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Preface

This book is meant to be an antidote.

An antidote to neutralize some of the bad press that bacteria frequently receive, which could easily leave the impression that bacteria's main aim is to attack us, make us sick, or even kill us. Such press imprints us with the idea that all bacteria are mostly concerned with one goal: to damage humans where and when they can. This does not apply to the vast majority. Despite the few nasty ones out there, most bacteria are completely harmless, and this book tries to restore their reputation.

This book is an antidote to balance all existing books on biological subjects that completely ignore bacteria, pretending they are not important. As if a plant or animal could survive without bacteria (they cannot). As if mammals do not carry more bacteria than body cells. As if these bacteria living inside and on us do not carry more genes than our own genome does. Let's face it: we are a living support for bacteria, and these little wonders of evolution made us what we are.

The antidote is meant for future students who will likely be taught only a fraction of the knowledge that is available about bacteria. Medical microbiology mainly teaches about bacteria that cause disease, ignoring the fact that these account for a small minority that inhabit the bacterial world. Food microbiologists may concentrate on food poisoning, bacteria needed for food processing, or even those causing spoilage, but they often remain oblivious to the bacteria that helped these plant and animal foods to grow in the first place. Marine microbiologists learn little about bacteria living in soil, and so on. Why not start with a little knowledge about everything, before specializing. It will stimulate an open mind to science as a whole.

This book is also meant to be an antidote for all those who think bacteria are boring. Obviously they are not; otherwise, these pages could not have been filled. However, the fact that you intend to read this book means that you display an interest in bacteria, or at least you are willing to make their acquaintance. You may thus not be the audience for which the antidote would be most effective, but at least it is hoped your interest is rewarded, and that you enjoy reading about this invisible subject, bacteria, which can be bad, benign or beautiful, but certainly not boring.





Note to the Reader

No prior knowledge about bacteria by the reader is assumed, although a general acceptance that bacteria exist, and some rudimentary knowledge of biology and chemistry is expected (and a faint idea about medicine, geology, geography and history). All scientific concepts are explained the first time they are introduced but used without much explanation in following chapters. Although all chapters can be read independently, it is, therefore, better to start with the first chapter and then just keep reading. The use of jargon and technical language is avoided, with the exception of scientific bacterial names. A glossary of scientific terms at the end of the book may prove helpful.

All bacterial species that feature in this book are listed in the alphabetical index at the end. A subject index is also provided.

Students who are interested in in-depth information might find the bibliography useful, where scientific literature is listed for each chapter.

The interested reader might be tempted to investigate particular subjects further, for which the Internet is a great resource. Such initiatives can only be encouraged. However, a considerable proportion of the information on microbiology provided by this medium is imprecise or conflictive, if not completely wrong. All subjects treated in this book were carefully checked with recent scientific literature, and a current consensus of opinion is presented where possible. Scientific interpretations sometimes differ between sources, and in these cases the choice of presented options is subjective.

The characters of Mrs. White, Joe, and Liz are imaginary. Scientific and noble titles of existing persons have been omitted throughout.





Chapter 1

The Blue Planet

Imagine an intelligent species of extraterrestrial life that decides to explore our planet by sending sensors that report back visual information. Since these living beings are intelligent, they know that they should not base their judgments on single observations, so they send five sensors to different locations. These sensors happen to land in a city, in the ocean, in a forest, in a dry spot of a desert, and on Antarctica. They are equipped with very sensitive lenses that can see details at a micrometer scale, a thousandth of a millimeter. What would they report back to their home planet?

The extraterrestrial scientists would not bother about the single observations of humans and buildings reported by the first sensor. Nor would they pay attention to the fish and other marine animals, to the trees and plants, rocks and sand, or snow and ice, reported by the other respective sensors. These all appear to be location-dependent phenomena. The common and consistently reported observations would indicate the presence of bacteria, which are detected by each sensor, in large numbers and with great variety. These tiny cells appear omnipresent. The scientists would report, in their extraterrestrial newspaper, that the blue planet is the home of bacteria.

[image: UnFigure]


For a long time in history, bacteria were indeed the only living things on earth. Our planet is 4760 million years old, and approximately 1100 million years after its formation, bacteria already existed. We know this from fossil stromatolites, mushroom-shaped formations built of layer after layer of bacteria, that usually grow in shallow waters of coastal areas. These look strikingly similar to the stromatolites that still grow today, and are produced by Cyanobacteria. The fossil stromatolites are 3.6 million years old and can only have been formed with the help of bacteria that lived in those early times. Other than these scarce remains, we have little information about early life on earth. The marine sediments and continental rocks where bacteria may have been deposited have been flattened and heated over time, or recrystalize completely, so that few rocks (and fossils) of this age have remained in their original shape. Moreover, bacteria do not easily leave fossil prints, as they lack hard body parts.

It took at least another 1500 million years before the first eukaryotes evolved to which all higher organisms belong. These have larger cells than bacteria, and their cells contain compartments, called organelles, that are specialized for particular functions. Eukaryotic cells have their DNA stored in a nucleus, in contrast to bacteria, which do not possess a nucleus, but rather have their DNA floating as a condensed structure in their cell soup. Bacteria belong to the so-called prokaryotes. There are more differences between prokaryotes and eukaryotes. Most cells of eukaryotes but none of the prokaryotes contain organelles dedicated to energy production, called mitochondria. Their cells further contain architectural structures that bacterial cells miss. The name eukaryote is derived from “good (or true) kernel,” emphasizing the presence of a nucleus. The first eukaryotes that lived on earth were single cells, just like the unicellular eukaryotes that still exist today. The exact time point when these first eukaryotes arrived is as uncertain as that of the first prokaryotes, but estimates vary between 1900 and 2100 million years ago.

