than in moderate habitats, and multicellular organisms are often absent. Exploring how the adaptation of microorganisms works and where it encounters its limits, we will also learn something about life, its fundamental principles, its origin billions of years ago, its diversity, and its limits.


And it is not just naturalists who are interested in microbes resisting extreme conditions. Engineers will appreciate that extremophiles may operate under high temperature and/or high pressure conditions that are quite common in chemical factories, but would be fatal for normal bacteria. Enzymes from hyperthermophilic bacteria, for instance, can be used in biotechnological processes at 100°C or beyond. Technological applications of these possibilities are only just beginning to be explored. In Chapter 3 we will discuss some of the most promising current approaches.


However, before we deal with the extremists, their habitats and limits, and their potential usefulness and danger for humans, we should recapitulate the basic facts of ordinary life: the things we need for a living, what we mean by normal after all, and which environmental conditions may limit the spread of life.







Things One Needs for a Living


A Eving organism is something extremely improbable, and not only because you hardly find any in the universe at large. Mainly it is improbable because it represents a highly complicated, ordered structure, while the fundamental laws of thermodynamics (the science of energy conversions) tell us that disorder of the universe (or any other closed system) must increase with time. The secret of living beings—why they can exist at least for a given lifespan despite the universal trend toward disorder—lies in their energy consumption. Living beings use up energy, the production of which creates an amount of disorder elsewhere that outweighs the order created by the organism. This is why life is so dependent on energy flow. Even a very energy-efficient organism that does not move and only replicates once in one hundred years will permanently need energy to defend .its ordered state against the natural tendency for disorder.1


Life’s energy is normally (we will discuss the exceptions) obtained directly or indirectly from the Sun. Those living beings that are able to transform the energy of sunlight into chemical energy and store it, namely the green plants and certain bacteria, are called the primary producers of the food chain. They use solar power to convert carbon dioxide from the air and water to carbohydrates and oxygen (Figure 1). Other organisms use this chemically stored energy when they eat plants and digest the carbohydrates or when they use the oxygen produced by plants to “bum” their food in energy-providing reactions. Further up the food chain, other animals eat the plant-eaters, and so on. Even bacteria degrading crude oil are using the chemical energy that plants stored millions of years ago. Similarly, if we bum fossil fuels, such as coal, oil, or natural gas, we reverse the photosynthesis reaction that plants carried out long ago. We bum the carbon that the plants built into organic molecules to form carbon dioxide and use up the oxygen produced by plants.


Next to energy provision, the availability of liquid water is the most important requirement for life. As we will see in Chapter 2, the limits of life are often defined by the boiling and freezing points of water, which under some circumstances (salty water, pressure) may be significantly different from the standard temperatures of 100°C and 0°C, respectively. The inability of other planets in our solar system to support life can largely be ascribed to the fact that they lack oceans.
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Figure 1. Two examples of simple food chains. Such chains always start from ar energy source (usually the Sun), which is employed by the primary producers foi the generation ol biomass.







It must be said that water is not just another liquid. Most probably there is no other small molecule that combines so many special properties as the simple molecule H2O. First of all, if the molecule behaved according to the properties of its constituent atoms according to their positions in the periodic table of the elements, the substance would not be liquid at all—it would evaporate at —70°C and freeze at —100°C. It should be more volatile than the heavier analogue, hydrogen sulfide (H2S), which is well known to be a gas at ambient temperature. Behind this apparently paradoxical behavior hides a phenomenon that is immensely important for the molecular architecture of all living beings—the hydrogen bond. This weak interaction links the molecules in liquid water to form an extensive network (Figure 2), implying that the chemical formula H2O is an oversimplification. To appreciate the impact of these weak interactions, just remember that they increase the boiling point of water by 170 degrees above what it would be if water were just a collection of H2O molecules.
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Figure 2. Schematic representation of the hydrogen bonding network in liquid water. The interaction relies on the electrostatic attraction between a positively polarized hydrogen atom (small circles) and the negatively polarized oxygen atom (large circles) of a different molecule.





