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The history of microbiology spans almost 350 years, starting with the discoveries of Robert Hooke and Antoni van Leeuwenhoek in the 17th century (Gest 2004, 2009a). After a long lapse, “modern” microbiology emerged in the late 19th century from the singular efforts of a relatively small number of gifted investigators. Prominent among them were: Ferdinand Cohn (1828-1898), Louis Pasteur (1822-1895), Robert Koch (1843-1910), Martinus Beijerinck (1851-1931), and Sergei Winogradsky (1856-1953).


“Discovery and Exploration……” discusses many topics, from Robert Hooke’s first microscopic observation of a microbe (1665) to important basic researches made during the 20th century. Some of this history is repeated in this SUPPLEMENT in order to give the reader some idea of how discoveries  continue to build on each other through the insights, labors, and personal interactions of gifted researchers.

Ferdinand J. Cohn  
Cohn, who is not well known to most contemporary microbiologists still active in research, stands out as a “prime mover” into the modern era. Pasteur and Koch are much more familiar; they are lauded, even in the skimpy historical sections of current textbooks. The important roles of Beijerinck and Winogradsky in developing understanding of microbial ecology, diversity, and chemical activities of microbes in the biosphere are discussed in Gest 2009b and 2009c and are elaborated further in later sections of this article. Here, the first focus is on Cohn.

How important scientific discoveries are made


Cohn was a truly creative scientist in pioneering the development of “modern” microbiology at a particularly important time. “Spontaneous generation” of microbial life was a major topic of current discussion and Cohn’s discoveries were crucial in ending the debate. The sources of creativity in science and art was of special interest to Max Perutz (Nobel Laureate 1962), who pinpointed their major features (Perutz 1989): “Great scientists and artists have one [other] trait in common--they both tend to be single-mindedly devoted to their work. Renoir painted every day of his life, and when old age made his fingers too arthritic to hold a brush, he got someone to tie the brush to his hand. Haydn rose early each morning to compose; if ideas failed him, he clasped his rosary and prayed until Heaven sent him fresh inspiration. Tolstoy rewrote War and Peace seven times. When Newton was asked how he had arrived at his insights, he answered ‘By keeping the problem constantly before my mind.’ There is little benefit in following scientists’ daily grind  but much in tracing the unique combinations of theoretical knowledge and manual skills, the web of personal encounters and accidental observations , the experience, temperament, moods and clashes that go into the making of discoveries, even though the crucial leap of the mind is often impenetrable.” There is no doubt that Cohn had the creative gift, as well as energy, drive, and foresight. 

From botany to microbiology  

First, a condensed “biographical notice” from William Bulloch’s great classic of 1938…The History of Bacteriology:


“COHN, Ferdinand” (born 1828, died 1898). Great German botanist and one of the founders of bacteriology. Born in Breslau, where he was for many years Prof. of Botany. He early took to the study of microscopic algae and fungi and made many important discoveries. From 1860 onwards devoted himself particularly to the study of bacteria and became the leading authority on the subject. He was one of the first to hold that bacteria can be arranged in genera and species which exhibit a high degree of constancy. Much of our knowledge is based on his work. He supported Pasteur’s ideas on spontaneous generation in opposition to Pouchet and Bastien, and first clearly described bacterial spores. He wrote a great deal and most of it was accurate. He discovered Robert Koch and befriended him. In Cohn’s Beiträge zur Biologie der Pflanzen appeared many of the classical papers on bacteriology by Cohn, Schroeter, Koch, and others. Cohn was a man of great diligence and talent and personally a fine character.”

It is relevant that a number of fundamental aspects of bacterial evolution, classification, and nomenclature are still unresolved (e.g., there is still no generally accepted definition of a bacterial species). C.B. van Niel

(1946) wrote an important essay on these subjects in which he reviewed Cohn’s ideas. van Niel noted “….Cohn appreciated the great significance which attaches to a stable and generally accepted nomenclature,” and described Cohn’s contributions “for the time he worked, masterly.”


The first journal that can be understood as a microbiological journal in the modern sense was established and published by Cohn himself…Beiträge zur Biologie der Pflanzen [i.e., Contributions to the biology of plants]. Volumes 1 and 2, dated 1875-1877, were bound together and contained 235 pages devoted to basic research on bacteria. Cohn was the author of 188 pages, and Robert Koch authored a 31 page paper describing his epoch-making discoveries on the etiology of anthrax. One of Cohn’s papers included a section on the behavior of bacteria to “extreme temperatures,” foreshadowing current preoccupation with “extremophiles” by about a century.

Cohn’s academic career


The following summary of Cohn’s career is a composite of accounts based largely on Bulloch (1938),  a profile in the Dictionary of Scientific Biography by Geison (1971),  and papers by Gerhart Drews (see below).


Cohn began studies of natural sciences (major subject, botany) in Breslau in 1844. His application for the doctoral program at the university was refused because of his Jewish faith. Undaunted, he proceeded to the University of Berlin in 1846 and received his doctorate in botany in 1847, at the age of 19. He returned to Breslau where he completed a second dissertation (Habilitation) and became a lecturer in 1857. Eventually, in 1872, he was promoted to full professor rank. Meanwhile, he had agitated for establishment of an institute of plant physiology. “In 1866, the Breslau authorities finally acceded to Cohn’s long-standing request and acquired a nearby building that had once been a prison. In these inauspicious surroundings Cohn founded the first institute for plant physiology in the world, and soon launched the second great creative period of his career….About 1870, Cohn turned his attention primarily to bacteria, and it is for his researches in this area that he is best known. In 1870 he founded a journal, Beiträge zur Biologie der Pflanzen, designed primarily to publish the work that came out of his institute. In this journal appeared the founding papers of modern bacteriology” (Geison 1971).  

Cohn and Robert Koch

As indicated earlier, Cohn was instrumental in launching Koch’s transformation from country doctor to great fame (Nobel Prize 1905). Bulloch: “ We are introduced to Koch by Ferdinand Cohn (1876), who tells us [in Beiträge] that it was with great pleasure that he received a letter, dated 22 April 1876, from Dr. Koch to the effect that after prolonged investigations he had discovered the complete life-history of the anthrax bacillus, and that he was prepared to come to Breslau to demonstrate his work to Cohn. The meeting took place in Cohn’s institute on 30 April 1876, and lasted three days, in which time Koch completely convinced his audience of his discovery. The occasion is historic….Koch’s discovery, published (1876) under the aegis of Ferdinand Cohn, immediately became widely known, and it was at once recognized that a great investigator had arisen in the field of bacteriological research. The early hopes raised by Koch’s first publication were not frustrated, for, along with Pasteur, he remains to-day the greatest exponent of bacteriological science. In connection with his rise to fame I cannot refrain from adding a tribute to the memory of Ferdinand Cohn, who behaved towards Koch in a most generous way. Along with [Julius] Cohnheim he was largely responsible for giving Koch a proper start in his scientific career, and they did everything in their power to further his worldly interests and set him free from the hum-drum of medical practice so that he could get scope for his great talents.”


The historic 1876 letter from Koch to Cohn is included in the biography of Cohn by his wife Pauline (Cohn, P. 1901). Brock’s biography of Koch (1998) gives an English translation of the letter, which follows:

“Honored Professor!


I have found your work on bacteria, published in the Beiträge zur Biologie der Pflanzen, very exciting. I have been working for some time on the contagion of anthrax. After many futile attempts I have finally succeeded in discovering the complete life cycle of Bacillus anthracis. I am certain, now, as a result of  a large number of experiments, that my conclusions are correct, However, before I publish my work I would like to request, honored professor, that you, as the best expert on bacteria, examine my results and give me your judgement on their validity. Unfortunately, I am not able to send you preparations which would show the various developmental stages [including spores] as I have not succeeded in conserving the bacteria in appropriate fluids. Therefore, I earnestly request that you permit me to visit you in your Institute of Plant Physiology for several days, so that I might show you the essential experiments. If this request is agreeable to you, perhaps you might inform me of a suitable time that I could come to Breslau.







Very sincerely yours,







 Dr. Koch, Kreisphysikus”

Koch’s title indicates that he was in practice as a District Medical Officer for the province of Wollstein,  Prussia.

Cohn’s career reviewed by G. Drews
   


Two lengthy articles by microbiologist Gerhart Drews (1999, 2000) review Cohn’s personal life, scientific career, and impacts on the development of microbiology. The 1999 article covers Cohn’s botanical research on plants and microalgae thoroughly; 153 references including a comprehensive list of Cohn’s major publications. His 2000 paper has a somewhat different perspective, which is evident from the title;

it discusses scientific progress in biology and chemistry in the 17th and 18th centuries and then focuses on the 19th century in respect to early classification of microorganisms, concepts of taxonomy, and the “spontaneous generation of living organisms” controversy. Drews gives a detailed history of the latter because Cohn played a major role (together with Pasteur and Tyndall) in its demise. One of Cohn’s major discoveries was the fact that certain bacteria produce heat resistant spores, especially Bacillus species. “The results of Cohn and Tyndall explained many of the controversial results of the advocates and opponents of the doctrine of spontaneous generation, especially the observation that hay infusion, which very often contains heat-resistant spores, resists boiling” (Drews 2000). Bulloch (1938) devotes 58 pages to this topic!