The next important step in the evolution of life was the formation of multicellular organisms, in which different cells perform different functions. This is the evolutionary line to which animals and plants belong. Multicellular organisms are all eukaryotes, and it is thought that life forms based on multiple cells evolved a number of times, independently, whereas only one of these evolutionary attempts led to the plants and animals we know today. Recently, thumb-sized fossils that are the remains of multicellular organisms that lived 2100 million years ago were discovered in Gabon (Africa). But it is uncertain whether they are the remains of multicellular eukaryotes or of large and complex colonies of bacteria. Other findings that report the existence of multicellular organisms 1600 million years ago have also failed to answer this important question unambiguously. Fossilized multicellular eukaryotes that are undisputed are only 600 million years old, by which time clearly plants and animals are recognizable.

The difference between a true multicellular organism and a colony of multiple bacterial cells is that in the former, cells perform different functions depending on their location within the organism. Moreover, every individual (of the same age) of a multicellular species is equally shaped, and the function of each cell can be predicted from its location within the organism. Finally, their individual cells cannot survive on their own, but only as part of the organism. Bacterial colonies can also contain specialized cells, and their function may even be location dependent, but the shapes of these colonies are not strictly conserved, and their cells can also survive independently.

The development of early life on earth is still riddled with uncertainties. There is no discussion, however, that bacteria existed before eukaryotes, since eukaryotes evolved from bacteria. Bacteria ruled for about half of the 3600 million years that life exists on earth and seem to have been alone for the first 1500 million years of their existence. Had the sensors from extraterrestrials arrived earlier, they would still have reported the dominance of bacteria, should they have stumbled on life at all.

Every surface around us is covered with bacteria. One drop of seawater contains a minimum of one million bacterial cells, at least up to a depth of 200 meter; the number decreases by a factor of ten as one dives deeper. Bacteria live in all depths of the water column, all the way down to the bottom of the ocean. One gram of soil also contains roughly 10 million bacterial cells, of types different from those found in seawater. Deeper soil will hold fewer bacteria, but no surface on earth is naturally sterile, apart from places where temperatures soar, such as volcanoes. Add to the marine and soil bacteria those living in submerged sediments, another major habitat full of life, and one can estimate the total number of all bacteria on earth at a given time. It results in a number written with 30 digits, give or take a digit. That is 100 million times the number of stars in the universe. These bacteria have mass, and although each cell is minute, together they add up to a considerable amount of biomass, nearly as much as that of all plants and animals together. This means that roughly half of all biomass on earth is invisible to the naked eye.

Bacteria are not only plentiful but also belong to many different types. Bacterial species outnumber any other biological life form in diversity, especially if we take the unknowns into account: it is estimated that we have characterized only one percent of all bacterial species that exist. Obviously, organisms invisible to the eye receive less attention than living things that we see around us, and doing research is hard if you can neither see nor grow the bugs. Most bacteria are not able to multiply under conditions that we can provide in a laboratory. Nevertheless, since we can isolate their DNA, we can still estimate how many of the “unknowns” exist. It is possible to determine whether DNA is of bacterial origin (as opposed to DNA from eukaryotes), and if so, whether it belongs to a species, or group of species, that has already been cultured and described. From such explorative DNA studies, we know that 99% of all bacterial species living in the oceans, in soils, or in sediments have never been cultured.

If only we could see them without the necessity of a microscope! How useful it would be if we could see the bacteria lurking on the glove of the surgeon who, after meticulously scrubbing his hands and underarms, unknowingly touched his hair with his gloves—bacteria that will smear onto the scalpel; enter the wound as the metal cuts through the flesh; start multiplying in this new warm, moist, and nutrient-rich environment; and cause a postoperative infection that sets back the patient's health by days or weeks.

How practical it would be to be able to see the bacteria growing in a freshly made desert that had raw egg whites and sugar as key ingredients and is now standing on the kitchen bench to set. One egg contained Salmonella bacteria, which feed on the sugar and start multiplying at the ambient temperature to reach critical numbers in only a few hours, and which will make half of the dinner party guests go down with diarrhea. Or to see the slightly bent bacteria that wiggle in the foul drinking water of a refugee camp, water that got contaminated by a single child suffering from the onset of diarrhea, which rapidly developed into cholera that will take hundreds of lives in the epidemic to follow. Imagine we could check the bacteria that were added to a health drink because they are so good for you, at least according to the commercial, but that in fact are all dead, and possibly useless, by the time the product was bought. What if the farmer could see the bacteria that start to attack his crop, way before the leaves are getting spotty and pale, a sure sign that the harvest will not be good this year.

By being able to see the bacteria that are ever-present, we might learn to tell them apart. Furry bacteria covered with thin hairs, bald ones, bacteria that hide themselves in a slimy layer of gel, or that bear a sturdy armor of protein for protection. Long bacteria and short and stubby ones, round or rod-shaped bodies, spiral or crooked cells. Communities of bacteria that grow into threads, bundles, heaps, or layers of cells. We could learn to recognize the dangerous ones, to avoid or kill them, and to leave the others alone. No longer would we need the soaps, cleansers, toothbrushes, dishwashing or laundry detergents, hand lotions, and all the other products that the advertisements make us believe would be unsafe to use without the addition of antibacterial agents. Being able to see and recognize bacteria would tell us that, in most cases, such additions are completely unnecessary, even ineffective, or useless.

Consider a commercial claim of a product killing “ninety nine percent of all bacteria in your sink.” That would mean that, of the ten thousand bacteria typically living on a square inch of the wet sink surface, one hundred would survive. These have only to multiply for eight generations to be back to the numbers they were before the detergent was used, which would usually take them a couple of hours, provided there was enough food for them. To remove their food by cleansing with a detergent lacking antibacterials would have been just as efficient. And quite possibly, none of these bacteria would be likely to cause disease, so you might as well leave them alone. In fact, antibacterial household products do a lot of harm, as they selectively allow growth of bacteria that are resistant to their toxic components, and once these resistant forms dominate, they are more difficult to eradicate with antibiotics in case of emergency, for instance during an acute and serious infection.

