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Preface

This book was written with the objective of including it as a central part of a higher-education program that offers a semester course in microbial ecology. This book is appropriate for upper-level undergraduate or graduate students pursuing majors in biology, microbiology, ecology, or environmental science. In our presentation, we have assumed that students have backgrounds in chemistry, biology, and microbiology. Our approach is to present basic principles, provide an insight into relevant methodologies, and discuss interactions that are characteristic of microorganisms. We have used an integrative approach to relate new topics that are addressed in the book to the broader scientific field. As an outgrowth of our teaching numerous courses of microbiology, we understand the importance of providing specifics for different topics and, therefore, have included many examples associated with microbial ecology. We broadly cover the environments where microorganisms are found and include community activities in processes that are important in commercial and environmental events. Since this book is designed for use in teaching, each chapter contains a summary, bibliographic sources for additional reading, and review questions appropriate for class discussion. Numerous bibliographic references are cited throughout the text to provide access to additional information on topics covered. It is our hope that this book will stimulate the study of microbial ecology and development of new approaches to evaluate microbes in a natural setting.

We provide an overview of the field of microbial ecology, and while we focus on bacteria, we include numerous examples of other microorganisms. Chapter 1 provides a perspective on historical developments and more recent activities of microbial ecology. The diversity of the organisms in the “tree of life” and the distinctions between Archaea and Bacteria are covered in Chapter 2. To assist in the understanding of cellular processes for specific environments, Chapter 3 covers the structural, physiological, and metabolic characteristics of microorganisms. The ubiquity of microorganisms in various habitats and techniques for studying them are the topics of Chapters 4 and 5, respectively. Microbe–microbe interactions, including dominance in a population, are discussed in Chapter 6. Plant–microbial interactions are relatively unique, and features of these activities are discussed in Chapter 7. To illustrate the many different interactions between microorganisms and animals, we have provided information on several of these in Chapter 8. Community structure, colonization activities, and species diversity are covered in Chapter 9. Microorganisms are important in several of the major nutrient cycles, and in Chapter 10 we cover the influence of microorganisms on biogeochemical cycles. Since microorganisms may have considerable impact on the environment, we have designated Chapter 11 as a summary of the activities of biomineralization and microbial weathering. The beneficial activities of natural polymer decomposition and use of microbes in bioenergy production are discussed in Chapter 12. The final chapter, Chapter 13, discusses the participation of microorganisms in various types of bioremediation and processes to achieve microbial detoxification of the environment.

We appreciate the support of our colleagues and friends who have contributed to this book. Most of the photographs and other images used in this text are original and were provided by many scientists working in microbial ecology. We also acknowledge these scientists for providing highlights of their microbial ecology activities, biographic and these sketches are presented in the chapters as microbial “spotlight” events. Selection of individuals for spotlights was based on our desire to cover a diversity of areas of microbial ecology, and we wish that we had more space to include additional spotlights. We gratefully acknowledge these contributors as follows:
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Glossary


actinomycete A group of chemoorganotrophic soil bacteria that may grow as filaments and display branching.

adhesins Microbial surface antigens, often in the form of filamentous pili or proteins, that bind one cell to another.

air stripping The injection of air into soil with the purpose of carrying volatile materials into the atmosphere.

alkane Referring to saturated hydrocarbons with carbon atoms in a chain without double bonds.

alkene Referring to unsaturated hydrocarbons with carbon atoms in a chain containing double bonds between the carbon atoms.

allelopathy Inhibition of growth of one species by another species by production of secondary metabolites known as allelochemicals. Commonly allelopathy is associated with plants but in a broad sense may be associated with microorganisms and coral.

amensalism The state of one microorganism having a negative effect on another microorganism.

anaerobic microorganisms Bacteria, archaea, or yeast growing in the absence of oxygen.

anammox reaction A bacterial reaction involving the anaerobic oxidation of ammonium with reduction of nitrite to produce N2.

anoxygenic Referring to activity that contributes to the anaerobic environment.

antagonism The state of one organism inhibiting the growth of another organism.

anthropogenic Referring to chemicals that result from human influence in contrast to chemicals resulting from natural processes.

Arthropoda Animals with exoskeletons, segmented bodies, and jointed appendages. They include Acari, arachnids that include mites and ticks; Annelida, segmented worms such as earthworms (Enchytraeida), and Nematoda, unsegmented worms (also termed roundworms).

assimilation The incorporation of compounds into cellular materials.

augmentation With respect to bioremediation, the addition of desired bacteria to a bioreactor or to a contaminated site.

azo dyes Brightly colored dyes used in the textile industry that contain the azo (–N—N–) group.

bacteriome A specialized organelle in insects that hosts bacterial endosymbionts.

bacteriophages Viruses that attack bacteria.

benthic Referring to habitats at the bottom of aquatic environments.

biodiesel An extract of algal cells containing oils; suitable for use in engines.

biofarming The addition of contaminated soil to agricultural soil with the purpose of soil microorganisms mineralizing the organic contaminant.

biofilm Film containing microbial cells of diverse genera that are localized on a surface by extracellular matrix material.

biofuel A biological product (ethanol, methane, H2, etc.) that can be used as an engines fuel.

biogeochemical cycle The path that a nutrient or element takes as it moves through the biosphere, hydrosphere, lithosphere, and atmosphere.

biogeography The spatial distribution of organisms and the processes that bring about this distribution.

biolomics The study of all biological systems and biochemical components of a cellular system.

biomineralization The process by which microorganisms form mineral phases.

biomining The use of microorganisms to aid in the extraction and recovery of metals from ores.

bioremediation The application of microorganisms (or biological material) to detoxify organic substances or inorganic compounds.

biosignatures Characteristic morphologies or attributes, such as biominerals, found in rocks; reveal the presence of microorganisms in the past.

biosorption Metablism-independent binding of metal ions or radionuclide species to cellular components.

biosphere An entity that includes all ecosystems of Earth.

cellulose A biopolymer that consists of several dozen chains of microfibrils where each chain of glucose is held by β-1,4-glucosidic bonds.

cellulosome The structure containing enzymes for cellulose digestion; may occur on the surface of some bacterial cells.

chemoautotrophy The process in which carbon dioxide is used as the source of carbon.

chemolithotrophs Microorganisms that couple electron flow to oxidation or reduction of inorganic materials.

chemolithotrophy The process in which inorganic compounds are oxidized to generate energy for organisms.

chemoorganotrophs Organisms that utilize organic compounds as their energy sources.

chert Microcrystalline quartz that may contain microfossils.

codon Three bases in RNA that code for a specific amino acid in the synthesis or proteins.

coenocytic Referring to multinucleated cells resulting from incomplete crosswalls as is the case with some fungi.

colonization resistance The ability of the host's gut to prevent colonization by nonnative microorganisms, due at least in part to the native microbiota's actions.

commensalism Situation in which one partner benefits, while the other neither benefits nor is harmed; in mutualism both partners benefit; and in parasitism one partner is harmed while the other benefits.

community An association of species that interact and live within a physical environment.

community ecology The study of interactions among species that live together in a defined physical area and the biogeography, abundance, and distribution of the coexisting populations.

competition Activity involving two or more microorganisms seeking the same niche or nutrients.

compost A process using aerobic microbial decomposition of plant material for the production of a soil conditioner.

conjugation The genetic exchange resulting from cell–cell contact; occurs in both prokaryotic and eukaryotic microorganisms.

coprophilic Referring to organisms that have a preference for growing on fecal material.

creosote A distillation of coal tar that contains polyaromatic hydrocarbons; has been used to preserve wood in poles and railroad ties.

cryptomonad A flagellated cell with a chloroplast that may be considered as a member of either algae or protozoa.

cyanobionts Intracellular or extracellular associations of cyanobacteria with diatoms.

cyst A resting cell produced by a few bacterial or protest species; this structure is less resistant than a bacterial endospore.

dehydrogenase An enzyme that oxidizes molecules by transferring electrons to an electron carrier of NAD or cytochromes.

denitrification The conversion of nitrate to atmospheric nitrogen.

desert varnish The darkened surface on rocks in desert environments, also called rock varnish.

dinitrogen Atmospheric nitrogen, N2.

dissimilation Activity leading to the conversion of an electron acceptor to a metabolic end product; not associated with incorporation of chemicals into cell biomass.

dissimilatory reduction In microbiology, the transfer of a large number of electrons to an electron acceptor with the consequence of producing a high quantity of product from respiration.

dissimilatory sulfate reduction The use of sulfate as the final electron acceptor by chemolithotrophic organisms with the production of H2S.

disturbance An event that causes the death, displacement, or harm of or to individuals within a given population, community, or ecosystem; leads to opportunities for new individuals to replace them.

DMRB Dissimilatory metal-reducing bacteria, in which electrons from an organic are passed to an oxidized metal ion.

ecotype A group of individuals (population or subspecies) that have adapted to a particular ecological niche in which they live, becoming genetically similar.

endolithic Referring to microorganisms that live within rock in the pore spaces.

endospore The most resistant biological structure; is produced by specific bacteria.

epilimnion The surface layer of lakes, which is warmer, less dense, and sunlit.

epiphyte A microorganism growing on the surface, usually leaves, of a plant.

Eukarya One of the three phylogenomic domains of the tree of life; contains all of the eukaryotes.

eukaryote A cell or organism that has a true nuclear nucleus and internal membranes and is a member of Eukarya.

eutrophic habitats Habitats that are nutrient-rich, potentially leading to eutrophication in which oxygen levels become very low and algal blooms occur.

extracellular polymeric matrix (EPM) Polysaccharide material surrounding bacterial cells along with other polymeric material.

extremophiles Organisms that live in and have adapted to extreme conditions of pH, temperature, or salinity.

fermentation An anaerobic metabolic process of bacteria and yeast resulting in the production of desired end products including ethanol and lactic acid.

ferritin A protein consisting of 24 subunits; used to store iron in the cytoplasm of animals and a few bacteria.

filament A cluster of cells arranged in a linear form.

food chain A representation of the flow of energy within a food web, from one level to the next, showing the sequence of what is eaten by what.

food web A system representing feeding relationships within a community and linkages among food chains.

fruiting body An asexual reproductive structure produced by soil fungi and a few bacteria.

genetic engineering Activity involving the transfer of desired genes into a microorganism for the purpose of exploiting the activity of the gene product.

genomics Study of the gene content of an organism.

genotype The gene content of an organism.

glutathione A peptide consisting of three amino acids (glycine, cysteine, and glutamate); functions to protect cells against various toxicities.

Gram-negative/Gram-positive bacteria Bacteria distinguished under a microscope by differential staining procedures. Generally Gram-negative bacteria have a more diverse metabolism and grow faster than do Gram-positive bacteria.

guild A group of species that share a common ecological niche.

haustaria Specialized branches extending from a parasitic fungal cell that may be extended into a host cell.

hemicellulose The material extracted from the cell walls of plants consisting of xylose–glucose polymers or glucose–arabinose–xylose polymers.

herbicide Chemical agents that are used to kill plants.

heterocyst A specialized cell that occurs in some filamentous cyanobacteria, providing oxygen-free environments in which nitrogen fixation can take place.

heterotrophs (Or chemoorganotrophs) organisms that use organic compounds as energy sources and to obtain carbon for cellular processes.

hopanoids Heterocyclic lipids found in the membranes of bacteria. The chemical structure is similar to that of sterols such as cholesterol.

horizontal gene transfer The movement of genes between different organisms rather than by vertical transmission during cell division.

horizontal transmission A process in which endosymbionts are transferred from one individual of the host species to another or even to other species.

hydrogel A substance in which the biofilm polymer is hydrated with water, forming a viscous jelly-like matrix.

hydrogenase An enzyme that cleaves molecular hydrogen to two protons and two electrons.

hydrogenosomes Organisms found in some anaerobic microbial eukaryotes; ferment pyruvate, yielding carbon dioxide, hydrogen, and acetate. Like mitochondria, hydrogenosomes generate energy in the form of ATP.

hydrolytic reaction An enzymatic process in which water is added across a covalent bond to produce monomeric units from a dimer or polymer.

hyperthermophiles Organisms that live above 80°C.

hyphae The thread-like web of fungal cells making up the mycelium (singular hypha).

hypolimnion The bottom layer of lakes, which is colder, more dense, and darker than the epilimnion.

indigenous bacteria Bacteria normally present in the environment.

kerogen A mixture of complex organic compounds of high molecular weight that are found in sedimentary rocks.

lateral gene transfer A term often applied to horizontal gene transfer.

lignin An amorphous polymer present in woody tissue that functions to secure the cellulose fibrils together.

lyase A class of enzyme that releases a small molecule from a large compound.

magnetosomes Magnetic structures found in cells of specific bacterial species.

magnetotaxis The ability of magnetotactic bacteria to align themselves and swim along magnetic field lines.

manganese nodules Rock-like deposits of manganese and other metals found on the sea floor.

melanin An organic molecule with a complex structure that is responsible for brown to black pigmentation.

metabiomics The study of small molecules and intermediate compounds produced from metabolism.

metagenomics The culture-independent whole-genome analysis of all members of a community of microorganisms to determine the composition and functions of the microorganisms.

metallomics The study of metal ions and their activities in a biological system.

metallothionein A cytoplasmic protein containing numerous cysteine residues that bind toxic metal ions; found in eukaryotic cells and a few cyanobacteria.

metaproteomics The analysis of all proteins present in a specific environment.

methane hydrate Also known as methane clathrate; ice-containing methane in a water crystal.

methanobacteria Bacteria that grow by obtaining energy from the oxidation of methane.

methanotroph A microorganism that grows with methane as the electron donor.

methylobacteria Bacteria that grow with methanol as the electron donor.

micrite Very fine-grained (1–5-μm) calcite crystals.

microbialites Microbially produced organosedimentary benthic deposits.

microbially influenced corrosion (MIC) Also termed biocorrosion; the process by which microorganisms deteriorate metal.

microbiomics The study of all microorganisms and their interactions in an environment.

microfossils Fossils that contain cyanobacteria or other microorganisms.

microorganisms Prokaryotic, eukaryotic, and other organisms that are microscopic in nature.

mitosomes Double-membrane sacs that contain clustered mitochondria-like proteins.

mold A general name for filamentous fungi.

MTBE Methyl-(tert)-tertiary butyl ether; a gasoline additive that increases the oxygen content of the fuel.

mutualism The state where both partners benefit from a relationship.

mycelium The entire mass resulting from aggregation of fungal hyphae.

mycobiont The fungal partner in a symbiotic relationship (e.g., fungi in lichen).

nanobacteria Organisms of a specific species that have a normal growing size of 0.2–0.4 μm.

neutralism The state of two microorganisms growing in close proximity to each other without any effect (positive or negative) on the other.

nitrification The production of nitrate from nitrite or other reduced nitrogen compounds.

nitrogen fixation Also called diazotrophy; the process of reducing atmospheric nitrogen to ammonia, carried out by various bacteria and archaea in order to supply nitrogen for building proteins and nucleic acids.

nitrogenase The enzyme that converts atmospheric nitrogen to ammonia.

nucleoid The nuclear material in a prokaryotic organism.

oligotrophic Referring to habitats that are nutrient-poor and hence exhibit low productivity; a term often applied to low levels of organic carbon.

oxygenase An enzyme that incorporates molecular oxygen directly into a substrate.

oxygenic Referring to activity resulting in the generation of molecular oxygen.

parasitism The state of one organism benefiting at the expense of another organism.

pectin A mixture of branched heterogenous polysaccharides containing galacturonic acid with the polysaccharide held in the cell wall by Ca2+.

pelagic Term referring to habitats above the bottom of aquatic environments.

pesticide A chemical effective in killing unwanted agents in the environment.

phenotype The characteristics of an organism that are readily observed.

pheromones Low-molecular-weight compounds secreted by cells that are important for mating.

phosphonate A compound with phosphorus covalently linked to a carbon atom.

photobiont The photosynthetic partner in a symbiotic relationship.

photosynthesis A process in which solar energy is used to reduce carbon dioxide to carbohydrates.

phototrophy The type of metabolism in which energy from light is converted to chemical energy.

phycobilin Light-capturing molecules in red algae and cyanobacteria that transmit light energy to chlorophylls.

phylogenetics The study of relationships among organisms based on evolutionary differences and similarities.

phytic acid Common name for inositol hexaphosphate, a major storage phosphorus compound in plants.

phytochelator A cytoplasmic protein found in plant cells that contains several cysteine residues and binds toxic metal ions.

phytoplankton Marine phytoplankton include the microscopic algae and diatoms that float in the ocean and are responsible for the bulk of marine photosynthesis.

picoplankton Very small organisms (<2 μm) that float free in the water column.

pili Linear structures of protein that extend from the surface of Gram-negative bacteria.

planktonic organisms Organisms that are not attached to surfaces.

plasmid DNA found in the cytoplasm of bacterial cells that provides the cell with special benefits.

polyaromatic hydrocarbon A water-insoluble molecule consisting of several ring structures.