Discovery of spore formation in bacteria


An English translation, by Thomas Brock, of one of Cohn’s classic research papers became available in 1961 (see Suggested Reading). Part of one section of the paper describing the formation and generation of spores of Bacillus subtilis is an excellent example of Cohn’s astute observations and clear writing style:

“The process of spore formation can only be observed by careful observations with very strong immersion systems. Although the Bacillus filaments seem to be without cross walls even under the strongest magnification, this is in reality not the case. The single members which make up he filament are four times as long as wide.  In each member a spore develops, which does not fill the cavity completely, but is separated from  the empty cell membrane on each side. The spores are 1.5-2.2 microns long and 0.8 microns wide….In their development they seem to resemble those of Nostocaceae (Cylindrospermum, Nostoc. Spermosira, etc.) the most. Depending on whether the Bacillus filaments are shorter or longer, out of two or more members, we find the spores in a filament arranged in short chains of two or more. By decomposition of the Bacillus filaments, single members become isolated which contain only single spores. When these have completely separated from their mother cell, they show a delicate, jelly-like enclosure (spore membrane) and a strongly refracting interior…. With the maturation, release and settling out of the spores, the development of the Bacillus is ended and no further changes take place in the hay infusion….”


The same paper gives Cohn’s account of the extraordinary visit of Koch to Breslau: “To my great pleasure, I received a letter from Dr, Koch in Wollstein on 22 April. He has been occupied with studies  on the anthrax contagium for a long time and has finally been able to discover the complete life cycle of Bacillus anthracis. He was willing to demonstrate this to me at my plant physiology institute and obtain my opinion of his discoveries. Dr. Koch came to Breslau from 30 April to 3 May and with anthrax material he had brought along performed in our institute inoculations into living frogs, mice and rabbits. Through this series of experiments I was given the opportunity to convince myself of the complete correctness of his discoveries on development of the anthrax bacillus…. Herr Dr. Koch reports the results of his experiments at the end of this paper and indicates the highly important conclusions which these studies yield for the nature and spread of the anthrax contagium. I will only remark here that the life history of the anthrax bacillus agrees completely with that of the bacillus of hay infusions. Indeed, the anthrax bacillus does not have a motile stage, but otherwise the similarity with the hay bacillus is so perfect that the drawings of Koch can serve  without change for the clarification of my observations, and some of my drawings could serve as illustrations of the of the anthrax rods.” In fact, the figures for the paper by Cohn are on the very same published plate with those of Koch’s succeeding paper on B. anthracis. 

Cohn and Charles Darwin

Cohn had an active correspondence with Darwin from 1874 to 1882, largely on botanical subjects. Darwin obviously was impressed by Cohn’s wide knowledge and research acumen. Cohn clearly understood the great importance of Darwin’s observations and theories, but did not hesitate to criticize certain conclusions of Darwin on plant physiology. Their correspondence has been documented by T. Junker and M. Richmond in the form of short summaries (in English) of the subject matter of each letter [Charles Darwins Briefwechsel mit Deutschen Naturforschern; Basilisken-Presse, Marburg an der Lahn, 1996]. Some relevant examples follow.


From Cohn, 21 Aug 1875: Acknowledges presentation copy of Insectivorous plants. Studying Drosera on vacation in Bohemia. Thinks CD has erred in considering ‘aggregation’  to have occurred in the protoplasm. Suggests it is result of exosmosis of vacuole.


To Cohn, 24 Aug 1875. Thanks for good opinion of Insectivorous plants. Responds to FJC’s criticism regarding ‘aggregation’ as it occurs in protoplasm.


To Cohn, 26 Sept 1876. Invites him to visit Down. 


From Cohn, 31 Dec 1876. Acknowledges presentation copy of Cross and self fertilization. Thanks for visit to Down. Praise for CD’s theories. The visit by Cohn and his wife is described by Mrs. Cohn in her biography of FJC.


From Cohn, 31 Dec 1877. Sends details of Robert Koch’s work on bacteria, including the first photographs. Sanderson’s and Koch’s collaboration on systemic fever. Thinks movement of Francis Darwin’s Dipsacus filaments is an artifact. 


To Cohn, 3 Jan 1878. Comments on discovery of micro-organisms in disease. Describes experiments carried out by Francis Darwin on the filaments of Dipsacus.

From Cohn, 26 Dec 1880. Response to Movement in plants. Setting out to confirm CD’s experiments. Believes plant cell motion, like that of animals , depends on protoplasm more than water.

 Cohn and bacterial species


Drews (1999) summarized Cohn’s conceptions of bacterial species at length. Thus: “The first of his comprehensive articles on bacteria (1872) was a critical evaluation of the available data on shape and properties of the four groups of bacteria he proposed: I. Sphaerobacteria, II. Microbacteria, III. Desmobacteria, and IV. Spirobacteria”.….Cohn included the new genus Bacillus in the Desmobacteria and described the formation of endospores (light-scattering bodies) “as a possible stage of propagation.”  
What is a bacterial species?

Students in C. B. van Niel’s renowned microbiology course quickly learned the importance of characterizing pure cultures and that he (like Cohn) had a clear-cut practical understanding of what a species is. van Niel was fond of quoting the famous remark of mycologist Oscar Brefeld: “If one does not work with pure cultures, you end up only with nonsense and Penicillium glaucum (i.e., blue mold).” What is a pure culture? It is commonly understood to be a culture of morphologically homogeneous cells, derived from successive single colony transfers, that show a consistent profile of physiological and biochemical characteristics. Such pure cultures gave us the ca. 7000 organisms, regarded as species, which are now in bacterial culture collections. Arduous experimental studies of the properties of these organisms provided the basis of a “Mt. Everest” of contemporary molecular biological speculations. 

100 years later; Bacillus spores, a model system for research in developmental microbiology


The Royal Society of London Leeuwenhoek Lecture for 1975 was delivered by Prof. Joel Mandelstam (1919-2008) on “Bacterial sporulation: a problem in the biochemistry and genetics of a primitive developmental system.” [see Mandelstam 1976]. The lecture summarized an impressive series of investigations by Mandelstam and his colleagues at the  University of Oxford [Microbiology Unit of the Biochemistry Dept.] They analyzed the complex series of morphological, biochemical and genetic events that occur in the formation of spores by Bacillus subtilis. Further progress during the following decade in defining the sequence of gene expression in spore formation (regulated by at least 50 operons!) was described by Mandelstam and Errington in 1987. In the same year, Gest and Mandelstam (1987) reported observations on the longevity of bacterial spores in natural environments. They also conducted experiments to test the possibility that the survival of Bacillus spores over very long periods of time might be limited by the lethal effects of natural radiations: “ We concluded that the calculated half-life of the stored B. subtilis spore population that we tested would be about 7000 years. Using this value, and assuming an exponential rate for death resulting from radiation damage, it can be estimated that a population containing 1010 spores initially would have a measurable number still viable after 200,000 years.” 

CODA: 

I am indebted to Prof. Donald A. Klein (Colorado State University) for bringing my attention to Cohn’s unusual efforts to communicate the latest scientific advances to the public: “In 1872, he wrote a delightful  essay for non-specialists entitled ‘Bacteria, the smallest living organisms.’ An English translation by C.S. Dolley was published by the Johns Hopkins Press in 1939. According to Dolley, this was one of the ‘earliest (such) works to be translated into English,’ and had a wide-spread influence on making information on the new field of bacteriology available to Americans.” 

 Recognition of Cohn’s eminence                              

 
Geison (1971) notes a number of honors awarded to Cohn: “Cohn held an honorary doctorate from the faculty of medicine at the University of Tübingen and was named a corresponding member of the Accademia dei Lincei  in Rome, the Institut de France in Paris, and the Royal Society of London [Note: he was named a Foreign Member of the Royal Society in 1897] . In 1885 he was awarded the Leeuwenhoek Gold Medal and in 1895 the Gold Medal of the Linnean Society.” 

From Cohn (1872) to C.B van Niel (1946)


There is a long history of proposals on identification and classification of bacteria. Of course, these became more and more complicated as microbiologists continued to discover new species. Bulloch’s 1938 classic has a 35-page chapter on the history; a few quotes give the flavor of Cohn’s pioneering contributions to this vexing subject. 