Leaving bacteria alone in your kitchen sink probably goes against all that is taught about hygiene. Bacteria are commonly associated with three “D's” of dirt, disease, and death. True, this applies to some bacteria, but they are only a minority. Nevertheless, to add a little drama, let us consider these three D's starting with the first: dirt. The most dangerous bacteria hiding in dirt are possibly those causing tetanus. Clostridium tetani, as they are called, normally live in soil. A deep skin wound that is contaminated with soil or dirt poses a serious risk for tetanus. The disease is also known as lockjaw, as the unfortunate patient suffers from uncontrolled spasms, often starting with the jaw muscles but progressing into spasms of the back, causing a typical arched posture. The culprits are not the bacteria themselves, but a toxin they produce, which is one of the most potent biological toxins known to mankind. A vaccine was developed as early as the 1920s, and nowadays, most people in developed countries are vaccinated against tetanus. The shot has to be refreshed every ten years to provide complete protection. Since effective vaccination has been in place, the numbers of tetanus cases have declined, but it still occurs in developing countries at significant numbers, and even in developed countries there are regular cases, notably in nonvaccinated individuals. C. tetani is present in many soils, meaning that vaccination programs remain essential to keep the disease in check.

The discovery that many infectious diseases, to continue with the second D, are caused by bacteria was made in the nineteenth century. Great names in microbiology have helped establish the causal relationship, such as Louis Pasteur (1822–1895) from France, who provided convincing evidence that microorganisms did not appear spontaneously (as was commonly believed in those days) but had to be introduced to a media before they could grow. His name lives on in the term “pasteurization,” which is the heating under pressure of a liquid to 120°C to kill off any bacteria present. Pasteur developed, as part of his bacterial research, a crude vaccine against the bacterial disease anthrax. Robert Koch (1843–1910) from Germany also worked on anthrax, as well as on tuberculosis, another serious bacterial disease. His most important achievements are his postulates, which describe a set of criteria that have to be met for a microorganism to be considered the cause of an infectious disease. These postulates are still applied in modern medical microbiology. Later, Alexander Fleming (1881–1955) from Scotland discovered penicillin, and Selman Waksman (1888–1973), a Ukraine immigrant to the United States, discovered actinomycin and streptomycin. These antibiotics are all still in use to treat bacterial diseases.

The third D stands for death. The most deadly infectious diseases, in terms of numbers of victims worldwide, are respiratory infections, diarrhea, HIV/AIDS, and tuberculosis. These four diseases take a toll of nearly ten million deaths per year. Of these four, tuberculosis is exclusively caused by bacteria. HIV/AIDS is a viral infection, but patients frequently die of secondary bacterial infections that their weakened immune system can no longer fight off. The other two main man-killing infectious diseases can be either of bacterial or viral cause. In the case of lethal respiratory infections, bacteria probably win over viruses. Of the over four million lethal respiratory infections globally per year, three million die from bacterial pneumonia, whereas seasonal influenza (a viral infection) is responsible for “only” half a million deaths per year. Diarrhea mostly kills children, and here viruses may actually take the lead, although cholera can claim many victims at once in large outbreaks.

Infectious diseases can also be ranked in terms of how likely one is to die once infected. This is not as straightforward as it sounds, as the clinical outcome of an infection may vary between individuals, depending on the dose of bacteria or viruses to which the person was exposed and on his or her immunological status and general state of health. When a person's immune system is not working properly, bacterial and viral infections become both more frequent and more severe. Immunocompromised individuals can suffer from this condition because of genetic defects, certain diseases, or as a result of required medication, for instance, after they have received an organ transplant. Infants and young children, especially when undernourished, and the elderly also have a higher chance of dying from an infection. These individuals may even suffer from infections caused by bacteria that do little harm to the rest of the population. There are a number of bacteria that cause disease only if the immune system of their host is weak. Despite this variation, there are a few infections that most people are unlikely to survive, once infected. Here, viral infections clearly win, with rabies being the most macabre example. Without vaccination, hardly anybody can recover from rabies, unless they rapidly receive antibody treatment. Once the virus starts replicating inside you, there is no hope and no treatment.

With these many dangers lurking from the bacterial (and viral) community, we could easily forget that the vast majority of bacteria have nothing to do with us. Most bacteria just live their short or long lives and completely ignore us. Some treat a human being as a warm support to grow on or in, in which case we call the individual a “host.” In the majority of cases, the host does not suffer from the fact that he or she is used as a home. Bacteria living this way are collectively known as commensals. A few bacterial species cause harm when present, with a diseased host as the outcome, and now we call this bacterium a pathogen. In many cases, disease could be considered collateral damage, and other hosts, who were luckier, may have harbored the same bacteria without getting sick. Relatively few bacteria are completely dependent on the harm they cause for their survival. These pathogens will always cause disease to the host they infect, as the symptoms they cause are essential for their growth. Nevertheless, from the perspective of most bacteria, causing disease is not of main importance in the range of possibilities they have to survive and multiply.

Bacteria, like all other living organisms, live to multiply. They will produce offspring as long as conditions allow, and they will adapt their lifestyle to the local conditions that apply, as long as this is within their capabilities. Some bacteria have a very limited repertoire of lifestyle possibilities, so that you always find them living in more or less the same conditions, whereas others are real universalists and can be detected in a variety of environments. It would be silly to treat bacteria in general terms only, pretending they are all alike. A zebra is not very “typical” of all animals, especially if it has to serve as an example for insects, worms, and squid, as well as mammals. Likewise, E. coli, which is probably the most generally known bacterial species, is not “typical” of all bacteria. We can only pay respect to the true nature of bacteria if we recognize their diversity.

There is one thing we can learn from all this. If life exists on other planets of the universe, and if that life is comparable to what we know, we are most likely to observe it with a microscope. Bacteria lived on earth before we did and will do so after we no longer exist. The chance that some other planet is covered with bacteria is higher than the chance of finding intelligent life in outer space.