POP Persistent organic pollutant.

predation The preying of one microorganism on another microorganism.

prokaryote A microorganism that does not have a true nucleus but in which DNA is distributed in the cell cytoplasm.

proteomics Study of the protein content of an organism.

Redfield ratio Our oceans show a ratio of 16–1 of nitrogen to phosphorus, which corresponds to the average ratio seen in marine phytoplankton; this is called the Redfield ratio.

resilience The ability of an ecosystem to return to its former state following a disturbance (derived from the Latin resilire, to rebound).

rhizosphere The area of soil surrounding plant roots.

ribozyme An RNA molecule with enzymatic activity.

selenomethionine An amino acid that has a selenium element substituting for sulfur in methionine.

sensory systems Systems consisting of a cascade of proteins that enable cells to respond to physical or chemical stimuli.

siderophores Small organic compounds produced by bacteria or fungi; these compounds facilitate cellular uptake of Fe3+.

silicalemma The membrane of the silica deposition vesicle in diatoms.

sludge Solid material containing a high concentration of microorganisms, inorganic precipitates, and undigested organic solids.

sorption A term used to includes adsorption and absorption; a process where a chemical moves from a soluble phase to an insoluble phase.

species A genus subdivision consisting of closely related organisms.

stability The ability of a community to return to its prior species composition, diversity, and abundance and to retain its genetic traits following a disturbance.

stromatolite The layered limestone structure developed in shallow water that results from inorganic precipitation. Some stromatolites contain fossilized microbes.

succession The replacement of one community by another over time.

sulfureta The zones in an aquatic environment where sulfur bacteria grow in association with sulfate-reducing bacteria (singular sulfuretum.

symbiogenesis A phenomenon that occurs when new physiological processes, tissues, or organs evolve as a result of a symbiotic relationship.

symbiosis A long-term association between organisms of different species; derived from the terms biosis (living) and sym (with).

syntrophism The relationship where the metabolism of one microorganism enables a second microorganism to grow.

thallus The structure or body of lichen, large fungus, or algae.

thrombolites Microbialites with macroscopically clotted mineral fabrics.

transcriptomics The study evaluating the presence of specific mRNA produced by an organism.

trichome A linear array of cells that function as a single unit.

UMB Ultramicroscopic bacteria; cells of reduced size that are produced as a result of starvation.

vegetative cells Actively metabolizing and dividing cells.

vertical transmission A process in which endosymbionts are transferred from the mother to the egg or embryo.

xenobiotic A chemical produced in the laboratory and not produced by any living system.







Chapter 1

Microbial Ecology: Beginnings and the Road Forward

1.1 Central Themes

	Interdisciplinary studies addressing the origin and evolution of life stimulate many ongoing conversations and research activities.

	Prokaryote classification is based on biochemical and physiological activities as well as structures including cell morphology. Classification within Bacteria and Archaea domains is complicated because the definition for a prokaryotic species is currently under review.

	Our knowledge of the microbial diversity of Earth is growing exponentially with the discovery and implementation of molecular phylogeny to study environmental microbiology.

	Configuration of the “tree of life” has changed since the 1990s with the use of molecular and genomic techniques to evaluate microbial relationships.

	Microbial ecology as a discipline will benefit substantially from the development of a theoretical basis that draws on principles identified in general ecology.



1.2 Introduction

The study of microbial ecology encompasses topics ranging from individual cells to complex systems and includes many different microbial types. Not only is there a visual difference in examining pure cultures and unique microbial environments (see Figure 1.1), but also there is a difference in study approach in each of these images. Microbial ecology has benefited from studies by scientists from many different scientific fields addressing environments throughout the globe. At this time there is considerable interest in understanding microbial community structure in the environment. To achieve this understanding, it is necessary to identify microbes present; this can be accomplished by using molecular methods even though the microbes have not been cultivated in the laboratory. Enzymatic activities of microorganisms and microbial adaptations to the environment are contributing to our knowledge of the physiological ecology of microorganisms.


Figure 1.1 Understanding our environment through the study of cells and systems: (A) Fischerella sp; (B) electron micrographs of the triangular archaea, Haloarcula japonica TR-1 (provided by Yayoi Nishiyama); (C) Mammoth Hot Springs in Yellowstone National Park. (Photos A and B courtesy of Sue Barns). See insert for color representation
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Persistent questions about microorganisms in the environment include:

	Which microbes are present?

	What is the role of each species?

	What interactions occur in the microbial environment?

	How do microbes change the environment?



While this book provides some answers to these questions, each discovery brings with it more questions. The objective of this book is to emphasize the basics of microbial ecology and to explain how microorganisms interact in and with the environment.

1.2.1 Roots of Microbial Ecology

For centuries and long before bacteria were known, people from different regions around the world used selective procedures to influence the production of desired foods. Starter cultures were passed throughout a community to make fermented milk, and common procedures were used for fermentation of fruit juices. Pickling procedures involving normal fermentations were customary for food preservation. In various regions of the world, increased production of rice resulted from specific practices that we now understand select for the growth of nitrogen-fixing cyanobacteria. Some consider that microbiology started with the reports by Anton van Leeukenhoek (1632–1723) in 1675 with the description of “very little animacules” that have the shape of bacteria, yeast, and protozoa. The environments that van Leeuwenhoek examined included saliva, dental plaque, and contaminated water. Gradually, information on microorganisms appeared as scientists in various countries explored the environment through direct observations or experimentation (Brock 1961; Lechecalier and Solotorovsky 1965). Early discoveries relevant to microbial ecology are listed in Table 1.1 (Schlegel and Köhler 1999). The contributions of scientists to disprove the “doctrine of spontaneous generation” had a great impact on microbiology, and especially important was the presentation by Louis Pasteur (1822–1895) in 1864 at the Sorbonne in Paris. In addition to studying the role of microorganisms in diseases and their impact on our lives, Pasteur emphasized the importance of microorganisms in fermentation. Many consider that the founders of microbial ecology were Sergei Winogradsky (1845–1916) and Martinus Beijerinck (1851–1931), who were the first to demonstrate the role of bacteria in nutrient cycles and to formulate principles of microbial interactions in soil. Beijerinck worked at the Delft Polytechnic School in The Netherlands, where he developed the enrichment culture technique to isolate several bacterial cultures, including those now known as Azotobacter, Rhizobium, Desulfovibrio, and Lactobacillus. Also, Beijerinck's early studies contributed to the demonstration of the tobacco mosaic virus and provided insight into the principles of virology. Winogradsky was a Russian soil microbiologist who developed the concept of chemolithotrophy while working with nitrifying bacteria. In addition to demonstrating that bacteria could grow autotrophically with CO2 as the carbon source, Winogradsky established the concept of nitrogen fixation resulting from his experimentation with Clostridium pasteuranium. With an increased interest in microbiology, it became apparent that there was a highly dynamic interaction among microorganisms and also between microorganisms with their environment. Today the study of microbial ecology includes many different fields, and these are addressed in subsequent chapters of this book.

Table 1.1 Pioneers in the Field of Microbial Ecology


	Year
	Individual
	Contribution



	1683
	Antonie van Leeuwenhoek
	Published drawings of bacteria showing rods, cocci, and spirals



	1786
	Otto Friedrich Müller
	Reported the characteristics of 379 different species in his publication Animalcules of Infusions, Rivers and the Sea



	1823
	Bartholomeo Bizio
	Described the “blood” drops in “bleeding” bread used in communion rites as attributed to Serratia marcescens



	1837
	FriedrichTraugott Küzing, Charles Cagniard-Latour, and Theodor Schwann
	Independently published papers stating that microorganisms were responsible for ethanol production



	1838
	Christian Gottfried Ehrenberg
	Described Gallionella ferruginea as responsible for ocher



	1843
	Friedrich Traugott Kützing
	Described Leptothrix ochracea, a filamentous iron-oxidizing bacterium



	1852
	Maximilian Perty
	Described several species of Chromatium including C. vinosum



	1866
	Ernst Haeckel
	Proposed the term ecology



	1877
	Theophile Schoesing and Achille Muntz
	Demonstrated that microorganisms were responsible for nitrification (NO3− → NH3)



	1878
	Anton de Berry
	Proposed concepts of mutalistic and antagonistic symbiosis



	1885
	A. B. Frank
	Described the fungus–root symbiosis known as mycorrhiza



	1886
	H. Hellriegel and H.Wilfarth
	Demonstrated that root nodules on legumes supplied nitrogen to plants



	1889
	Matrinus W. Beijerinck
	Developed enrichment technique that produced pure cultures of many bacteria in nitrogen–sulfur cycle



	1889
	Sergus N. Winogradsky
	Established concept of chemolithotrophy and autotrophic growth of bacteria



	1904
	L. Hiltner
	Studied the biology of the root zone and proposed the term rhizosphere



	1909
	Sigurd Orla-Jensen
	Presented a natural system for arrangement of bacteria with lithoautotrophs as the most primitive bacteria




1.2.2 Current Perspectives

The study of microbial ecology includes the influence of environment on microbial growth and development. Not only do physical and chemical changes in the environment select for microorganisms, but biological adaptation enables bacteria and archaea to optimize the use of nutrients available to support growth. The prokaryotic cell was the perfect system for early life forms because it had the facility for rapid genetic evolution. As we now understand, horizontal gene transfer (Section 4.7.2) between prokaryotes serves as the mechanism for cellular evolution of early life forms to produce progeny with diverse genotypes and phenotypes. While fossils provide evidence of plant and animal evolution, fossils can also provide evidence of early animal forms that have become extinct. It is an irony in biology that the same prokaryotic organisms that evolved to produce eukaryotic organisms also participated in the decomposition of dinosaurs and other prehistoric forms. The prokaryotic form of life not only persists today but thrives and continues to evolve. It has been estimated that there are more living microbial cells in the top one inch of soil than the number of eukaryotic organisms living above ground. William Whitman and colleagues have estimated that there are 5 × 1030 (five million trillion trillion) prokaryotes on Earth, and these cells make up over half of the living protoplasm on Earth (Whitman et al. 1998). The number of bacteria growing in the human body exceeds the number of human cells by a factor of 10 (Curtin 2009). While it is impossible to assess the role of each of these prokaryotic cells, collectively groups of prokaryotic cells can have considerable impact on eukaryotic life. Analysis of the human microbiome reveals that although the microbial flora of the skin is similar, each human has a bacterial biome that is unique for that individual (Curtin 2009). Not only are microorganisms important in cycling of nutrients but they have an important role in community structure and interactions with other life forms. It would be impossible to envision life on Earth without microorganisms. Before addressing important divisions in microbial ecology, it is useful to reflect on the development of microbes on Earth.

1.3 Timeline

Formation of Earth occurred about 4.5 billion years ago, and this was followed by development of Earth's crust and oceans. Volcanic and hydrothermal activities of Earth released various gases into the atmosphere. In addition to water vapor, dinitrogen (N2), carbon dioxide (CO2), methane (CH4), and ammonia (NH3) were the major atmospheric gases, while hydrogen (H2), carbon monoxide (CO), and hydrogen cyanide (HCN) were present at trace levels. Chemical developments of prebiotic Earth relevant to the evolution of life have been critically reviewed by Williams and Fraústo da Silva (2006). The anaerobic environment on Earth provided the reducing power for the formation of the first organic compounds.

Early life forms were anaerobes that included thermophilic H2-utilizing chemolithotrophs, methanogens, and various microbes displaying dissimilatory mineral reduction. Hyperthermophilic prokaryotes are proposed to have been one of the earliest life forms, and Karl Stetter has collected over 1500 strains of these organisms from hot terrestrial and submarine environments (Stetter 2006). There is considerable abundance of these microorganisms in the environment, with 107 cells of Thermoproteus found in a gram of boiling muds near active volcanoes, 108 cells of Methanopyrus found in a gram of hot vent chimney rock, and 107 cells of Archaeoglobus and Pyrococcus found per milliliter (mL) of deep subterranean fluids under the North Sea (Stetter 2006). While the hyperthermophiles characteristically grow at 80–113°C with a range of pH 0–9.0, one archaeal species, Pyrolobus fumarii, withstands one hour in an autoclave that has a temperature of 121°C. Currently, about 90 species of microorganisms are hyperthermophiles, and some of these species are listed in Table 1.2. Most hyperthermophiles are chemolithotrophic organisms using molecular hydrogen (H2) as the electron source for energy-yielding reactions. While many of the hyperthermophilic archaea use S0 as the electron acceptor, some hyperthermophiles can couple growth to the use of Fe3+,  SO42−,  NO3−,  CO2, or O2 as electron acceptors. Molecular oxygen (O2) is a suitable electron acceptor for a few hyperthermophilic archaea, and in these cases only under microaerophilic conditions. Hyperthermophilic bacteria usually require organic material to support their anaerobic or aerobic growth. Many of the anaerobes have active systems using H2 as the electron donor.

Table 1.2 Examples of Hyperthermophilic Prokaryotes


	Genera of Archaea
	Genera of Bacteria



	Acidianus
	



	Archaeoglobus
	Aquifex



	Ferroglobus
	Desulfurobacterium



	Igniococcus
	Thermocrinis



	Metallosphaera
	Thermotoga



	Methanopyrus
	Thermovibrio



	Methanothermus
	



	Nanoarchaeum
	



	Pyrococcus
	



	Pyrodictium
	



	Pyrolobus
	



	Sulfolobus
	



	Thermococcus
	



	Thermofilum
	



	Thermoproteus
	




The biological production of methane is considered to be an ancient process and would have been attributed to prokaryotes catalyzing the following reaction:
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When organic compounds such as acetate accumulated in the environment, methanogens could have produced methane from methanol, formate, or acetate. Only members of the Archaea domain are capable of methane production.

Chemoautotrophic microbes could have evolved to grow on the energy from oxidation of molecular hydrogen and reduction of carbon dioxide according to the following reaction:
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In addition to the production of H2 from geologic formations, ultraviolet radiation could have released H2 according to the following reaction:

[image: images]

Another source of H2 would be the radiolysis of water attributed to alpha radiation (Landström et al. 1983). With the accumulation of diverse organic compounds in the environment, heterotrophic prokaryotes metabolizing organic carbon materials would have appeared sometime after the chemoautotrophs were established.

As presented in Figure 1.2, anaerobic photodriven energy activities may have been present ∼3 billion years ago, using light to activate bacteriorhodopsin-like proteins to pump ions across cell membranes. The bacteriorhodopsin type of photodriven energetics would have been followed by chlorophyll-containing anoxygenic bacterial photosynthesis involving purple and green photosynthetic bacteria where H2S was the electron source. While microbial evolution was initially in the marine environment, microorganisms may have migrated to dry land about 2.75 billion years ago (Rasmussen et al. 2009). Cyanobacteria with oxygenic photosynthesis produced the aerobic atmosphere, and this has been called the “great oxidation event.” Since O2 was produced from water by the photocatalytic process, the rate of O2 released was not limited by availability of water.


Figure 1.2 Early development of life.
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Once molecular oxygen was released into the atmosphere, it reacted with reduced iron and sulfur compounds (i.e., FeS and FeS2) to produce oxidized inorganic compounds by both microbial and abiotic processes. Gradually the O2 level in Earth's atmosphere increased and by ∼1.78–1.68 billion years ago oxygen respiration could have been used to support the growth of the first single-cell eukaryotes (Rasmussen et al. 2008). Another important development of an aerobic atmosphere was the generation of ozone (O3) from O2 due to a reaction with ultraviolet light. Ozone absorbs ultraviolet light and forms a protective layer in the atmosphere to shield Earth from destructive activity of ultraviolet radiation (Madigan et al. 2009). Prior to the development of an ozone layer, microorganisms would have been growing only in subsurface areas or in environments shielded by rocks.

