Chapter 2
The Microbial World

Some Basic Biological Principles

Cell Theory
Robert Hooke coined the term “cell” in 1665, based on his initial microscopic observations of cork.  These observations ultimately gave rise to the cell theory, as postulated by Schleiden, Schwann, and Virchow, about two centuries later.  The major points of the cell theory are as follows:
1. All organisms are composed of a fundamental unit, the cell.

2. All organisms are unicellular or multicellular.

3. All cells are fundamentally alike regarding their structure and metabolism.

4. Cells only arise from preexisting cells (“life begets life”).

Life begets life is a refutation of the once popular idea of spontaneous generation, a doctrine that proposed life could arise from non-living components (which was disproved in the late 1800s).  Viruses and prions are not composed of cells; they are acellular or subcellular infectious agents.  Neither of these two agents is considered to be alive by most biologists.
Metabolic Diversity
Living things possess several attributes commonly associated with life, as summarized in Table 2.1.  The attributes common to life include the following:  being composed of one or more cells, requiring energy, being able to reproduce, being able to respond to stimuli, and having the ability to grow.
Most cells obtain energy through a complex series of biochemical reactions termed metabolism.  Cells metabolize organic compounds (proteins, fats, and carbohydrates) in food and capture the energy stored in chemical bonds by forming high-energy bonds in adenosine triphosphate (ATP).  Most microbes are heterotrophs, which require an organic source of energy.  Some microbes and plants, the autotrophs, do not need to extract energy from organic compounds. Photosynthetic autotrophs obtain energy directly from the sun, while chemosynthetic autotrophs obtain their energy from inorganic compounds.  Autotrophs manufacture organic compounds, and some photosynthetic autotrophs produce oxygen (O2), thus, heterotrophs depend upon autotrophs for their energy needs and as a source of carbon (Figure 2.1).
Requirement for Oxygen
Microbes have diverse requirements for O2.  Aerobes require O2 for metabolism, while anaerobes do not.  Many anaerobic microbes are killed by O2.  Bacterial facultative anaerobes actually grow better in the presence of O2, but they can grow in its absence.  In clinical microbiology, knowledge of the O2 requirements of bacteria is required, as any bacteria suspected of being anaerobes must be transported and cultured under anaerobic conditions (Figure 2.2).
Genetic Information The genetic information of all cells is stored in molecules of deoxyribonucleic acid (DNA).  Genes are segments of the DNA molecule. Each type of organism has its genetic characteristics encoded in DNA molecules that confer its species identity. Thus, DNA acts as the hereditary material for cellular organisms (and DNA viruses).
What Makes a Microbe?

Algae and some fungi are macroscopic; hence, “microscopic” is not an absolute characteristic of microbes.  Similarly, the term unicellular does not apply to those algae and fungi that are macroscopic and clearly must be multicellular.  There are even macroscopic bacteria, like the recently discovered “monster bacteria”  Epulopiscium ﬁshelsoni and Thiomargarita namibiensis (Box 2.1). Microbes are sometimes described as “simple” because many consist of only a single cell or are less than a cell (viruses and prions). Consider, however, that this single cell must fulﬁll all the functions of life. Hence, single-celled organisms, and even those multicellular organisms without specialized cells, are simple only in the sense of numbers and not in a physiological sense.
Microbe, or microorganism, is a term of convenience used to describe biological agents that are generally too small to be seen without using a microscope. Some consider microbes to be organisms that are at a level of organization below tissues (Figure 2.4). This organizational hierarchy is summarized as follows: subcellular → cells →  tissues → organs → organ systems. 

All microbes are unicellular or multicellular, but devoid of tissues. Prions and viruses can be properly placed at the acellular or subcellular level and are at the threshold of life.

Procaryotic and Eucaryotic Cells

Biologists divide all life into two distinct types of cells, procaryotic and eucaryotic. Procaryotes have a simpler structure than eucaryotic cells and are primarily distinguished by lack of a true membrane-bound nucleus. Instead, bacteria possess a DNA-rich region in the cytoplasm—the nucleoid. Further, in procaryotic cells there are no membrane-bound organelles at all, in contrast to the cellular anatomy of eucaryotic cells (Table 2.2 and Figure 2.5). Bacteria are procaryotic microorganisms; protozoans, algae, fungi, and all other forms of life (except viruses and prions) are composed of eucaryotic cells.
Microbial Evolution and Diversity
In the 1700s, the botanist Carolus Linnaeus classiﬁed all life into either the plant or the animal kingdom.  When bacteria were discovered they were placed with plants (probably because they had a cell wall). Taxonomy, the science of classiﬁcation, has become more and more complex over the intervening years. Ernst Haeckel (1866) proposed a three- kingdom system—animals, plants, and Protista  (which included some microbes).  In 1969 a ﬁve-kingdom system was proposed by Robert Whittaker, which became accepted by most biologists. The five kingdoms were Monera (bacteria), Protista (protozoans and unicellular algae), Fungi, Animalia, and Plantae (Figure 2.6). In 1990 Carl Woese, along with Otto Kandler and Mark L. Wheelis, proposed a novel classification scheme (based on rRNA analysis) that placed all life into three ”super kingdoms” or domains—Bacteria, Archaea and Eucarya (Figure 2.7).  All three arose from a single common ancestor, from which the prokaryotic Bacteria and Archaea first diverged, followed by the eucaryotes (Eucarya).  These domains all differ significantly from each other in chemical composition and other characteristics (Table 2.3).  
No matter the classiﬁcation scheme, bacteria were the ﬁrst forms of life on Earth.  Fossilized bacteria have been discovered in stromatolites (stratiﬁed rocks dating back 3.5 billion to 3.8 billion years, in Earth’s 4.6 billion year history).   Earth’s ancient atmosphere is thought to have been devoid of oxygen and would not have supported many familiar life forms.  However, about 2 billion years ago, photosynthetic microbes evolved to use sunlight, water and carbon dioxide to produce oxygen and carbohydrates.