Chapter 2

Tree of Life: Let Three Live

Before the stage is reserved for bacteria, a few concepts need to be explained, which are easier to understand with examples from the macrobiological world. All living organisms visible without the need for a microscope can be divided into plants, animals, or fungi, which are recognized as three biological kingdoms. These kingdoms can be further split into major groups. For instance, within the kingdom of animals, we recognize the five groups of vertebrates: mammals, birds, reptiles, amphibians, and fish. Those are all animals with a spinal chord. Each of these vertebrate groups again consists of subgroups, to be split up again, until one reaches the level of species or even subspecies. This scheme of categorization can be graphically represented as a tree with a stem from which major branches separate that split into minor branches, twigs, and so on. Already Charles Darwin (1809–1882) recognized the treelike organization of life, and the only drawing in his famous book On the Origin of Species is in fact a sketch of a tree.

Obviously, vertebrates are not the only existing animals. The vertebrates form a side branch, or phylum, within the kingdom of animals, which is called Chordates. If we follow this branch of Chordates along the tree toward the trunk, the branch merges with that of other animal phyla (other bigger branches), such as the Echinoderms (a phylum containing the spiny-skinned animals to which sea urchins and starfish belong), the Hemichordates (a phylum containing particular types of worms), or the Arthropods. For the sake of this example, we stop here and turn around, now moving in the other direction, toward the twigs of the phylum of Arthropods. This phylum branches out into insects with six legs (Hexapods), crustaceans (crabs, lobsters, shrimp, and their like), millipedes and centipedes, eight-legged arachnids (spiders, ticks, scorpions, and mites), and a few others. At this level of grouping, the group of six-legged insects contains the highest number of representatives of all land animals, whereas crustaceans rule the seas.

The tree of life represents a lot of information. Two species that are positioned closely together on the tree are likely to share more genetic characteristics than two species further apart. The tree not only illustrates genetic but also evolutionary relatedness. If we were to follow the tree from one species to a closely related one, we might have to pass only one branching point, called a node. This node represents a moment in the evolutionary past when their most recent common ancestor split up into the two relatives that now form two different species. To go from a ladybird to a tarantula, however, requires moving along the insect branch deeper into the tree, passing many nodes, until the node representing the most common ancestor of all spiders and insects is reached, and the arachnid branch can be followed toward the tarantula at the tip of one of its many branches. Each branching point thus represents an evolutionary time point at which a species split up into two, each of which then went their own evolutionary path. Fossils can also be placed on the tree of life, and “missing links” can be predicted even if their fossilized bodies have not (yet) been discovered.

Each of the major branches that “bear” many species has its own name, and these are always derived from Greek or Latin words. In our example, “phylum” (plural phyla) means race and “chord” in the word Chordate means gut or string, to emphasize the presence of a neural tube. Echinoderm is derived from the Greek words for sea urchin and skin, and Arachne is Greek for spider. Latin, with many (Latinized) Greek words, for a long time, was the lingua franca of science. It has left us with many biological terms that may be difficult to spell or even remember, but they are also melodious witnesses of historical biological developments and insights.

All biological species are also named in Latin, which avoids the Babylonian confusion that would arise if common names in multiple languages would be used. Latin biological names always consist of two parts. The first, capitalized name is the genus (plural genera, literally meaning race), and the second name gives, the species (both singular and plural). Latin names are printed in italics by convention. This way of naming, with a “general” description (genus) followed by a “specific” one (species), was already practiced by Aristotle. It compares to the given name and family name of individuals in some Asian societies, where the family name of individuals is given first, followed by the given name. In Western societies, the order is reversed, with the given name placed before the family name.

It was the Swedish botanist Carl von Linné (1707–1778), better known as Linnaeus, the Latinized form of his name, who standardized biological nomenclature. He ranked, to the best of his knowledge, plants into species and genera, and those again into the higher levels of families, orders, and classes. He proposed, in his Systema Naturae, three kingdoms, that of plants, animals, and minerals. Although the last obviously does not belong to the living world, his proposal for naming and classification of plants and animals stuck. What Linnaeus started as a short pamphlet (the first edition had only seven pages) developed into a growing and never-ending project. Although many of the details have been modified since his first attempts, his system is still in use today. His fascination with ordering things is reflected by the word “taxonomy” (from taxis, order), which is what this field of science is called.

The genetic relatedness of organisms closely positioned on the tree of life does not always predict a similarity in lifestyle or habitat. Cats are more related to lions, and dogs to wolves, than cats are related to dogs, even though cats and dogs may share the same household. Body shape, or morphology (morphe means form), is a more reliable marker for relatedness than lifestyle—although even similarity in build can be misleading. A swift and a swallow may look similar, but they are not related, and a lizard may look like a miniature crocodile, but they are only very distant cousins. We can tell by looking at other characteristics, such as skeleton build or genetic characteristics.

The twigs on the outer branches of the tree of life, representing the relationships of present-day animals (and plants), are for the most part well established, but as we move further inward, the positions of the nodes become less clear. Very deep inner nodes represent ancient common ancestors, of which there may at best be incomplete fossil records left, or no traces at all. In this case, genetic evidence is used to establish the relative relationships of living species, but the interpretation of such genetic data leaves room for disagreement. Multiple and opposing interpretations may exist of what would be the “best fit” for a particular section of the tree. This is the reason why there is no scientific picture of the tree of life in this book, as it would only be “a” tree of life, representing one interpretation where several others might fit just as well. Even the branch ending in our own species, Homo sapiens (meaning “wise man”), contains twigs that are subject to hot debates. Fossil discoveries of our early ancestors frequently lead to scientific disputes about the exact position of nodes of our branch on the tree of life. These disputes concentrate on details only, whereas the large picture, the general grouping of hominids within the Primates, is beyond doubt.

All eukaryotes together, containing the kingdoms of animals, plants, and fungi, form a separate section, or domain, on the tree of life, called the Eukarya. However, the domain of Eukarya contains more than the macroscopic plants, animals, and fungi: there are many eukaryote organisms that live as single cells, and these unicellular eukaryotes are also included in this domain. All these diverse organisms share one property: their cells contain a nucleus, the compartment within their cells where the DNA is stored, surrounded by a membrane, like a little cell within a cell. This is what sets them apart from bacteria, whose cells do not have a nucleus. Bacteria are described as prokaryotes, a word that literally means “before a kernel,” to emphasize the lack of a nucleus. Prokaryotes are always unicellular and microscopic and lack a nucleus. Eukaryotes always possess a nucleus; they can be unicellular or multicellular and exist as microscopic or macroscopic organisms.