“Cohn (1872) proposed the following classification of four tribes, each with one or more genera.


Tribus I. Sphaerobacteria (Kugelbacterien)



Genus 1. Micrococcus



Tribus II. Microbacteria (Stabchenbacterien)



Genus 2. Bacterium

Tribus III. Desmobacterien (Fadenbacterien)



Genus 3. Bacillus


Genus 4. Vibrio

Tribus IV. Spirobacteria (Schraubenbacterien)



Genus 5. Spirillum



Genus 6. Spirochaete
More certain in Cohn’s judgment was the analogy of certain vibrios to certain of the Algae which reproduce by fission. He went so far as to state that Spirochaeta plicatilis is nothing more than a colorless form of Spirulina. From this early period (1854) Cohn’s views exerted a considerable influence on the opinions held on the nature of bacteria and, persisting in his studies for two more decades, he ultimately came to the front as one of the chief founders of the bacteriological doctrines held today….” Pasteur’s important research on microbial fermentations were not conducted with pure cultures. He believed, (quoting Bulloch)… “that fermentations owe their diversity to different germs which, however, are constant in form and are recognizable morphologically. Although, as it turned out, Pasteur was correct in his assumption, he was really unable  to prove it at the time owing to the methods he employed and especially by his use of liquid media for cultivation. His very inadequate training in the microscopy of living things also led him to use words in a very loose sense. Ferdinand Cohn (1872), himself a properly trained and accurate botanist has pointed out that Pasteur used almost as synonyms ‘vegetaux cryptogames microscopiques, ‘animalcules’, ‘bacteries’ [and at least 8 other terms!]. The word microbe now in common use was suggested by Sedillot (1878)”….(Cohn) published his classical Untersuchungen uber Bacterien in 1872, and herein the student will realize that he is on new ground which in a way was the starting-point of our modern ideas in bacteriology. His researches were the result of many years’ laborious work and he was successful in disentangling almost everything that was correct and important out of a mass of confused statements on what at the time was a most difficult subject to study. His work was entirely modern in its character and expression, and its perusal makes one feel like passing from ancient history to modern times. He was clear, explicit, and fair in his judgment to other workers, and on every page it is apparent that he wrote from first-hand knowledge. In his paper of 1872 he at once raised the fundamental question whether like other plants or animals, bacteria can be arranged in genera and species…While the botanists were wrangling on the subject of morphological constancy of bacteria, the  medical bacteriologists were content to record the occurrence of bacteria in morbid processes.” 

On to the next generation


The momentum developed by Cohn (and Koch) was brilliantly carried forward into the areas of microbial chemistry and ecology by Beijerinck and Winogradsky. Their contributions are reviewed after consideration of the “Delft Connection,” represented by C.B. van Niel and his mentor, A. J. Kluyver.

ALBERT J. KLUYVER (1888-1956)


Kluyver was trained in chemical engineering and spent six years in the Dutch East Indies as an advisor to the Netherlands Indies Government on promotion of native industries. In 1922, he returned to the Netherlands to succeed Beijerinck in the chair of general and applied microbiology of the Technical University [“High School”] of Delft. Throughout his career, Kluyver maintained a strong interest in commercial uses of microorganisms, and many of his students went on to work in industry. He became head of a group of advisors to the Netherlands Yeast Factory when it expanded its manufacture of pharmaceuticals, an also was an advisor to the Royal Dutch She2ll Laboratory. In 1924, Kluyver began study of Acetobacter suboxydans and recognized its importance in the production of sorbose, an intermediate in the commercial manufacture of ascorbic acid.


Kluyver’s study of A. suboxydans stimulated his interest in oxidation/reduction reactions, and this led him to develop the basis for the publication of A.J. Kluyver and H. J. L. Donkers: Die Einheit in der Biochimie [in Chemie der Zelle und Gewebe 13: 134-190, 1926]. In essence, this paper emphasized the idea that hydrogen transfer is a fundamental aspect of all metabolic processes. Van Niel enthusiastically adopted the Kluyver/Donker “hydrogen transfer thesis” as the foundation of “comparative biochemistry, “ and this was later reflected in van Niel’s  famous course in microbiology.

Cornelis B. van Niel (1897-1985); “champion” of Cohn in the “New World” (extending the “Delft Connection”)


While studying for a chemical engineering degree at the Technical University of Delft, van Niel took courses in biology, chemistry and Beijerinck’s courses in general and applied microbiology. He decided to specialize in microbiology after hearing the Inaugural Lecture of A. J. Kluyver, who succeeded Beijerinck in 1921 (as “chair” of general and applied microbiology). For two years, van Niel served as an assistant to Kluyver, preparing demonstrations for lecture courses. Later as a “Conservator,” van Niel also managed a large pure culture collection of bacteria, yeasts and fungi. The die was cast! van Niel revered Kluyver as the “Master” and enthusiastically adopted Kluyver’s thesis of “hydrogen transfer” as the fundamental basis of “comparative biochemistry.” This was later reflected in van Niel’s famous course on microbiology at the Hopkins Marine Station of Stanford University (Pacific Grove, CA). His research there focused mainly on the general physiology, pigments and classification of anoxygenic photosynthetic bacteria (especially the nonsulfur purple and brown bacteria). These studies were summarized in a large monograph published as a special issue of Bacteriological Reviews (8: 1-118, 1944).

van Niel’s microbiology course

van Niel was a superlative teacher and one obituary noted that “his greatest contribution to science may well have been his teaching of general microbiology and comparative biochemistry.”  He developed an intensive “laboratory/lecture” course (ten weeks, during the summer) in which he accepted a maximum of 14 students. Lectures and laboratory experiments were in  the same room. van Niel would suddenly interrupt experimental work at particular times and give relevant spell-binding lectures, sometimes for several hours! A major feature of the lectures was intermittent Socratic dialogues with the students.


Experimental work emphasized preparation of enrichment cultures for various physiological types of microorganisms, followed by isolation of pure cultures. When Gest took the course in 1947, by midsummer he had isolated and done simple experiments with the following: Pseudomonas, aerobic spore-formers, mycobacteria, actinomycetes, coli-group bacteria, acetic acid bacteria, Azotobacter, Rhizobium, H2-bacteria, spirilla, luminous bacteria, as well as cellulose and agar-decomposing bacteria. When the course ended, he had 82 pure cultures in his personal collection.


van Niel had great histrionic skill, and with his extensive knowledge of the history of science, he included comments on the special talents and idiosyncrasies of outstanding investigators. As his reputation as a teacher spread, mature scientists in various fields asked van Niel if they could be given permission to attend the course as silent observers on the sidelines. In time, the number of observers equaled the number of students. The list of students and auditors between the 1940’s and 1960’s reads like a “Who’s Who” of biological science. There is no doubt that, directly and indirectly through students and auditors, van Niel exerted a great influence on teaching and research in general microbiology for a generation.


A number of “van Niel-type” courses proliferated in the U.S., notably at the Marine Biological Laboratory in Woods Hole (Mass.). van Niel’s contributions were recognized by numerous awards and honors, including the U.S. National Medal of Science in 1964. 


Personal impressions of van Niel’s course are given in the following autobiographical accounts of Arthur Kornberg (Nobel Laureate in Medicine, 1959 and Konrad Bloch (Nobel Laureate in Medicine, 1964).

From A. Kornberg: For the Love of Enzymes/The Odyssey of a Biochemist. Harvard University Press, Cambridge, 1989.

“My metamorphosis from physician to biochemist and my growing awareness of genetics had convinced me that instruction of medical students in the basic biochemistry and genetics of bacteria, viruses, and parasites would be more valuable than exclusive attention to the latest techniques in culturing and staining each of the many pathogenic microbes. As chairman of a department that would try to teach these aspects of general microbiology, it seemed to that I should take some formal instruction in the subject. I also sought refuge for myself and my family from the steamy heat of a St Louis summer.

 Van Niel’s course provided a superb historical review of microbiology and a powerful antidote to medically oriented bacteriology. He dwelled on the good microbes in the environment and forbade the mention of pathogens, except those few that figured prominently in the history of microbiology. Progress was described in the exploits of his heros: Anton van Leeuwenhoek, Louis Pasteur, Sergei N. Winogradsky (1856-1953), the Russian soil microbiologist, and not least, the yeast cell. van Niel traced his own Dutch lineage with reverence to Albert J. Kluyver (1888-1956), his teacher, and farther back to Martinus W. Beijerinck (1851-1931), who taught Kluyver. 

…Once during the course I gave a seminar on my previous work on the isolation of enzymes from the cellular juice of microbes. Afterwards, van Niel told me: ‘This is beautiful work, I know it needs to be done. I myself would not have the heart to to grind up the little beasties.”

