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Preface

			©2025 Aswin Sai Narain Seshasayee, CC BY-NC 4.0 https://doi.org/10.11647/OBP.0446.00

			Bacteria are the most dominant form of cellular life on Earth. Not just in terms of numbers, but also in terms of their capabilities that allowed other life forms to emerge a few billion years ago, and continue to help sustain life to this day. To fear them as pedlars of disease would be to do great disservice to their incomparable contribution to making life on Earth habitable; after all it is only a minuscule minority of bacteria that are pathogenic.

			Bacteria are hardy. They are everywhere. In the human body, they contribute to processes that we take for granted and we are often ignorant of their role (a quick Google search for human microbiomes1 is instructive). They are present in extreme environments—from hydrothermal vents on the one hand to arctic permafrost on the other. Of course, they are also present in large numbers in the soil and in fresh and salt water. One would not be too far off the mark to claim that any catastrophe that drives most life forms to extinction would leave these organisms relatively unscathed. The only exception would be events that create conditions that are inimical to the very foundations of life.

			Central to the bacterial dominance of our planet is their insatiable ability to adapt. Imagine the first bacterial cell living in a very ancient world of water, devoid of oxygen, and lacking even the most common source of energy necessary to modern-day life forms—i.e., sugars—spreading outwards and eventually colonising every conceivable habitat on Earth, and along the way oxygenating it and sowing the seeds for many other life forms to emerge and evolve. We are justifiably in awe (and at times in despair when concerned about the environment) of the great journey of Homo sapiens out of Africa some 50,000–100,000 years ago, culminating in our habitation of all continents including Antarctica. This was enabled by our outsize brains, which provided us with the wherewithal to invent new tools, create societies, cities, civilisations, religions, all the way through to rockets and artificial intelligence. Bacteria are not so endowed. They are single cells and what they have achieved is a product of their chemical capabilities. Underlying this is their genetic material or their genome, its ability to change and stabilise in a manner best suited to their circumstances. This is what we call genetic evolution, which has, over several billion years, caused the emergence of a whole diversity of simple and complex bacterial individuals and species starting from a presumably primitive ancestor.

			
			Talking about evolution over such epochs creates a striking narrative. Yet, this is merely an accumulation of more humble changes that happen every day to permit bacteria to adapt from one day’s circumstance to the next. These circumstances might be the external environment, or they can themselves be genetic. One genetic change can require that subsequent genetic changes must occur, and this also constitutes adaptation. The genome merely specifies a recipe that needs to be acted upon for anything to happen. How this recipe is interpreted by the cellular machinery and how this reading is regulated is yet another contributor to adaptation, one that can effect physiological switches in a matter of minutes, in contrast to genetic changes which take generations to establish.

			This book is about bacterial genetic diversity, the processes that establish such diversity, and how this is driven by the need for bacteria to adapt to circumstances. Here we use a very broad definition of adaptation (from the Cambridge Dictionary): “the process of changing to suit different conditions,” and not merely evolutionary adaptation that necessarily requires genetic change for adaptation; according to our use of this word, even physiological changes can be adaptive. Thus, tightly regulated cellular processes that read the information contained in the genome to produce life-sustaining molecules such as proteins are also central to adaptation, but mostly over a timescale different from that over which genetic changes operate. However, the genome and its reading are intertwined. Regulation of the processes that read the genome are also evolvable and in a manner that helps bacteria adapt. More than that, one drives the other. The way the genome is organised helps facilitate its seamless reading by the cellular machinery, and this organisation might have evolved in response to the need to ensure that the genome is read efficiently.

			Finally, from a human standpoint, what bacteria are capable of doing is one thing, and what we know of it is another. Human knowledge of bacteria is nearly 350 years old and, like technological progress, has accelerated over time, reaching a crescendo over the last few decades.

			The book is about bacterial adaptation. It begins by presenting a selection of people and ideas that have helped us understand bacteria. Much of this work, especially in the 20th century, was driven by the medical need to combat infectious diseases. Additionally, the ease with which some bacteria could be grown and manipulated in the laboratory allowed them to serve as models for studies of the fundamental processes that drive life. A whole body of research was facilitated by the plasticity and adaptability of bacteria, and in turn helped us understand bacterial adaptation. After nearly 300 years of scratching our heads, we finally developed an understanding of the place of bacteria in the universal tree of life only in the final quarter of the 20th century, before establishing how we can know what the genome encodes.

			The book then takes a more technical turn and discusses how bacterial genomes span two orders of magnitude in size, but remain compact and rich in information. We will also see how natural selection, or ‘survival of the fittest’ as espoused by Charles Darwin, underlies the evolution of the bacterial genetic material, and how the bacterial genome differs from much of the mammalian genome in this respect. We explore how the genome changes, how it expands and how it contracts, and how all these facilitate adaptation. We will then attempt to understand the processes the cell uses to interpret its own genetic material and produce molecules that determine its traits, how these processes are regulated, how such regulation has played a role in shaping the genome, and how various contemporary researchers have addressed these questions.

			Chapter 1 discusses the history of our study of bacteria, starting from their first microscopic observation in the 17th century. It then discusses how we learnt, mostly in the 19th century, about the vast array of functions they perform, from causing disease to running biogeochemical cycles. Medical microbiology came into its own with the discovery of antibiotics in the first half of the 20th century, simultaneously highlighting the role of microbial competition in the environment. The first indication of bacterial resistance to antimicrobial agents as early as in the 1920s also brought to light their metabolic flexibility and adaptability.

			Chapter 2 first discusses the fascinating story of the discovery of viruses that prey on bacteria and how research (once again) demonstrating the flexibility of bacterial traits led to the stunning revelation that DNA and not protein was the genetic material of cellular life. This led to a cascade of discoveries that created the field of molecular biology, which not only helped us to understand our phylogenetic relationships with bacteria, but also culminated in the complete sequencing of the first cellular genomes towards the end of the 20th century.

			In Chapter 3, we introduce the bacterial genome. We discuss how they span two orders of magnitude in size and at the smaller end of the spectrum can approximate the theoretical minimal genetic requirement for cellular life to exist. Even the largest bacterial genome is compact and information-rich, in contrast to ‘junk’-filled genomes of the so-called higher eukaryotes like ourselves. We see how this is a reflection of the degree to which Darwinian natural selection operates on the genomes of various organisms.