The prokaryotic world forms another domain, or, in fact, two, as we will see. The domain of Bacteria (in respect of the highest level recognizable in the tree of life, a domain is written with a capital here) can also be represented as a tree with a number of major phyla that each branch off into further divisions. Few taxonomists will dispute the recognition of the major bacterial phyla (although some do not accept the word “phylum” and prefer to call these major branches “classes” instead); which species and their genera belong to which phylum is also clear, although mistakes have been made in the past and occasionally corrections are put in place. However, as we move deeper toward the base of the bacterial domain of the tree of life, uncertainty increases. The relationship between the various bacterial phyla is not always clear. There are a number of reasons for this disagreement, of which the absence of fossils is an obvious one. A further complication in bacterial taxonomy is that the definition of a bacterial species is not the same as that of a plant or animal species, as bacteria do not reproduce sexually. The degree of diversity within a bacterial species is also not constant. Some bacterial species contain isolates that are always genetically very similar, whereas other species display extensive genetic diversity, so that the ordering that Linneus had in mind is somewhat chaotic. Disagreement is far more frequent for the exact placement of particular bacteria into species and genera than it is for animals and plants. Quite a few outer branches have been misnamed or misplaced, in the opinion of (some) current scientists, and to this day, bacteria are being reshifted along the tree.

Occasionally, a “newly discovered” bacterial species happens to have already been described by an obscure scientist in the past, who gave it a name since long forgotten. In this case, after extensive discussion and review, it can be decided to use the oldest name available, which means that a species can suddenly change names. More frequently, a new name results from novel scientific insights revealing that a particular bacterial species should belong to genus B rather than to genus A, which changes its first name. Alternatively, it can be proposed that two “species” are really one and the same, or that an existing species better would be split up in two, which would change their second name. Such insights thus result in a new genus name or a new species name or even both, for a bacterium that has not changed its properties. It can make the life of a bacteriologist quite difficult, as if your acquaintances have suddenly changed names and their entries are now to be found on different pages of the telephone book. Changed bacterial names complicate the checking of scientific literature. Understandably, such name changes can receive fierce opposition and sometimes things are left as they were, for the sake of peace.

The apparent “mess” of the bacterial domain is understandable. From the examples of the macrobiological world, it is clear that lifestyle or morphology is only of limited use to establish relatedness, and many bacteria look more or less the same under a microscope. So how should we group bacteria, if not by their looks and behavior? In the old days, when research was dedicated to medical microbiology, distinctions were frequently made based on the diseases bacteria could cause. This has led to some inaccurate classifications that we live with even today. For example, shigellosis is a type of severe diarrhea caused by Shigella species, for instance Shigella dysenteriae, which, by objective criteria, are just particular nasty brands of E. coli (the “E.” of E. coli stands for the genus Escherichia). There is no scientific reason to grant Shigella bacteria their own genus name, but taxonomists have not renamed Shigella bacteria to be incorporated into the Escherichia genus—yet.

In addition to disease-related descriptions, particular bacterial characteristics can be tested in the laboratory to establish similarities that are indicative of relationships. A wide variety of tests have been developed, which are frequently based on the type of nutrients a bacterium can grow on, the kind of waste products they produce, or how much variation in growth temperature they tolerate. Bacteria displaying similarity in these properties as well as in their morphology, as far as could be judged with the help of a microscope, were considered closely related. Nowadays, the major basis for bacterial taxonomy is the genetic material of the organism. The DNA is isolated from the cells and chemically compared. In addition to the chemical composition (which varies considerably between bacteria, as explained in Chapter 16), the DNA sequence of particular genes is also used as a criterion for grouping. One gene in particular, which is found in all bacteria known to date, is used as a marker for similarity and has served as an important indicator of taxonomic relationship. But even that sometimes causes conflicts. Now that we can read the DNA sequences of complete bacterial genomes, and not just that of one or a few genes, it is realized that a number of our previous insights were not very accurate. The repositioning of branches within the bacterial domain is an ongoing process.

The tree of life with the two domains of Eukarya and Bacteria is still incomplete. The prokaryotic world consists of two very large and different groups, Archaea and Bacteria. (Sometimes the term “eubacteria” is used to distinguish the latter from the other major group that is also known as “archaebacteria”.) Archaea look like bacteria, live like bacteria, and for a long time were thought to be bacteria (and some microbiologists still support this view). But their properties indicate that they should be grouped on a very deep branch, separate from the other, true bacteria: they form the separate domain of Archaea. This gives a tree with three domains: Archaea, Bacteria, and Eukarya.

That archaea are different from bacteria became apparent only 40 years ago. Their membranes are chemically different from those of eubacteria, and some telltale genes, involved in very basic processes of life also differ between archaea and eubacteria. Since the membrane (which is made up of lipids) separates the inside of a cell from its outside, even the most ancient living cell must have had a membrane. When archaea and eubacteria have membranes of different compositions, however, it is difficult to envisage a common ancestor. For this reason, and for some of their important genetic differences, which become apparent only to the eyes of the specialist (for instance, the two groups use slightly different ways to reproduce their DNA), these prokaryotes have been given their own domain.