1.4 Microfossils

Fossils are important for understanding the evolution of plants and animals; however, there are few fossils available for microorganisms. Dating of dinosaur presence can be derived from bone fragments or footprints left in mud (Figure 1.3). As depicted in Figure 1.4, footprints can provide considerable information about the presence of life; however, the early history of microorganisms is relatively sparse. Electron microscopy of aggregates found in the Archean Apex chert of Western Australia revealed cell-like structures characteristic of cyanobacterial trichomes, and these were reported to be 3.5 billion years old (Schopf 1993). However, the inability to demonstrate appropriate biomarkers in the microfossils has generated concern about the dating of these images (Rasmussen et al. 2008). Fossilized stromatolites (see Section 11.9 for additional information) consisting of mats of cyanobacteria and other microorganisms were reported to be present in rocks from the Warrawoona Group in Western Australia. Images of bacteria are suggested in scanning electron micrographs of rocks that are 3.4 billion years old from the Barberton Greenstone Belt, South Africa. From carbonaceous chert in the Ural Mountains there are structures resembling the bacterium Gleodiniopsis, and this has been dated to be 1.5 billion years old. Microfossils of the cyanobacterium Palaeolyngbya are 950 million years old and were found in the Khabarousk region in Siberia.


Figure 1.3 Dinodaur footprints present on surface stone in Texas (A) and Arizona (B). [Photograph  (A) by Diana Northup, (B) by Larry Barton]. See insert for color representation.
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Figure 1.4 Examples of organisms present in a specific environment: footprints of several animals and shell records; exhibit at the educational center in Albuquerque museum (photograph by Larry Barton). See insert for color representation.
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Konhauser (2007) has critiqued the use of Archean microfossils in dating primitive aerobic phototrophs. Some scientists maintain that the mere presence of kerogen in microfossils is not sufficient to indicate biogenic origin. Biomarkers useful in suggesting the presence of prokaryotes would be the lipid soluble hopanes and steranes that would be derivatives of hopanoids and sterols, respectively. Degradation products of these compounds are useful in assessing the biogenic character of microfossils because hopanoids are lipids characteristically found in the plasma membrane of prokaryotes and sterols are typically found in the membranes of eukaryotic cells. An additional significance in finding derivatives of sterols in microfossils is that molecular O2 is required for one of the final enzyme steps in the biosynthesis of sterols. Of course, definitive proof of life in the microfossils would be the detection of DNA or decomposition products of DNA.

1.5 Early Life

The origin of life on Earth is a topic that has attracted the attention of many scientists and has resulted in publication of numerous fascinating opinions. In a more recent review, Koch and Silver (2005) discuss the stages required in development of chemical processes into a biological unit. The transition from an abiotic environment to a world with microorganisms is summarized in Figure 1.5. Using cellular evolution as a perspective, early development of the evolutionary tree of life could be divided into various phases (Koch and Silver 2005): (1) the pre-Darwinian phase, which represents Earth's environment prior to the formation of a cell; (2) the proto-Darwinian phase, during which the first cell was formed; and (3) the Darwinian phase, which involved selective pressures on cell development that favored diverse forms of prokaryotes and eukaryotes.


Figure 1.5 Evolutionary development of early life [modified from Koch and Silver (2005)].
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1.5.1 The Precellular World

The precellular phase would involve astrophysical and geochemical activities at a time before the presence of biological cells. The activities involved in formation of small organic molecules (e.g., sugars, amino acids, lipids, porphyrins, nucleotides, heterocyclic bases) may have been unrelated. There are several different opinions concerning the energy sources and sites or regions where synthesis of organic molecules may have occurred. Wächtershäuser (1990) proposed that the organic macromolecules were produced on clay-like surfaces, while Koch (1985) and Deamer (1997) supported the idea that vesicles enclosed with membrane-like structures were involved in the formation of organic molecules. Some have supported the idea that life arose from a “primordial soup” in a lake on the surface of Earth, while others consider that life arose from a subsurface spring. All of these theories provide for an interesting interplay of geochemical processes that may have culminated in biological activity.

1.5.2 The First Cell

Prior to the first living cell, various organic compounds presumably accumulated in the environment. Koch and Silver (2005) propose that prebiotic compounds could have included nucleic acid inside a vesicle and that the vesicle had a mechanism for generating an ionic charge across the membrane barrier. It was not necessary for this first cell-like unit to have enzymes for metabolism, nor was there a requirement for ATP, ribosomes, proteins, or DNA. The presence of a self-replicating single-stranded RNA with autocatalytic activity, also known as ribozyme, could provide a basis for development of molecular biology in this evolutionary process. The membrane provided a lipid closure for the vesicle, and in terms of structure and composition the early membrane may have been different from current unit membranes.

Energy is paramount for development of life and could have resulted from the following reaction:
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The oxidation of inorganic compounds (see Section 11.3 for additional information), such as given in the reaction above, could have provided the potential for various reactions, including the generation of an ionic gradient across the membrane. This vesicular structure would not yet be a cell but could evolve into a cell after acquiring DNA, proteins for metabolism, ribosomes, ATP, and related components. The presence of RNA in the first membrane vesicle would have been useful because even a small RNA molecule is highly charged and could nonspecifically bind protein and small organic molecules found in the environment. DNA replaced RNA as the molecule carrying genetic information and was more stable than RNA. Undoubtedly, the time required for development of the first self- replicating unit (cell) was considerable, but once this process was achieved, cellular evolution proceeded at an accelerated rate. The extent of evolution by eukaryotes is apparent when reviewing the diversity of eukaryotic life forms, but it should be recalled that eukaryotes have been on Earth for only one-third as long as prokaryotes.

1.5.3 Development of Cellular Biology

With the presence of DNA and other protein-synthesizing materials inside the membrane vesicle, the cell had the capability for heredity with new phenotypes expressed. Evolution leading to different lifestyles and life forms could follow selection based on the hypothesis of Alfred Wallace and Charles Darwin. The bacterial and archaeal species surviving and reproducing in an environment were the ones capable of dealing with that environment. The evolutionary process was not continuous, but changes in genetic information would have been displayed by periodic environmental changes providing the selective pressure that led to new cell types. Genetic variation in these asexual microorganisms would be attributed to mutations and horizontal (lateral) gene transfer (Section 4.7.2). There is no record suggesting the events responsible for the universal ancestor to produce two lineages of prokaryotes (i.e., Bacteria and Archaea). Many of the biomolecules and biochemical processes found in Bacteria and Archaea are similar, but numerous details in accomplishing certain activities distinguish organisms of these two domains. Since prokaryotes were the only living organisms on Earth for over 2 billion years, it is rather remarkable that only two prokaryotic cell types were produced.

One theory for the formation of a eukaryotic cell is the establishment of a nucleus prior to the development of mitochondria and chloroplasts by endosymbiosis (see Section 8.2 for additional information). The genome fusion hypothesis has been developed to explain the formation of the eukaryotic nucleus where the eukaryotic genome arose from a combination of archaeal and bacterial genes. An examination of energy production and chemistry of lipids in the cell membrane reveals that eukaryotic cells are more similar to Bacteria than to Archaea. However, when examining transcription and translation processes, eukaryotes have characteristics of the Archaea. As the genome of the ancestral eukaryote increased in size, chromosomes were developed to enhance organization of DNA, and it has been proposed that the nuclear membrane arose spontaneously to segregate DNA from the cytoplasm. More recently it has been discovered that one bacterial species has a “primitive” nuclear membrane (see Section 3.8.3), and the function of this internal membrane is unresolved.

The endosymbiotic hypothesis (see Section 8.2) addresses the origin of chloroplasts and mitochondria where both of these organelles developed from bacteria. Lynn  Margulis (see “Microbial spotlight” in Chapter 8) suggests that the formation of the eukaryotic cell is a product of several sequential endosymbiotic steps. Spirochete bacteria were an early surface symbiont with an anaerobic organism resulting in motility of the eukaryotic cell. Endosymbiotic activity contributed to the development of mitochondria and chloroplasts. The endosymbyote provided the host with a capability useful to the host cell, while the endosymbiont benefited from nutrients and a safe environment provided by the host. Some have proposed that the primitive eukaryotic cell receiving the endosymbiont was derived from the archaeal cell line. Genes for the synthesis of bacterial-like membranes may have been transferred to the host archaeal cell and may have promoted the early development of cytoplasmic membranes. The genome of Rickettsia prowazekii, a member of the Alphaproteobacteria, is remarkably similar to the mitochondrial genome, and additional inspection is required to determine whether it was the source of the mitochondria or if both the mitochondria and rickettsia evolved from a common ancestor. Most likely chloroplasts developed in the cell line producing higher plants. Chloroplasts in green algae and higher plants could have evolved from Prochloron, a cyanobacterium, because it is the only aerobic photosynthetic cell that has both chlorophyll a and b.

An alternate idea pertaining to development of organelles in eukaryotes is the hydrogen hypothesis. The endosymbiont in this situation is proposed to be an anaerobic member of the Alphaproteobacteria that releases CO2 and H2 as end products. This endosymbiont is proposed to evolve along two distinct lines to produce a hydrogenosome for anaerobic metabolism and a mitochondrion for aerobic respiration. The hydrogenosome (Figure 1.6) would obtain ATP from pyruvate metabolism with the release of CO2 and H2. From genome analysis, it appears that there is considerable similarity between the genomes of hydrogenosomes and mitochondria.


Figure 1.6 Hydrogenosome in the eukaryotic cell.
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1.5.4 Evolution of Metabolic Pathways

The origin and evolution of metabolic pathways were important for molecular evolution and are attracting considerable attention (Canfield et al. 2006; Falkowski et al. 2008; Fani and Fondi 2009; Fondi et al. 2009). Many consider that ancestral cells, in comparison to current prokaryotic cells, had relatively few genes, no gene regulation, and no mobile genetic elements. While early cells may have had only a few hundred genes, the expansion of the genome to several thousand genes per cell could be explained by the “patchwork” hypothesis (Jensen 1976; Ycas 1974), in which genes encoding for enzymes of low specificity were duplicated, and through selective pressures evolved into genes encoding for enzymes of considerable specificity. In terms of gene duplication there could be duplication of the entire gene, a part of a gene, or several genes from the same or different metabolic pathway. Gradually the primordial cells expanded their metabolic capabilities and established regulatory mechanisms. Cells with efficient metabolic pathways were selected through pressures of population growth. Genetic exchange between cells involving horizontal gene transfer and fusion of protoplasmic prokaryotic cells would have been important in early evolutionary processes. Initially it may have been more important for transfer of operational genes than for transfer of genes involved in information processing (transcription, translation, etc.). Abiotic geochemical cycles were replaced (or supplemented) by biotic processes, resulting in interconnection of biogeochemical cycles.

1.6 Characteristics of Microbial Life

The characteristics of life that have become associated with microorganisms are similar to those of higher plants and animals. A distinguishing feature is that for microorganisms a cell constitutes the individual while with higher forms of life the individual is multicellular and even contains numerous tissues. The biochemical and physiological processes seen in microorganisms are compared in Table 1.3. Introductory courses in biology include a listing of the characteristics defining life, and it is important to reflect on these characteristics of life since they also pertain to prokaryotes. The following discussion addresses how bacteria and archaea conform to the requirements of a defined structure, metabolism, growth, reproduction, and response to stimulus.

Table 1.3 Selected Phenotypic Characteristics of Bacteria, Archaea, and Eukarya
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1.6.1 Structure and Evolution of Cell Shape

Cells of microorganisms have a precise organization and their structure is continuous with their progeny. While crystals of minerals show organization due to alignment of inorganic atoms, differences in crystal organization occur as seen in the differences in the structure of snowflakes. Structural organization in microbial cells reflects the molecular alignment in membranes, ribosomes, protein cell walls, DNA, and other macromolecules. The molecular architecture in the cell walls of microorganisms is reproduced in the progeny of each species. An example of this structural organization is seen in the mosaic arrangement seen on the surface of bacteria and archaea that have been designated as the S layer. Glycoproteins form a lattice with the precision of crystalline minerals, and models of the lattice are shown in Figure 1.7.


Figure 1.7 S layer of microorganisms as examined with freeze-etched preparations or atomic force microscopy displays a surface composed of proteins in four different lattice formations: (A) oblique lattice; (B) square lattice; (C) hexagonal–triangular lattice; (D) hexagonal rosette lattice [modifed from Sleytr et al. (1996)].
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Another example of an important structure in prokaryotes is the plasma membrane or cell membrane, which functions as a barrier to segregate molecules essential for cellular growth from the extracellular environment. The chemical structure of the plasma membrane includes lipids that form a hydrophobic barrier and proteins that contribute to solute transport, metabolic processes, and communication between the cytoplasm and the environment. Lipids found in prokaryotes consist of phospholipids and fatty acids or fatty acyl groups attached to the glycerol backbone. Although there is a molecular distinction in the lipids found in archaeal and bacterial cells, lipophilic affinity of these molecules functions to stabilize the plasma membrane (Madigan et al. 2009). Phosphate moieties and other charged groups on the surface of the membranes are important for carrying the charge on the membrane. Integrity of the membrane structure is required for cell viability, and disruption of this organization results in cell death.

The cell wall is an important structure for bacterial and archaeal cells in that it prevents osmotic disruption of the cell and contributes to cell shape. For bacteria, rigidity of the cell wall is attributed to a macromolecule called peptidoglycan that consists of a sugar polymer with a covalent crossbridge to peptides. Even after disruption of the bacterial cell, the structure of the peptidoglycan is evident (see Figure 1.8). N-Acetylglucosamine and N-acetylmuramic acid make up the dimer that contributes to the linear strength of the peptidoglycan molecule. As discussed in general texts (Madigan et al. 2009), the crossbridge peptide in the peptidoglycan contains alternating d and l forms of amino acids. Considerable similarity of cell wall composition is found in all of the various types of bacteria; the quantity of peptidoglycan surrounding Gram-positive bacteria is greater than that found with Gram-negative cells. While the cell wall in archaea does not contain peptidoglycan, the covalent bonds attributed to polymers of l forms of amino acids and sugars provide for structural stability of the archaeal cell.


Figure 1.8 Remnants of the peptidoglycan structure of Bacillus stearothermophilus after distrution of bacterial cell by high-pressure treatment (electron micrograph provided by Sandra Barton).
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Specific proteins account for cell division and cellular form for prokaryotic cells. For cell division, there are a series of proteins located on the inner side of the cell membrane, and prior to binary fission many of these proteins polymerize to form the FtsZ ring located at the midpoint of the cell. The FtsZ ring recruits other proteins for the division process and is present in both archaea and bacteria. To underscore the evolutionary relationship between prokaryotes and eukaryotes, FtsZ-like proteins are also found in chloroplasts, mitochondria, and cell division proteins in eukaryotes. Additional proteins on the inner side of the cell membrane in bacteria and archaea are the MreB proteins (Figure 1.9). The MreB proteins influence the localized synthesis of the cell wall and account for the rod-shaped cell form. Bacteria without the genes for the production of MreB proteins are of the coccus form. Scientists speculate that the ancestral cell was spherical and the rod form appeared with the development of the specific gene for MreB synthesis. Some bacteria have a curved rod shape also known as a vibrio form. In one vibrio-shaped bacterium, Caulobacter crescentus (Section 3.6), the cell shape is attributed to crescentin in addition to MreB. The crescentin proteins accumulate on the concave face of the vibrio cell and contribute to the curvature of the cell. Since proteins similar to crescentin have been found in another vibrio, Helicobacter, some have suggested that unique proteins are needed to produce a curved bacterial cell.