It is not only that this liquid should lawfully be a gas; it also exhibits further peculiarities in its behavior. When water cools, its density increases— as with most other liquids. At lower temperatures, molecules move more slowly and therefore need less space. However, if water is cooled to 4°C, the effect is reversed: Further cooling will decrease the density, and freezing will promote this. Both effects have important biological consequences. If, for instance, a lake cools in winter (losing most of its heat through the surface), cold water from the surface will sink and ensure thorough mixing and uniform cooling as long as the temperature is above 4°C. Below this threshold, however, cold water is lighter than the rest and will stay on top. Similarly, when the lake starts freezing ‘over, the ice is lighter than the water and floats. Thus, the bottom of the lake can preserve the temperature of 4°C during weeks of frost, isolated by the top layers of ice and cold water. The anomalous behavior of water thus facilitates the survival of life in the lake even in severe winter conditions.


Moreover, the expansion of wafer upon freezing makes porous stones crack when they are soaked and then frozen. This effect, which we tend to regard as highly undesirable when it affects roads and bridges, is immensely useful in nature. It facilitates the weathering of rocks and thus speeds up the formation of soils suitable for plant growth. The scarfaced looks of the Moon and our neighbor planet Mars, which retain marks of meteorite impacts suffered billions of years ago, remind us that the relatively rapid turnover of the surface is a very special feature of our planet.


All living organisms consist mainly of water and need water to survive. The molecular building blocks of their cells need water to assume their correct functional architecture. Life is not only endangered when water freezes or evaporates. Chemicals such as salt ions can compete with cells or biomolecules for the proximity of water molecules and thus exert a chemical stress that only a very few microbes can cope with (Chapter 2).


A further special and life-enhancing property of our planet is the presence of a variety of more than 80 chemical elements. Among the 15 most common elements of the Earth’s crust (Figure 3) we find a wide range of chemical properties opening a plethora of possibilities. Except for the rare noble gases, all eight groups of the periodic table are represented, and in addition we find three transition group elements (titanium, manganese, iron). In contrast, the universe at large is dominated by the two lightest kinds of atoms. Roughly 90 percent of all atoms are hydrogen, another 9 percent helium. With these two alone, one could not even form a chemical compound, let alone anything resembling life.
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Figure 3. Relative abxmdance of the chemical elements (a) in the universe (atom percent), (b) in the Earth’s crust (weight percent), and (c) in the human body. Panel (d) shows the elements universally required for cellular life on Earth and their positions in the periodic table; boldface indicates the 11 elements universally essential for life as it has evolved on Earth.





The bulk of all living matter is made up from 11 chemical elements; hydrogen (H), carbon (C), nitrogen (N), oxygen (O), sodium (Na), magnesium (Mg), phosphorus (F), sulfur (S), chlorine (Cl), potassium (K), and calcium (Ca). (This list is ordered by increasing atomic weight. From the fact that calcium is the heaviest element on the list, you can see that these elements are all among the first 20 of the 118 elements of the periodic table.) All of them are in the top 20 list of natural abundance in the Earth’s crust, but it is still interesting to note which of the most common elements evolution did not use on a significant scale. For instance, the second most common element, silicon, was mostly ignored by evolution, while the lighter analogue, carbon, was assigned the key role for the construction of biomolecules. This can be explained by the fact that it is easy to form long-chain molecules with carbon, while silicon in its chemical compounds tends to form three-dimensional networks, as it does, for instance, in clay minerals. Furthermore, the simplest stable compounds that carbon forms with hydrogen and with oxygen (methane and carbon dioxide, respectively) are volatile and therefore easily accessed for chemical reactions, while the silicon oxide (SiO2) as found in glass, quartz, and sand is an inert solid, and silicon-hydrogen compounds tend to be much less stable than hydrocarbons. The winner of the bronze medal in abundance, aluminum, is equally rare in biological systems. Although aluminum is the most abundant metal in the crust, it is largely locked in minerals and difficult to extract even with modem technology (hence its relatively high price).