The name archaea implies that they are very old (the Greek “arkhaios” means ancient), but we do not know whether they existed before bacteria, arrived later, or developed simultaneously. When their name was proposed, it was believed that archaea were the first inhabitants on earth, and this idea is still propagated by some. Alternatively, it has been proposed that bacteria came first and archaea formed from these, whereby their different membrane composition had to be explained. In another view, an ancestral form of life that was neither archaeal nor bacterial, but something in between, split up into bacteria and archaea. These uncertainties are another reason why the tree of life, with its three domains, cannot be represented accurately on these pages. Some scientists even propose that life originated twice, independently, once producing the ancestors of what we now call archaea and once those of eubacteria. Maybe our tree of life indeed had two roots, but as seen in Chapter 6, archaea and eubacteria both contributed to the evolution of eukaryotes. It is reassuring that there are not two or three separate trees but an intermingled growth of branches that frequently split but sometimes merged. It means that somehow our distant past still records our relatedness to bacteria and archaea alike.
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Within the domain of Bacteria (and now eubacteria are meant), a distinction can be made based on a laboratory staining test that has been in use since 1884. It was developed by Hans Christian Gram (1853–1938), a Danish bacteriologist, while he was staying in the laboratory of the famous Paul Ehrlich (1854–1915) in Berlin. The test combines the use of two dyes, one violet and the other purple. Bacteria are fixed on a glass plate by briefly running it through a flame. First the violet solution is added, then the purple one, each step followed by a few washes. This procedure colors the bacteria either bright red-violet or dark purple, which can be seen when the glass slide is mounted on a microscope. The red-violet bacteria are called Gram negative, and the dark purple ones are called Gram positive. The test is simple, fast, and inexpensive and happens to depend on a characteristic that we have already seen is very important: the difference is due to their membrane. Although all eubacteria have membranes of similar lipid composition, Gram-negative bacteria are surrounded by two membranes, whereas Gram-positive bacteria have only one (and thick structure mainly consisting of a polymer called peptidoglycan). Exactly how Gram negatives got their two membranes is not known, but the distinction is important and consistent. Only a few bacteria do not fall into these two major classes, being neither Gram positive nor Gram negative. For most bacterial examples mentioned in this book, their Gram type is given.

The membrane is the only “structure” that shapes the bacterial cell. It functions as skin and skeleton and mouth and nerves, all in one. A Gram stain not only separates bacteria into different taxonomically deep divisions but also can predict, to some extent, which antibiotics will kill them and which would not, as antibiotics frequently interfere with membrane building. Chapter 12 elaborates on this some more. Hans Christian Gram is not among the “champion league” of bacteriologists, but his name appears in nearly every scientific publication on bacteria. To write it without a capital (and hence cause confusion with the standard unit of mass) is not doing justice to the value of the test he developed.

The tree of life, with the three domains, multiple kingdoms, and even more phyla so far mentioned, is still very incomplete. The fungi have hardly been described, to which molds, mushrooms, and yeasts belong. Mushrooms are clearly multicellular organisms, whereas yeasts are unicellular and moulds can be either. They are all eukaryotes because their cells have a nucleus, and they form another kingdom within the Eukarya domain. In contrast to what one would think, most eukaryotic life is actually microscopic, despite the abundance of plants and animals. These single-cell eukaryotes are sometimes indignantly bundled together as “protists,” and this unofficial term includes the dinoflagellates, amoebae, diatoms, protozoans, and many others, which all have their own branches. The kingdom of plants should not be forgotten, to which algae belong. Even the animal kingdom is still incomplete without mention of the nematodes, sponges, snails, jellyfish, different classes of worms, clams, and many other animal life forms. Protists, plants, and animals hardly play a role in this book, unless they serve as a host for bacteria. The bacterial branches, for a change, receive more attention than their macrobiological counterparts that fill the pages of most books.


Taxonomy is the scientific discipline to order organisms into groups, so that members within a group are more related to each other than to organisms of another group.

	Taxonomic groups exist at various levels. As the level increases, more members are included and their genetic distance increases. Groups at a lower taxonomic level contain fewer members that are more closely related.

	The highest possible level of taxonomy is that of a domain. There are three domains: Eukarya, Bacteria, and Archaea.

	Eukarya is the domain containing all eukaryotes. These are organisms whose cells have a nucleus, a membrane-enclosed compartment within the cell containing most of their DNA. All multicellular organisms (plants, animals, and fungi) are eukaryotes, but so are unicellular fungi and protists. These eukaryotes live as single cells, and thus are microbes, as one can observe them only with a microscope, but they are not bacteria.

	The domains of Bacteria (also called Eubacteria) and Archaea (sometimes called Archaeabacteria) both contain exclusively single-cellular organisms that are all prokaryotes. Their cells do not have a nucleus; instead, their DNA is localized in a condensed area within the cell.



In bacterial taxonomy, the highest level of grouping is a phylum and the lowest is that of a species.

	A phylum consists of multiple “classes.” At the next level down, several “orders” can be found within a class, and within orders we find the families. Every family consists of multiple genera, and finally, these are divided into species.

	As with plants and animals, the lowest official taxonomic division of bacteria is a species, although subspecies are recognized for some bacteria.

	The Latin name of all living organisms, including bacteria, is given by its genus name followed by its species name, the lowest two taxonomic divisions recognized. From their names, one cannot tell to which phylum bacteria belong.

	The Archaeal domain is the least characterized. Archaea can also be grouped into deep branches, although the term “phylum” is less frequently used for archaea. Some archaea have not been named at all, being given a number only, but they are so different to all other known archaea that they likely represent novel phyla for which we only have single example organisms.









Chapter 3

How Old Are They?

It is hard to say how old an individual bacterial cell might be, as there are no obvious signs of aging. In contrast to human cells, bacteria can produce offspring that will keep dividing indefinitely, as long as the conditions allow growth (normal cells of a human individual will eventually stop dividing, although cancer cells keep growing). Most bacteria multiply by binary fission, which divides a growing cell into two smaller daughter cells, although some species use budding or can even produce multiple offspring simultaneously. With binary fission, half of the original cell is maintained in each daughter. It means that each and every cell contains some material that was already present in its mother cell, as well as material that is newly made. This complicates the definition of “age,” but we can at least consider how long a cell can survive without dividing or dying.