Figure 1.9 Localization of FtsZ and MreB proteins in a bacterial cell.
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1.6.2 Metabolism and Use of Energy

Microbial cells use chemical energy from organic compounds, minerals, and light-driven reactions. While solar energy is restricted to microorganisms at Earth's surface, the use of reduced organic compounds or inorganic materials provides energy for metabolic reactions in anaerobic and aerobic environments. A hallmark characteristic of living systems is the flow of electrons from electron donors to electron acceptors, and this characteristic is observed in both aerobic and anaerobic cultures (see discussion on energetics in Chapter 3). The generation of ATP and establishment of a charge on the cell membrane are coupled to this electron flow. As indicated in the model in Figure 1.10, energy from cell metabolism is also used for motility and nutrient transport. As with other life forms, metabolism in microorganisms is the summation of incremental changes. Additionally, there is a similarity in all forms of life in that electron transfer is mediated by cytochromes, quinones, and proteins with iron–sulfur centers; however, considerable variability of these electron carriers distinguishes prokaryotes from mitochondria-containing life forms. In terms of transmembrane movement, nutrient transport is driven by chemiosmotic or ion gradients in all living cells with prokaryotes commonly relying on H+- or Na+-driven transporters.


Figure 1.10 Energy flow in microorganisms.
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1.6.3 Growth, Reproduction, and Development

The goal of microbial metabolism is to provide microorganisms with sufficient biosynthetic material in an organized fashion that enables them to reproduce. With bacteria, archaea, and single-cell protists, growth generally implies an increase in the number of individual cells. The idealized growth curve is commonly used to describe bacterial or archaeal growth (Figure 1.11); however, logarithmic growth of these microorganisms is only transiently seen in the environment. As discussed in Box 1.1, logarithmic growth of bacteria or archaea has the potential of quick production of biomass. While there may be bursts of rapid growth by individual species of prokaryotes due to nutrient flux, growth of bacteria or archaea in many stable environments is similar to stationary-phase growth. Although reproduction in bacteria and archaea is asexual, the acquisition of new heredity information from horizontal gene transfer (Section 4.7.2) provides for mixing of the gene pool. The production of spores by bacteria is an asexual process of cell differentiation, with one cell producing one spore. Bacterial spores are produced to enable a species to persist through periods that are detrimental to cells and are not a form of reproduction as is the case of asexual spore formation in fungi. A few bacteria and archaea display cellular differentiation or development, and some bacteria display a simple lifecycle.


Box 1.1 : The Power of Log Growth

Bacteria and archaea grow by binary fission where one cell divides to give two cells, these two cells divide to give four, the four cells divide to give eight, and so the progression of log growth proceeds. If a bacterial species grows with cell division occurring every 60 min, at the end of 96 h there would be 1029 cells. If the weight of one cell equals 2.5 × 10−13 g, then at the end of 96 h the mass of bacteria would be 2.5 × 1013 kg. Fast-growing bacteria like Escherichia coli divide every 20 min, and at the end of 48 h, E. coli would produce a mass of about 2.2 × 1024 kg. It is inappropriate to consider that bacteria in the environment display log growth for any extended time because the mass of Earth is 5.97 × 1024 kg and bacteria could quickly exceed this value.




Figure 1.11 Idealized growth curve for bacteria indicating that the rate of rapidly dividing cells is a logarithmic function.
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1.6.4 Adaptations and Response to Stimuli

It is desirable for microorganisms to respond to environmental changes so that growth and physiological processes can be maintained at near-optimal conditions. When physical or chemical changes are extreme, selection favors the cell line that has a genetic content that enables cells to grow at low pH, high temperature, high salt content, or other permanent environmental changes. These adaptations can become fixed in a population, resulting in new species with special traits. However, many environmental changes are transient where the duration of the new stimulus is not long but may be relatively frequent. Bacteria and archaea display stress response to many different transient stimuli, including temperature, toxic metals, desiccation, oxygen content, and many other environmental situations. In many instances the response to stimuli may be to promote bacterial movement toward a useful nutrient or desirable environment. Chemotactic movement may be attributed to flagellar or gliding activity and is regulated by a complex sensory process. Bacteria have the capability of transferring a physical or chemical signal across the cell membrane to elicit an appropriate response.

Additionally, numerous metabolic changes occur in microorganisms as they respond to changes in the chemical environment. Induction or repression of gene expression occurs in bacteria in a few minutes, and this enables cells to synthesize only those enzymes needed for catabolism or biosynthesis. Furthermore, microbial cells can modulate gene expression instantaneously as chemical changes occur in the environment. This highly regulated production of enzymes ensures that energy is conserved through the synthesis of only those enzymes that are needed for that environment. This physiological and metabolic adaptability by bacteria enables them to persist in the environment and to successfully compete with eukaryotic life forms.

Bacteria and archaea have made considerable adjustments as Earth's environment has changed over the years. Major changes in Earth's temperature occurred, and microbial life forms responded appropriately. Both microorganisms and hosts were required to adapt for the continuation of parasitic or mutualistic interactions. Ocean temperature has been calculated using oxygen isotope ratio in fossil plankton found in marine sediments and is illustrated in Figure 1.12. Over the past 800,000 years there have been cycles of temperature change with fluctuations of ± 4°C; however, these changes were extremely slow. We are on a global warming cycle and this will have an effect on microbial activities and especially on microbe-host interactions.


Figure 1.12 Marine temperature from measurement of oxygen isotope ratios in fossil plankton [based on data from Imbrie et al. (1984)].
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1.7 Classification and Taxonomy: The Species Concept

The classical definition of a species, as applied to the animal world in particular, includes shared morphological traits and the ability of a group of individuals to interbreed and produce fertile offspring through sexual reproduction. Because reproduction in bacteria, archaea, and some other microorganisms is primarily asexual, this definition immediately runs into trouble with prokaryotic organisms, which exchange DNA through conjugation, transduction, and transformation. To solve this problem, microbiologists used phenotypic characteristics, metabolism in particular, to discern closely related species. However, the growing realization that we have not figured out how to grow many species in the environment, as revealed by 16S rDNA studies of diversity, has eroded confidence in relying on this method. Microbiologists then proposed the use of a ≥70% level of whole genome DNA-DNA reassociation and similar G-C ratios (the percentage of guanine and cytosine in a genome) to define a species (Staley et al. 2007); however, individuals of a species so defined may share only 80–90% of genes. Some authors use the phylogenetic species concept that specifies that sequence identity of the 16S rRNA gene must be 97% or greater (Madigan et al. 2009) or even 99% sequence identity (Cohan and Perry 2007). The latter is not a good marker for resolving closely related species, however. New ways of approaching the definition of a bacterial/archaeal species are being developed that incorporate an ecological and evolutionary perspective and put the species concept for microorganisms on a more theoretical basis (Cohan and Perry 2007).

Within a bacterial species, there exists what are now termed ecotypes that have adapted to their environment in different ways, such as using different carbon sources or mineral nutrients, or using different levels of light energy. Additionally, some species can have strains that are pathogenic, while others within the same species are not pathogenic. Because of the importance of such distinctions, medical microbiologists have separated some of these organisms into distinctly named species, such as Bacillus anthracis (pathogenic) and Bacillus cereus, while other named species, such as Escherichia coli, provide an umbrella for both pathogenic and nonpathogenic strains. Some researchers advocate moving to ecotype-based systematics, in which ecologically distinct species are named and existing species that harbor ecologically distinct strains are given trinomials that include an ecovar epithet to distinguish the different ecotypes contained within a species (Cohan and Perry 2007).

1.8 The Three Domains: Tree of Life

At one time it was taught that there were five kingdoms of life: Animalia, Plantae, Fungi, Monera, and Protista (Margulis and Schwartz 1998). In the 1970s, this view of life was challenged by Woese and Fox (1977), who proposed a new division of life, the Archaea (Sections 2.5 and 2.6), as one of the three major lines of descent. This was followed in 1990 by the theory of Woese et al. (1990), that all of life could be classified into three domains: Bacteria, which they called Eubacteria, Archaea, which they called Archaebacteria, and Eukarya, which they called Eucarya. The methods employed by Carl Woese and Norman r.Pace [the sequencing of the small subunit (SSU) of the ribosome] touched off studies that revealed that eukaryotes are not the most diverse organisms on Earth, but are far surpassed by the diversity present in the bacteria and archaea (Pace 1997). In proposing this new scheme for the tree of life, Woese et al. noted the following in 1990:

Our present view of the basic organization of life is still largely steeped in the ancient notion that all living things are either plant or animal in nature. Unfortunately, this comfortable traditional dichotomy does not represent the true state of affairs.

The genes that encode the16S and 18S SSU of the ribosome have been used by many studies of a wide range of environments over recent decades. The universal nature of ribosomal DNA, its highly conserved regions, and the relative ease of sequencing made this an ideal candidate for exploring the natural world. Researchers have found a wealth of microbial sequences that represented new groups of microorganisms, never before cultivated. The diversity revealed in these studies is truly stunning and intriguing. As our knowledge of this diversity grew, we have constructed a “tree of life” that encompasses these three domains of life (Figure 1.13).


Figure 1.13 Three domains of life—Bacteria, Archaea, and Eukarya—are depicted in a phylogenic tree [modified from Madigan et al. (2009)].
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Microbial Spotlight

Norman R. Pace

[image: UnFigure]


Norm Pace has long been the proponent and architect of the SEARCH for microbial diversity in the natural world. His route to this passion is a fascinating one that shows the power of early experiences:

I first became aware of microorganisms when I was young, about the age of 12 and my parents bought me a pretty cheap microscope; the microscope didn't work very well, but I could look through the microscope at hay infusions and stuff like that. The thing that I found most remarkable about it was that I could look through the microscope and see all these things in there, but I couldn't find any information about what the hell they were. I tucked away that note that the microbial world was a pretty interesting place, but there didn't seem to be a way to get a handle on it.

I ended up being an RNA jock at the U of I [University of Illinois—UC]…and became friends with Carl Woese. [My former wife, Bernadette Pace, did the] first [DNA] hybridization experiments for taxonomy. [From these experiments] Carl got really interested in the residual homology. He argued that that highly conserved regions were “the essence of the RNA molecule.” One of my first postdocs, Mitch Sogin, did a 5S catalog from B[acillus] subtilus—took 2 years for 120 nucleotides. [Then] the game became how to understand how the 5S rRNA processing enzyme, ribonuclease M5, how it recognized the 5S precursor. We needed the atomic structure, which meant crystallography. [This required a thermophilic molecule that would crystallize well, but it was hard to get the high-temperature RNAs in the quantity needed for crystallography.] I was sitting in my office reading Tom Brock's book Thermophilic Microorganisms and Life at High Temperatures and read about Octopus Springs with literally kilogram quantities of pink filaments. “Wow, kilogram quantities, near boiling! 93°C! So I went running out into the lab, and said, guys, look at this! High temperature microbiology in kilogram quantities. Let's take a bucket of phenol up to Yellowstone and get all the 5S we need… and somebody, I forget who, said, “But you don't even know what the organism is. I said, that's okay, we can sequence for it.” Intake of breath, “My God!” That was it—I knew immediately what we had. The others knew what we had, they just didn't know what we didn't have, namely a whole understanding of the natural world. So, Octopus Springs became [one of] the first targets of the SEARCH.



To add robustness to the tree of life described by these 16S and 18S rDNA studies, researchers are now mining whole genomes to identify universal protein gene sequences, which have been concatenated to construct phylogenic trees. Ciccarelli et al. (2006) have used such data to refine the relationships among and within the three domains. In addition to the microbial diversity seen in phylogenic trees, microorganisms exhibit much greater metabolic diversity than do nonmicrobial eukaryotes and have evolved complex interactions with other microorganisms, plants, and animals.

1.9 Relationship of Microbial Ecology to General Ecology

The wealth of microbial diversity and the vigorous debate about what constitutes a microbial species highlight one of the major challenges of the evolving field of microbial ecology: the need to provide a theoretical foundation for the organization of the large amounts of new data on microbial diversity. Theories provide explanations of phenomena that have been tested and substantiated and allow us to predict future occurrences. The application of theory into the foundation of microbial ecology allows us to incorporate our predominately quantitative data into an overall framework that provides understanding of the microbial world. An excellent example of the advantages this provides is seen in the application of ecological and epidemiological theory to the study of emerging diseases (Smith et al. 2005). As different scientific disciplines examine the emerging pathogens, they come from different frameworks. The work of early microbiologists and medical scholars (Koch, Pasteur, and Ehrlich) has led to a focus on the individual patient and their interaction with a given pathogen, while epidemiologists focus on populations of pathogens and their interactions with hosts. A third approach involves modeling of host–pathogen interactions using the ecological and evolutionary perspective. The application of ecological theories to this problem have been especially successful in predicting the spread of such diseases as the Ebola virus and rabies, which then allows the application of control measures in the most useful locations. The melding of these three approaches, and the theories underlying them, can provide the best means of controlling emerging diseases (Smith et al. 2005). This is just one example of the many compelling reasons to develop a theoretical basis for microbial ecology.

Prosser et al. (2007) suggest that two factors limit the theory development in microbial ecology:


1. The lack of distinguishing microbial morphological characteristics and our inability to culture many organisms, which have led to a scarcity of data and insights

2. The slow progress in incorporating general ecological theory and quantitative reasoning into microbial ecology education and research



Some scientists also protest that microorganisms are very different than plants and animals because of their small size, diversity, reproductive methods and rates, dispersal means, and metabolic diversity. Does this preclude our application of existing ecological theory to microbial ecology? In actuality, some ecological theory is derived from microbial model systems, which provide a simplified version of interactions that occur in nature (Jessup et al. 2004). The study of such model systems allows us to better understand natural systems and to predict future interactions in nature by testing hypotheses about how ecological processes work. Model microbial systems can allow us to explore several key questions in ecology, such as:

	How do local interactions influence the patterns of diversity seen at larger scales (e.g., landscape)?

	How does the energy available or the productivity of an ecosystem affect the temporal and spatial distribution of organisms?

	What is the relationship between community diversity/complexity and stability?

	Does productivity determine food chain length?



Microorganisms can be quite useful in testing these and other fundamental ecological concepts.

Significant changes lie ahead in bringing a stronger theoretical basis to microbial ecology (Prosser et al. 2007). As discussed in Section 1.7, the development of the ecological species concept versus the traditional biological species concept is a key need in microbial ecology. Because of the stunning amount of microbial diversity in many environments, we currently lack the ability to accurately measure diversity, except in less complex ecosystems. Species abundance curves allow us to theoretically estimate diversity, but accurately measuring diversity remains a challenge. Limited work has been done on microbial species–area relationships, in which microbial diversity is correlated with spatial scales. This is the fertile ground for the development of a theoretical basis for microbial ecology, in which macroecology theory can be linked to a molecular characterization of microbial communities. Along similar lines, much remains to be discovered about the theoretical basis of the relationship between energy available in the ecosystem and microbial diversity (richness and abundance).

1.10 Changing Face of Microbial Ecology

1.10.1 Change in Focus

The first reports describing the presence of bacteria were important in terms of natural history of the microorganisms, and some of the current interest includes the impact of microorganisms on global activities. When Anton van Leeuwenhoek described the shapes of the bacteria present in scrapings from his teeth and when Martinus Beijerinck reported nitrogen-fixing root nodule bacteria, they contributed to an interest in the types of bacteria in the environment. The isolation of physiologically unique bacteria from every region on Earth provided a wealth of information concerning the ecological role of microorganisms. Over time there has been an expansion of interests to include the contribution of microorganisms to global nutrient cycling, bioremediation, greenhouse gases, and climate change.

More recently, considerable interest has been placed on system-based technologies to evaluate microbial ecology, and these are collectively included as the “omic” technologies. These technologies are heavily dependent on sensitive analytical instrumentation with high flow through capabilities. Several applications to microbial ecology are listed in Table 1.4. and some of these technologies are discussed in Chapter 5. With the availability of DNA and protein sequences, gene content, and sequence structures of many microorganisms, new approaches are being developed to evaluate microbial relationships. One of these studies has raised the possibility that early microbial evolution was influenced by microbes migrating to a terrestrial ecosystem from the marine environment. Battistuzzi and Hedges (2009) have separated bacterial evolution into two major groups: Hydrobacteria and Terrabacteria (see Figure 1.14). Evolution of the Terrabacteria would reflect adaptations to life on land with the development of spore producing Bacillus, soil based actinomycetes, and phototrophic cyanobacteria. Another dimension of current research impacting microbial ecology is the more recent report that an engineered genome can be transferred into a bacterial cell (Lartigue et al. 2009). While this will have considerable value for synthetic biotechnology, it may also lead to the de novo creation of new bacteria and provide insight into evolution. One could conclude that while analytical techniques will be continued in microbial ecology, systems ecology and synthetic approaches will become important in the future.


