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General Microbiology and Historical Perspectives
Microbiology is the study of biology, but on a significantly smaller scale. It is the “study of organisms too small to be seen without magnification” (Singh, 2021). These organisms include viruses, bacteria, algae, fungus, protozoa, and much more. It is important to note, however, that some of these organisms can be seen by the naked eye (such as colonies of fungi) but they are still studied by microbiologists. Why? It is because these cells are simple multicellular organisms in that they do not contain differentiated tissues. Thus, microscopic, single-celled organisms may live in a colony of cells, or independently. Today, microbiology consists of major fields such as medical microbiology, immunology, microbial ecology, industrial microbiology, and more. To understand how these fields got started, where they are now, and where they might be going, microbiology must be looked at from the very beginning (Singh, 2021, p. 1).
Microorganisms have always been with us, but humanity did not know of their existence until about 1665 when Robert Hooke published Micrographia. Years later, Antonie van Leeuwenhoek observed microscopic living organisms in a patch of pond water. He called these tiny living things “animalcules” (Buchholz & Collins, 2013, p. 3748). Before Leeuwenhoek’s theories could be proven, humanity tried to explain and understand and manipulate disease.
 (Opal. 2009). There are accounts from as Early as Ancient Egypt that document and attempt to explain the cause, spread, advantages, disadvantages of disease. As humanity searched for an answer, two major schools of thought cropped up. Girolamo Fracastoo’s “de Contagione” or the Germ Theory of Disease, sparked the Theory of Biogenesis - the idea that things can only come from other living things. The second was Spontaneous Regeneration: “Theory that life just ‘spontaneously’ developed from non-living matter” (Sing, 2021; Opal 2009, n.p.). Despite Leeuwenhoek and Hooke’s contributions on the subject (thereby promoting the Theory of Biogenesis), the theories of contagion still lacked scientific proof and would until Louis Pasteur’s work in the 1850s - nearly 200 years later (Opal. 2003, n.p.).
Additionally, Pasteur helped to solve the ongoing debate between the two schools of thought by illustrating that the process of fermentation was caused by microorganisms (yeast). He illustrated how these microorganisms could be inoculated into a new culture, what type of fermentation it caused, and the nutrients/chemicals required for growth. He also proved, through his “swan neck glass experiment,” that spoilage is caused by microorganisms (Buchholz & Collins, 2013, p. 3747-3748; Borresen, 2012, p. 134-135). These revelations, and more, made by Pasteur are what proved the germ theory right and sparked the beginning of the Golden Age of Microbiology.
Notably, Pasteur’s theories did not go unchallenged. From this work, developed what we now call “Pasteurization”. The pasteurization of milk products would go on to be a topic of debate for nearly a hundred years, especially during great spouts of Urbanization around the world which created questionable living conditions that strained milk production and transportation services (Obladen, 2014, p. 80). Besides, Pasteur’s work also inspired many researchers. Joseph Lister, in 1867, searched for a way to protect trauma patient’s wounds from infections. Through utilizing techniques, he observed on local farms, Lister demonstrated that by cleaning dressings, surgical equipment, and hands in a dilute solution of carbolic acid before surgery would drop the rate of infection post-operation. These sterile techniques were soon adopted on an international stage. Alongside Lister’s sterilization techniques came Robert Koch and Koch’s Postulates. At this time, debate still raged whether microorganisms could cause disease. By isolating the suspected bacterium, inoculating a healthy sheep with said bacterium, then isolating the newly formed bacterium from the sheep once it got sick, Koch essentially proved that disease has a microbial origin. He also discovered the Etiology of three important diseases: Cholera, Tuberculosis, and Anthrax. His assistants, Julius Richard Petri and Walter Hesse, would go on to develop plating methods, and agar, respectively (Opal, 2003, n.p.; Matthews et al., 2019, p. 7; Sing, 2021). Further on, Edward Jenner would go on to develop the first vaccine after working with dairy maids. By first inoculating a small boy with cowpox and then smallpox, Jenner began his work on the first scientific attempt to control diseases (Riedel, 2005, n.p.). Pasteur would take up his work in later years, infecting chickens in a laboratory and developing the technique of “artificial attenuation” (Opal, 2003, n.p.). True advancements in man’s ability to directly fight disease would not come until Paul Ehrlich was able to develop the first synthetic drug to treat infections in 1906 - particularly Salvarsan to treat Syphilis (Matthews et. al., 2019, p. 6-7; Opal, 2003, n.p.).