The maximum age of an individual cell depends on the species. Bacteria have evolved various methods to survive harsh conditions. In general, their first rule is: do not waste energy. Cells that encounter suboptimal conditions usually switch off any process that requires a lot of energy and is not essential, given the circumstances. This means that bacteria stop dividing when it gets too hot or too cold for them, when the amount of nutrients becomes limited, when toxic compounds build up, or there is too little humidity. Bacteria “sense” these factors and, in response to these alarm signals, stop growing. This argument can be turned around by saying that cells divide only when the circumstances allow them to do so. Otherwise, the cell will attempt to repair damage to its major constituents, which are proteins, lipids, complex sugars, and nucleic acids (to which DNA belongs). It will retain its salt balance and keep the energy carriers at a desired level, but it will reduce all energy-consuming processes to a bare minimum.

Scientists have kept cells of Vibrio (a genus of Gram-negative bacteria to which the dreaded cholera bacteria belongs) in sea water for one year, during which the cells did not multiply but maintained their essential processes: they were still alive. In the presence of sediment, the cells survived for six years. Some species can easily beat this: they can switch to a vegetative stage in which they literally shrink to only a fraction of their usual size. All processes are switched off, and one could say they are dead. This state is called an endospore, or spore for short, a somewhat misleading term, as it has nothing to do with reproduction as is the case with fern or fungal spores. Quite the opposite, bacterial spores are masters in survival but do not easily multiply. Only when the spores encounter favorable conditions that allow growth again, they will revitalize themselves, boot up cellular processes, and return to the land of the living.

Bacterial spore formation is a survival strategy for sitting it out, waiting for better times to come. This can take a long time—very long indeed. Bacillus species and some other Gram-positive bacteria belonging to the phylum Firmicutes are notoriously good at forming spores that survive for extremely long periods. This has been known for decades, and at one time, it was thought spores could be used in battle. In the mid-twentieth century, several countries experimented with Bacillus species (among other disease-causing bacteria) to be used as a military weapon. Biological warfare was seriously considered as a useful addition to existing ammunition, and Bacillus anthracis, the cause of anthrax, was one of the investigated candidates. Its ability to produce spores that are very persistent, easy to generate, and very infectious on inhalation was deemed a positive trait.

During the Second World War, in the United Kingdom (among other countries), military scientists experimenting with anthrax bacteria decided to do a test: they confiscated Gruinard Island off the coast of Scotland and brought in a number of sheep. The island was then deliberately contaminated using anthrax-loaded bombs. Sure enough, the animals got sick, and the first ones died within a week. The experiment had been a “success.” Less successful were attempts to clean up by setting fire to the vegetation. Decontaminating the island failed miserably, and the whole site had to be kept in quarantine. Twenty years later, the island was still unsafe, as anthrax spores that could revitalize themselves when eaten by sheep were still present, with the deadly disease as the undesired outcome. A new attempt at decontamination was carried out in 1986, spraying large amounts of formaldehyde (a very potent disinfectant) dissolved in seawater over the island and removing a layer of topsoil from the most heavily contaminated locations. This helped, and the island was declared safe in 1990, 48 years after the deliberate spread of spores. Without that intervention, the spores would probably have survived for centuries.
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For those bacteria that are unable to form spores, low temperatures enable longer survival than usual. Scientists keep stocks of bacteria in freezers at −20°C (−4°F) or submerged in liquid nitrogen, which is below its boiling temperature of −196°C (−321°F). Usually, the bacteria are protected from frostbite by adding glycerol to the liquid in which they are stored, and under these conditions, the cells survive without any measurable loss, as long as freezers do not break down, power outages do not occur, and the liquid nitrogen is regularly filled up.

Freezing temperatures also conserve bacteria in the natural world. Bacteria have been isolated from permafrost soil that must have been frozen for tens of thousands of years, after which they could still be brought back to life. Glacial and polar ice have also been hiding places for very ancient bacteria. It has been demonstrated that some bacteria have survived no less than a million years in polar ice—which would easily make them the oldest individuals on earth. Sediment grains that are coated with a very thin layer of salty water also provide a tiny habitat where bacteria can survive for thousands of years and beyond, and they will even have nutritious minerals to feed on. Bacteria trapped in amber are less lucky, but even these have survived for hundreds of thousands of years. However, such locked-up bacteria are not immortal. Eventually, they will die from lack of nutrients or accumulative irreparable damage of their DNA due to natural radiation.

The question “how old is that man?” produces an answer of a different magnitude when compared to “how old is man?” The life span of an individual is negligible compared to the life span of a species. When individual bacteria can live a million years, how old could their species be? An intriguing question that we cannot answer with certainty in the case of the ice-recovered species, but we do know that the age of different bacterial species obviously varies. Bacteria that can live only in man (of which there are quite a few) must have evolved after man did, so they cannot be older than our species. Bacteria causing sexually transmitted diseases are completely host specific, with different species living in different hosts, and they can multiply only inside that host. So what happened to the bacteria specific to our ancestors, or those dependent on the dinosaurs? They may have become extinct with their host, or, if they were lucky, some of their offspring may have adapted to live in an alternative host and subsequently evolved into new species.

Life forms do not remain constant over time; they slowly and gradually evolve and change, until a point is reached where the existing form is clearly different from its ancestor: a new species can be recognized. With plants and animals, the definition of a species is relatively strict. As a general rule, when two individuals can breed and produce fertile offspring, they are grouped within one species. This rule cannot be applied to bacteria since their cells reproduce asexually. As explained in the previous chapter, bacterial species are recognized by differences in their characteristics, but within a species, some variation may exist. The degree of variation between isolates of one species is again variable: some species allow more variation between individual isolates than others. It is not always clear how much variation is required or sufficient for a new species to be defined. Some bacterial species display a lot of variation between isolates, whereas other species seem to consist of completely identical individuals. The biological distinction of species is a bit artificial when dealing with prokaryotes, but without this concept, the microbial world would be even harder to describe.