			In Chapter 4, we ask what the forces are that determine the range of bacterial genome sizes. Gene loss underlies parasitic lifestyles, whereas genome growth is driven by the remarkable phenomenon of horizontal gene transfer by which DNA is transferred, not vertically from parent to progeny, but from one organism to another unrelated one. We ask how the prevalence of these processes compare with the humbler mutation that changes one, or just a few, monomeric units of the DNA polymer at a time, and how these processes reflect the need for bacteria to adapt to their circumstances.

			Finally in Chapter 5, we introduce the process of transcription by which the genetic material is read to eventually produce proteins that do the cell‘s work. We talk about how this process is regulated and how this enables rapid adaptation to changing situations. Genetic evolution by mutation or DNA loss or horizontal transfer meets physiological adaptation when genetic changes act on regulators of transcription. We ask how this plays out, especially in the face of collateral damage that any mutation affecting regulators of many processes can suffer. Then we conclude by asking how transcription and replication are factors in determining how the very organisation of the bacterial genome is determined.

			Bacterial adaptation is an extraordinarily vast field. A search of the Pubmed database of scholarly biomedical literature with the key “(gene OR genetics OR genome) AND bacteria AND adaptation” returns nearly 60,000 journal articles! This will include influential papers, run-of-the mill works that are the bread and butter of scientists like me, as well as hidden gems that have unfortunately not received as much recognition as they deserve. It is impossible for anyone to read, absorb and write about the entirety of this vast literature. It would be extremely challenging to even represent all the many dimensions of bacterial adaptation that these papers encompass. I have taken a decision of my own volition, reflecting my interest in this field, to limit the ambit of this book to the principles underlying the organisation of the genome, the way it is read by the cell, how these two talk to each other and how all these things together result in bacterial adaptation.

			I thank Ganesh Muthu for helping to compile and organise the figures for this book. Nitish Malhotra and Meghna Nandy also suggested figures for some sections. I thank Sunil Laxman for reading most of this manuscript and providing detailed comments and suggestions while also taking the liberty of correcting any minor typos he might have found, making life that much easier for me! I thank Anjali Vinodh, a young high school student at the time, for her comments on the first two chapters of this book. I thank the editorial team at OBP, Alessandra Tosi and Annie Hine in particular, for helping get the book in the shape it is in now. Thanks to Jeevanjot Singh for creating a lovely design for the book cover working with visual material created by Prerana Sudarshan, Ashitha Arun, Inder Raj Singh and Madhumitha Krishnaswamy in my lab. Many thanks to all the scientists and illustrators who made their work available under an open access licence, allowing me to embellish the contents of this book with their work. Working on a book does make demands, not only of the author, but also of his or her family, who may not be invested in his or her research interests. Many thanks to my father, Gayathri, my better half, and Harini and Hamsini for putting up with me.

			Most of the first draft of the book (except the sections that almost wrote themselves) were written by hand with fountain pens, especially Indian handmade pens. A shout out to Gama Pens and to Mr. Pandurangan and Mr. Kandan at Ranga Pens for crafting these gorgeous pens!

			Finally, I dedicate this book to the memory of Mrs Nagalakshmi, my mother and a teacher to many hundreds more!
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1. All creatures great and small
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1.1. Bacteria: numerous and diverse

			The forms of life that we see around us constitute but a tiny proportion of all that lives. In other words, most of life on Earth—and possibly any that we may eventually find on say, Mars—are too small to be visible to the naked eye. They are microscopic. These microorganisms or microbes, despite their small form, have an outsized impact on our lives. These organisms often find a place in discourse as the causative agents of a variety of infectious diseases, the source of much morbidity and mortality. However, disease-causing microbes form a small minority of the vast diversity of microbes on our planet. Many microbes residing in our bodies, for example in the gut, perform reactions that enable routine digestion and many other bodily functions that are being increasingly attributed to the activities of these tiny denizens. Outside our own bodies and in the greater world around us, these microbes catalyse many unique reactions that sustain various essential biogeochemical cycles that breathe life into our planet; these include the fixation of atmospheric nitrogen gas into biochemically usable forms in the roots of leguminous plants, a process without which there would be no food to sustain us. To cut this long and much-articulated story short, there would never have been any large life forms in existence had microbes and their inventory of chemical capabilities not evolved. Any future catastrophe that somehow selectively annihilates microbes will, as a consequence, destroy most, if not all, other forms of life.

			While it is not inappropriate to use a single word ‘microbe’ or ‘microorganism’ to refer to these invisible drivers of life, the fact is that microbes encompass organisms from all kingdoms of life: viruses, whose status as living organisms might be debatable; bacteria, single-celled beings representing enormous biochemical capabilities; the enigmatic archaea which, together with bacteria are often referred to as ‘prokaryotes’; and tiny relatives of larger life forms including bread- and wine-making fungi and the plant-like algae, which, in contrast to the prokaryotes, are ‘eukaryotes’ with highly compartmentalised cell structures not seen in prokaryotes. The book will focus on bacteria, which, as a very large and diverse kingdom of life, are the most numerous cellular1 life forms on our planet.

			How large and diverse is the bacterial kingdom of life? In other words, how many bacteria are there on Earth? Or, what proportion of biomass on this planet is bacterial? As one might guess, the answers to these questions are not straightforward to obtain. Let us begin with a complex, but in comparison to the bacterial question a straightforward problem: enumerating humans of various genders, ethnicities etc. on our planet. Most major economies have robust mechanisms for recording births and deaths, and decadal census-taking efforts are also common. These are mammoth exercises, and the creation of accurate population registers is critical to the delivery of essential welfare schemes. That said, such enumerations are not without their errors and uncertainties.2 For example, the US census of 1940 undercounted ~3% of its population. This may not sound too bad, even if it could equal the population of an entire state, considering the magnitude of the exercise. However, the accuracy of census data may not be equal across geographies and demographics. The same US census undercounted African Americans by as much as 15%. Conscious efforts since then have brought down these errors to less than a quarter of a percentage, and not more than one percent for any demographic.3

			Surveys of wild animal populations deal with far greater uncertainty. These surveys identify and count a small sample of the true population by trapping them in life or on camera, or even more indirectly by identifying their spoor. For example, Project Tiger, the famous effort for tiger conservation in India, estimated the tiger population in 2018 to 2,967, but with a range of 2603–3346.4 This is for a single, large, ‘visible’ species. New species of small animals such as frogs are even now being discovered, making estimates of total animal populations rather uncertain. Going down the size scale, uncertainty increases exponentially when we talk about insect populations. It is believed that there might be 2–30 million species of insects; note the already wide range of possibilities here and that the range is only an informed guess. About a million species have been described and the current best estimate is around 5–6 million species.5 These amount to 1018 individuals, or over 100 million insects for every human.6 That the uncertainty in these numbers is large will not be surprising if we realise that most insect species are unknown and counting tiny, though visible to the naked eye, critters directly is well-nigh impossible.