From K. Bloch: Blondes in Venetian Paintings, the Nine-Banded Armadillo and other Essays in Biochemistry. Yale University Press, New haven, 1994.

Except for the occasional excursions mentioned, my early research had been limited to rats, whole animals, and isolated liver preparations. During the 1950s biochemists, many among them midde-aged, began to seize the opportunities provided by the remarkable developments in molecular biology. The use of microbial mutants, introduced by Beadle and Tatum with the mold Neurospora, had been extended to bacteria with the aid of the elegant penicillin technique. Joshua Lederberg and Bernard Davis had discovered it independently in 1952. Escherichia coli became the organism of choice for biochemists whose primary interests were biosynthetic processes.  I was particularly impressed by elucidation of the pathways to the aromatic amino acids tryptophan, tyrosine, and phenylalanine, totally unknown previously and an outstanding example of the power of the mutant technique.

In order to ease the transition from familiar to unfamiliar biological systems, I decided in 1957 to go back to school. I had been told of a popular microbiology summer course taught by C. B van Niel at the Hopkins Marine Station in Pacific Grove, California

-located on the Monterey Peninsula, an added attraction. My application to enroll in the course was accepted, along with those of some fifteen biochemists, all anxious to be introduced to microbiological techniques (the average age of those in the class was forty-two). We heard a rumor that applicants who had already taken a microbiology course elsewhere were not admitted.


The exceedingly demanding course taught me important lessons that were to influence and redirect my research from then on. van Niel, a classic bacterial physiologist in the tradition of the Dutch school of Beijerinck and Kluyver, first made the class aware of the rich variety of microorganisms (“beasties,” he called them)and their diverse lifestyles. Second, we learned from van Niel that Nature provides the investigator with numerous organisms to choose from, some uniqyely suited for studying a specific biological phenomenon…


Another piece of helpful information van Niel mentioned--almost casually--in his lectures benefitted me perhaps more than any other for planning future research. The class was told that common brewer’s yeast , Saccharomyces cerevisiae-the organism that led to Pasteur’s fundamental discovery, which he termed “la vie sans air”--is in fact microaerophilic, not strictly anaerobic. This came from a paper by Andeassen and Stier in Journal of Cellular and Comparative Physiology, a periodical then unfamiliar to me. These authors noted that in the strict absence of oxygen, yeast fails to grow unless supplied with cholesterol and an unsaturated fatty acid. Obviously oxygen, albeit at very low atmospheric pressures, is essential for the biosynthesis of these lipid molecules. This realization was essential to our later research and also stimulated my interest in the role of oxygen in the evolution of biochemical pathways and organisms.”   

Van Niel’s reflections on Cohn

In 1946, van Niel published a landmark essay on “The classification and natural relationships of bacteria.” He reviewed the long history of earlier studies, and focused on the need for development of a stable  nomenclature of known species. Van Niel foresaw the complications that could arise from multiplication of names for the same organism. Moreover, he emphasized that even if we knew the phylogenetic relations among bacteria, a classification based on such relations would not necessarily be the best or most efficient for determinative purposes. Although determinative keys are very important in practical microbiology (medical,  public health, industrial, plant pathology etc.) this was generally ignored by those probing relationships of bacteria using 16S rRNA sequences as a primary taxonomic criterion. Thus, a plague of  genus and species name changing ensued, introducing confusion in the research literature, text books, and computer information retrieval (Gest 1999, 2003). For comment on the increasingly dubious validity of 16S RNA as a “Rosetta Stone” of bacterial taxonomy, see Gest 2010.    

Excerpts from van Niel 1946:  

“Complaining furthermore of the profusion of names used for bacteria that might differ only by insignificant details, or perhaps not differ at all but merely have been observed and named by investigators who wanted to stress different features, Cohn appreciated the great significance which attaches to a stable and generally accepted nomenclature….
As time went on….it was found that differences exist in the action of various bacteria on a wide variety of chemical compounds. The search for specific microorganisms capable of decomposing certain organic substances or causing the spoilage of food products, or responsible for the production of special chemicals, led to the isolation and study of more or less well-defined physiological groups and to investigation of nutritional physiology. This not only added to the already considerable number of species and genera, but also greatly extended the possibility for refinements in characterizaion….


Meanwhile, the ‘form genera,’ initiated by Cohn, had proved very helpful for determinative purposes. It was evident that Orla-Jensen’s [1909] physiological genera could be equally useful….By the side of Cohn’s ‘form genera’ and Beijerinck’s and Orla-Jensen’s ‘biochemical genera’ there appeared ‘color genera,’ ‘disease genera,’ ‘nutritional genera,’  etc., like Flavobacterium, Rhodococcus, Chromobaterium, Rhodospirillum, Phytomonas, Pneumococcus, Haemophilus, and others….


If the phylogenetic affinities of the various groups of bacteria had been definitely established, it should be possible to use the natural system directly for determinative purposes. But even in that event it is not necessarily the best or most efficient approach, as has been recognized by botanists who have constructed numerous determinative keys based on characters that bear no relation to those of phylogenetic importance….


The development of a more satisfactory determinative system, divorced from the implications of a direct connection with a phylogenetic classification, can be initiated immediately. Our very limited knowledge of the ‘natural’ relationships of the bacteria will not be a stumbling block for the enterprise. Meanwhile, advances in the understanding of bacterial phylogeny will depend on following such leads as may be discovered from time to time.”  

The foregoing fragments convey the gist of van Niel’s remarkable 1946 essay, which should be required reading for contemporary graduate students in microbiology. To place the essay in historical perspective it is instructive to consider our knowledge of bacterial genetics at the time. In 1944, Avery, MacLeod, and McCarty published their famous paper on DNA transformation of pneumococci. But the leading pundits of the day completely ignored their great discovery or argued that the active component of their DNA preparations could very well have been traces of protein. In 1985, Sydney Brenner reviewed McCarty’s book on  The Transforming Principle: Discovering that Genes are Made of DNA (Nature 317:209-210), with pungent observations: “There was no way at that time that anybody could have conceived how to go from DNA to polysaccharide. The role of proteins was not understood, the one-gene-one-enzyme hypothesis had not been formulated, and haploid genetics in organisms with no visible chromosomes had yet to be invented. Indeed there were many people who believed that bacteria did not have genes because Mendelian experiments could not performed with them, and it would have been an impossible leap for geneticists to view the transformation experiments as a kind of genetic cross…For most young molecular biologists, the history of their subject is divided into two epochs: the last two years and everything else before that. The present and very recent past are perceived in sharp detail but the rest is swathed in a legendary mist where Crick, Watson, Darwin-perhaps even Aristotle-coexist as uneasy contemporaries. It would not surprise me to find that most graduate students have not heard of Avery, MacLeod, and McCarty or of their discovery that the transforming principle of the pneumococus was DNA….Did this work deserve a Nobel Prize? Of course it did, and probably more so than many of the ones given since. But as McCarty suggests, the Committee was more careful than wise and let it go by.” 

Background of van Niel’s 1946 analysis

The essay was clearly an extension of a monumental paper, published by Kluyver and van Niel, in 1936 [Prospects for a natural system of classification of bacteria, Zentralbl fur Bakt. etc. II. Abt. Bd. 94, pp. 369-402].  Their Table 2, which considers the families, tribes, and genera of the Eubacteriales conveys some idea of the comprehensive knowledge possessed by Kluyver and van Niel of the bacterial world ca. 1936. A few of their concluding remarks:


“As has been amply set forth in the discussion of the general principles of classification it is necessary both from scientific and from a practical standpoint to aim at a system which is worthy of the designation ‘natural.’ We fully realize that the result of our own classificatory attempt has only very imperfectly approximated this goal. On the other hand it seems to us that the system as outlined in this paper marks a definite progress as compared with previous ones….Future investigations will deepen our insight into the natural relationships of different bacterial groups and the system will have to be modified accordingly. Nevertheless it appears likely that the idea which is largely responsible for the outline, viz. the occurrence of both morphological and katabolic evolution in the bacterial kingdom, will reappear in future classifications, thus perhaps justifying the use of the word prospects in the title of this paper. In the meantime, the system in its present imperfect shape may well serve the purpose of stimulating interest and research in the field.”  

Evolution of bacterial taxonomy/classification schemes


Cohn died in 1898. In the subsequent 25 years, microbiologists were very busy discovering and characterizing many new bacterial species from a large diversity of habitats. As knowledge expanded, proposals of classification schemes became larger and more complex.