Importantly, the advancements of the 20th century are what led to the development of modern microbiology. Through discoveries in genetics, nucleic acids, biochemistry, and molecular biology, humanity soon discovered the purpose and structure of DNA, its sequence, and its language. These advancements have now turned the field towards the utilization of DNA and RNA in combating diseases, the development of antibodies in immunology, and the use of non- culture methods to identify diseases. Thus, although microbiology got a slow start, the turn of the 20th century led to a scientific discovery boom and although this may seem like the end, there are still many things unknown to science regarding the microbial world. How bacteria talk, how can we utilize their genes, and what have we not yet uncovered? We only know a small fraction of what the microbial world could potentially offer us (Opal, 2003, n.p.). The question now is, where to next?

History of Food Microbiology
The field of Food Microbiology - the study of microorganisms that inhabit, create, or contaminate food - did not begin with Pasteur’s work in the 1850s and 60s, but from as early as the Neolithic period when man inadvertently utilized fermentation and preservation processes to preserve foods such as meat and bread and produce drinks such as beer and wine: it is the process by which substances are broken down chemically by bacteria, yeasts, or other organisms. Thus, food microbiology does not have an exact beginning like seen in the work of Pasteur above. Rather, the advancements of Food Microbiology took place over centuries. Although the cause of disease via microorganisms would not be known until recently, mankind still attempted to preserve and protect their food. This included drying fruits, salting meats, pickled vegetables, alcohol, and cheese (Borresen et al., 2012, p. 134). Scientific inquisition into these preservation
and fermentation processes would not begin, however, until Leeuwenhoek and Hooke’s advancements in the late 1600s.
The advancements of Food Microbiology lay hand-in-hand with that of microbiology as the debate took on the shape of Spontaneous Regeneration versus Germ Theory. In 1765, Spallanzani, in an attempt to disprove Spontaneous Regeneration, illustrated that cooked meat did not spoil in an airtight container. Although his work would be discredited due to the lack of air that could access the meat, this would be the work that Pasteur would base his famous “swan neck glass experiment” off of nearly a hundred years later. Towards the beginning of the 19th century, Lavoisier and Gay-Lussac studied alcoholic fermentation but failed to explain the processes underlying it. Thirty years later, it would be Schwann and Cagniard-Latour who proved that yeast is linked to fermentation processes. Kutzing, and Turpin and Quevenne also looked at explaining acetic acid fermentation. As science tried to explain fermentation processes over the years, the arguments would soon be mixed up in the debate regarding Spontaneous Generation and Germ Theory while also falling prey to arguments consumed in mystic concepts (Buchholz, 2013, p. 3748). Despite the era of confusion, these works would become essential steppingstones for the advancements to come at the turn of the 20th century. Thus, returning to Pasteur, it wouldn’t be until his work in the 1850s that the debate regarding the nature of fermentation and the existence of microorganisms would be settled and the work into fermentation could progress (Buchholz & Collins, 2013, p. 3747-3748; Borresen et. al., 2012, p. 134-135).
Essential to emphasize, Pasteur’s discovery of yeast as the microorganism involved in fermenting alcohol, gave the scientific community a definitive answer that fermentation was caused by living organisms. With a new understanding of the fermentation process, many researchers, including Pasteur himself, began looking at various ways to improve industrial manufacturing processes of alcohol. The fermentation industry during the Industrial Revolution was growing rapidly and Pasteur himself contributed to this growth by developing a closed-vessel container for brewing. Thus, reducing the risk of contamination. The production of beer, cheese, wine, soy sauce, and sake took off. In Germany, beer manufacturing had become one of the most important aspects of the country’s economy. Wine production consumed France and the industry of yeast production appeared in Denmark. As these industries grew and diets around the world began to change, the importance of quality control and characterization of organisms used in said processes became vital, leading to the development of microbial diagnostics. Companies began to grow larger and the development of new sectors, such as Christian Hansen’s Laboratory which developed enzyme-based products, appeared. The need for regulation of these growing industries and their use of newly discovered organisms, such as yeast, became apparent. Thus, the growth of the food industry paralleled that of food research and regulation: “a wave of foundation of research institutions, mainly governmental institutes took place” (Buchholz & Collins, 2019, p. 3751; Matthews et al., 2019, p. 6).