			Enumerating microorganisms, invisible to the naked eye and found in every nook and cranny including the most inhospitable and inaccessible environments, is a different ball game altogether. It is so forbidding to conceive and implement that the first landmark global survey of prokaryotes (the subset comprising bacteria and archaea), to my knowledge, was published by Whitman, Coleman and Wiebe only in 1998, well over 300 years after these organisms were first observed under a microscope.7 In their seminal work, Whitman and co-workers compiled data on local densities of prokaryotes in various sample habitats and extrapolated these to estimate that the total number of prokaryotes is of the order of 1030–1031. Assuming that bacteria account for 90% of all prokaryotes, the total bacterial population would be 1029–1030. There are 100 billion–1 trillion bacteria to every insect. Large uncertainties arise in these estimates from the assumption that the samples used to anchor these projections are representative of the whole population. Even within each sample, the counting exercise uses various microscopic techniques under the assumption that these techniques work equally well for all prokaryotes, including those we may know nothing about. Neither assumption is entirely valid, and therefore these estimates are only the best possible under the circumstances.

			Most bacteria (~1029) are found in the sub-surface—defined as spaces more than eight metres below ground in land, and marine sediments ten centimetres or more below the ocean floor. The uncertainty in population estimates is greatest for these habitats and, keeping this in mind, Whitman and colleagues consider their projections an underestimation. The open ocean and topsoil are other habitats supporting large prokaryotic populations, about ten times less than in the sub-surface. Even the inhospitable polar regions house a million times as many prokaryotes as there are insects on the entire planet. The number of bacterial individuals on the average human body—one to ten times the number of human cells—is often used to tout the importance of bacteria in our lives. Given that the total human population is only under nine billion, it becomes obvious that an anthropocentric view of the bacterial world does little justice to their dominance of our planet and then role in the sustenance of all life.

			Another approach to estimating populations of various organisms involves quantifying their biomass, which can be complementary to the difficult problem of accurately counting microbial cells directly. The total biomass of any large, multi-cellular organism will be many orders of magnitude greater than that of a single-celled bacterium or an archaeon. Therefore, the dominance of bacteria (and microbes in general) is considerably reduced when measured in terms of their contribution to biomass. A recent study by Bar-On, Philips and Milo, published in 2018, estimated the total carbon contained in different kinds of organisms and used this as a measure of biomass.8 These researchers showed that bacteria, their small size notwithstanding, contribute 15% of the total of biomass carbon on Earth. They are second only to plants, which make up a whopping 80% of all biomass carbon. That all other forms of life together contribute a measly 5% is a sobering thought.

			
			Whitman and colleagues’ 1998 census, described above, estimated prokaryotic carbon to be 60–100% of that contained in plants. Bar-On and colleagues’ more recent work, based on updated data, considerably lowers this estimate. However, a large proportion of plant biomass would be accounted for by non-living material such as tree bark, making the contribution of bacteria to total ‘living carbon’ higher than the 15% projected by Bar-On and colleagues. While plant biomass, living or otherwise, dominated bacterial biomass, bacteria account for ~70% of aquatic carbon. Biological material also contains substantial nitrogen (N) and phosphorus (P) and prokaryotic N and P may be ten times that in plants. Once again, it is important to emphasise that hazarding these estimates represent heroic efforts, and that projections for census population sizes or biomass of organisms that are microscopic and mostly inhabit difficult-to-access sites are subject to great uncertainty. For instance, Bar-On and colleagues estimate that their calculation of bacterial biomass carries an uncertainty that is seven to eight times as much as that for plant biomass. Taken together, bacteria, and more broadly prokaryotes and microorganisms, form the most dominant forms of life in terms of their sheer numbers and contribute large proportions of the planet’s biological carbon, nitrogen and phosphorus.

			That bacteria are found in such a wide range of habitats throughout the planet should already suggest but not necessarily establish the great diversity of capabilities this kingdom of life encompasses. Although the large number of prokaryotes could—in a non-existent zero-error life-producing factory—represent so many identical copies of a single sort of bacterium (as it was often believed till the second half of the 19th century), the fact is that not all members, even of the same species, are equal. Let us assume that one every 106 reproduction events that bacteria perform produces progeny that differs substantially from its parent and that each reproduction event produces one child bacterium. Whitman and colleagues estimate that prokaryotes in the upper 200m of the open ocean reproduce every 6–25 days. Compare this to our own generation time of 20–30 years. If each of the 1028 prokaryotes in this habitat were to reproduce every 15 days on average, there would be over 2 × 1029 reproductions every year and over 2 × 1031 per century. We then expect ~1025 new variants to be generated every 100 years in the upper layers of our oceans. Larger organisms, with their smaller populations and often much longer generation times, would produce far fewer variants in the same timeframe even though reproduction involving two parents would generate a child different from its parents pretty much every time. Multicellular organisms also include many cellular reproduction events within their bodies, but such somatic events would not be passed down generations. These complexities in the manner in which a single-celled bacterium and a multicellular insect or human or plant reproduces notwithstanding, it is abundantly clear that prokaryotes would best larger, multicellular life forms in the numbers game, representing not only the most numerous, but also the most diverse forms of free-living life on Earth.

			
1.2. Animalcules

			When and how did we become aware of the very existence of microorganisms? How did our attitudes and approaches to their study evolve subsequently? We must go back in time to Renaissance and post-Renaissance Europe, and what is sometimes referred to as the scientific revolution, to begin to answer this. Though the early discovery of microbes and its immediate fallout are not of any urgent relevance to the more molecular scope of this book, I will spend some time on this subject as it refers to a key period in the development of science, and also because of its sheer improbability and as a tribute to an odd enthusiast’s indefatigable spirit and energy, fortitude and unmatched skill. Hence a brief detour into the history of science.