Presumably, the choice of the essential elements by early evolution was governed by supply and demand, taking into account that the supply must have been available in a gaseous or water-soluble form under the conditions dictated by the reducing primeval atmosphere. The complete absence of heavy metals from the list of universally essential elements can be attributed to their well-known tendency to form insoluble sulfides with the hydrogen sulfide abundantly supplied by volcanoes. One could, however, imagine a different outcome, within limits. If potassium had been absent when life originated, rubidium could have done the job as well. Evolution could have used manganese instead of magnesium, or strontium rather than calcium, and could still have built cells that would have looked like the ones we know and would have populated the globe quite as efficiently. The essential elements, therefore, are not essential for life as such, but have become essential for life on our planet during its evolution.


Still, it is difficult to conceive of a diverse biosphere without carbon or nitrogen. Although researchers have speculated that the first genetic information was propagated in clay minerals before cellular life arose (Chapter 5), such forms of “inorganic life” would have very limited potential to spread and adapt. If they ever existed, the “genetic takeover” by the more versatile organic molecules and cellular life has clearly marked their limitations. Thus, when exploring for life on Mars or further afield, scientists tend to look out for signs of carbon-based metabolism (Chapter 6).


In addition to the 11 universally essential elements, evolution has recruited many more for services in certain families of organisms. The heavy metals iron and zinc are essential for animals, for instance. Some bacteria require copper-containing enzymes, others incorporate selenium, into their proteins, and there are many more examples of elements with special biological tasks. For the organisms concerned, these elements are of course as essential as the ones quoted earlier. However, these remain special cases that cannot be generalized to life on Earth.


Finally, life needs living space, preferably with a reasonably stable climate. The diversity of the biosphere owes a lot to the diversity of the biotopes and the accompanying opportunities for life forms to invade new habitats and adapt to the new requirements until they ‘differ from those that stayed behind. The slow geological processes that continuously turn over the Earth’s crust, such as continental drift or the formation of mountain ranges, have an important role to play in this, as they separate areas that were adjacent, create new biotopes, and change environmental conditions slowly enough to give organisms time to adapt. Once again, we are reminded of the interrelationships of bio- and geosphere which are the focus of the Gaia theory (Chapter 5),


With the diversity of biotopes, we have almost arrived at the topic of this book, but before we set out to explore the extreme biotopes of our planet, we have to face a question.







What Do We Mean by “Normal” after All?


The survival of an organism, a population, or a species may depend on numerous factors of widely different nature. First of ail, there are biotic as well as abiotic factors. The former, such as predators, parasites, and competitors, are the subject of the research field of ecology, which I will not attempt to present in any detail. The latter arise from the nonliving part of the environment, from physical and chemical conditions that are directly related to the forms of stress that this book is about. In turn, they can be classified into physical and chemical factors.


Let us start with the simple things. Some physical parameters are practically constant on the whole surface of our planet. The atmospheric pressure at sea level is approximately one atmosphere (1.013 bar), wherever you are. The variations in atmospheric pressure that we experience as the changes in weather only amount to a few percent of this constant. Earth’s gravitational force is the same everywhere. Each falling body is accelerated by 9.81 meters per second every second of its fall (if we ignore friction).


The chemical composition of the atmosphere and the oceans is rather uniform as well. The freezing air over the poles as well as the steaming air of the jungle contain 21 percent (by volume) oxygen, 78 percent nitrogen, with carbon dioxide and noble gases sharing the remaining 1 percent-provided one removes the variable content of water vapor. Seawater always contains about 3,0 percent salt, the rivers and lakes much less (except for lakes with no outflow, like the Dead Sea).


So much for the global constants. The most striking variability is observed in temperatures. They range from — 80°C in the antarctic winter to 250°C in the plumes of deep sea hydrothermal vents. As most organisms do not enjoy the comfort of an inbuilt central heating system the way we mammals do (to say nothing about insulation standards), the “body temperature” is, for most cells, exclusively governed by the environmental temperature.