A few highlights of early history:


In 1838, when bacteria were still regarded as animals, Ehrenberg established 5 genera. As noted earlier, Cohn later (1872) proposed 4 tribes and 6 genera, and his influence was an important factor in the rapid escalation of new discoveries. The year 1923 saw the introduction of a major development in the “modern” era; David Bergey, Professor of Bacteriology at the University of Pennsylvania, and several colleagues published the first Bergey’s Manual:

     “Bergey’s Manual of Determinative Bacteriology, a key for the identification of organisms of the class Schizomycetes, arranged by a committee of the Society of American Bacteriologists, Baltimore, 1923. Its 442 pages described 16 genera, and included 11 pages of a key for identification of species of the genus Escherichia (formerly the genus Bacterium. This manual is now in its ninth edition, and has now been supplemented with the first edition of Bergey’s Manual of Systematic Bacteriology.

Details of the tortuous history of schemes for taxonomy/classification of bacteria can be found in Kluyver and van Niel (1936), Bulloch (1938), and van Niel (1946). A review of Bergey’s Manuals and an authoritative discussion of contemporary schemes by Prof. Donald Klein (Colorado State University) is available in the 6th edition of the textbook Microbiology by L. M. Prescott, J. P. Harley and D. A. Klein (McGraw Hill, 2005). Chapter 19, pages 409-435, covers this increasingly complex subject. Section 19.6  “Addressing microbial phylogeny” is of special interest because it considers “rRNA, DNA, and proteins as indicators of phylogeny.” The approach of “ polyphasic taxonomy” is summarized as follows:


“Because phylogenetic results vary with the data used in analysis, many taxonomists believe that all possible valid data should be employed in determining phylogeny. In the approach called polyphasic taxonomy, taxonomic schemes are developed using a wide range of phenotypic and genotypic and genotypic information ranging from molecular properties to ecological characteristics. The techniques that are appropriate fr grouping organisms depend on the level of taxonmic resolution needed.  For example, serological techniques can be to identify strains, but not genera or species. Protein electrophoretic patterns are useful in determining species, but not genera or families. DNA hybridization and the analysis of % G+C can be used in studying species and genera. Characteristics such as chemical composition, DNA probe results, rRNA sequences, and DNA sequences can be used to define species, genera, and families. Where possible, as many properties as possible are used to get more stable and reliable results. Successful polyphasic approaches often will help one select techniques for rapid identification of the organism….This brief discussion of the problems in developing a true universal phylogenetic tree is intended to show the difficulty in determining phylogenetic relationships. The best results will be obtained when all possible data, both molecular and phenotypic, are used in the analysis.”


The subsections of Ch. 19 are entitled: 1. General introduction and overview, 2. Microbial evolution and diversity, 3. Taxonomic ranks, 4.  Classification systems, 5. Major characteristics used in taxonomy, 6. Assessing microbial phylogeny, 7. The major divisions of life, 8. Bergey’s Manual of Systematic Bacteriology. 9.  A survey of prokaryotic phylogeny and diversity.


A key question: Are the relationships among bacterial species describable in the form of a “tree” as in the taxonomy/classification of higher organisms? 

This has become increasingly doubtful for various reasons, especially because of the phenomenon of “horizontal” or “lateral” gene transfer among bacterial species (designated as either HGT or LGT).   


New evaluations suggest that rather than a “conventional tree,” the pattern of bacterial species relationships resembles a very complex web or bush with a multitude of interconnections, which Doolittle once described as a spaghetti-like web of intermingled branches [“Uprooting the tree of life;” Sci. Amer. 282: 90-95, 2000]. New interpretations of bacterial relationships are discussed in a 2009 landmark issue of Philosophical Transactions of the Royal Society (Biological Sciences; vol . 364, no. 1527, 12 August) on the theme “The network of life: genome beginnings and evolution”. Quotations from a few of the 10 articles in the issue:  

J. A. Lake et al., pp. 2177-2185: “Today, there is an enormous interest in reconstructing the rooted tree of  prokaryotic life, but there is little or no agreement about the topology of the net, the web, the ring, the tree or the non-tree of life.”

W. F. Doolittle, pp. 2221-2228: “Whether or not LGT also ‘invalidates phylogenetics’ depends on what we think phylogenetics is for and is. If its goal is to elucidate the origin of phyla (phylogenesis) and if phylogenetics is taken –as it now invariably is-to be the construction of bifurcating trees, then this goal is not achievable. Phylogenesis is a much more complex, reticulating, process….If the goal of phylogenetics was the recreation of the true TOC [Tree OF Cells] then the verdict is not yet in, and may never be.”

L. S. Haggerty et al. pp. 2209-2219: “The amount of horizontal gene transfer (HGT) that is observable in completed genomes makes it impossible to define a single unifying phylogenetic tree that can describe the evolutionary history of all prokaryotes. HGT confuses and confounds prokaryotic relationships by implying different, incongruent relationships within a set of taxa. The set of relationships derived for a particular gene is a combination of both the vertical and horizontal history for that gene. Alongside that, it is impossible to find a species concept or definition that will please everybody,”

G. P. Fournier et al., pp. 2229-2239: “HGT is an ongoing evolutionary process that imposes a web-like structure on the tree/coral of life. Rather than artefacts that confound our understanding of evolution, HGTs are phylogenetic characters in their own right, revealing much about the relationships among diverse groups of organisms, and the selective pressures that have shaped the metabolism , physiology and ecology of the modern living world. Realizing the significance of HGT also allows for a better understanding of the early evolution of life on Earth. Methods for the detection of HGT should continue to be applied and expanded to further explore the genetic contribution of extinct lineages to existing genomes, in an effort to unravel some of the deepest and most challenging problems in evolutionary biology.”

J. T. Staley, one of the editors of Bergey’s Manual of Systematic Bacteriology (vol. 3) recently commented on the limitations of 16S rRNA as the ultimate basis for taxonomy/classification as follows (“The phylogenomic species concept,” Microbiology Today 36: 80-83, 2009): “There is even greater evidence for HGT at the species level than there is at higher genomic levels. Clearly, if HGT is too extensive, it can lead to ambiguous classifications and potentially an erasure of the evolutionary pathway…HGT affects not only phylogenetic classifications but those based on phenotypic properties as well.”

From the history of biological research it is well known that popular, but misguided, ideas can survive for considerable periods despite clear-cut evidence that undermines their validity, e.g., that genes are composed of proteins, rather than DNA.  

It is quite clear that understanding bacterial taxonomy/classification is still a work in progress, and that the popular notion that 16S rRNA is its “Rosetta Stone” was a gross oversimplification (see Gest: The remarkable ‘taxonomy gene,’ in Microbiology Today, May 2010, p. 136). 
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MARTINUS W, BEIJERINCK (1851-1931)

A capsule biography from Bulloch (1938):

“BEIJERINCK, Martinus Willem. Great Dutch microbiologist. Born in Amsterdam. Educated in Haarlem. Lecturer on botany, physiology and physics at Agricultural School at Warffum (Groningen). Lecturer in Utrecht and in Wageningen for ten years. In 1897 bacteriologist to Yeast Works in Delft, and from 1988 to 1921 as Prof. of General Bacteriology in the High School at Delft. B. published a large number of highly important researches dealing with fundamental problems in the physiology of bacteria, the bacteria of soil and plants,  and plant infective diseases. Foreign member of the Royal Society 1926. His Verzamelde Geschriften van M. W. Beijerinck ter gelegenheid  van zijn 70sten Verjaardag, publ. at Delft, 1921-2, 5 parts. Biog.: Proc. Roy. Soc. B, cix, pp. i-iii.”


As noted earlier, Beijerinck’s early graduate education and research were in the field of botany. With no previous microbiological training, he accepted a position in 1884 as a bacteriologist at the Dutch Yeast and Spirit Factory in Delft. Eleven years later, he became Professor of Microbiology at the Polytechnical School in Delft and remained there for the rest of his career. Beijerinck published more than 140 papers on botany, microbiology,  chemistry and genetics. Personally, Beijerinck was acerbic and taciturn. According to Ronald Bentley (ASM News 60:3-4, 1994), during his 1960 course, van Niel noted that Beijerinck did not like to teach and in his lectures he emphasized his own current interests. He published mostly under his own name or with himself as first author. This is consistent with the gist of van Niel’s remarks reported by Bentley: “With his assistants, he [Beijerinck] was possessive of information; he would pick up a culture plate and say ‘Did you see that? Remember, I saw it first?’ Some assistants kept their cultures in the toilet, since this was the only room that he never visited—his house was next door with his own private toilet.” Nevertheless, Beijerinck left a great scientific legacy.


Between 1885 and 1900, Beijerinck did intermittent research on the “tobacco mosaic disease.” His experiments showed that the agent was unique in that is was “fluid” or “non-particulate.” Also, he noted that the pathogen was unable to reproduce outside of the host and seemed to multiply only in parts of the plant undergoing rapid cell division. Beijerinck concluded that the disease was caused by a “contagium vivum fluidum.” This was a revolutionary idea which, of course, was later understood to be the concept of a virus [see Brock 1961 for further details]. Beijerinck’s research on the tobacco mosaic disease was virtually forgotten until Wendell Stanley crystallized the virus in 1935.