			The discovery of microorganisms was by direct observation under the microscope in the Netherlands in the late 17th century. Though ancient Romans may have developed techniques for shaping glasses, it was the Arab scholar ibn-Heitam (also spelt ibn-Haytham) who is credited with having proposed, in the 10th–11th centuries, that smoothened lenses could aid vision. This idea was put into practice later in the 13th century in Italy.9 A 14th-century painting by Tomasso de Moderna shows a biblical scholar working on a text wearing spectacles.10 Scholarship in optics accumulated over centuries resulting in the principles of telescopes being established in the 16th century and formally invented in the first decade of the 17th century. It was around this time that Galileo and a group of intrepid astronomers “turned telescopes towards the heavens”, revolutionsing astronomy.11

			Galileo was responsible, albeit indirectly, for the first microscopic observations, whose details survive to this day. In 1624, Galileo wrote to Federico Cesi, who had founded an early scientific society in Rome of which Galileo was a member, describing his microscope and inviting Cesi to observe “thousands upon thousands of tiny details”.12 Cesi and his colleague Francesco Stelluti published their microscopic observations on the anatomy of a bee in a book called Apiarium in 1625.13 Only six physical copies of this book are known to exist today, making each an invaluable original record of the beginnings of microscopy.

			Progress in microscopy led Henry Power in England to write—in 1661—an ode to the microscope14 in which he hoped that the microscope would, before long, allow us “to see the magnetical effluviums of the lodestone, the solary atoms of light, the springy particles of air, the constant and tumultuous motion of the atoms of all fluid bodies.” Power also published his microscopic observations of the eyes of a spider as part of the voluminous series Philosophy in Three Books in 1664.15 The magnum opus of microscopy published in this period was Robert Hooke‘s Micrographia.16 This book contains gorgeous drawings of the eye of a fly, the ultrastructure of the stitches in a piece of cloth, as well as observations of a mould, a microbe that forms structures that are in fact visible to the naked eye. Micrographia also introduced the term ‘cell’ to describe the elements that make up the honeycomb-like structure of cork, a plant material.

			Micrographia was the first publication of the Royal Society of London, formed in 1660 as a “College for the promoting of Physico-Mathematical Experimental Learning.”17 Robert Hooke, the author of Micrographia, was the Curator of Experiments in the Royal Society. Another important figure in the story of the discovery of microbes and bacteria was Henry Oldenburg, the first Secretary of the Royal Society and, in 1664–65, the founding Editor of the Philosophical Transactions of the Royal Society, the world’s first and longest-running scientific journal. Henry Oldenburg was a vocal advocate of communicating research outputs broadly, far beyond the scope of private correspondences. As the Introduction to the inaugural edition of the Philosophical Transactions says, “solid and useful knowledge may be further entertained, ingenious endeavours and undertakings cherished, and those, addicted to and conversant in such matters, may be invited and encouraged to search, try and find out new things, impart their knowledge to one another and contribute what they can to the grand design of improving Natural knowledge, and perfecting all philosophical arts, and sciences”.18

			Oldenburg was a voracious communicator, maintaining written correspondences with a wide range of natural philosophers from around Europe. So worried was he, given the tense political climate in Europe at that time, of his correspondences being misconstrued as treasonous by the authorities that he often used the name Grubendol—an anagram of Oldenburg—to sign his letters. This did not serve him well, for he found himself incarcerated in the Tower of London in 1667 for suspected treason. Luckily however, he stayed there for only three months. He lived for ten years after his release from prison, during which time he was introduced to Antonie van Leeuwenhoek, who would soon become the preeminent microscopist of his time and unsurpassed for another century and a half, to the Royal Society. Among Oldenburg’s correspondents was a physician called Regenerus de Graaf from Delft, Netherlands. In 1673, de Graaf wrote to Oldenburg introducing “a certain most ingenious person here, named Leeuwenhoek who has devised microscopes which far surpass those which we have hitherto seen”.19 He referred to an enclosed letter from Leeuwenhoek, containing a “sample of his work”, which is now presumed lost.

			Leeuwenhoek was a draper by profession and had held various administrative posts in the municipality of Delft. While commending Leeuwenhoek in a letter to Robert Hooke, the noted physicist Constantijn Huygens noted that Leeuwenhoek was a “person unlearned in sciences and languages, but of his own nature exceedingly curious and industrious.”20 This is a sentiment Leeuwenhoek himself admitted to in his letter to Oldenburg that followed the latter’s response to de Graaf’s introduction of Leeuwenhoek. Leeuwenhoek claimed that he had “no style, or pen, wherewith to express my thoughts properly… I have not been brought up to languages or arts but only to business.” In the same letter he also expressed his reluctance to write about his work to a broad audience, for he did not “gladly suffer contradiction or censure from others.”21 Oldenburg’s letter, as a reply to which Leeuwenhoek had made this assertion, however appears to have appeased the Dutchman who then gladly noted that his “memoir … did not displease the Royal Society”. He enclosed drawings made by others more capable than he in art, certifying, “my observations and thoughts are the outcome of my own unaided impulse and curiosity alone.”22 His early letters primarily described his observations of fluids in plants and animals, everyday objects and living things like cloth, flies and tree bark. These were largely in response to observations of similar objects published for others by the Royal Society, but at times achieving hitherto unseen levels of detail. It was finally in 1674 that Leeuwenhoek stirred the proverbial hornet’s nest.

			In a letter dated September 1674,23 Leeuwenhoek noted that the water in a lake called Berkelse Mere was clear in winter but then “becomes whitish” in summer with “little green clouds floating in it.” He further noted the presence of “very many little animalcules”, which he described as “little creatures … above a thousand times smaller than the smallest ones I have ever yet seen upon the rind of cheese”. He expressed his wonder at seeing these animalcules move in the water: “… so swift and so various upwards, downwards and round about that (it was) wonderful to see.” This account was met with disbelief. His status as an unlettered man, “unlearned in sciences and languages” did not help his cause. Several of his letters from this period went unpublished. Leeuwenhoek wrote to Hooke a few years later complaining that he suffered “many contradictions”; and that it was often said that he was telling “fairy tales about the little animals.”