Figure 1.14 Analysis of nucleic acid and protein sequences suggests importance of bacterial adaptation to life on land; numbers in parentheses indicate number of species of organisms in that group [modified from Battistuzzi and Hedges (2009)].
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Table 1.4 “Omic” Technologies with Applications to Microbial Ecology


	Terms
	Characteristics



	Genomics
	Analysis of gene content of an organism by sequencing and mapping of genomes (chromosomes of eukaryotes or nucleoid of prokaryotes)



	Metagenomics
	Analysis of gene content of all organisms in a specific environment



	Transcriptomics
	Study evaluating the production of mRNA produced at a specific time by a cultured organism



	Proteomics
	Study of protein structure and protein regulation of an organism



	Metaproteomics
	Analysis of all proteins produced by all the organisms in a specific environment



	Metabiomics
	Study of small molecules and intermediate compounds produced from metabolism; frequently this includes the end products of metabolism



	Metallomics
	Study of the various metal ions and their activities in a biological cell



	Biolomics
	Study of all the biological systems and biochemical components of cellular system



	Microbiomics
	Study including all the microorganisms and their interactions with the immediate environment.




1.10.2 Diversity: From Culturing to Molecular Phylogeny

For many decades microbiology and the emerging field of microbial ecology relied on cultivation (Section 5.5) to identify microorganisms in the environment. This eventually led to the elucidation of what was called “the great plate count anomaly” (Section 5.2), in which researchers noticed the discrepancy in numbers between what they observed in the microscope versus what they could grow using standard media (less than 1% of microorganisms present in the environmental sample) (Staley and Konopka 1985). At about the same time, Carl Woese and Norm Pace were investigating the ability to identify and compare environmental organisms by their small-subunit ribosomal RNA genes, which provided a measure of evolutionary distance between organisms. This development revolutionized our view of the natural world and eventually, the classification of bacteria/archaea in the main reference work, Bergey's Manual of Systematic Bacteriology. Their efforts and subsequent studies revealed an amazing level of diversity in the microbial world.

1.11 Summary

With respect to early life on Earth, there are two distinct activities: genesis of life and evolution of organisms. While scientists provide insightful discussions on these activities, new theories and past observations continue to attract the attention of microbiologists. The fossil record for bacteria is limited primarily to cyanobacteria and related microorganisms found in fossilized stromatolites. As an alternate to evaluation of available fossils, microbiologists rely on life-related processes consistent with the geologic record of Earth. Physiological process of O2 release from photosynthesis was an important activity of early life, and it can be concluded that bacteria with these metabolic capabilities were present early in cellular evolution. Once cellular life was achieved, evolutionary development proceeded along several avenues, including the survival strategies as outlined by Darwin. The genetic design of prokaryotic organisms enabled bacteria and archaea to use horizontal gene flow in the generation of new species. Eukaryotic cells evolved with internal organelles developed from endosymbiosis of bacteria and genes from both bacteria and archaea. The tree of life as described by Woese serves to provide a structure for cellular evolution and establishes the dominant presence of bacteria and archaea in evolution of life on Earth. As new species of bacteria and archaea present in the environment are discovered, the picture becomes more complete with respect to prokaryote life, and with new computer programs (software) developed to evaluate molecular trees, the tree of life in the future is sure to become more detailed and will change to reflect newer information.

1.12 Delving Deeper: Critical Thinking Questions


1. What is the evidence that the first forms of life were prokaryotes?

2. Describe some of the hypothesis for evolution of eukaryotes.

3. What evidence is there that bacteria are evolving today?

4. What evidence is there to suggest that bacteria did not evolve from archaea?

5. Why is it difficult to describe a species in microbiological terms?

6. What are some benefits in studying microbial ecology along with general ecology?

7. What are some limitations of the molecular techniques in evaluating microbial ecology? What are some areas for future development of new techniques for studying microbial ecology?

8. What is an ecotype? Compare and contrast this concept with that of a microbial species.

9. Describe several situations where it is desirable for microorganisms to respond to stimuli in the environment.

10. Why does the traditional biological species concept not work for defining a bacterial species?

11. In what ways can the identification of a theoretical basis for how microorganisms interact with each other and their environment help human society?
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Chapter 2

Diversity of Microorganisms

2.1 Central Themes


	Think of a habitat on Earth, and you'll find microorganisms there—they are almost ubiquitous.

	The microbial world includes bacteria, archaea, algae, protozoa, fungi, and viruses.

	Microbial diversity is measured by increasingly sophisticated methods.

	Our knowledge of the diversity of microorganisms has grown substantially since the 1970s. For example, the diversity of bacterial phyla has grown from 11 in 1987 to 52 in 2003 to possibly more than a 100 phyla today.

	Across the range of microorganisms, from bacteria to algae, there are some common shapes, such as spheroidal cocci, filaments, and rod or bacillus shapes. Beyond these commonalities are many varied morphologies (Figure 2.1).




Figure 2.1 A variety of morphologies exists in the natural world. These scanning electron micrographs represent microorganisms found in samples from ferromanganese deposits and cave microbial mats. (Photomicrographs courtesy of Michael Spilde and Diana Northup).
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2.2 The Ubiquity of Microorganisms

Microbiology was dominated by the study of microorganisms associated with diseases for many decades, but the discovery of incredible microbial life at deep-sea vents and in other habitats changed our view of where microorganisms live. This has led to the study of what are termed extremophiles. Studies have shown that bacteria and archaea live in extremely hot environments (hot springs and deep-sea hydrothermal vents), up to 121°C (hyperthermophiles) and in very cold temperatures in the permafrost, down to −20°C (psychrophiles). They can live in very salty environments such as salterns and the Dead Sea (halophiles), and in very acidic and alkaline environments, such as acid mine drainage and playa lakes (acidophiles or alkaliphiles). They can also live in environments previously thought to be devoid of life, such as the extreme habitat of the Atacama Desert and on the surfaces of rocks, such as the cave formations and petroglyphs seen in Figure 2.2. In fact, there are very few environments in which life has not been found, and Chapter 4 addresses different microbial habitats.


Figure 2.2 (A) Microbial mats line the walls and formations of a lava tube on Terceria, Azores, Portugal; (B) rock environments, such as the varnish into which this petroglyph is carved in Three Rivers Petroglyph National Monument, NM (USA), harbor microorganisms; (C) the highly alkaline environment of Mono Lake, CA (USA). (Photos courtesy of Kenneth Ingham) See insert for color representation.
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2.3 The Amazing Diversity of Morphologies

Although we do not base bacterial and archaeal taxonomy on morphology because of the predominance of a few common shapes (Figure 2.3), several bacteria and archaea do come in a variety of morphotypes. Round (coccoid), rod, filamentous, and comma or vibrio shapes are some of the most commonly observed morphologies. Young (2007) has postulated that bacterial morphology is shaped by evolution and that different shapes help bacteria find food, attach to surfaces, escape predators, move through their environments, and divide. Bacteria can modify their shape to better adapt to their environment. Thus, while some bacterial/archaeal shapes may be diagnostic to humans, such as Walsby's square “bacterium'” seen in Figure 2.12, most have less informative shapes that help bacteria and archaea utilize their environments most effectively.


Figure 2.3 (A) Filaments (long, slender spaghetti-like shape, white arrow) and rods (shorter, cigar-shaped morphology, e.g., black arrow) from a microbial mat on the walls and formations of a lava tube on Terceria, Azores, Portugal (scale bar 20 μm); (B) coccoid (round) bacteria observed in microbial mats from the walls and formations of a lava tube on Terceria, Azores, Portugal (scale bar 10 μm); (C) prosthecate bacteria have appendages called prosthecae that they use to attach to surfaces and to take up nutrients. Field of view is approximately 60 μm in diameter.
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2.3.1 Comparison of the Three Domains

Fundamental differences, as well as similarities, occur among the three domains Eukarya, Archaea, and Bacteria (Table 2.1). These similarities and differences have helped decipher the relative position of the three domains to each other in the tree of life.

Table 2.1 Similarities and Differences: Eukarya, Archaea, Bacteria

[image: NumberTable]


2.3.2 What's in a Name: Prokaryotes

Norman R. Pace has challenged the use of the word prokaryote to describe organisms that lack a membrane-bound nucleus as opposed to eukaryote, which denotes organisms that do have a membrane-bound nucleus. This article, which appeared in the journal Nature (Pace 2006), has fueled a rebuttal and discussions about the three-domain tree of life. Pace argues that, based on the three-domain tree of life (see Figure 2.4), the Bacteria and Archaea do not group together as a monophyletic group; rather than there being two kinds of organisms, prokaryote and eukaryote, there are three: Eukarya, Bacteria, and Archaea. He also argues that the definition of prokaryote is a negative one (i.e., defining what prokaryotes are not), and argues that: “I believe it is critical to shake loose from prokaryote/eukaryote concept. It is outdated, a guesswork solution to an articulation of biological diversity and an incorrect model for the course of evolution.”


Figure 2.4 The tree of life is divided into three domains in which Archaea are believed to be phylogenetically closer to Eukarya than to Bacteria [modified from Pace (2006)].
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Martin and Koonin (2006), in a rebuttal, offer the positive definition of prokaryotes as “organisms that co-transcriptionally translate their main chromosomes.” What this debate highlights is our changing view of the very nature of life and how we view and classify organisms. Read the two papers and think about where you stand on this debate.

2.3.3 Winogradsky's Experiments with Chemolithotrophs

Not all early microbiology studies concentrated on disease-associated microorganisms. One early microbiologist, Sergei Winogradsky, pioneered work with chemolithotrophs in the late 1800s, and described the concept of chemolithotrophy from his studies of sulfur-oxidizing bacteria. From his research on ammonia-oxidizing bacteria he described and named chemoautotrophy, the process in which organisms utilize carbon dioxide as their source of carbon. In his experiments that led to the discovery of chemolithotrophs, he created what has become known as the Winogradsky column, in which he created a gradient of anoxic and oxic environments, using tightly packed mud containing organic carbon sources and sulfide, covered with water from a natural source. As the column developed under diffuse sunlight, a rich community of aerobic organisms developed at the top and an anaerobic community, including sulfate-reducing bacteria, developed in the mud at the bottom. These experiments enabled Winogradsky to identify a wide range of species and processes. Such experiments have led to important breakthroughs in our understanding of the natural world.

2.4 Diversity of Bacterial Groups

2.4.1 Expansion of the Number of Bacterial Phyla

Our knowledge of the diversity of bacteria has made substantial leaps since the 1980s, from the 11 phyla in Woese (1987) to the approximately 36 phyla (Hugenholtz et al. 1998; Hugenholtz 2002) to the 52 phyla identified by Rappé and Giovannoni (2003). The original 11 phyla of Woese (in black, Figure 2.5) have changed some as the Gram positives have been split into Actinobacteria and the Firmicutes. Phyla shown in white (Figure 2.5) represent phyla with at least one cultivated member. Contrast this with the number of phyla (gray) that include no cultivated members and are known from genetic sequences. These phyla represent half of those in the study by Rappé and Giovannoni (2003) and indicate the inadequacy of our knowledge of the Domain Bacteria. By all indications, the number of phyla within the bacterial domain will continue to increase as more environments are explored using molecular techniques.


Figure 2.5 Fifty-two bacterial phyla depicted in Rappé and Giovannoni (2003). Black blocks represent the original 11 phyla (one of which was split into two phyla); white blocks represent phyla with at least one cultivated member; gray blocks represent phyla with no cultivated members.
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The diversity of the Domain Bacteria is vast. In this section, we will highlight some of this diversity within the Bacteria. Diversity within the Bacteria encompasses phylogeny, reproduction, metabolic lifestyle, morphology, and other factors. We'll begin with some of the more familiar members and move to some of the newer, more exotic members. Notice the range of diversity in the factors mentioned above as you read through these bacterial portraits.

2.4.2 Bacterial Portrait Gallery: Processes and Players

Phototrophs: Critical Ecosystem Players

Photosynthesis is critical to life on Earth, and many microorganisms are phototrophic. Five bacterial phyla contain phototrophs: Firmicutes, Proteobacteria, Chloroflexi, Cyanobacteria, and Chlorobi, all of which utilize photochemical reaction centers (a complex of proteins in which energy from the sun is converted in a series of electron transfer reactions). Presently, all members of the latter two phyla are known to be primarily phototrophs. Members of the Chlorobi, also known as green sulfur bacteria, are obligate anaerobic photoautotrophs that oxidize sulfur compounds, reduced iron, or hydrogen and have a type 1 reaction center and light-harvesting protein, Fenna–Matthews–Olson (FMO), for photosynthesis (Bryant and Frigaard 2006). A discovery at a black smoker in the East Pacific Rise led to the cultivation of GSB1, a green sulfur bacterium that can grow phototrophically on the geochemical light from the vent, where it was captured in the vent effluent. This, and other discoveries at vents, show that photosynthesis can be powered by light other than sunlight (Beatty et al. 2005). Another one of the original 11 bacterial phyla, Cyanobacteria, are an old and diverse phylum that contains the oxygen-evolving photosynthetic bacteria. They have type 1 and 2 reaction centers and use the Calvin–Benson–Bassham cycle to reduce carbon dioxide. Light is gathered by light-harvesting antennae, mostly phycobilisomes, in Cyanobacteria.

The other three phyla that contain phototrophs—Firmicutes, Proteobacteria, and Chloroflexi—vary in the diversity of phototrophic organisms and in the mechanisms used. Not all phototrophic bacteria fix carbon dioxide and are therefore not photosynthetic (Bryant and Frigaard 2006). Within the Chloroflexi, a group of filamentous, gliding bacteria, perform anoxygenic (no production of oxygen) photosynthesis. Subdivisions α, γ, and β of the Proteobacteria harbor photosynthetic bacteria that are metabolically diverse, and some members are facultatively phototrophic. More recently, members of the Heliobacteriaceae, within the Firmicutes, have been shown to contain reaction centers. As genomic studies proceed on a diverse array of members of these five phyla, many new insights into the evolution of photosynthesis are likely to be made.

A New Discovery in One of the Original Eleven: Zetaproteobacteria

Novel classes can still be discovered within phyla that have been known for decades, as evidenced by the discovery of the Zetaproteobacteria by Emerson et al. (2007). These curved rods, cultured from the Loihi Seamount, form “filamentous stalk-like structures of iron oxyhydroxides” during their growth (see Figure 2.6). Named Mariprofundus ferrooxydans gen. nov., sp. nov., these microaerophilic bacteria grow exclusively on reduced iron with carbon dioxide as their sole carbon source, between pH 5.5 and 7.2. Mariprofundus ferrooxydans exhibits a new ability: the ability to grow on Fe° metal. Phyogenetically, M. ferrooxydans branches deeply within the Proteobacteria, and Emerson et al. (2007) have proposed that it represents a new candidatus class, the Zetaproteobacteria. Thus, even within the old and familiar phyla, new discoveries are being made.

Aquificales: Some Like It Very Hot!

Thermophilic organisms are found not just within the Archaea but also within the Bacteria. The phylum Aquificae, which branches deeply within the Bacteria, contains the most thermophilic bacterial genus, Aquifex, an obligate chemolithoautotrophic bacterium. As electron donors, Aquifex uses sulfur, hydrogen, or thiosulfate, and uses either nitrate or oxygen as electron acceptors. Aquificales are some of the few microaerophilic thermophiles known. Both marine (shallow and deep-sea vents) and terrestrial hydrothermal systems are ideal habitats for Aquifex and other Aquificales, which thrive at an optimum temperature of around 85°C. Studies are ongoing to determine how deeply the Aquificae branch within the Bacteria and to resolve relationships within the phylum (Ferrera et al. 2007). Some theories of the origin of life suggest that early life was thermophilic and used reduced substrates such as hydrogen. Organisms such as the Aquificae that are thermophilic and utilize hydrogen may shed light on lifestyles on early Earth.