Microbial Food Spoilage, Microbial Growth, Survival, and Enumeration, Cell Stress and Sub-Lethal Cell Damage Affecting Culturing Ability of the Cell
One of the questions researchers are currently looking at is how can we extend the shelf life of food products in a safe way? Thereby allowing foods to stay fresh for longer periods of time to prevent food spoilage: “the original nutritional value, texture, flavor of the food is damaged… making food harmful to consume” (Food Spoilage, 2021). Approximately a third of the world’s food supply is lost to spoilage. Some major causes of food spoilage include changes in temperature, pH, mechanical damage, chemical interactions, insects, rodents, and the growth of microorganisms - such as fungi. For example, yeast can grow in cultured products such as buttermilk and sour cream making them taste “fermented or yeasty” (Ledenbach & Marshall, 2009, p. 44). Surface moisture, amino acids, peptides, and low pH favors the growth of yeast in said products. Yeast thus produces high levels of CO2 and alcohol, leading to an egg-like odor and the growth of mold (Ledenbach & Marshall, 2009). Thus, understanding microbial growth in food products, how they survive and how they die, is critical to the study of food production (Food Spoilage, 2021; Aneja et al., 2014).
In addition, food spoilage can lead to food poisoning: “Toxic substances due to food spoilage which causes illness with varying symptoms in human and animal society” (Food Spoilage, 2021). There are two types of diseases caused by food poisoning: food-borne infections and food intoxications. Infections are the result of the microbe being transferred to the consumer whereas food poisoning is the result from consuming the toxin (Microbial, 2021). Infections include the contraction of Arcobacter diarrhea from raw meats and poultry. This infection can cause severe diarrhea and recurrent cramps. Botulism is the result of a food-borne intoxication and that leads to weakness, blurred, vision, fatigue, and eventual death (Food, 2021).



Bacterial growth can best be represented through growth curves where one can see their lag, exponential, stationary, and death phases. Bacteria can replicate via binary fission or, in the case of yeast, budding. Binary fission and budding are the processes where two identical daughter cells are created via asexual, haploid reproduction. The cell cycle is “a sequence of events from formation of new cell through the next cell division” (Microbial, 2021). Division of
cells result in microbial growth, which is represented by the increase in cell size or cell number, resulting in a growing cell population. These growing populations can be represented by a growth curve, as described above. In the lag phase, cells are inoculated into a new medium - such as the introduction of yeast into buttermilk or sour cream. Here, the yeast cells must adjust to their new environment by either turning genes on or off, differentiating, or replicating their genes. The lag phase can vary in length, depending on the differences in various factors between the two media the bacteria has been transferred from and to. Sometimes the lag phase can be absent altogether, as is the case when bacteria are transferred between media of identical conditions. 
Furthermore, these yeast cells then move onto the log or exponential phase. Here yeasts reproduce and their populations expand - giving off rising levels CO2 and alcohol. This can be seen on plates where colonies of yeast cells begin accumulating over time. Once these cells have reached the stationary phase, the total number of colonies overtime remain the same or they exhibit “balanced growth”: “cellular constituents manufacture at constant rates relative to each other” (Microbial, 2021). This is most likely a limitation of nutrient availability, oxygen supply, toxic waste accumulation, or population density. Finally, the death phase: the number of colonies begin to die off. This typically occurs when there is a change in environmental condition, such as the shift-down to poor medium conditions, or the lack of available nutrients. In an attempt to survive at the stationary phase in a medium with limited resources, some colonies may enter the starvation phase. This can cause morphological changes in the colonies, protoplast shrinkage, nucleoid condensation, and more (Matthews et. al., 2019; Microbial, 2021). How can microbial growth be measured? This is typically don either through the changes in population mass or the number of cells in the population and it is typically a function of time. Growth rate is typically measured as the time it takes for the population to double and have been adapted appropriately (Microbial, 2021; Ledenbach & Marshall, 2009).