Beijerinck developed the microbial enrichment culture technique (simultaneous with Winogradsky) and exploited it in isolation of a number of important physiological types of bacteria, which included:


1888 Rhizobium leguminosarum


1889 Vibrio fischeri


1895 Desulfovibrio desulfuricans


1898 Acetobacter aceti


1901 Azotobacter chroococcom


1901 Lactobacillus fermentum


1901 Sporosarcina ureae


1904 Thiobacillus thioparus

Beijerinck was a versatile experimentalist with an unusually wide spectrum of interests. Coupled with singular dedication and great energy, these qualities led to a remarkable career of important discoveries. When Beijerinck was obliged to retire in 1921 at age 70, his colleagues presented him with a published collection of his experimental papers and special lectures—five heavy volumes: Verzamelde Geschriften van M.W. Beijerinck (1921). A sixth volume was published in 1940 [Martinus Nijhoff, The Hague] which included papers before 1920 that were not presented in the first five volumes, and papers that appeared between 1921 and 1927. The second half of volume six is a detailed biography of Beijerinck in three parts:


Part I. Beijerinck, The Man; by L. E.



den Dooren de Jong [assistant to

 Beijerinck, 1920-1923]


Part II. Beijerinck, the Botanist; by



G. van Iterson, Jr. [assistant to



Beijerinck, 1902-1907]


Part III. Beijerinck, the Microbiologist;



by A. J. Kluyver [successor to Beijerinck]

There are also several Appendices: Addresses given in honor of Beijerinck; Indicies to vols. 1-6: 

1. Author, 2. Organisms (46 pages); 3. Subject (59 pages).


In 1983, the biographical part of volume six was reprinted by Science Tech (Madison, WI) as a separate book. The latter has a lengthy Forward by C. B. van Niel [The “Delft School” and the rise of general microbiology] and a Preface by Thomas Brock, at that time the publisher of Science Tech. 


Some idea of Beijerinck’s research accomplishments is given by a listing of the titles of his papers in volumes 1-6 of Verzamelde. They reflect his extraordinary knowledge, versatility and research acumen. The papers were published in four languages: Dutch, German, French and English. In the (incomplete) list below, the abbreviated titles are either in the original English or in approximate English translation. 

Volume 1; 1877—1886:

Papers on plant galls and other botanical subjects; he published more on galls later.

Volume 2; 1885-1891: 

              The bacteria of root nodules [Rhizobium]



Auxanography in gelatin



Studies on photobacteria [bacterial



     luminescence; Photobacterium

     phosphorescence; Ph. fischeri
Yeast lactase and other enzymes

The Pasteur-Chamberland filter

Microscopic algae

A pigmented bacterium, Bacillus


cyano-fucus

Volume 3; 1891-1900



Demonstration of acid production by




microbes



Microbiochemical analyses



Nutritional physiology of yeast-like fungi



Schizosaccharomyces octosporus



The butyl alcohol fermentation



Spirillum desulfuricans, agent of sulfate 

                     reduction 



Production of spores by yeast



On the existence of a contagious living




fluid, agent of the mosaic disease of

               
tobacco

Volume 4; 1900-1910


On the production of quinone by Streptothrix


       chromogena, and its biology


On the formation of H2S in the canals, and



the new genus Aerobacter 


On different forms of hereditary variation



of microbes


On the lactic fermentation in industry

Decomposition of urea by urease and by


catabolism

Photobacteria as a reactive in the

 investigation of the chlorophyll

function


On assimilation of free nitrogen by bacteria



(with van Delden)

Chlorella variegata, a many-colored microbe

The assimilation product of carbonic acid in


chromatophores of diatoms

On bacteria which can grow in the dark with


with carbonic acid as carbon source

The influence of microbes on fertility of the


soil and the growth of higher plants 

An obligative anaerobic fermentation Sarcina
Lactic acid fermentation in milk

Fixation of free atmospheric nitrogen by


Azotobacter in pure culture

The phenomenon of agglutination of 


Alcohol yeasts

Variability in Bacillus prodigiosus
Formation and use of nitrous oxide by

 
bacteria

Volume 5; 1911-1920


Pigments as products of oxidation by



bacterial action


Structure of the starch grain


Mutation in microbes [a lengthy paper with



drawings and photos of mutants and 



mutant colonies]


On the composition of tyrosinase


On Schroeter and Cohn’s litmus-coccus


Formation of pyruvic acid from malic acid



by microbes [with T. Folpmers]. 


Chemosynthesis at denitrification with sulfur



as source of energy

 Volume 6; 1921-1927


Azotobacter chroococcum as an indicator of



fertility of the soil


On Bacillus polymyxa [with de Jong]

Pasteur and ultramicrobiology [includes 



discussion of bacteriophage]

Urease as a product of Bacterium radicicola [later 

renamed Rhizobium leguminosarum]

On a Spirillum that can fix nitrogen? 

Looking back

An article by van Niel on the “Delft School” [Bacteriol. Revs. 13: 161-174, 1949] reviewed the great contributions of Beijerinck noting: “By introducing the principle of enrichment cultures he opened the way for a rational approach to microbial ecology….[Beijerinck] never so much as published a paper in which the principle was clearly formulated and its potentialities developed. When, in 1905, Beijerinck was awarded the Leeuwenhoek medal by the Koninklijke Akademie van Wetenschappen in Amsterdam, F.A.F. C. Went [in his Presidential Address] noted ‘There is in your publications such a wealth of original concepts and of special approaches, often buried in a couple of sentences, that such a treatise [on enrichment cultures] would surely be anticipated with the utmost interest. It would then also become clear how many of the current ideas in microbiology we really owe to you; this is far more than is apparent to those who merely have taken superficial notice of your publications.”  

[Note: the 1949 and 1983 articles by van Niel on the “Delft School” are identical]

SERGEI N. WINOGRADSKY (1856-1953)


Winogradsky had a long peripatetic life during which he made important contributions to our knowledge of microbial physiology and ecology. His father became a wealthy banker and acquired vast estates in the Ukraine Many of these were lost during the 1917 Revolution. Selman Waksman’s biography of Winogradsky (see later) divides his scientific life into six periods: 1881-1884, St. Petersburg; 1885-1888, Strassburg; 1891-1905, St. Petersburg again; 1905-1922, “Rest” on his estates in the Ukraine; 1922-1940, Pasteur Institute at Brie-Comte-Robert (near Paris). Waksman (who came to the United States from the Ukraine) visited Winogradsky many times. His biography gives rich detail on Winogradsky’s personality and research accomplishments. At Waksman’s suggestion and with his help, Winogradsky’s complete works were assembled and finally published in 1949 (Microbioogie du Sol).


Winogradsky is particularly well known as the discoverer of chemosynthetic autotrophic bacteria, especially of species important in the Earth’s sulfur and nitrogen cycles (“sulfur bacteria,” Nitrosomonas, Nitrosococcus, Nitrobacter). He referred to them as “anorgoxydants.”  His research required meticulous microbiological techniques as well as development of innovative procedures. Brock’s Milestones in Microbiology (1961) includes a translation of one of Winogradsky’s important papers on nitrifying bacteria; this is followed Brock’s “Comment” which highlights the the significance of the nitrifiers.


In addition to his pioneering research on autotrophs, Winogradsky productively studied the bacteriology of cellulose decomposition and many aspects of soil microbiology. He clearly understood the great complexity of soil microbial ecology, which is now being rediscovered by the current generation of microbiologists and “nucleic acid sequence hunters.”

References:

Winogradsky, S. (1949) Microbiologie du Sol. Problems et methodes. Cinquante ans de recherches. 853 pages; 35 plates. Masson et Cie, Paris.

Waksman, S.A. (1953), Sergei N. Winogradsky, His Life and Work/The Story of a Great Bacteriologist. Rutgers University Press, New Brunswick.

Contrasting Winogradsky and Beijerinck


In a 1951 review of Microbiologie du Sol [Quart. Rev. Biol. 26: 35-37], Roger Stanier noted that Winogradsky and Beijerinck share the honors for revealing two great concepts of microbiology: “the physiological specificity of different microbial types, and the essential role of 

microorganisms in maintaining the cycle of matter. “ This required the development of special methodologies in discovery of the chemosynthetic autotrophs and major catalysts of the earth’s nitrogen cycle (Winogradsky) and the technique of “selective enrichment culture.” Analysis of the microbial ecology of soil by such methods led to a cornucopia of knowledge in general microbiology and identification of important species whose properties are grist for the mill of “molecular ecological” studies.