Bacteria are biochemically diverse and have ﬁlled every known ecological niche. Some estimate that fewer than 2% of bacterial species have been identified and even fewer have been cultured.   Archaea continue to be found in environments once considered too extreme or too harsh for life at any level.  Some of these bacterial “extremophiles” cannot be cultured with existing techniques; evidence of their existence is deduced from their RNA found in environmental samples. Hyperthermophiles (“heat lovers”), have been discovered which grow best at temperatures above 100°C.  Pyrococcus furiosus lives in boiling water bubbling from undersea hot vents and can’t grow in temperatures below 70°C (Figure 2.8a). Other extremophiles, the psychrophiles, may grow at temperatures below –20°C and thrive in Arctic and Antarctic environments (Figure 2.8b).  Some extreme halophiles (“salt lovers”) can only grow in high salinity, as found in the Dead Sea (Figure 2.9).  Archaea have even been found, which, as a byproduct of their metabolism, produce methane (natural gas).   Given their unusual growth requirements, no Archaea have been found to cause disease in humans.

A comprehensive survey of microbial life on Earth is underway.  Microbes were the first life forms on this planet, and how they arose is of great interest to science.  A bacterium arising from a “primordial soup” is one common suggestion for life’s origin, and a few hypothesize that Earth was seeded by microbes from Mars (an explanation that is intriguing, but lacks hard evidence at this point).
Introducing the Microbes
Although there is no universally accepted definition for microbes, much is known about their biology and biochemical composition, as summarized in Table 2.4.  Acellular and unicellular microbes extend over a range of sizes from nanometers (billionths of a meter) to micrometers (millionths of a meter), as depicted in Figure 2.11.

Prions
Prions are infectious protein particles, and like viruses they are acellular. However, unlike viruses, they lack nucleic acid (i.e., a DNA or RNA genome).  Prions reproduce in a unique way from a normal protein commonly found in the brain—an infectious prion molecule physically interacts with the normal protein, converting it to the infectious form. This cycle continues, amplifying the infectious prion particles until a neurological disease process results in humans and other mammals (e.g., BSE or “mad cow disease”).
Viruses
Viruses are acellular infectious agents containing genomic RNA or DNA, never both.  They are obligate intracellular parasites—requiring a living cell for their own replication.  Viruses must co-op the molecular machinery of the host cell for their own synthesis and frequently kill the cell they infect.  Viruses are submicroscopic, thus requiring an electron microscope for their visualization (Figure 2.12).
Bacteria
Bacteria are the best-known microbes (Figure 2.13).  They are unicellular, procaryotic cells; most possess a cell wall (except for the mycoplasmas).  Bacteria can be seen with a light microscope, and they replicate asexually, by binary fission.  Metabolically, many bacteria are heterotrophs (using organic compounds as an energy source).  Other bacteria are autotrophs, using the sun or inorganic molecules, as a source of energy.  Because of this metabolic flexibility, bacteria are found ubiquitously in nature.  Although a few bacterial species are pathogenic for humans, the vast majority are harmless.  Moreover, all other life depends upon bacteria for its existence.
Protozoans 

Protozoans are unicellular, heterotrophic, eukaryotes, and they are traditionally classified by their means of locomotion. Most are harmless microbes; however, some of the best-known and most significant human diseases are caused by protozoans (e.g., malaria, sleeping sickness, amebic dysentery, etc.).
Algae
Algae are eukaryotic autotrophs that generate oxygen during photosynthesis.  Dinoflagellates and diatoms are two types of unicellular algae (plankton), which are a primary source of food for larger heterotrophic organisms in the world’s oceans and lakes.  Algae are important to the planet’s ecology.  While none infect humans, some marine algae (like the dinoflagellate Gymnodinium breve) produce neurotoxins that are capable of harming marine life and any humans who consume algae-contaminated fish and shellfish.  “Red tide” is the name for a bloom of toxic marine dinoflagellates (the dinoflagellates in a bloom grow to such high density, that they literally turn the tide red).
Fungi
Fungi are non-motile, heterotrophic eucaryotes, possessing a cell wall and may reproduce sexually or asexually (Figure 2.16).  They are commonly subdivided into the groups yeasts or molds.  Yeasts are unicellular cells, much larger than bacteria.  Molds are the more common type; they are multicellular and form a tangled mass of long, branched filaments, termed hyphae.  A mass of hyphae is visible to the unaided eye.  Like other microbes, fungi are usually harmless or even beneficial, but a relative few are pathogenic for humans.  Some fungi are opportunistic pathogens, only causing disease in those with a depressed immune system, as in the case of AIDS.