Nitrogen-Fixing Bacteria

Without a doubt, the nitrogen-fixing bacteria are some of the most important bacteria ecologically (Table 2.2). Nitrogen fixing bacteria can be free-living, or can form symbiotic relationships with plants (see Section 7.6.1). Although energetically expensive, this process is critical for supplying nitrogen for growth needs for a wide range of organisms, including plants and other microorganisms. Nitrogen-fixing bacteria can participate in obligate or facultative symbioses with a wide variety of eukaryotic hosts across the animals, fungi, and plants. The diversity of nitrogen-fixing bacteria is extensive and spans the cyanobacteria, four subdivsions of the proteobacteria, actinobacteria, firmicutes, Chromatiales (purple sulfur bacteria), Chlorobiales (green sulfur bacteria), and spirochetes (Kneip et al. 2007).

One example of a symbiotic relationship of nitrogen-fixing bacteria is that found in termite guts. It has been known for a long time that spirochetes inhabit termite hindguts, but more recent discoveries have shown that the spirochetes fix nitrogen, providing this key resource to their hosts (see Section 8.5.1). Trichonympha agilis, a termite gut-inhabiting flagellate, contains an intracellular symbiotic bacterium that fixes nitrogen. These two examples illustrate a free-living nitrogen fixer (spirochete) and an obligate symbiotic nitrogen fixer.


Figure 2.6 (A–D) Cells of Mariprofundus ferrooxydans, a newly described member of the Zetaproteobacteria, adhering to glass slides (scale bar 5 μm); (E): TEM image showing Gram-negative cell wall and iron oxides (lower left); (F) closeup of the fibers that make up the iron oxide filament. [From Emerson et al. (2007), public domain.]
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Table 2.2 Examples of Nitrogen-Fixing Bacteria


	Phyla
	Example Genus
	Host If Symbiotic



	Cyanobacteria
	Nostoc
	Bryophytes



	
	Anabaena
	Pteridophytes



	
	Trichodesmium
	Gymnosperms (cycads)



	
	Synechococcus
	Angiosperms (Gunnera)



	
	Cyanothece
	Fungi (cyanolichens), diatoms, sponges



	Actinobacteria
	Frankia
	Actinorhizal plants



	Proteobacteria
	α: Sinorhizobium, Mesorhizobium
	Legumes



	Proteobacteria
	β: Azoarcus, Burkholderia
	Legumes



	Proteobacteria
	γ: Azotobacter, Pseudomonas
	Legumes



	Proteobacteria
	δ: Gloeobacter, Desulfovibrio
	AM Fungi



	Firmicutes
	Clostridium
	



	Bacteroidetes/Chlorobiales
	Chlorobium
	



	Spirochaetales
	Treponema
	Termites



	Chloroflexi
	Dehalococcoides
	




Source: Modified from Kneip et al. (2007).

The cyanobacterial partner in the lichen symbiosis (Section 6.4.2) brings nitrogen-fixing abilities to the partnership, as well as photosynthetic capabilities. Cyanobacteria, such as Nostoc spp. that live as symbiotic partners in lichens, have more heterocysts as symbionts than as free-living bacteria.

Interestingly, all nitrogen-fixing bacteria use the same enzymatic reaction, based on the nitrogenase enzyme complex, in a wide variety of symbiotic relationships that provide eukaryotes with the key element, nitrogen. These symbioses in plants are key to our agricultural success and therefore can have large economic impacts. At least 44 legume species in 12 genera have symbiotic nitrogen-fixing bacteria (Sawada et al. 2003). Additionally, nitrogen-fixing bacteria illustrate several important ecological concepts: a range of obligate to facultative symbiotic mutualisms across many eukaryotic groups, nutrient cycling (i.e., nitrogen), widespread diversity, and the importance of microorganisms in the ecosystem. These concepts will be developed in later chapters.

Epulopiscium: A Case of Extreme Polyploidy

One of the largest bacteria known, Epulopiscium spp., some of the largest bacteria known, occur as symbionts of surgeonfish and are famous for their size (>600 μm; see Section 3.3.2.) and mode of reproduction. This cigar-shaped bacterium reproduces multiple offspring intracellularly, a phenomenon that Angert (2005) suggests evolved from endospore production (see Figure 2.7). Cell division within the mother cell results in several intracellular daughter cells; both mother and daughter cells grow until a point at which the daughter cell pulls ahead and eventually the mother cell disintegrates, allowing daughter cells to emerge.


Figure 2.7 (A,B) Epulopiscium fishelsoni (photos courtesy of Esther Angert) See insert for color representation.
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Epulopiscium's size presents a problem to the bacterium. Many bacteria are small in size in order to increase their access to environmental nutrients. If your surface-to-volume ratio is high, then most of your cytoplasm is always close to the source of the nutrients, and diffusion is an effective tool for distribution of needed resources (see Box 3.1). So, if you're really big, as Epulopiscium is, what do you do to solve this problem? In an ingenious piece of detective work, Angert and colleagues (Mendell et al. 2008) have discovered that Epulopiscium maintains extreme polyploidy throughout its life and has tens of thousands of genome copies in each individual, which line the cell periphery. Thus, a Epulopiscium cell has genomes strategically located to respond to local stimuli, overcoming the problems of large cell size. Their research also reveals that genome copy number correlates linearly with cytoplasmic volume. Mendell et al. (2008) suggest that the observed extreme polyploidy may have evolved as part of the symbiosis with the surgeonfish; larger Epulopiscium cells are able to move more efficiently within the gut to feed and also are able to escape ciliate predation more effectively. The discovery of “long mononucleotide tracts” in the dnaA gene, an essential gene in Epulopiscium, suggests another evolutionary advantage. Such a phenomenon is rare in bacterial/archaeal genomes, but common in eukaryotes. Epulopiscium's extreme polyploidy may support the occurrence of the unstable long mononucleotide tract without harm to the cell. Polyploidy is not unknown in bacteria, but has never been observed before on this scale. Investigation of the evolutionary significance of this phenomenon promises new insights.

2.5 Discovery of Archaea as a Separate Domain

What are the roots of the discovery of the Archaea? Woese and Fox (1977) stated:

The biologist has customarily structured his world in terms of certain basic dichotomies. Classically, what was not plant was animal. The discovery that bacteria, which initially had been considered plants, resembled both plants and animals less than plants and animals resembled one another led to a reformulation of the issue in terms of a yet more basic dichotomy, that of eukaryote versus prokaryote.

Thus began their paper that identified three major lines of descent that encompassed all living organisms, which included the separate division that they proposed to call the archaebacteria, which we now term the Archaea: “There exists a third kingdom which, to date, is represented solely by the methanogenic bacteria….These ‘bacteria’ appear to be no more related to typical bacteria than they are to eukaryotic cytoplasms.”

It's fascinating to look back in time over the shoulders of the scientists who described the methanogens as a separate domain of life and forever changed our view of the living world. Woese and Fox (1977) went on to predict that additional domains would not be discovered. To date, their prediction has been borne out. Although known at the time, the halophiles were not included in the newly suggested archaebacterial domain.

2.6 Archaeal Diversity

During the 1970s, early phylogenetic trees of the Archaea showed two phyla: the Crenarchaeota and the Euryarchaeota. These trees were based on cultivated archaeal members and presented the Archaea as extremophiles that lived in high-temperature and high-salt environments or generated methane (i.e., methanogens). Beginning in the early to mid-1990s, environmental archaeal sequences in GenBank began to grow exponentially, and the archaeal tree of life changed from an extremophile tree to a much more diverse tree (Robertson et al. 2005). More than three-quarters of GenBank archaeal sequences are now uncultured, environmental isolates, from an amazing array of habitats, including the ocean, human mouths, the rhizosphere, caves, and lakes. The Crenarchaeota and the Euryarchaeota phyla differ dramatically in terms of the number of cultured members, as seen in Figure 2.8. This lack of cultivated crenarchaeotal species has greatly hampered our knowledge of the roles that these organisms play in the ecosystem.


Figure 2.8 A contrasting view of the phylogenetic trees for Crenarchaeota and Euryarchaeota [modified from Robertson et al. (2005)].
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The division of the Archaea into the Crenarchaeota and the Euryarchaeota phyla was formally proposed in Woese et al. (1990). Since that time, many attempts have been made to produce a robust phylogenetic tree of the Archaea (Robertson et al. 2005; Schleper et al. 2005) and additional phyla have been proposed, but most of these attempts failed to adequately resolve the deep branches of the tree. A new attempt to resolve relationships within the Archaea and shed light on the divergence of the mesophilic and hyperthermophilic crenarchaeota has led to the more recently proposed third archaeal phylum, the Thaumarchaeota, which encompasses the currently identified mesophilic archaea (Brochier-Armanet et al. 2008).

Because of the dearth of cultured Archaea, we know little about their metabolic capabilities and lifestyles. We have evidence that hydrogen-based metabolism is a common theme, that some archaeal ecotypes are chemoorganotrophs, and that archaea play important roles in nitrogen (especially nitrification) and carbon cycling [reviewed in Aller and Kemp (2008); Brochier-Armanet et al. (2008), and Robertson et al. (2005)]. Although archaea have been found to be associated with gum disease in humans, in general they have not been found to cause disease, unlike their bacterial associates. Whether this is due to our lack of success in culturing mesophilic archaea or some innate characteristic such as their membranes is currently unknown (Allers and Mevarech 2005).

2.6.1 Archaeal Portrait Gallery

The Domain Archaea contains many well-known species within the methanogens, halophiles, and thermophiles, but additional novel species are being discovered that expand our knowledge of environments in which the archaea are found and the processes by which they thrive in what humans view as hostile environments.

Hyperthermophiles

One of the charismatic microbiota, hyperthermophiles are quite numerous within the Archaea, especially within the Crenarchaeota, and they cluster around the base of the tree as short, deep phylogenetic branches. The first hyperthermophiles were described in the early 1980s, and now more than 34 genera across 10 orders within the Bacteria and Archaea have been identified that utilize a variety of electron acceptors and donors (Table 2.3) and that can be facultative heterotrophs. Hyperthermophiles are most often found in solfataric fields (soils or mud holes) that are often found in association with volcanoes; solfataric fields may have an abundance of pyrite or iron hydroxides, carbon dioxide, hydrogen sulfide, molecular hydrogen, and methane, essential substances for metabolic activities. Submarine hydrothermal systems and the deep-sea smoker vents are also important habitats for hyperthermophiles. Karl Stetter discovered two of the highest-temperature organisms: (1) Pyrodictium occultum, which grows at an upper temperature limit of 110°C, in the shallow, hot vents at Vulcano, Italy, and (2) Pyrolobus fumarii, which has an upper growth limit of 113°C and was isolated from a Mid-Atlantic Ridge black smoker wall. The latter will not even grow below 90°C! Stetter made an additional discovery of one of the smallest thermophiles ever found, Nanoarchaeum equitans, which is approximately 400 nm in diameter.

Nanoarchaeum equitans: A Dwarf, Thermophilic Archaeon

Since Carl Woese proposed the domain Archaea, based on studies of methanogens, many new extremophiles have been discovered. During investigations of submarine vents, Huber et al. (2002) discovered a close association between a new species of Ignicoccus and a dwarf archaeon that they named Nanoarchaeum equitans [“riding the fire sphere” (Figure 2.9)]. This discovery represents one of the attempts to propose a new phylum within the Archaea, which Huber et al. (2002) named the Nanoarchaeota (“the dwarf archaea”). Nanoarchaeum equitans can be cultured only as a coculture with Ignicoccus and appears to require a “direct cell–cell contact,” which points to our inability to always achieve pure microbial cultures. Other interesting facets of this dwarf archaeon include its thermophilic lifestyle, as it grows at 70–98°C, and its tiny genome size of 0.5 megabases (Mb), making it one of the first possible symbiotic, dwarf thermophilic archaea to be discovered.


Figure 2.9 Fluorescent in situ hybridization (FISH) study of the dwarf archaea Nanoarchaeum equitans (red) closely associated with the larger spherical Ignicoccus (green). (Photo courtesy of Harald Huber) See insert for color representation.
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Table 2.3 Hyperthermophiles Live as Chemolithoautotrophs, Utilizing Various Major Energy-Yielding Reactions and Obtaining Carbon from Fixing Carbon Dioxide


	Electron Donor
	Electron Acceptor
	Product



	H2
	CO2
	Methane



	
	Fe(OH)3
	Magnetite



	
	S0, SO42−
	Hydrogen sulfide



	
	NO3−
	Nitrogen (ammonia)



	
	O2 (trace)
	Water



	S0(pyrite)
	O2
	H2SO4( + FeSO4)




Source: Modified from Stetter (2006).

Ferroplasma: A Cell-Wall-Less, Iron-Oxidizing Archaeon

Environmental studies are revealing many new and unusual species of Archaea, such as the discovery of the new species Ferroplasma acidiphilum, often found associated with acidic sulfide ores, and cultured and described from a pyrite-leaching bioreactor [reviewed in Golyshina and Timmis (2005)]. Ferroplasma is most prevalent where there is abundant ferrous iron, heavy metals, and very acidic but stable conditions; it is often more prevalent in these conditions than are previously documented iron-oxidizing bacteria, such as Acidithiobacillus spp. and Leptospirillum spp. The intriguing facet of this archaeon, which is classified in the Thermoplasmatales within the Euryarchaeota, is its cell-wall-less nature in acidic environments. One of the authors documented the dominance of Ferroplasma in the archaeal portion of the community of green biofilms in total darkness in Cueva de Villa Luz, Tabasco, Mexico (see Figure 2.10).


Figure 2.10 The archaeal portion of the microbial community of this green biofilm in the aphotic region of Cueva de Villa Luz, Mexico, is dominated by Ferroplasma spp.
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The key to archaeal survival in very acidic conditions is their ability to maintain very low proton permeabilities, due to their tetraether lipids. Ferroplasma accomplishes this, even though it lacks a cell wall, with a new kind of tetraether lipid, a caldarchaetidylglycerol tetralipid with an isoprenoid core (Golyshina and Timmis 2005). Genomic analyses suggest that Ferroplasma spp. cycle iron and metabolize carbon and reveal the presence of several genes for resistance to various heavy metals. Research is also demonstrating that Ferroplasma spp. may be important in biomining, giving them an important biotechnology potential. By studying Ferroplasma, we can better understand how extremophiles are able to exist in what seem to us to be very hostile conditions.

Methanogens

Known for many years, but previously included with the bacteria in the Monera kingdom until Carl Woese proposed the Domain Archaea, methanogens now reside within the Euryarchaeota. Methanogens are the moderates of the archaea, living at moderate pH, temperature, and salinity, in contrast to many other archaea. They are significant for their production of large amounts of methane, which they produce under anaerobic conditions. Methanogens are very strict anaerobes, due in part to the sensitivity to oxygen of the enzymes involved in methanogenesis. Because of their lack of tolerance to oxygen, they're found in anoxic sediments, anaerobic digestors, and animal guts (see Section 8.5.1). In these environments, if sulfate is present, sulfate-reducing bacteria will outcompete the methanogens for hydrogen. Their metabolism has been well characterized, and we know that almost all methanogens can utilize hydrogen to reduce carbon dioxide, while some methanogens can utilize formate as the electron donor and fewer methanogens can use alcohols. A few other methanogens utilize C1 compounds containing methyl or acetate. The production of methane provides substantial energy for the organisms (see Table 2.4). Methanogens often live syntrophically with other bacteria, such as fatty-acid-oxidizing bacteria.

Table 2.4 Examples of Methanogenesis Reactions and Their Resultant Changes in Free Energy


	Reaction
	ΔG°′ (kJ/mol CH4)



	4 H2 + CO2 → CH4 + 2H2O
	−135.6



	4 Formate → CH4 + 3CO2 + 2H2O
	−130.1



	2 Ethanol + CO2 → CH4 + 2 acetate
	−116.3



	Acetate → CH4 + CO2
	−31.0




Source: Modified from Whitman et al. (2006).