 Winogradsky, in particular, had deep insights into the complexities of microbial ecology and introduced novel methods of study which are probably largely unknown to present day researchers. For example, the technique of “separative enrichment,” in which a solid medium of silica gel is impregnated with suitable nutrients and inoculated  at spaced intervals with small particles of soil. Such enrichments closely simulated the physical conditions in soil and permitted isolation of the more slowly growing types in a given physiological group.

The personas of Winogradsky and Beijerinck



The contrast is remarkable. Although Waksman was a devoted admirer of Winogradsky, his biography clearly describes Sergei’s egotism and character as a “loner” in science. This is evident from the following quotations:


“In spite of the broad scope of his work, Wnogradsky was a solitary figure in carrying out his scientific investigations. He did virtually all of the work himself. He had few students and fewer scientific friends with whom he could share his ideas and plans. It is doubtful whether more than a dozen persons, throughout his whole life, knew him intimately as a scientist.  The total number of scientific workers who spent any length of time in his laboratory and under his direct guidance can be counted on the fingers of one hand. The number of scientific contemporaries whose ideas and work he considered of sufficient interest to warrant a prolonged friendship wa very limited [Italics added]….

….It would be no exaggeration to say that Winogradsky produced only one student, V.L. Omeliansky….

….Omeliansky also emphasized that Winogradsky was never attracted to teaching. In spite of numerous invitations to give a course of lectures at the University of St. Petersburg, he always declined categorically….

….Although he recognized fully the significance of Beijerinck’s contributions to microbiology, Winogradsky could not help but feel irritated by many of the things that Beijerinck had done….

….When I asked Winogradsky , in a letter written in 1925, whether he had read Beijerinck’s paper on a “Spirillum which possibly fixed atmospheric nitrogen, he replied that he had not read it, but could guess beforehand its content. He added further: “As to the scientific personality of Beijerinck, nobody can deny his talent as an investigator and his capacity for work. In spite of this, however, the reading of his papers always exerts a very depressing effect.” [strange admission]

….Beijerinck may be considered as the great pioneer n this field of science, a constant searcher after new organisms and new processes; he opened numerous problems in various branches of microbiology, but left opportunities for further exploration to those who followed. Beijerinck spoke highly of Winogradky and his work, but he considered him more as a dilletante than as one who had to make a living out of science and and who had to devote hi whoe life to it.

….Both masters in the field of microbiology, both approximately the same age (Beijerinck was about three years older than Winogradsky), the two men led a totally different life. Beijerinck, a bachelor, more nearly a recluse, rather shy of people, living in a small provincial Dutch town, left a large  number of students and built up a great school of bacteriologists.  Winogradsky, on the other hand,  the typical cultured European, thoroughly at home in several European capitals, of a broad training and education, as much at home in art and in music as in science, left only one student and no school whatsoever. The scientific contributions of both have become a part of modern bacteriology; students who have absorbed the ideas Beijerinck and Winogradsky and have learned bacteriology by using their methods are found wherever there is interest in the microscopic forms of life and in their role in the cycle of elements in nature.”

Beijerinck’s world


Beijerinck’s personal world was in many ways the antithesis of Winogradsky’s. The early phases of Beijerinck’s scientific life were summarized earlier in this Supplement. In Three Centuries of Microbiology [McGraw-Hill, 1965]. H.A. Lechevalier and M. Solotorovsky note: “In 1895, Beijerinck was appointed professor at the Delft Polytechnical School, and a laboratory with adjoining living quarters was built for him. He lived there with his two sisters, and the trio was only by death. Beijerinck was a difficult man to get along with; he was subject to fits of depression and had the bad habit of berating the students for the smallest errors. Beijerinck did not think that a scientist should marry, and he looked with displeasure on any sign of friendship between students of opposite sex.”


 One chapter in the Verzamelde Geschriften by one of Beijerinck’s assstants (L.E. den Dooren de Jong) describes Beijerinck’s youth and his activities as: a secondary school teacher, an industrial microbiologist, an academic teacher, and also his habits as a researcher. During his academic period, Beijerinck had thirteen “assistants/colleagues” who made many significant contributions to microbiology. In addition, a considerable number of foreign scholars came to Delft to work under his supervision. The Verzamelde Geschriften includes a biography of Beijerinck written by G. van Iterson, Jr, den Doren De Jong and Beijerinck’s successor, A.J. Kluyver.  The biography is reproduced in Thomas Brock’s book: Martinus Willem Beijerinck/His Life and His Work; Science Tech, 1983 [the book has a Foreword by C.B. van Niel and a Preface by Brock]. Verzamelde Geschriften gives a comprehensive listing of Beijerinck’s research papers and special lectures which cover an astonishing range of microbiological and macrobiological subjects. Despite his oddities, quirks and asocial views Beijerinck remains a towering historical force.

A final note


It is easy to imagine the contempt that Beijerinck and Winogradsky would have for a current simplistic notion which assumes that the ecology of the living microbial world can be defined and understood simply by determining sequences of bases of nucleic acid molecules extracted from samples of soil, natural waters, the human gut etc. They also would howl with laughter at the self-serving assertion of “molecular microbial ecologists” that most bacteria in Nature are “unculturable” in the laboratory. For more enlightenment on these subjects, see Gest “The modern myth of ‘unculturable’ bacteria/Scotoma of contemporary microbiology” http://hdl.handle.net/2022/3149 (2008) and “Gest’s Postulates” American Society for Microbiology News 65: 123 (1999). 


APPENDIX

“The fascination of a growing science lies in the work 

of the pioneers at the very borderland of the unknown, 

but to reach this frontier one must pass over well traveled roads.” 


 Lewis and Randall, 1923

A Time Line of Some Basic Discoveries in

Microbiology/Biochemistry, 1928-1955


Even a limited selection of significant research advances made between 1928 and 1955 gives a sense of the time frame of how basic knowledge of complex phenomena and processes increased dramatically in less than 30 years during the 20th century. Development of new experimental apparatus and procedures was, of course,  a key element in the first discoveries of cell components  and their structures and functions. The great strides made in enzymology spearheaded understanding of the complex metabolic machinery and its regulation.


 A number of sources listed at the end of the Appendix were used for approximate dating of the advances cited. Although important studies of immunological mechanisms reported between 1928 and 1955 are not referenced in this Time Line, we note that they are discussed in an excellent book by Arthur Silverstein (1989). His history documents investigations of antibody structure and synthesis, including the 1955 “natural selection” theory of Niels Jerne.  In a number of ways,  Silverstein’s authoritative book compares to Bulloch’s great classic “The History of Bacteriology” (1938). Thus, Silverstein gives short biographies of more than 200 investigators “who contributed significantly to the development of immunology prior to the early 1960s.” Appendix A of his book presents “The Calendar of Immunological Progress” from 1714 to 1968. 

1928-1930

First demonstration of N2 fixation by cyanobacteria (Anabena, Nostoc) by K. Drewes.

F. Griffith discovers the phenomenon of bacterial transformation, conversion of a “rough” strain of Streptococcus pneumonia that lacks a capsule to a “smooth” encapsulated strain.

P. Levene and A. Raymond show that fructose-1,6-bisphosphate is an intermediate in alcoholic fermentation.

A. Szent-Gyorgy isolates “hexuronic acid,” later shown to be ascorbic acid (vitamin C).

A. Fleming observes antibacterial action by the mold Penicillium notatum.  He notes that the killing effect is best against Gram + bacteria.
K. Lohmann and, independently,  K. Fiske and Y. Subba-Row discover adenylpyrophosphate in muscle.  [In 1935, Lohmann determines its structure to be adenosine- 5’-triphosphate (ATP).]

D. Keilin publishes a diagram indicating the function of cytochrome in cells.

P. Levene determines that deoxyribose is a component of one type of nucleic acid. The names ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) become established.

V. Engelhardt observes “oxidative phosphorylation,” but the term is not adopted until 1942.

1931-1933

M. Dawson and R. Sia accomplish successful transformation of
 S. pneumoniae in vitro.
E. Goodpasture and A. Woodruff introduce the use of fertilized hen’s eggs for the cultivation of animal viruses.

O. Warburg and W. Christian observe an enzyme in red blood cells that oxidizes glucose-6-phosphate leading to an understanding that pathways other than glycolysis exist for the metabolism of glucose.

H. Krebs and K. Henseleit report on the formation of urea by the ornithine cycle.

H. Urey, a pioneer in isotope labeling, prepares hydrogen with a mass of 2 (deuterium) and develops methods for obtaining naturally occurring isotopes of nitrogen (15N), carbon (13C), and oxygen (18O).

Flavin mononucleotide is isolated by O. Warburg and W. Christian.

A. Guillermond proves that photosynthetic cells of plants and algae contain both mitochondria and chloroplasts.

A method is developed by G. Gey for growing viruses in tissue culture roller tubes, permitting cultivation of large quantities of viruses.