Which temperature you regard as normal depends strongly on whether you were born and bred an Inuit or a Californian, a polar bear or a gut bacterium. The latter, if they dwell in human intestines, would regard 37°C as the most normal temperature in the world. This meets the approval of all medically or zoologically oriented biochemists and micro-biologists, who define physiological conditions as a lukewarm, slightly salted brine. Researchers who favor practical considerations would define normality by the standards of the common or preferred room temperature, for instance 20 or 25°C depending on the altitude of their habitat.


However, there is no such thing as a norm or a physiological standard temperature for all living beings. At best, one could define a range of moderate temperatures as opposed to extreme temperatures. Thus, a range from, 20 to 40°C would be a normality that could be accepted in a global opinion poll. Organisms that prefer warmer temperatures than these will henceforth be called “thennophilic/” and those that prefer cooler temperatures ‘“psychrophilic”2 But we will realize that for many living beings much higher or lower temperatures are perfectly normal living conditions.


In the oceans, hydrostatic pressure (which increases linearly with the depth under the surface) joins temperature as another physical variable from which the cells cannot isolate themselves and to which they must therefore adapt. As we will see, our human view that one atmosphere should be called the normal pressure is factually incorrect for more than half of the biosphere. Three-quarters of the total volume of the oceans, corresponding to 62 percent of the biosphere, is subjected to hydrostatic pressures more than a hundredfold higher than our beloved atmospheric pressure.


With respect to the chemical variables, the average, most common values are normally regarded as standards. Neutral pH (neither acidic nor alkaline), moderate salt concentrations, availability of oxygen and nutrients—these are typical conditions found in the more hospitable parts of the Earth’s surface. One could call those conditions “normal” or “physiological” which allow the archetypical “Joneses” of microbiology, the gut bacteria called Escherichia coli (or E, colt for short), to thrive. But there are quite a lot of less hospitable places with less “physiological” conditions as well. These exceptions to the rales will teach us something about life’s capacity for adaptation and the limits of life.







The Limits of Life on Earth


Even though life on Earth has, in the course of evolution over billions of years, adapted to various extreme conditions in amazing ways, as we will discover later, the laws of physics sometimes put a halt to adaptation and define an absolute limit beyond which no life can exist. With respect to heating and cooling, the temperature as such is much less limiting than the availability of liquid water. In environments where salt content and/or hydrostatic pressure increase the boiling point and decrease the freezing point of water, extremophilic microorganisms can thrive at 110°C or at —5°C, as long as the water remains liquid. Of course, the range cannot be expanded indefinitely. Research into the stability of Momolecules suggests that an upper temperature limit exists at around 120°C, beyond which the molecules of the cell would decompose more rapidly than the cell could replace them.
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Figure 4. Schematic representation of. the greatest heights and depths on Earth, with the corresponding values of pressure and temperature.





As for the hydrostatic pressure in the deep .sea, an upper limit of pressure tolerance of cells certainly exists, but the oceans are not deep enough to reach it. Even at the highest pressures occurring in the deepest trenches of the Pacific (1,100 bar at 11 kilometers below surface), bacteria can thrive. Jules Verne, in 20,000 Leagues under the Sen, predicted correctly that one would find life at these pressures. However, he overestimated the depth of the oceans and assumed a dead zone beyond 12 kilometers. (A schematic representation of the greatest heights and depths of the earth with corresponding temperatures and pressures is shown in Figure 4.) The fundamental limit set by physics may lie somewhere between twice and three times the highest pressure found in the oceans. Of course no one knows the limiting pressure to which organisms could have adapted if there had been deeper oceans to populate.


Chemical stress, such as high salt concentration, or acidity, does not set firm limits to life. As we will see later, in the case of acidity this is partly due to the fact that this stress factor can be excluded from the interior of the cell, requiring adaptation only for those parts that deal with the outside world.


In summary, we should acknowledge that our home planet is quite a nice place to live. The relatively mild and constant conditions have encouraged the evolution of a biosphere of enormous diversity. We will get an impression of how diverse life on Earth is when we visit its fringes, those extreme biotopes that evolution may have had to conquer during millions of years of adaptation to extreme conditions.3









Endnotes


1. The eminent physicist Erwirt Schrodinger (1887-1961) addressed this issue— the thermodynamics of the living cell or how to create order from disorder—in his famous 1943 lecture series, “What Is Life?” However, it was the issue of “order from order” which had direct influence on the founding of the science of molecular biology.