			In a now-famous letter of 1676, published in 1677, Leeuwenhoek described his studies observing animalcules in rainwater that had stood in an earthen pot for a few days, in addition to those in well water and water collected from the sea coast.24 He provided detailed descriptions of these creatures: “bodies consisted of 5, 6, 7 or 8 very clear globules”, “animalcules whose figure was an oval”, “the circumference of one […] is not so great as the thickness of a hair on a mite” are short excerpts from his copious and graphic descriptions. His descriptions of these animalcules were sufficiently detailed for the microbiologist, Clifford Dobell, researching Leeuwenhoek in the early 20th century, to make positive identifications of several as specific members of the protozoa, a type of eukaryotic microbe.25

			Leeuwenhoek, “with great wonder”, then made his momentous discovery of what we now know are bacteria frolicking in “1/3 ounce of whole pepper” left to stand and soften in water for three weeks. He described bacteria as “wee animals”, 100 of which, if “stretched out one against another could not reach to the length of a grain in coarse sand; […] ten thousand of these living creatures could scarce equal the bulk of a coarse sand grain.”26 His adjectives for these organisms included “round ones”, “a little animal that was three of four times as long as broad”, “little eels, which were even smaller than the very tiny eels spoken of before”, “exceeding little animalcules, to which, because of their littleness, no shape can be given.” He regularly noted that these organisms moved rapidly, pointing to their vitality. His studies went beyond descriptions of the appearance and behaviours of animalcules but also demonstrated the antimicrobial property of vinegar in a systematic manner.

			Whereas his 1674 letter on animalcules in Berkelse Mere only attracted disbelief and derision, his careful descriptions in 1676 created quite a sensation. Several meetings of the Royal Society were held expressly to confirm Leeuwenhoek‘s claims.27 Robert Hooke and one Nehemiah Grew were tasked with attempting to reproduce Leeuwenhoek‘s observations. They failed, but were, in response, urged to build better microscopes and examine pepper water with these. While the Royal Society was holding these deliberations, Leeuwenhoek recruited “two clergymen, one notary and eight other trustworthy persons who had seen the animalcules moving in pepper water”28 to provide testimony bolstering his claims. Eventually, on 15 November 1677, Hooke reported seeing “divers very small creatures swimming up and down” in several “liquors” and “even in Raine itself and that they had various shapes and differing motions.”29 Leeuwenhoek stood vindicated. And thus came to pass the discovery of microbes and bacteria by the draper Antonie van Leeuwenhoek of Delft.

			A little over two years later, Leeuwenhoek was elected Fellow of the Royal Society, a title considered a great honour to this day. Around this time, Leeuwenhoek had also published results, which, when reproduced some 240 years later by Martinus Beijerinck, established that anaerobic bacteria, which do not require oxygen for respiration, had been discovered by Leeuwenhoek a century before the very discovery of oxygen. Louis Pasteur, who has been credited with their discovery, thus rediscovered these bacteria centuries after Leeuwenhoek’s primary work. By the 1670s, Leeuwenhoek was considered “the great man of the century” as claimed by Constantijn Huygens in a letter to his illustrious brother Christiaan. Leeuwenhoek was even invited to meet the Tsar, Peter The Great, who spent “no less than two hours” with him and “on taking leave shook Leeuwenhoek by the hand.”30

			At the end of the 17th century, Robert Hooke, speaking about microscopes, asserted that they “are now reduced to a single Votary which is Mr. Leeuwenhoek.”31 This was probably because Leeuwenhoek‘s skill in lens making—irrespective of whether it was inspired by Hooke or not—was so unmatched that his observations with single-lens simple microscopes would prove superior to those made using the more complex compound microscopes favoured by Hooke and others. It might have even required a certain fortitude to work with single-lens microscopes, something not many might have possessed. For instance, in 1678 Hooke considered single-lens microscopes “offensive to my eye and to have much strained the sight.”32 Leeuwenhoek also owned a great ability to prepare samples for microscopic examination, as attested to by some of his original specimens that had been left untouched but remarkably well preserved at the Royal Society for 300 years until their discovery by Brian Ford.33 That said, Leeuwenhoek, despite living to his nineties, did not pass his knowledge down to the next generation, expressing that he “never had any desire to teach” while complaining that “work[ing] with all one’s soul was not attractive to most young people.”34 It might be that it was his reluctance to teach that ensured that microscopic—and indeed all—study of microorganisms would languish till the middle of the 19th century, but for the occasional treatise. For example, the 1720 work of one Dr. Benjamin Marten posited that the ultimate cause of consumptive disease “may possibly be some certain species of animalcula or wonderfully minute living creatures that […] are inimical to our nature.”35

			
1.3. The golden age of microbiology: chemistry, biology and ecology

			The idea that microorganisms—or at least, particles invisible to the naked eye—cause disease is old, having been expressed in some form or another in the ancient world and in the mediaeval Middle East and Europe. However, it found formal experimental proof only in the late 19th century. We owe this proof to Louis Pasteur and Robert Koch, the two most famous microbiologists of the 19th century and indeed of all time. Louis Pasteur was the son of a poorly educated French tanner. Despite showing limited scholastic ability as a child, Pasteur found himself studying chemistry at the prestigious École Normale Supérieure in Paris. Not long after finishing college, he accepted a professorship in chemistry at the University of Strasbourg (1849) and later at Lille (1854). His contributions to microbiology stemmed from his expertise in chemistry and a deep interest in solving practical problems using science. In his own words, “There are no such things as pure and applied science. There is only science and the application of science.”36

			Pasteur‘s first major scientific discovery, arrived at even before starting his professorship in Strasbourg as a young man, was in pure chemistry. After much painstaking work, he isolated the two forms, one being the mirror image of the other, of the same molecule: tartaric acid. Such variants of the same compound are called enantiomers or stereoisomers. Ten years later, he showed how biological processes can selectively produce one and not the other enantiomer of tartaric acid, something not easily achieved in the laboratory. This finding would lead Pasteur to show how wine fermentation is the result of the action of microorganisms. This would in turn lead him to famously demolish the idea of the spontaneous generation of life and contribute to proving the germ theory of disease.