The laboratories of K. Lohmann and G. Embden identify glucose phosphate isomerase  and several intermediates of glycolysis. 

1934-1938

O.  Meyerhof’s laboratory identifies four more intermediates in glycolysis

M. Schlesinger reports that a T-even bacteriophage contains approximately equal amounts of protein and DNA. At the time, DNA is believed to be a “tetranucleotide.”

H. Crane and T. Lauritsen  are the first to observe radioactive 

11C as a product of bombardment of boron with deuterons. Since the half-life of 11C is only about 21 minutes, biological experiments with this isotope can be performed only very close to a cyclotron, either in Berkeley (CA) or Cambridge (MA).

W. Stanley crystallized tobacco mosaic virus  (TMV) by salt

fractionation, but erroneously concluded that the virus is 

crystalline protein. This was challenged by F. Bawden,  N. 

Pirie,  J. Bernal,  and I. Fankuchen  who reported that the 

virus also contains RNA.

F. Burnet and D. Lush reported the isolation of  mutants 

in their study of  bacteriophages of Salmonella enteriditis.

O. Warburg and W. Christian identify the pyridine

nucleotides,  which are later renamed nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide

phosphate (NADP).

Carbohydrate metabolism continues to be elucidated in the

 laboratories of C. and G. Cori,  J. Parnas,  O. Meyerhof, K.  Lohmann,  F. Lipmann,  and F. Dickens: enzymes of glycolysis,  and of glycogen synthesis and breakdown; identification of intermediates; metabolism of phosphogluconic acid (an intermediate in the Entner-Doudoroff pathway in pseudomonads). 

On the basis of his own research and results of others

(Martius,  Knoop,  Szent-Gyorgy),  H. Krebs formulates the

Citric Acid Cycle.  Although his first paper on the cycle was rejected by Nature, Krebs shared the 1953 Nobel Prize in 

Physiology or Medicine with F. Lipmann.

A. Claude discovers small cell particles rich in RNA. Later, they become known as ribosomes.

O. Warburg and W.  Christian discover FAD (flavin adenine dinucleotide) and explain the basic roles of  NAD and NADP in metabolism.

D. Keilin and E. Hartree isolate cytochrome a3, identical with the enzyme activity known as cytochrome oxidase.

W. Astbury and F. Bell obtain the first X-ray diffraction 

photographs of DNA.

1939-1942

D. Ellis and M. Delbruck publish details of the “one-step” growth curve of an E. coli phage, an important technique for studying quantitative aspects of phage multiplication.

In the first metabolic experiments with radioactive C, S. Ruben, M,  Kamen and W. Hassid study photosynthetic 
uptake of 11CO2 by barley plant leaves and the alga Chlorella.

V.  Belitser and E. Tsybakova suggest the occurrence of respiratory chain phophorylation, i.e. oxidative phosphorylation.

S. Ruben and M. Kamen discover 14C, produced by the University of California (Berkeley) cyclotron.  H. Barker, 

S. Ruben and M. Kamen use 14CO2 to study methane production by methanogenic bacteria. They conclude that CO2 acts as a hydrogen acceptor, giving rise to CH4 under anaerobic conditions.

In Oxford (England), H. Florey begins clinical trials with

penicillin that is partially purified by E. Chain, E. Abraham, and N. Heatley. 

K. Landsteiner and A. Wiener discover the first Rh blood          group antigen. 

G. Beadle and E. Tatum  use X-rays to create nutritional

mutants of  Neurospora crassa. They conclude that a single gene codes for a single enzyme, and formulate the “one gene-one enzyme” concept.

A. Martin and R.  Synge develop important analytical techniques, paper chromatography and column chromatography (using silica gel, powdered cellulose, or potato starch); A.  Beckman invents the spectrophotometer, a great improvement over colorimeters.

Following his earlier work on CO2 fixation, H. Wood and colleagues (C. Werkman, H. Slade) establish, using 13C as a tracer, that CO2 assimilation is a general phenomenon in the metabolism of heterotrophic bacteria.

S. Luria and T. Anderson obtain electron microscope photographs of phage T2, showing a “head” and a ‘tail.”

1943-1949
 Epoch-making discovery by O. Avery et al. (1944) that the

“Transforming Principle” of pneumococci consists of DNA. In other words, genes are made of DNA. Despite clear-cut and overwhelming evidence, the conclusions of Avery et al. were not accepted for many years. See

https://scholarworks.iu.edu/dspace/handle/2022/9109
S. Luria and M. Delbruck provide statistical proof that mutation of E. coli to lysis resistance by T1 phage is a spontaneous event, not dependent on exposure of cells to the virus.  Beck (2000) notes: “These experiments are sometimes referred to as the beginnings of modern bacterial genetics.” They certainly were important, but this statement is clearly unsupportable.

C. Gray and E. Tatum isolate the first mutant strains of E. coli that require growth factors.
H. Barker and M. Kamen use 14CO2 to study the distribution of radioactivity in acetic acid produced by Clostridium thermoaceticum. The label appears equally in both carbons of acetate.

J. Lederberg and E. Tatum report a momentous finding: transfer of information via conjugation between cells of E. coli strain K-12.

M.  Delbruck and A. Hershey independently discover genetic recombination in bacteriophage.

J. Lederberg publishes the first genetic linkage map of E. coli.
Discovery of Coenzyme A, the coenzyme of acetylation, by F. Lipmann provides important knowledge about the Krebs Citric Acid Cycle.

An important technique is described by J. Lederberg & N. Zinder, and independently by B. Davis, for the isolation of bacterial mutants: the “penicillin technique”….. nutritional mutants survive in a minimal growth medium containing penicillin, while prototrophs are killed.

A. Hershey and R. Rotman develop the first genetic map of a

bacteriophage.

D. Hodgkin completes her X-ray study of the structure of penicillin with the aid of an electronic computer. (In 1956, she completed 8 years of work on the structure of vitamin B12).

Graduate student H. Gest, working in van Niel’s laboratory (1948) discovers massive production of H2 by the photosynthetic bacterium Rhodospirillum rubrum growing anaerobically in certain media. Several months later, Gest and M. Kamen report that R. rubrum fixes N2 and that the H2 formation is mediated by nitrogenase. It is later found that all species of photosynthetic bacteria have these capacities.

1950-1955
Devices for continuous culture of bacterial populations are described by J. Monod, and also by A. Novick & L. Szilard.

J. Lederberg introduces the use of a colorimetric enzyme assay for beta-galactosidase.

The phenomenon of lysogeny in Bacilus megaterium is explained by A. Lwoff and A. Gutmann: phage is perpetuated 

within the bacterium in a non-infectious state called “prophage.”

Chargaff reports (1950) on the molar ratios of purines and pyrimidines in DNA, information of great importance for the Watson-Crick model of DNA structure (1953).


Using 14CO2 as a tracer, M. Calvin, A. Benson, and J. Bassham 

identify the intermediates in the photosynthetic carbon cycle 

of plants and algae.

J. Bloch and D. Rittenberg use carbon isotopes to study

biosynthesis of  cholesterol, and show that all 27 carbon atoms are derived from acetate.

F. Lynen isolates acetyl-S-Coenzyme A, the coenzyme of acetylation.

J.  & E. Lederberg introduce “replica plating” for isolation of  bacterial mutants without exposure to the selecting agent or condition; N. Zinder and J. Lederberg report discovery of “transduction,” a genetic transfer mechanism mediated by bacteriophage.

The first clear-cut indications of an important mechanism of 

regulation of biosynthesis, feedback inhibition, are revealed in  

1953 experiments of A. Novick and L. Szilard with E. coli. In 

1955, R. Yates and A. Pardee find that cytidine triphosphate

inhibits aspartic transcarbamylase, the first enzyme leading to pyrimidine synthesis;  and H. Umbarger reports that isoleucine inhibits threonine deaminase, thereby blocking further isoleucine biosynthesis. 

On the basis of studies on rII mutants of E. coli  phage T2,        S. Benzer introduces the term “cistron” to describe the      shortest sequence of DNA that functions as a gene.

S. Ochoa and M. Grunberg-Manago find an enzyme in Azotobacter vinelandii that catalyzes formation of 

polyribonucleotides from individual nucleotides.

Experiments on formation of new polypeptide chains on the surface of RNA particles (ribosomes) are reported by P. 

 Zamecnik, J. Littlefield, E. Keller and J. Gross.

Cell-free photophosphorylation of ADP to ATP  is reported by A.  Frenkel using extracts of Rhodospirillum rubrum that contain pigmented membrane fragments. Thus, a fundamental feature of both oxygenic and anoxygenic photosynthetic processes is finally demonstrated.

Watson and Crick publish their paper on the double helix 

structure of DNA (1953).  The tsunami of molecular biology

begins to roll. 
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