Extrinsic and Intrinsic Factors that Effect Growth, Microbial Antagonism, Quorum Sensing
Picture foods as the environment that bacteria live in. There are internal (intrinsic) factors and external (extrinsic) factors that affect the growth of microorganisms in food. Intrinsic factors include pH, presence and availability of water, oxidation-reduction potential, physical structure, and more. Extrinsic factors include temperature, humidity, atmosphere, and more. The lower the pH the more acidic the internal environment and the more energy the cell must dedicate to neutralizing it. Thus, the cell has less energy to grow and produce toxins. In fact, most microorganisms cannot grow in conditions lower than pH of 4.4 and those that can are typically spoilage organisms such as fungi. Upper limit for foodborne pathogen growth is about 8 or 9 pH. pH also influences gene expression. Since charged organic compounds cannot pass through the cellular membrane, they acidify the cytoplasm. This change in intracellular pH affects the proton gradient and can denature proteins. 
Further on, there are a few ways in which microorganisms can combat this. Salmonella, for example, can increase the activity of their proton pumps, thereby actively pumping H+ protons out of the cell to neutralize the cytoplasm. Water activity is another major intrinsic factor that can affect growth. Water activity is the amount of water that is readily available for the microorganism. The lower the water activity, the lower the available water, the lower the growth. Some microorganisms prefer high osmotic pressure (osmophilic) whilst others prefer low water activity (xerophilic). Extrinsic factors are external factors, factors from the environment, that affect microbial growth. Decreased temperatures slow microbial growth whereas high temperatures might denature proteins. Thus, microorganisms have a specific temperature at which growth is optimized. Not only does temperature affect growth but it also impacts what genes are expressed and virulence of certain diseases. For example, the Y. enterocolitica bacteria’s processes are optimized between 22-37 degrees. The bacteria is nearly undetectable at four degrees (Matthews et. al., 2019, p. 33-34; Food, 2021).
The intrinsic and extrinsic factors are what control the homeostatic environment (both internally and externally) of the microorganism. Thus, through the manipulation of said factors, environments can be controlled. Thereby speeding up food spoilage or slowing it down via preservation processes. Food microbiology is concerned with all phases of microbial growth (lag, exponential, stationary, and death) described above. Food preservation processes work to increase the lag time, decrease the growth rate, decrease the stationary phase, and increase the death rate (Matthews et. al., 2019, p. 40). This can be accomplished via refrigeration: decreasing the temperature is an extrinsic factor that slows organism growth. Reducing water availability, through drying processes, decreases the water activity - a major intrinsic factor leading to cell growth. Canning is a process by which heated food is sealed in specialized containers. This process kills microbes, inhibits growth, increases acidity levels (sometimes), and prevents spoilage. Pasteurization, mentioned earlier, super heats milk and other liquids, thereby killing pathogens and preventing spoilage. Foods can also be preserved chemically. The use of propionic acid in cakes prevents the growth of mold. Radiation has been used on food-handling equipment to kill off microbes that might be present and unseen to the naked eye. Gamma radiation is often used to extend the shelf life/sterilize meat products and seafoods (Food, 2021; Matthews et. al., 2019, p. 40).