			Why Pasteur moved on from pure chemistry to microbiology around 1860 is a matter of conjecture.37 A matter of fact, however, is that the wine industry around Lille was suffering from poor production quality because the fermentation processes used there often produced lactic acid instead of the desired ethanol. Pasteur was made aware of this problem by one Mr Bigo, whose commerce involved producing ethanol by fermenting beetroot. Pasteur was, at that time, a professor at the University of Lille at which the local minister for public instruction had exhorted the faculty to “appropriate to yourselves the special applications suitable to the real wants of the surrounding country”.38 Pasteur, with his own fascination for and commitment to the application of science to practical problems, would have needed no additional encouragement to take up the task of solving the local wine industry’s problem. Pasteur noticed that visually different kinds of microorganisms populated broths producing ethanol and lactic acid. He further observed that fermentation was accompanied by the production of one and not the other enantiomer of certain chemical compounds, an indication of biological activity. Over several years, he isolated microbes responsible for the proper fermentation of various starting materials to ethanol. He also showed that heating these mixtures would sterilise them and stop fermentation, thus establishing the basis for pasteurisation.

			Though microorganisms such as yeasts—a type of fungi—had been known to be present in wine for some time, the theory that microbial life forms arose spontaneously from inanimate matter was rife at the time, and yeast were believed to be a product, and not the cause, of fermentation. Fermentation itself was supposed to be caused by ‘vibrations’ of some kind. Pasteur showed that the yeast responsible for fermenting grapes into wine grew on the skin of the fruit; the sterile fleshy part of the grape alone would not undergo fermentation, which demonstrated that these microbes did not arise spontaneously from unrelated components in the broth. He later used the ability of a juice to undergo fermentation as evidence for the presence of living microorganisms in a series of experiments designed to deliver a “mortal blow” to the prevalent “doctrine of spontaneous generation.”39 He concluded emphatically in 1864: “There is no circumstance known in which it can be affirmed that microscopic beings came into the world without germs, without parents similar to themselves”.40 Of course, while this may be true under the conditions prevalent on Earth then and now, life would have originally arisen at least once from inanimate bodies, if not on primordial Earth, somewhere in the Universe.

			Pasteur went on to prove, in a variety of contexts, the germ theory of disease, i.e., the theory that certain diseases are caused by microorganisms. Of particular importance was his work on anthrax, which he summarised thus in 1878:

			To demonstrate experimentally that a microscopic organism is the cause of a disease […] subject the microbe to the method of cultivation out of the body […] Having cultivated it a great many times in a sterile fluid, each culture being started with a minute drop from the preceding, we then demonstrated that the product of the last culture was capable of further development and of producing anthrax with all its symptoms. Such is—as we believe—the indisputable proof that anthrax is a bacterial disease.41

			In the early 1880s, Pasteur demonstrated the efficacy of immunisation in preventing cholera in chicken and anthrax in sheep. Later, he performed human vaccination preventing the development of rabies in a child who grew up to be eternally grateful to the memory of Pasteur. These works were a significant reiteration and development of the experiments performed some 80 years earlier by Edward Jenner to develop smallpox vaccination, which in turn had helped substantiate empirical knowledge on immunisation against smallpox from mediaeval India, the Middle East and North Africa.42

			It was in the early 1880s, following his work on anthrax, that Pasteur came into conflict with the younger German physician-microbiologist Robert Koch. Koch became a physician at a young age in 1866. In 1873, five years before Pasteur‘s work on anthrax was read before the French Academy of Sciences, Koch, of his own initiative, had begun observing the blood of sheep that had died of anthrax under the microscope. He noticed that these specimens contained rod-shaped bacteria first described 10 years earlier by a French scientist named Davine. A year later, Koch described the life cycle of the anthrax bacterium as one that alternates between a rod-shaped cellular form and a dormant spore form. His discovery of the spore form, which is found in the soil, explained how sheep could become sick on consuming spore-infested soil. Koch showed that bacteria from the blood of an infected animal could be used to cause disease in an otherwise healthy sheep. This finding led him to propose what are called ‘Koch‘s Postulates’, a set of diagnostic criteria that must be satisfied before proving that a microorganism was the cause of a disease. He achieved great fame in the 1880s by isolating and identifying the causative agent of tuberculosis in man and cattle.

			Koch and Pasteur, both patriotic individuals living during times of conflict between their nations, met under cordial circumstances in London in 1881. Pasteur applauded the younger Koch‘s demonstration of methods for growing bacteria on solid media and staining them for viewing under the microscope. Soon after their meeting however, Koch and his students criticised Pasteur‘s work on anthrax as “little which is new, and that which is new is erroneous.”43 Though Pasteur responded to Koch‘s criticism, the latter replied aggressively, leading to much acrimony between the two. Koch found the quality of evidence that Pasteur had used in his work as insufficient to substantiate the claims made. Pasteur‘s work might not have met the exacting criteria prescribed by Koch‘s Postulates, but he did get it right. Scientific arguments apart, national and linguistic factors almost certainly played their part in the Pasteur-Koch debate, a cautionary note against the idealistic view of science one sometimes hears in conversations today.

			Pasteur‘s scientific integrity has also recently come under scrutiny. He might not have given due credit to co-workers and others. For instance, Jean-Joseph Henri Toussaint had developed a vaccine for anthrax before Pasteur did and had also been given credit for the discovery by Koch. Though Pasteur appears to have admitted that Toussaint was first to the discovery in his private correspondence, he never gave credit to Toussaint in public. He might have even suppressed experimental data that went against what he wanted to prove; however, it did help his cause that he was generally proven correct in his conclusions. Pasteur, in sum, has been revealed as “a great imperfect man who was both a strong diligent and driven researcher and teacher and a sometimes secretive and deceptive brute.”44

			Koch was a physician, and his interest in microbiology arose from its possible medical relevance. Pasteur, on the other hand, was interested more broadly in science, which nonetheless led him to make seminal contributions to medicine and medical microbiology. Though their work, thanks in part to its obvious impact on human health, found great prominence in public discourse and is regularly presented in school textbooks today, our understanding of the role of microbes and bacteria on our planet goes well beyond medical microbiology into the realm of what is referred to as general microbiology. This is apparent from our discussion earlier, showing how direct interaction between the animal or human world and microbes is but a miniscule component of the microbial world. Among those who contributed pioneering work to general microbiology in the 19th century were Sergei Winogradsky and Martinus Beijerinck.