In addition to the difficulty we meet when defining bacterial species, their evolution is faster than that of animals and plants because they have had more time to evolve (existing so much longer). In addition, their generation times are much shorter. The fastest growing animals may produce offspring within days, whereas many bacteria can do so within hours, and some can multiply in less than ten minutes. A few mutations are likely to occur every once in a while within a population, which by themselves are evolutionarily insignificant, but eventually their accumulation drives the changes necessary to adapt to novel environments, resulting in the development of novel species. The build-up of mutations over generations occurs much faster in bacteria than it does in animals and plants. Even animals and plants living today differ from those that lived in a distant past, so early bacteria must have been quite different from those we know today. Nevertheless, this is often ignored when the bacteria that lived in past eons are considered; lacking specific knowledge about these past inhabitants, we describe them in terminology only fit for present-day bacteria.

We do not know what bacteria looked like when the earth was still young. Given the conditions that applied then, they must have been able to live without atmospheric oxygen and to endure extreme temperatures. They may have lived in water before exploring land, but all of this is uncertain. For many present-time archaea, oxygen is toxic, and some can live at temperatures much higher or lower than room temperature. As discussed in Chapter 15, some can endure high concentrations of salt or other minerals or, instead, other conditions that may have applied thousands of millions years ago. Maybe these present-day inhabitants of extreme conditions are distant cousins of the archaeal life forms that seeded our planet with life, but we do not have a way to go back and check.

The early earth provided the conditions in which life could develop, but once life existed, it changed the conditions on earth. When the earth was young, its atmosphere was mainly created by volcanic activity and as a result had a different composition from that of today. Methane, ammonia, and sulfur dioxide were probably abundant in the air, while oxygen was absent. We know this from geological deposits that were formed during this period, containing minerals such as pyrite (fool's gold), which consists of forms of iron and sulfur that could not have been stable in the presence of oxygen gas.

It is just as well that the earth's air was free of oxygen, as the building blocks of living cells could not have been formed in its presence. Amino acids, with which all proteins are built, can form spontaneously from chemicals naturally present on the early earth through simple chemical reactions, but only in the absence of oxygen. Although proteins are essential to all living cells, without the presence of the nucleic acids DNA and RNA, a cell could not exist. RNA seems to have played a more important role for early life than its sister molecule DNA, which may have entered the stage later. Nobody knows for sure, but a suitable explanation of how this RNA came into existence has been proposed. How exactly life was shaped from abiotic chemical constituents is still a bit of a mystery, and whether it only happened once or suffered a few failed starts before kicking in is unknown. One thing is certain: once life was abundant, it changed the atmosphere gradually to enable further life forms to evolve.

Whether from deep-sea sedimental rocks or continental deposits, all geological evidence suggests that oxygen started to accumulate in the atmosphere during the Proterozoic, a long period starting 2500 million years ago and lasting nearly 2000 million years. This oxygen must have been produced by bacterial activity through photosynthesis: living cells converted carbon dioxide into biological material, with the formation of oxygen gas as a by-product (photosynthesis is explained in detail in Chapter 13). The vast increase in atmospheric oxygen was the result of trillions and trillions of bacteria doing their photosynthesis job, but whether this was a gradual or an irregular increase is disputed. Eventually, the atmosphere contained so much oxygen that it allowed the formation of life forms that thrived on oxygen, instead of being poisoned by it.

In most textbooks, Cyanobacteria (which form a phylum of their own) are given the credit for producing the oxygen that life is now dependent on. This is understandable, as even in present times, Cyanobacteria are responsible for a vast amount of oxygen produced every day. These Gram-negative bacteria were formerly known as blue-green algae, but they are true bacteria, whereas algae are eukaryotes. (Some biologists still consider Cyanobacteria as part of the plant kingdom, but most microbiologists agree that they are bacteria). In the first chapter, it was already mentioned that Cyanobacteria can form stromatolites. These are thick mats of bacterial cells deposited in shallow coastal waters that appear strikingly similar to the fossilized stromatolites that have been found to be 3600 million years old. However, it is unlikely that those ancient bacteria creating stromatolites, and producing oxygen as they grew, were the same as those living in modern-time stromatolites, without having undergone any evolutionary changes. The microorganisms responsible for the oxygen in our air may well have been the ancestors of Cyanobacteria, but almost certainly they will have been different from today's living oxygen producers. The basic chemical processes they carried out may have stayed the same, but their details will have differed from what we see today.

Geologists are used to deal with events that took place millions or more years ago, but it is hard to imagine just how long these periods are. We can envisage the landmarks in biological history better if we think of a time line, on which we project time as if it were a distance. Since the cells of bacteria measure rarely longer than a hundredth of a millimeter, we will make that length represent one year. A millennium would be given by a thousand of such bacteria aligned head-to-tail, which would span a distance equivalent to 10 mm, and a million bacteria, representing a million years, would cover 10 m. On this distance scale, the beginning of Earth is 47 km away. The oldest bacteria evidenced by fossil stromatolites can be found at a distance of 36 km, and around 25 km, the oxygen started to rise in the atmosphere. The oldest single-cell eukaryotes are possibly 21 km away. When the first multicellular organisms arose is disputed and could be soon after the appearance of the first eukaryotes, but there is good evidence that simple animals and plants existed at a time represented by a distance of 6 km. The dinosaurs lived in a period that is only a small distance on our scale, and they became extinct at 65 million years ago, which is only 650 m away. At that time, mammals already existed, which appeared 200 million years ago, equivalent to 2 km. The genus Homo appeared very recently, at 25 m, and the first human-looking creatures lived 2 m from our toes. Compare these 2 m with the 36 km that represent the time bacteria existed, and one can see how much longer these little cells have existed compared to our likes.

The bacteria that populated our planet have endured quite some challenges. During its existence, the earth's climate has varied considerably, and life forms have come and gone. Even the atmosphere has not remained stable, with variations in oxygen and carbon dioxide levels that have severely influenced the biosphere and climate. The early earth froze a number of times completely, which must have been hard for any existing life, but as we have seen, bacteria can survive freezing conditions. Massive extinctions ended thriving ecosystems, making room for new and different life forms to evolve. Bacteria were always an essential component of these ecosystems, whether on land or in the seas. They evolved, just like animals and plants did, but, unlike their bigger co-inhabitants, they came and went without leaving a trace.
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