2. From ancient Greek thermos, psychros, and phflos, tot warm, cold, and friend, respectively.


3. However, some researchers believe that the history of life began with extreme conditions, specifically with hyperthermophiles in hot submarine biotopes (Chapter 5), suggesting that we mesophilic organisms lost the heat resistance when we settled for a cooler lifestyle.














2
Extreme Environments and Their Inhabitants


You may have read sensationalist headlines claiming “life in boiling water,” “stone-eating bacteria,” “bugs at the bottom of the sea,” or something similar, and you may have wondered, are these actually true? Well, although few of these things were known or even suspected a couple of decades ago, scientists now have compelling evidence for all of these claims and for many others that are equally amazing. Inhospitable places on our planet, from steaming hot springs to the deep freeze of the polar regions, tend to be populated by specially adapted microbes that seem to enjoy the specific extreme conditions and that are therefore called “extremophiles,” In this chapter we will explore a variety of sites where environmental conditions range from the uncomfortable to the downright nasty and will meet the extremophilic microbes that live there.
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profile_____________________________________
Thomas Brock and the Discovery of the Hyperthermophtles




Thomas D. Brock was born In Cleveland, Ohio, in 1926 and admits to being self-taught in almost all of his many occupations; he had already been on an odyssey through various branches of biology before he visited Yellowstone National Park for the first time in 1964. At the time, he was particularly interested in the ecology of microorganisms, and hence he was surprised and fascinated to find rich micro-bial life in the outflow channels of the hot springs, in the form of colorful mats or pale-pink gelatinous masses. The next summer he and his wife, Louise Brock, returned with scientific equipment for a two-week “working vacation,” They first studied the algae that lived in the outflow channels at greater than 60°C. But then they found evidence that bacteria flourished even in springwaters as hot as 82°C, They isolated and described the first extremely thermophilic (hyper-thermophilic) bacteria. Among the very first isolates was one Brock baptized Thermus aquaticus. More than two decades later, the DNA-synthesizing enzyme of this bacterium (Taq-polymerase) became a best-selling biochemical, as we will see in Chapter 3.


Why did nobody else investigate these bacteria before Brock, as Yellowstone is well known and open to everyone? There is a simple reason; In order to isolate a certain species of microorganism, micro-biologists carry out so-called enrichment cultures. First, they take a small sample of soil or water home to their laboratory, which they then cultivate’ on sterile growth media under conditions that they think favorable for the organism they want to find. The outcome of this approach is of course heavily influenced by fundamental assumptions or prejudices. If researchers believe (as they actually did before Brock) that 55°C is an extremely high temperature for any microbe, and if they therefore grow their enrichment cultures for the isolation of thermophilic bacteria, say, at 40, 50, and 60°C, they will never find a bacterium that has its growth optimum at 95°C. Thomas Brock, however, had always been in favor of field studies and observation of microbes in their natural environment. So he took samples ©f the hot springs, cultivated them in media that mimicked the composition of the spring water, and sometimes even used the very same spring as a thermostatic bath for the incubation. And with this straightforward approach, he opened up a whole new world of microbiology: To put it in a nutshell. Brock found life in boiling water.


Brock became famous, both as the founder of the research field of hyperthermophiles and as the author of the classical textbook Biology of Microorganisms. In a recent alltobiographical essay, he specifies the exact moment when he realized that he had made it. It was in May 1970, at a cocktail party of the American Society for Microbiology. When he mentioned that he worked at the University of Indiana, he was asked: “Are you with Brock?” Truthfully, he replied: “No, I am Brock,” Meanwhile, he has a bacterial species to his name (Theimoanaerobacterbrockii) and has become a role model for generations of microbioiogists who started looking for life in apparently inhospitable places and exclude the word “impossible” from their vocabulary.