			Sergei Winogradsky45 was born to a wealthy family in Kyiv, Ukraine. He found school and graduation in his hometown tedious and uninspiring and moved to the famed University of St Petersburg to study music. He then shifted to the natural sciences division, which hosted distinguished scientists such as Dmitri Mendeleev, the creator of the periodic table, and Elie Metchnikoff, who would later win a Nobel Prize for his work in immunology. After three years of study, Winogradsky pursued research work in the laboratory of the botanist Andrei Famintsyn. Here, he worked with a species of yeast that had also attracted the attention of Pasteur in his fermentation days. Winogradsky developed methods for isolating this yeast in pure culture by serial dilutions, and performed experiments that would later in 1953 be described by Nobel prize-winner Selman Waksman as “among the first careful investigations ever made on the influence of controlled environment on the growth of microorganisms in pure culture, under well-defined conditions.”46 Soon the unfavourable political conditions in St Petersburg, and its inhospitable weather, which was disagreeable to his wife, forced Winogradsky westwards to join Anton deBary’s laboratory in Strasbourg in 1885.

			In Strasbourg, Winogradsky worked on the bacterium Beggiatoa, which was known to accumulate granules of sulphur in its cell body. The eminent microbiologist Ferdinand Cohn had shown that several organisms that grow in sulphur springs gather these granules. Instead of working with the Beggiatoa already collected in the lab, Winogradsky travelled to sulphur springs in Germany and Switzerland to collect filamentous bacterial masses growing there. After quickly confirming that cells freshly isolated from these springs were indeed loaded with sulphur granules, Winogradsky asked, “Is the sulphur in the cells of Beggiatoa produced by the reduction of sulphate or by the oxidation of hydrogen sulphide?”47 After demonstrating that cells grown in the lab in the presence of hydrogen sulphide grew well and accumulated sulphur granules, whereas those grown in calcium sulphate quickly died, Winogradsky concluded, “development of the sulphur granules occurs only during hydrogen sulphide oxidation; it is impossible to conclude that the process occurs at one time by the reduction of sulphate and at another by the oxidation of hydrogen sulphide”48.

			Winogradsky would not end the story here. He moved on to ask why: “Why does Beggiatoa need so much sulphur? […] is it assimilated or excreted?” He proved that the sulphur is assimilated by being “further oxidised to its highest oxidation state, sulphuric acid.”49 He had thus shown that in these organisms, sulphur is the “sole respiratory source”, the equivalent of “carbohydrates in other organisms.”50 Winogradsky had discovered chemolithotrophy, i.e., the ability of an organism to derive energy by oxidising inorganic compounds, a phenomenon very foreign to our own capabilities as Homo sapiens, but one that is essential to sulphur and nitrogen cycles and hence the very sustenance of life on our planet.

			Winogradsky then sought to return to his native Kyiv, but failed to secure a job there or in St Petersburg. He therefore moved instead to Zurich to study nitrification, the process by which ammonia is oxidised to nitrate. This would, in principle, be similar to the oxidation of hydrogen sulphide to sulphate. The French scientist Jean Jacques Schoesling had shown in 1868 that the reverse process, i.e., the release of nitrogen gas from nitrates, occurs in some biological fluids. Such a process, if one-way and widespread, would be disastrous, for example by depleting the soil of essential nitrates. Pasteur had earlier proposed that nitrification did occur and was in fact a biological process. Later in 1877, Schloesing and colleagues demonstrated nitrification in sewage. Winogradsky entered this field with the objective of establishing the occurrence of biological nitrification with the experimental rigour espoused by Robert Koch. He isolated the bacteria responsible for nitrification initially as a mixed culture, though he believed that he had one type of organism in pure culture. Later, following or in parallel with the work of the English chemist Robert Warrington, Winogradsky proved that nitrification of ammonia to nitrate was a two-step process with nitrite being the intermediate, and that each step was carried out by a different type of bacteria. Then he moved away from pure cultures to study bacteria in their complex natural environment, the soil in this case. He demonstrated how the interaction between the pair of nitrifying bacteria with other, presumably biotic, components of the soil was essential for the complete conversion of ammonia to nitrate. This would be the second example of chemolithotrophy—the first being the result of his earlier work in Strasbourg—that Winogradsky established. In the case of nitrifying bacteria however, Winogradsky additionally showed that inorganic carbonate, derived from carbon dioxide, was the source of cellular carbon; construction of biological material from inorganic carbon had previously been known only to be achieved with the help of solar energy during photosynthesis.

			In 1891, after politely declining an offer from Louis Pasteur to join his institute, Winogradsky returned to St Petersburg where he isolated for the first time a free-living, anaerobic bacterium capable of nitrogen fixation, i.e., the conversion of nitrogen gas into ammonia, one of the forms of nitrogen that can be assimilated by plants. This, along with the 1888 work of Hermann Hellriegel and Hermann Wilfarth demonstrating symbiotic nitrogen fixation in the roots of leguminous plants, ‘completed’ the nitrogen cycle. In 1902, Winogradsky did finally join the Pasteur Institute where he was a vocal advocate of microbial ecology, exhorting microbiologists to study microbes in conditions similar to their natural habitat, something he had done, in part, in his earlier studies. He is sometimes considered as the first microbial ecologist, although one can argue that Leeuwenhoek himself had taken an ecological approach to discovering microbes and that Winogradsky‘s contemporary, Martinus Beijerinck, another great microbiologist who pursued his research in Delft, had also taken a similar approach.

			Martinus Beijerinck was born in Amsterdam in the Netherlands.51 The failure of his family’s tobacco business forced them to move to the provinces in the year of his birth. Poverty meant that the young Martinus was schooled at home till the age of 12. Later, at secondary school he was greatly influenced by his botany teacher, one Mr. van Eeden. His precocious talent and interest in botany was revealed when, at the age of 15, Beijerinck won a contest for his collection of 150 species of plants. With help from his brother and uncle, he entered the Delft Polytechnical School where he studied chemistry. At Delft, he encountered J.H. Van ’t Hoff, later the winner of the first Nobel Prize in chemistry, who would become his life-long advisor. Following the completion of his studies, Beijerinck took up a couple of teaching jobs in which he did not particularly distinguish himself except as a demanding teacher who would often reveal his impatience with his students by shouting at them. In 1885, he joined an alcohol factory in Delft where he set up an outstanding microbiology laboratory. The Dutch government would later set up a special position in the chemistry department at the Delft Polytechnical School, which he accepted in 1985 to mark his return to academic research.