The downside to certain preservation techniques is that they pick one aspect that manipulates the internal or external environment and take it to the extreme. This can result in harsh, physical processing that can change the taste of food - such as pickling. Thus, research has delved into numerous other paths that might continue to preserve food, whilst avoiding the drawbacks of certain extreme preservation techniques. These hurdles include both internal and external factors and results in the mild preservation of foods. Thus, this is typically done on fresh foods that can be sold quickly. For example, throw high temperatures during processing, low temperatures during storage, low water activity, low pH levels, and chemical preservatives in the product can force a microorganism to “jump” these “hurdles,” but the idea is that the microorganism can jump some but not all. This is how salami-type fermented sausage is made. In the early stage of the ripening process, salt and nitrite are introduced, which inhibit bacteria present in the batter. During the long ripening process, pH is increased, and water availability is decreased. It is through the gradual decrease of available water that the most impact can be seen (Leistner & Gorris, 1995, p. 43). 
Another technique that does not require the “chemical sanitizer and harsh, physical processing intervention strategies,” includes the use of microbial antagonisms. Microbial antagonists are bacteria that are antagonistic to pathogens on specific foods. For example, lactic acid bacteria (LAB) that produce Lactobacillus casei, Lactobacillus plantarum, and Pediococcus spp., were found to inhibit the growth of Salmonella, Aeromanas, and Listeria in salad (Kostrzynska & Bachand, 2006, p. 1018). Returning to the example regarding fermented sausage, certain pathogens, such as E. coli, can survive the fermentation process, and Listeria has been found to survive the extreme conditions of the manufacturing process. Outbreaks caused by E. coli and Listeria in fermented sausage were seen in Canada in 1999 and 1998 and in the United States in 1994. Studies have shown that introducing bacteriocin-producing LAB strains were able to inhibit certain strains of Listeria found in fermented sausage - work is still being done to develop LABs that attack E. coli. Research is still being done to understand the full antimicrobial effects these microbial antagonists might have (Kostrzynska & Bachand, 2006, p. 1024).
So why continue research into food preservation techniques if science has already developed an arsenal? Foodborne outbreaks are on the rise in industrialized nations, specifically as the demand for fresh and organic foods is on the rise. The discovery of viruses and bacteria that cause foodborne illnesses is a recent development and, as a result, science might only know about 1% of them. Microorganisms also continue to change. Adaptation to current preservation techniques and production methodologies has led to the development of resistant strains that can survive in harsh conditions. Cells have managed to adapt via techniques such as signal transduction and biofilm formation. Signal transduction can result in cells turning on or off specific genes, influence enzymatic activity, or expression of phenotypes under stress. The formation of biofilms, aggregation of cells into complex structures on solid surfaces, has led to resistance of heat, chemicals, and sanitizers. Although, biofilms are still not well understood.
Then, another method that might play a role in food spoilage is quorum sensing (QS). Quorum sensing is a colonies’ ability to detect if their population is big enough to justify action/change. In large colonies, bacteria secrete signal molecules to nearby bacteria. When the signal molecule is absorbed into the cell, it binds to an intracellular regulator protein that affects transcription of a specific gene and elicits a cellular response. It is questionable whether QS is involved in food spoilage - as there is little evidence available to support this. E. coli O157:H7, for example, emits a bioluminescence response in Vibrio harveyi. Probiotic bacteria prevent E. coli infection in mice- by potentially interrupting QS - whereas, vacuum-packed meat inoculated with QS inhibitors did not influence food spoilage. Thus, the results are mixed, and there is no definitive answer as to QS’s impact on food spoilage (Matthews et al., 2019, p. 24-27; Food, 2021; Havelaar et al., 2010).
Finally, an increase in global food trade has changed the system, resulting in a need for worldwide food regulation and long-term preservation techniques. Also, with the rise in Globalization comes a strain on the world food system. Famine, foodborne pathogen outbreaks, the introduction of toxic compounds, food safety risks, and much more are becoming ever more important factors for Food Microbiologists to take into consideration. Thus, future advancements in Food Microbiology are aimed at preparing for the rise of new disease sources, new pathways of spreading, and new drivers that make certain populations more susceptible. Science is preparing for future disasters such as climate change antimicrobial resistance, war, and foodborne illness outbreaks (Havelaar et al., 2010). Food Microbiology had a very slow advancement over thousands of years, but there is still much that is unknown. The future of Food Microbiology now lies in how it will tackle microorganisms on a global scale.
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