Methane, the product of methanogenesis, can be observed in swamps. Several microbial diversity classes at Woods Hole Marine Biological Laboratory have participated in a field trip to the local swamp, where they used wooden dowels to release methane from the swamp sediments. After capturing the methane in corked funnels, students carefully uncorked the funnels and lit the escaping methane to reproduce the experiment by Alessandro Volta (1745–1827) with marsh gas in the 1790s. Volta used his results to create gas lanterns to provide light. Today, methane is a major greenhouse gas, and atmospheric isotopic studies estimate that approximately 74% of the methane produced is produced by microorganisms (Whitman et al. 2006).

Halophilic Archaea

The order Halobacteriales, within the Euryarchaeota, encompasses the halophilic organisms found in hypersaline (salt concentrations >150–200 g/L) environments. If you've flown into San Francisco, CA, USA you have probably noticed the pinkish red-orange salt ponds (see Figure 2.11) on the edge of the bay. The color comes from the carotenoids in the cell membranes. Other habitats in which halophilic archaea are found include salt lakes, such as the Dead Sea, salt playas, salt formations, foods preserved in salty brines, and hides preserved with salt. How the halophiles tolerate such high salt conditions has been the focus of much study, which has revealed that they maintain high concentrations of ions such as potassium and chloride within their cells. The high intracellular ionic concentration has led to adaptations in their enzymes to allow them to function properly at these salt concentrations, which, in turn, has made them obligate dwellers in salty environments. Halophilic archaea require molar concentrations of sodium ions and the availability of magnesium and calcium in their environment.


Figure 2.11 Satellite photo of salt ponds in 2002 on the edge of the San Francisco Bay. (Public-domain image from Wikimedia Commons, http://upload.wikimedia.org/wikipedia/commons/b/b6/San_Francisco_Bay_Salt_ponds_2002.jpg). See insert for color representation.
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Figure 2.12 (A) Colonies of haloarchaeal cells grown on nutrient agar with 20% NaCl for 2–3 months and originally isolated from alpine rock salt; the coloration comes from carotenoids and bacterioruberin [images courtesy of Helga Stan-Lotter; (B) Haloquadratum walsbyi or Walsby's square bacterium (although it is not a bacterium, but an archaeon). (Public-domain image from Wikimedia Commons, http://en.wikipedia.org/wiki/File:Haloquadratum_walsbyi00.jpg).
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One fascinating feature of many species within the Halobacteriales is the presence of retinal pigments, bacteriorhodopsin, which pumps protons out of the cell, and halorhodopsin, which pumps chloride ions into the cell (see Section 3.9.4). These pumps are fueled by solar energy. Halophilic archaea (Figure 2.12) can sometimes come in interesting shapes, such as the Walsby square “bacterium” (Walsby 1980), which maintain their buoyancy in water through gas-filled vacuoles.

Archaeal Diversity in the Environment

In general, bacteria in environmental studies are more diverse than archaea in the same environment, with some exceptions reviewed in Aller and Kemp (2008) (plankton, arsenite-oxidizing acidic thermal springs, subsurface hot springs, and methane-rich sediments of a hydrocarbon seep). Aller and Kemp (2008) speculate that this difference in diversity may be due to how archaea live in the environment, the energetic costs of their metabolism, and their metabolic flexibility, suggesting that many members of the Domain Bacteria are more flexible in less extreme environments. The degree to which archaeal and bacterial species are interlinked within an environment is not known and may shed light on the diversity of these two groups. In addition to possible differences in diversity, there are fundamental cellular and genomic differences, which help to elucidate archaeal evolution.

2.7 Archaea–Bacteria Differences

You may have already noticed in the earlier sections that archaea and bacteria show major ecological differences and similarities. They also differ substantially at the cellular and genomic levels. The archaea have been shown to have a chimeric nature. Despite their bacteria-like morphology, they show great similarities to the eukarya in their transcription, translation, DNA repair, RNA polymerase, replication, and basal promoter sequences. A surprise finding was that members of the euryarchaeotal branch of the Archaea domain posses homologs of the eukaryotic histones. One of their fundamental differences from the bacteria is that their cell membranes contain isoprene sidechains that are ether-linked to glycerol. Archaeal cell walls are composed of glycoprotein, protein, and pseudomurein (but not murein), and their anitibiotic sensitivity differs from bacterial antibiotic sensitivity. Some energy metabolism methods are unique to the archaea, such as methanogenesis. Overall, archaeal core housekeeping and metabolic functions are similar to bacterial ones, while their information-processing systems are more eukaryotic (Allers and Mevarech 2005; Schleper et al. 2005).

2.8 Eukarya: A Changing Picture of Phylogenetic Diversity

The phylogeny of the eukarya has undergone and is undergoing many revisions based on new discoveries. Previously, several phyla of protists diverged at the base of the tree and several of these protists were believed to lack mitochondria (i.e., amitochondriate). This earlier phylogeny was based on 18S rDNA sequence analysis. New phylogenetic trees, based on other genes and proteins, suggest that these protists were not basal as originally thought, and the eukaryotic phylogeny is currently under revision (Parfrey et al. 2006). New findings now show that these groups, which include eukaryotes such as Giardia (a diplomonad), Trichomonas (a parabasilid), and Encephalitozoon (a microsporidian), have mitochondria-like proteins called mitosomes, hydrogenosomes, and mitochondrial gene remnants, respectively. Thus, these protists were actually not amitochondriate (Madigan et al. 2009). Microbial members of the eukarya include


	Protists

	Fungi

	Algae



These groups cover a stupefying amount of diversity, and we will highlight a few members of these groups.

2.9 Protist Diversity

Protists represent a diverse group of unicellular eukaryotic organisms (Figure 2.13), or multicellular eukaryotes that lack specialized tissues. They are widespread, but most require liquid water. Formerly classed in the Protista (or Protoctista) kingdom, protists have now been dispersed within eukaryotic classification and the term protist is an informal group name. Protozoa, which most people think of as the animal-like protists, are heterotrophic, motile, single-celled organisms. Because eukaryotic classification is undergoing considerable revision and debate [see Parfrey et al. (2006) for a discussion of the proposed six eukaryotic “supergroups”], we will discuss important protist species, outside the context of their higher-level classification.


Figure 2.13 Image collage from Wikimedia Commons, http://en.wikipedia.org/wiki/File:Protist_collage.jpg.
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Beyond the estimated 100,000 described, extant species of protists (Cotterill et al. 2008), many novel species remain to be described, and our knowledge of their value is incomplete. We do know that protists play key ecosystem roles in biogeochemical cycling of nutrients and energy and that some, including the algae, which were historically included in the protists, produce oxygen. Their biotechnology potential is currently under investigation, with studies underway of the enzymes, pigments, and other compounds that protists produce. Probably most significant is the symbiotic role they play with many other organisms (see Section 8.5.1 for examples).

The protist group includes (Madigan et al. 2009) the following:


	Diplomonads (flagellated, unicellular organisms that contain two nuclei and mitosomes; e.g., Giardia)

	Parabasalids (organisms that contain a parabasal body and hydrogenosomes)

	Euglenozoans (flagellated, unicellular organisms that contain a flagellar crystalline rod)

	Alveolates (organisms that contain sacs in the cytoplasmic membrane, called alveoli), which include




Ciliates (possess cilia for motility during at least part of their life; e.g., Paramecium)

Dinoflagellates (named for their flagella that cause a spinning movement; marine and freshwater)

Apicomplexans (disease causing obligate animal parasites that contain degenerate chloroplasts called apicoplasts; e.g., Plasmodium, which causes malaria)




	Stramenopiles (oomycetes or water molds, diatoms, golden algae, brown algae)

	Cercozoans (previously called amoeba) and radiolarians (possess “thread-like pseudopodia”)

	Amoebozoa (use pseudopodia that are lobe-shaped; includes the slime molds)




Microbial Spotlight:

Mitch Sogin
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Mitch Sogin holds up a liter of seawater that contains 10–100 times more species of bacteria than he expected to find, “and the species discovery curve is still going to the moon.”—(Photograph courtesy of Tom Kleindeinst and the Marine Biological Laboratory.)

Mitch Sogin has spent his life studying diversity, first in protists and now in Earth's oceans. Reading The Five Kingdoms: An Illustrated Guide to the Phyla of Life on Earth by Lynn Margulis and Karlene Schwartz (1998) had a big impact on the direction that his research life took and led to his fascination with diversity. Coming from the lab of Carl Woese, where he studied the molecular evolution of diversity, he was able to attach the morphological diversity of protists to further studies of diversity. One of his biggest eureka moments came more recently from his studies of diversity in the oceans. “From the first dataset, it was an amazing experience.” The “census of marine microbes” project turned up several common species, but in addition, Sogin and colleagues found thousands of rare species whose role is still unknown in the marine ecosystem. To do this project, Sogin helped develop a new method of censusing, termed 454-tag sequencing, which sequences a very small section of the hypervariable regions of rRNA genes. These amazing results have led to many more questions:

Why in the world is there so much diversity? There are a huge number of cells; [we] might estimate there are 10 to the 12th number of cells. Why are there no winners? Why do we have so many guys that are competing? Should we be looking at microbial ecology over geological time scales? Because we have this world of microbes, the way the system has evolved, if we go through bad times, and everything gets wiped out, maybe organisms survive by waiting, or exchanging DNA; maybe when you come out, you come out into a new environment. It is a microbial planet—that is what drives the system.



2.9.1 Protist Gallery

Alveolates: Dinoflagellates

Phylogenetically the dinoflagellates reside within the alveolates and are affiliated with the malarial parasite, Plasmodium and the parasite Toxoplasma. They are often photosynthetic, unicellular, and are motile as a result of the flagella that circle around the cell. Evolutionarily, they are fascinating organisms with highly compacted chromosomes that are maintained in this state by a liquid crystalline DNA state, many proteobacterial genes, and the loss of nucleosomes. Turbulence in the water will stimulate them to become bioluminescent as they are very sensitive to turbulence and multiply in calm water only. Dinoflagellates can be highly beneficial in their role as the zooxanthellae symbionts of corals, and very harmful as members of the algal blooms that cause “red tide,” producing the xanthophyll pigments that give the red coloration (Wong and Kwok 2005). As photosynthetic endosymbionts of the coral, they provide photosynthetically fixed carbon to the coral animals in return for a sheltered environment in which to live. One hypothesis concerning coral bleaching suggests that the loss of these zooxanthellae may contribute to the coral bleaching. Besides being abundant in marine habitats (free living or symbiotic), dinoflagellates also occur in freshwater, and in both environments they can be highly toxic. Their toxins lead to the death of large numbers of fish, and their accumulation in shellfish has caused cases of human poisoning.

Stramenopiles: Diatoms

Diatoms have captured the attention of biotechnology because of their ability to build nanocrystalline silica walls that are an inorganic–organic hybrid. The external silica structure, called a frustule, has polysaccharides and proteins added to it. These diatom frustules are resistant to decay after the organism dies and therefore form an important part of the geologic record as fossils, which suggests that diatoms are at least 200 million years old. Geneticists are also intrigued by how these organisms encode the means to build such intricate structures (Figure 2.14) that differ across tens of thousands of species of freshwater and marine diatoms. Investigation of the mechanisms for creating these intricate structures can guide and inspire human constructions of nano- and microcrystalline materials.


Figure 2.14 Diatoms (e.g., see white arrow) in the genus Nitzschia, from Soda Dam, a travertine structure, in New Mexico, exhibit some of the beauty of the frustules and the unicellular nature of most diatoms (photomicrograph courtesy of Michael Spilde).
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Why produce a silica wall instead of some other material? Predator protection is a driving force in the choice of silica, which is structurally very stable, and some researchers suggest that it is less costly to produce. Kröger and Poulsen (2008) review additional hypotheses, which include enhanced carbon dioxide acquisition due to the silica wall acting as a proton buffer, and the lattice of silica aiding in sunlight harvesting. Ecologically, diatoms are extremely important in marine habitats where they are key primary producers (≤40% of ocean primary productivity). They also affect nutrient cycling because of their ability to sequester nutrients intracellularly, preventing competitors from acquiring these nutrients (Konhauser 2007).

Ecologically, diatoms are an important part of the microphytoplankton in the world's oceans because of their photosynthetic capabilities. Their widespread nature in marine and freshwater habitats makes them an ideal candidate for testing ecological theories concerning microbial distributions and whether microorganisms exhibit biogeographic patterns [see Soininen (2007) and further discussions in Section 4.7.3].

Amoebozoa: The Slime Mold, Dictyostelium

Labeled a “social amoeba,” Dictyostelium spp. (Figure 2.15) spend their life as either unicellular organisms or come together under starvation conditions as multicellular organisms, producing fruiting bodies similar to those produced by fungi. They are predators on bacteria, which they engulf through phagocytosis, and are widely found in soils worldwide. The sequencing of their genome revealed many surprises, including a large genome of 12,500 genes, compressed into a genome of about 34 megabases (Mb), which is only about 1000 genes short of that of Drosophila's 180-Mb genome (Insall 2005). Genome analyses also support the hypothesis that Dictyostelium is closely related to animals. Genes involved in cell signaling and motility, as would be expected in an organism that specializes in these functions, were found to be numerous. The survey of Dictyostelium's genome has reinforced its use as a model organism for studying cell movement, especially actin-based motility, cell aggregation, and cell signaling.


Figure 2.15 Dictyostelium discoideum(image courtesy of Adam W. Rollins).
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2.10 Fungal Diversity

Diversity abounds within the Fungi! The number of fungal species is estimated to be >1.5 million, of which approximately 75,000 have been described (Deacon 2006). What comes to mind when you think of the roles that fungi might play in the environment? Perhaps decomposition might be one of the first thoughts and indeed, this is one of their key roles (Figure 2.16). Fungi decompose and recycle organic matter, breaking down lignocellulose and other recalcitrant compounds. They are also pathogens and are responsible for large economic losses in crops due to their infestations. Notable infestations by fungi and fungus-like organisms have been implicated in the Irish famine, due to the potato blight, in Dutch elm diseases, and in chestnut blight. Quite recently, the Chytridiomycota were implicated in the decline of amphibians, in which they cause an often fatal disease called chytridiomycosis. As human pathogens, they have increased their prominence through the rise of fungal infections in immunocompromised patients, such as those with acquired immunodificiency syndrome (AIDS), who often die as the direct result of opportunistic infections. They also have very positive roles in human life in food production (e.g., cheese) and drugs (e.g., penicillin) and in their associations with plants, discussed in Chapter 7.


Figure 2.16 Fungi degrading a bat that died on the wall of Carlsbad Cavern in New Mexico, USA.
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Where the fungi fit into the tree of life has been one of the main questions concerning this tree of life. A pioneering study by Wainright et al. (1993) suggested that fungi are more closely related to animals than to plants and that the common ancestor of these two groups was probably a flagellated protist that resembles living choanoflagellates. The Chytridiomycota are considered to be the oldest of the fungi, and fossil evidence of fungi dates back at least 455 million years. What defines fungi as a group? Several important features delineate fungi (Deacon 2006), including:


	Their eukaryotic nature, including a membrane-bound nucleus and cytoplasmic organelles, sterol-containing membranes, 80S ribosomes, and cytoplasmic streaming.

	Heterotrophic metabolism: enzymes are secreted from hyphal tips to break down complex organic matter that is then absorbed from the environment through the cell wall and membrane.

	Growth as filaments, which increase in length at their tips (i.e., apical growth), as single-celled yeasts, or as both (i.e., dimorphic).

	Chitin- and glucan-containing cell walls.

	Haploid genome in many fungi.

	Asexual and sexual reproduction and the production of spores.



What are sometimes termed the “true” fungi, or the Mycota, contain five phyla:


	Basidiomycota

	Ascomycota

	Zygomycota

	Glomeromycota

	Chytridiomycota



Most people think of mushrooms (Figure 2.17) when they think of fungi. Mushrooms, toadstools, and some yeasts are grouped together in the phylum Basidiomycota, whose name derives from basidium, the spore-producing structure in which meiosis occurs, leading to the production of basidiospores. Several important pathogens reside within this phylum, including rusts, such as Puccinia, and smut fungi. If you've ever grown corn, you may have encountered the smut that infects corn (Figure 2.18), creating a large gray mass on the corn that farmers disdain, but that is eaten as a delicacy in some parts of the world. Some members of this phyla produce deadly toxins, while others are cultivated by leaf-cutting ants.