			Whereas Winogradsky was the first to isolate an anaerobic, free-living, nitrogen-fixing bacterium, Beijerick discovered an aerobic counterpart. Beijerinck also isolated Rhizobium, famous now for its symbiotic nitrogen-fixing ability in the roots of leguminous plants. Beijerinck ‘completed’ the sulphur cycle by demonstrating the reduction of sulphate to hydrogen sulphide, the reverse of the process described by Winogradsky, thus discovering the first known sulphate-reducing bacterium. The evolutionary invention of this ancient reaction is a biochemical landmark, one that would make the synthesis of essential amino acids and some oxidation-reduction reactions in metabolism possible. In fact, bacteria would have used this series of reactions to eventually produce the cellular energy currency adenosine triphosphate (ATP) in an ancient, pre-oxygenated world, and of course, they still do so in their select environs, for example in anoxic deep waters. Diffusion of hydrogen sulphide upwards, towards water layers not devoid of oxygen, would allow its oxidation back to sulphate by bacteria in the manner described by Winogradsky.52 Thus, Beijerinck takes his place in the biologists’ hall of fame for being one of the discoverers of biological nitrogen fixation, and for describing some of the microbial drivers of two of the major biogeochemical cycles on our planet.

			Beijerinck, like his contemporaries discussed earlier, was also among the first to establish methods for culturing specific microorganisms from their natural environments, something he did not emphasise enough in his writings. However, he did describe his ecological approach in a speech as:

			the study of […] the relation between environmental conditions and the special forms of life corresponding to them […] It leads us to investigate the conditions for the development of organisms that have (somehow) come to our attention; […] to the discovery of living organisms that appear under predetermined conditions, because they alone can develop, or because they are more fit and win out over their competitors.53

			These seminal contributions to microbiology are in addition to what I believe Beijerinck is best known for today: showing that the causative agent of tobacco mosaic disease was smaller than a bacterium, suggesting that it was capable of replicating in a living plant cell, and calling it a virus. He made no impact on medicine, having developed a dislike for medical microbiology, presumably after his request to meet and discuss science with Robert Koch had been ignored. Unlike the other great microbiologist from Delft, Beijerinck left a mighty legacy in the form of researchers trained in what is now called the Delft School of Microbiology, many of whom would make major discoveries improving general microbiology in the 20th century.

			Thus, thanks to the work of a young Pasteur, Winogradsky and Beijerinck (among others not discussed in this short summary), general microbiology found itself in a golden era in the late 19th century. However, the first “schism” (as a present day microbiologist puts it)54 appeared in microbiology - creating the sub-discipline, medical microbiology - thanks to the prominent work of Pasteur and Koch. This schism would have profound effects on the progress of microbiology in the 20th century, which also saw the development of multiple silos or specialisations within microbiology that were often impervious to knowledge exchange.

			
1.4. Antibiotics: microbial competition and metabolic plasticity


			Medical microbiology found great prominence in the first half of the 20th century, primarily in relation to antibiotic discovery and deployment. Antimicrobial agents, in the form of moulds and herbs, had been known in the ancient and mediaeval world across civilisations. Later, the botanist and herbalist Thomas Parkinson documented the use of moulds against infections in his 1640 book Theatrum Botanicum.55 In the 19th century, supernatants of cultures of the versatile bacterium Pseudomonas were used as an antimicrobial agent with mixed success by Rudolf Emmerich and Oscar Loew. The “modern era of antimicrobial chemotherapy” began in the laboratory of Paul Ehrlich in the first decade of the 20th century.56

			Paul Ehrlich was born in a province of Prussia and at a young age showed an interest in staining biological samples for microscopic examination. After studying medicine at various centres in Europe, Ehrlich joined Robert Koch‘s Berlin Institute of Infectious Diseases and later the University of Gottingen in the 1890s. His search for antimicrobials was based on the premise that the existence of chemicals that could selectively bind to and stain bacteria implied that some of these molecules could be used in antibacterial therapy. Driven by his observation that the arsenical compound atoxyl was effective against the protozoan parasite Trypanosoma, his laboratory embarked on an endeavour to synthesise various derivatives of atoxyl and test them for antimicrobial activity. In 1907, Alfred Bertheim in Ehrlich‘s lab synthesised arsphenamine, also known as Salvarsan. Sahashiro Hata, a research assistant in the lab, showed that Salvarsan was active against Spirochaetes, a class of bacteria.

			Ehrlich was well aware of Koch‘s embarrassment in the 1890s when tuberculin, a substance Koch had hastily claimed was an effective anti-tuberculosis drug, turned out to be a failure, a setback that also revealed damaging lapses in the process Koch had used while testing the substance’s activity. Ehrlich ensured that arsphenamine went through a rigorous clinical testing exercise before being established as a drug for treating the bacterial disease syphilis. The drug, however, because of its chemical instability when exposed to air, needed careful handling to ensure safe administration. This, and its unpleasant side-effects, meant that Salvarsan would be set aside when penicillin came along.

			The serendipitous discovery of penicillin by Alexander Fleming is the stuff of legend. Fleming was a British bacteriologist working at St Mary’s hospital in London. He was interested in discovering antibacterial agents that were non-toxic to humans. He had in 1921 discovered the antibacterial action of lysozyme, a protein. But this molecule showed only modest activity against pathogens of human interest. Then came the now-famous culture plate of the bacterium Staphylococcus which also grew a contaminating mould that caused the bacteria to die. As Fleming himself claimed in this Nobel Lecture of 1945, the discovery of this activity was not “a result of serious study of the literature and deep thought that valuable antibacterial substances were made by moulds […] My only merit is that I did not neglect the observation and that I pursued the subject as a bacteriologist.”57 Fleming isolated the mould in pure culture and showed that the culture supernatant even diluted “1,000 times […] would inhibit the growth of Staphylococci.” Other moulds that Fleming had tested did not show such antibacterial action. Fleming named the antibacterial agent penicillin after the fungus Penicillium that produced it. Importantly from medical point of view, the diluted Penicillium culture supernatant “when tested in human blood […] had no more toxic effect on the leucocytes58 than the original culture medium in which the culture had been grown.” It showed no toxicity when injected into animals.

			Fleming published his results in 1929 and referred to them a couple of times in the next few years, but otherwise his work was largely ignored. It is probably a reflection of the growth of microbiology and our own understanding of microbial behaviour in the late 19th and early 20th centuries that Fleming would recollect later in his Nobel Lecture: “to my generation of bacteriologists the inhibition of one microbe by another was commonplace and it is seldom that an observant clinical bacteriologist can pass a week without seeing in the course of his ordinary work very definite instances of bacterial antagonism.” A mould that killed bacteria was just another example of microbial antagonism.
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