Some Like It Hot: Life around Geysers and Volcanoes






Terrestrial Hot Springs


The discoveries of extremely heat-loving (hyperthermophilic1) bacteria made by Thomas Brock and his co-workers in the hot springs of Yellowstone National Park during the 1960s (see Profile) encouraged other microbioiogists to hunt for hyperthermophilic microbes in the hot springs and boiling mud holes of other volcanic regions in other continents and on the sea loor. Suitable places are found, for instance, around the Pacific, in Iceland, and in Italy. The hunters and gatherers of extremophilic microbes, such as the German microbiologist Karl Otto Stetter, travel regularly to the geysers of Iceland, the solfatara fields in Italy, or the volcanoes of New Zealand. In all these places, water is heated by volcanic activity, often up to the boiling point.


Most (but not all) hot springs are found near active volcanoes. They work by the same principle as an electric shower, namely by heating the water continuously while it flows through (Figure 1a). Groundwater sifts through cracks in the ground down to the voleanically heated rocks, from where it rises to the surface through different channels.


Geysers, in contrast, are more like a reservoir boiler, which heats a huge amount of water diseontfnuously. The reservoir has only a single channel for entry and exit, and the water, which is heated from below, cannot circulate freely (Figure 1b). Depending on the height of the water column and the hydrostatic pressure it generates, the boiling point of water is increased at the bottom of the geyser. Thus, the overheated water can reach temperatures of, say, 120°C. When it eventually does start to boil (Figure 1c), the steam presses part of the water out of the “bottleneck,” thus reducing the liquid column and the hydrostatic pressure. This enables a bigger fraction of the overheated liquid to evaporate rapidly. The positive feedback in this process leads to a rapid discharge of the whole content of the reservoir, observed as a spectacular fountain above ground (Figure 1d). After that, nothing seems to happen for some time (one to several hours) while the reservoir is refilled and the fresh water heated to the boiling point,


Solfatara occur in areas of fading volcanic activity. They are gas excretions of the volcanic soil, which contain (as the name suggests) sulfuric gases, mainly the malodorous hydrogen sulfide (H2S). Investigations of the hot, moist soils of solfatara fields in various places have shown that these always contain two distinct layers. The upper 15 to 30 centimeters is ocher-colored due to the presence of iron oxides and is characterized by the presence of oxygen as well as high acidity. These fields often contain boiling hot mud or water pits, with the same chemical conditions. Although they do not look very hospitable, these volcanic soup kettles often turn out to be rich hunting grounds for microbiologists. The deeper layers of the soil, in contrast, are blue to black, oxygen-free, and only weakly acidic. Some solfatara fields also contain alkaline, strongly saline hot springs.






[image: i_Image1]

Figure 1. Hot springs and geysers: Rough schematic description of their basic principles, (a) Hot springs occur in places where grotundwaters continuously pass through voleanically heated layers of rocks and then rise to the surface through separate channels. Geysers, in contrast, work discontinuously as their “boiler” is filled and emptied through the same channel, (b) The hot area is filled with fresh water, which, however, cannot escape immediately, (c) This water is heated to boiling, (d) When the overheated liquid at the’bottom of the “boiler” begins to boil, the evaporation spreads explosively and discharges the whole water content in one go.
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All of these volcanic excretions of gas and water have in common that they bring chemical compounds to the surface that would otherwise not be found, For instance, they contain many elements in the more electron-rich (reduced) form, while chemicals in contact with the oxidizing atmosphere tend to assume the more oxidized forms of the elements, as iron does when it turns to rust. This means that the reduced chemicals from volcanic excretions are a potential source of energy for any organisms that can take control of their oxidation reaction. And this rich source of chemical energy makes the hot springs and solfatara fields an attractive biotope for organisms that can stand the heat.


The inhabitants of hot springs and of the upper layer of solfatara fields are therefore aerobic, which means they need oxygen to grow. In addition, most of them need sulfur or reduced sulfur compounds. The archaebac-terium Sulfolobus acidocaldarius, for instance, lives in solfatara fields and draws energy from the reaction of sulfides with oxygen, which results in sulfuric acid. Much as our metabolism “burns” carbohydrates (to produce biochemical energy, carbon dioxide, and water), Sulfolobus bums sulfides.
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