Figure 2.17 Common basidiomycete found in the forests of the Jemez Mountains, New Mexico, USA. (photo courtesy of Kenneth Ingham; copyright 2006).
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Figure 2.18 Smut fungi growing on corn. (Public domain image from http://en.wikipedia.org/wiki/File:Huitlacoche.jpg; originally from http://flickr.com/photos/stuart_spivack3/5645614/).
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Certainly the most numerous of all the fungi are those in the Ascomycota, which make up almost 75% of all described species (Deacon 2006). The defining characteristic of the Ascomycota is the presence of a sac-like structure termed an ascus, in which sexual spores, called ascospores, are produced. Most ascomycetes, however, are known only from their asexual stages. Many important pathogens reside within this group, including the organisms that causes athlete's foot, candidiasis (caused by Candida albicans), and aspergillosis (caused by Aspergillus fumigatus) and others that cause diseases in crops, such as Claviceps purpurea, a pathogen on cereal crops. Ascomycetes also have many positive roles, including mycorrhizal associations with trees and symbiotic interactions in lichens (see Section 6.4.2). They are also cultivated by beetles (see Section 8.5.3). Perhaps one of the most appreciated members of the Ascomycota is Saccharomyces cerevisiae, which is also known as “brewer's” or “baker's yeast” because of its role in beer, wine, and bread fermentation. Its genome was the first eukaryotic genome sequenced and it has been used for decades as a model organism.

The production of zygospores, thick-walled resting spores that are produced in sexual reproduction, and the lack of crosswalls in their hyphae, are two hallmarks of the Zygomycota. These common soil fungi, which grow saprophytically, include genera such as Mucor and Rhizopus. Some members of this phylum cause human diseases termed zygomycoses.

A relatively new phylum, the Glomeromycota, contains the arbuscular mycorrhizal fungi. These fungi were originally included in the Zygomycota, but phylogenetic evidence has confirmed that arbuscular mycorrhizas represent a separate phylum. These fungi are found associated with most plant roots (some estimate 80% of vascular plants) and play vital roles in plant nutrition by providing soil mineral nutrients to the plant, which in turn provides sugars to the fungi (see Section 7.5.2).

The fifth phylum, the Chytridiomycota or chytrids, are found in both moist soils and aquatic environments. This ancient fungal lineage is set apart from other fungi by the production of flagellated, motile zoospores in most species. These organisms are usually small and either single cells or branched chains of cells, which are not easily discernible in the environment. Deacon (2006) finds them intriguing and notes: “Anybody who has watched a chytrid zoospore crawling like an amoeba along the body of a nematode, searching for the best site to encyst, then winding in its flagellum encysting and penetrating the host will never forget the experience.”

Chytrids, such as Batrachochytrium dendrobatidis, have been suggested to be the cause of the rapid decline of many amphibians (Rodder et al. 2008), but much remains to be learned about this phenomenon.

The fungi are important players in the microbial world, as they are major pathogens of plants and animals, absolutely essential partners in symbiotic relationships such as mycorrhizas and lichens, and decomposers and recyclers extraordinaire.

2.11 Algal Diversity

You may encounter algae in the grocery store as a food supplement (e.g., seaweed or the single-celled green alga, Chlorella), as one of the possible partners in lichens (see Figure 2.19), as a pollutant in eutrophic lakes or rivers (see Figure 2.20), as part of the biofilm on rocks in streams that makes the rocks slippery, and in the outflow of hot springs, where the water is cooler. Algae perform oxygenic photosynthesis, contain chlorophyll, and are eukaryotes. It is estimated that 50% of the oxygen produced in the world today is produced by oxygenic phytoplankton, of which the algae are a major part. One scientist estimates that the oxygen in one out of every five breaths that a human draws is from one particular alga, Prochlorococcus, which is very abundant in the oceans.


Figure 2.19 Some lichens, such as this Cryptothecia rubrocincta or Christmas lichen from Florida, contain an algal partner. See insert for color representation.
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Figure 2.20 Lyngbya agal bloom on the Rio Grande River, New Mexico, USA (image courtesy of New Mexico Environment Department).
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Two major groups are included within the algae: the red algae (Rhodophyta) and the green algae (Chlorophyta). The green algae are most often found in freshwater habitats, but are occasionally found in soil that is moist, in marine habitats, or as part of some lichens. An unusual habitat for some green algae is snow, where they appear to give the snow a pink tinge. They can be unicellular or multicellular, contain chloroplasts that have chlorophylls a and b, and some are filamentous or colonial. One particularly intriguing alga is Ostreococcus tauri, which at the time of the publication of its genome in 2006 was the smallest eukaryotic genome known. Ostreococcus tauri is considered one of the smallest eukaryotes (picoeukaryotes) known, with its size of approximately 1 μm. Along with its small cell size comes a small, highly compacted genome of 12.56 million base pairs (Mbp) distributed across 20 chromosomes. This genome holds many surprises, including genes for C4 photosynthesis, usually found only in plants, the highest level of heterogeneity within a eukaryotic genome and an extensive intergenic region reduction, making it a model genome for the study of genome evolution in eukaryotes (Derelle et al. 2006). The bulk of red algae are marine, but some are found in freshwater and terrestrial habitats. In contrast to green algae, the red algae lack chlorophyll b, but do contain chlorophyll a and phycobiliproteins (which green algae lack). Their red color comes from phycoerythrin, and most are multicellular. Microbiologists appreciate them as the source of agar.

2.12 Viral Diversity

Viruses (Figure 2.21) can be defined as obligate, intracellular parasites that utilize the host cell machinery to manufacture proteins in order to replicate. Thus, they do not fit the classic definition of life, but are usually included as one of the categories of microorganisms. They are usually classified according to their nucleic acid content, which can be double- or single-stranded DNA or RNA, but not both, and by morphotype. Their genomes vary tremendously in size from 2 to 335 kilobases (kb) (Haenni and Mayo 2006). Viruses can be lytic, resulting in lysis of the host cell; lysogenic, where the viral genome is incorporated into the host genome, creating a prophage; or pseudolysogenic, a less active lytic state in which a nutrient-limited host cell still grows and divides. Those that infect bacteria are called bacteriophages or phages. Medical science has studied viruses as disease agents for many years and now uses viruses as therapeutic agents. Their roles in lateral gene transfer and as genetic reservoirs are important. Viruses have now been shown to have major impacts on the ecology of other organisms and by consequence, on biogeochemical cycling, roles that were previously unrecognized.


Figure 2.21 Gblytic agent tailed virus (image courtesy of Dale Griffin).
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Although soil viruses are abundant in soils and known to infect both beneficial and pathogenic soil microorganisms, their ecology is still poorly understood (Kimura et al. 2008). The greater number of fungi in soils than in the oceans, suggests that fungal viruses may play important roles in soils. The heterogeneity of the soil habitat suggests that many important discoveries will come from the study of soil viral ecology, as we have seen from the study of the oceans' viruses. We now recognize that viruses are abundant (ranging from 106 to 108 mL−1 in the ocean and 108 to 109 cm−3 of sediment) and that they play critical roles in the world's oceans (Suttle 2005). Some of the families of viruses found in the ocean include the myoviruses, which possess contractile tails and are usually lytic; the podoviruses, which have noncontractile tails (short) and are usually lytic, and the siphoviruses, which are lysogenic with non-contractile tails (long). These three viral families differ in the breadth of their host ranges and therefore exhibit different ecological strategies; those that have broad host ranges are r-selected (high reproduction rate, short generation time), and those with narrow host ranges are K-selected (low reproduction rate, long generation time).

Viral diversity is even more staggering and unknown than bacterial diversity. Suttle (2005) reviews metagenomic studies that reveal that 200 L of ocean water contain several thousand viral genotypes and that a kilogram of sediment has a million viral genotypes, many of which are unknown. Although we may not know the identities of all the players, we do know that mortality caused by viruses leads to the release of many nutrients from dead organisms, converting biomass to dissolved organic carbon and other nutrients. Viruses may infect the most prevalent species, leading to changes in species diversity and the structure of communities. As viruses infect different hosts, they also play an important role in lateral gene transfer. Although there is much to learn about viral ecology, we are gaining a critical view of their importance in many ecosystems.

2.13 Summary

The diversity of algal, protist, fungal, bacterial, and archaeal microorganisms on Earth is truly staggering, and we are discovering new diversity within many of these groups at a rapid rate, due to the development of molecular phylogenetic and genomic techniques. For example, the number of bacterial phyla has grown from 11 in 1987 to 52 in 2003, with possibly many more currently being identified. These findings have caused the tree of life to grow to the point where most of the diversity is microbial in nature. Efforts to classify microorganisms do not rely on morphology as many bacterial and archaeal species have common shapes, such as rod, filament, and coccoid morphologies. Classification of this diversity has moved from phenotypic (metabolic characteristics in particular) to DNA-DNA hybridization and similar G-C ratios, to phylogenetic trees on the basis of the 16S ribosomal small subunit. However, molecular phylogeny and genome sequencing efforts have revealed the inadequacy of our concept of what a species is in the microbial world. Understanding what controls this amazing diversity from an ecological perspective is receiving increasing attention as microbial ecologists apply ecological concepts to microbial diversity, which, in turn, is modifying our understanding of ecology.

2.14 Delving Deeper: Critical Thinking Questions


1. Can you think of any habitats on Earth where microorganisms have not been found?

2. How does the system of three domains differ from that of the previous concept of five kingdoms?

3. After reading Norm Pace's 2006 Nature paper on usage of the term prokaryote, will you continue to use the word or not? Why or why not?

4. How was the Archaea domain determined to be a separate domain?

5. How many phyla are there within the Archaea? What are the arguments for additional phyla?

6. How is a new phylum within the Bacteria identified?

7. What is the state of eukaryotic classification?

8. What characteristics identify members of the Fungi? Where do the fungi fit in the tree of life? What key ecological role do fungi perform?

9. What groups make up the protists? Is Protista a valid classification?

10. What are some of the important ecological roles that the protists perform?

11. How would you define viruses? What key ecological role do they play in ecosystems?

12. If we classify plants and animals according to their appearance, why is bacterial/archaeal morphology not useful for classification?

13. What methods are currently used to classify microorganisms?
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Spill Size

(million gallons) year Tanker/Release Location
380-520 1991 Release ordered by Saddam Arabian Gulf/Kuwait
Hussein
140 1979 Blowout of Ixroc I offshore Gulf of Mexico near
oil rig Campeche, Mexico
90 1979 Atlantic Express tanker Near Trinidad and Tobago
84 1994 Collapse of dike containing Kolva River, Russia/Artic
oil from leaking pipeline Ocean
80 1983 Tanker hits platform Nowruz Oil Field in the
Persian Gulf, Iran
78 1983 Castillo de Beliver tanker Off the coast of Cape Town,
South Africa
69 1978 Amoco Cadiz tanker Coast of Brittany, France
50-80 1978 ABT Summer tanker Off the coast of Angola
45 1991 M/T Haven tanker Mediterranean coast near
Genoa, ltaly and southern
France
41 1988 Odyssey tanker Off the coast of
Newfoundland, Canada
11 1989 Exxon Valdez tanker Prince William Sound,
Alaska
250 2010 Blowout of British Gulf of Mexico near

Petroleum (BP) oil well

Louisiana

dFstimated.
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Insecticides Pesticides
Aldrin 3 years Chlordecone ?
Chlordane 5-16 years 2 4-Dinitrophenol ?
Mirez 12 years Dicofol 2
Dieldrin 21 years Heptachlor 2 years
Toxaphene 16 years Lindane 3 years
DDT 4-21 years Pentachlorophenol ?
Endrin 16 years Picloran ?
Heptachor 2-16 years Parathon 1 week
Malathion 1 week
Other Organic Compounds Other Organic Compounds
PCPs Years Polyaromatic hydrocarbons Decades
2.4-Dichlorophenoxy 4-12 weeks
acetic acid (24-D)
2.4,5-Trichlorophenoxy 2-3 years

acetic acid
Textile dyes

Sources: Alexander 1994; Madigan et al. 2009,
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Chemicals Present as a Percent

Source Carbohydrate Protein Fat Lignin
Municipal wastewater 25 40-60 10 -
Whey 13 18 -
Apple pomace 27 2-10 -
Cattle manure 10 - 20
Swine manure 20 - -
Slaughterhouse wastewater — 30-65 45-75 -
Fruit canning 50-60 - - -
Potato waste 95 - - -
Brewery wastewater 12-19 - -
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Chromium  Cr(VI), chromate  Cr(IIl) Arsenic  As(V), arsenate  As(IID), arsenite
Cobalt Co(II) Co(In) Selenium  Se(VI), selenate Se(0) |
Copper Cu(in Cu() Tellurium  Te(IV). Te(0) |
Gold Au(ln Au(0) |

Iron Fe(Il), ferric Fe(Il), ferrous

Lead Pb(ID) Pb(0) |

Manganese  Mn(IV) Mn(Il)

Mercury He(IT) He(0) |

Molybdenum Mo(VI), molybdater Mo(TV)

Neptunium  Np(V) Np(IV)

Palladium  Pd(IT) Pd(0) |

Plutonium  Pu(V) Pu(IV)

Silver Ag) Ag(0) |

Technecium  Te(VID), pertechnate Te(IV)

Uranium  U(VI), urannite U(IV), uranyl

Vanadium  V(V) v

“Bacteria and archaea associated with these reductions are found in Lloyd 2005.
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Physiological Group Field Meadow Forest  Coniferous  Wetland
Aerobic heterotrophic bacteria 8,100,000 8.100,000 1,500,000 1,500,000
Anacrobic heterotrophic bacteria 137,000 620,000 345000 2.180.000
Nitrifying bacteria 1700 37 <1 34
Denitrifying bacteria 400 850 380 370
Nitrogen fixing (acrobes) 1.800 18 <1 17
Nitrogen fixing (anaerobes) 700 370,000 2,000 67
Anaerobic butyric acid bacteria 50,000 83,500 200,000 235,000

“Expressed as colony-forming units per gram of soil.
Source: Modified from Pelczar et al. (1977).
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Depth (cm)  Aerobic Bacteria

Anacrobic Bacteria  Actinomycetes  Fungi  Algac
7800 2000 2000 120 25
1800 380 245 50 5
470 100 50 14 <1
10 1 5 6 <1

Source: Modified from Coyne (1999).
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“Values are given in mole percent (mol%).
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Dry-Weight Composition as a Percentage

Material Cellulose Hemicellulose Lignin
Wheat straw 30 24 18
Red maple 39 33 23
Pine 41 10 27
Corncobs 2 39 1

Aspen 50 28 15
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Phylogenetic Group 168 rDNA RNA FISH Colony Count
Alphaproteobacteria 18 25 13 12
Betaproteobacteria 5 2 1 12
Gammaproteobacteria 3 3 <1 10
Deltaproteobacteria 4 na® 4 0
Acidobacteria 19 4 na 0
Actinobacteria 7 11 na 15
Cytophagales 7 <1 <1 10
Firmicutes 6 na na 41
Planctomycetes 3 7 5 0
Verrucomicrobia 8l 2 na 0

"Data not available,
Sour

- Modified from Buckley and Schmidt (2002).
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Neutralism No interaction Not affected Not affected
Mutualism and Interaction needed to survive in the Benefits Benefits
symbiosis habitat, and specific species are
required
Protocooperation Interaction needed to survive in the Benefits Benefits
habitat, but specific species are
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Average Terrestrial

Element Isotope Abundance (%)" Application
Hydrogen 'H 99.985 Utilization/production of Hy
2H 0.015 and cycling of HO
Carbon 2¢ 98.89 Used as a tracer o study food
3¢ L11 chains and webs, utilization of CO,.
and to determine which microbes
are active participants
Nitrogen N 99.63 Used as a tracer to study food
5N 0.37 chains, including nitrogen fixation,
nitrification, and denitrification
Oxygen® 160 99,759 Used as a tracer to study food
70 0.037 chains and determine whether
150 0.204 oxygen in organic molecules is
derived from HyO or CO,
Sulfur® 2g 95.00 Used as a tracer to study food
Bg 0.76 chains and distinguish
s 422 between biotic and abiotic
s 0.014 reactions

“See Ehleringer and Rundel (1989).

»Stable isotope ratios commonly used are '80/150 and S/
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