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Topic #5:  Prokaryotes—Bacteria and Archaea

REQUIREMENTS:  Powerpoint presentations

Objectives
 1.  Review the basic aspects of cell structure as covered in BSC 2010.  You should know the dimensions and functions of cell structures, particularly the relationship between form and function of chloroplasts.  Review basic aspects of glycolysis and the TCA cycle.  Review “ordinary” photosynthesis again
.  This objective, based on the prerequisites, is very important.

 2.  Outline broadly the characteristics of organisms in each of Whittaker's five kingdoms.  How does the updated Five Kingdom System (re Margulis) differ from the original system?  Why do most biologists think that six kingdoms is a minimum?  Review the Three Domain System.  Outline the Tree of Life.  Why is any linear evolutionary tree inherently flawed?

 3.  Describe, in as much detail as you can, the general features of prokaryotic organisms:  multicellular?  cellular organelles?  size?  sexual reproduction?  mechanism of flagellar action?  flagellar structure?  wall?  formation of wall between dividing cells?  membranes?  DNA packaging?  amount of DNA?  ribosomes?  Distinguish Bacteria and Archaea based on these attributes if possible.  Use the chart at the end of this topic and the Powerpoint presentations as a prompter and quick-reference guide.

 4.  Discuss the significance of using genetic approaches (e.g., rRNA sequence homology) to classify organisms.  Name several fundamental ways in which the two prokaryotic taxa differ.  Indicate ways in which certain attributes of Bacteria and Archaea resemble those of Eukarya.  See No. 3, above.

 5.  Describe some of the functions of biological membranes.  How do the membranes of Archaea, Bacteria, and Eukarya differ in their chemical structures and the abundance of particular components?  (Hint:  know what a chemical linkage is, not just its name.)

 6.  Make a detailed sketch of peptidoglycan.  Contrast Gram-negative and Gram-positive bacterial walls.  (This is intended to be a general question as are most others in BOT 3015.)
 7.  Contrast conjugation with sex.

 8.  Briefly describe the metabolism of glucose by Bacteria and Eukarya.  Contrast that with glucose metabolism by Archaea.  (If necessary, review glycolysis again.)

 9.  Give several characteristics of cyanobacteria.  How does photosynthesis in cyanobacteria resemble/differ from that of eukaryotic organisms?  (This question addresses the electron source for reduction of NAPD+ and light harvesting—antenna-pigment complexes, core complexes.  If necessary, review basic aspects of photosynthesis again.)  How does photosynthesis in cyanobacteria differ from that in other photosynthetic bacteria?  What are prochlorophytes?  What is a heterocyst?  Describe its function.

10.  Define photoautotroph, chemoautotroph, heterotroph.

11.  Name other physiological or morphological traits in addition to photosynthesis that can be used to classify bacteria.  

12.  Briefly, give traits of "simplified" prokaryotes (e.g., Rickettsia).

13.  What is a virus?  How did they arise evolutionarily?

14.  Know the size relationships among viruses, various prokaryotes, and eukaryotic cells.

Lecture
The overall focus of this course is angiosperm biology, and we have devoted several weeks to these fascinating organisms.  We are going to change gears rather dramatically now.  In the next several weeks, I will introduce other, also fascinating, organisms.  The general context of the following lectures is evolution (“a survey”), but the aim is to gain an appreciation for the biology of these organisms.  I will start this topic by reviewing the five-kingdom system.
  Then, taking a cell, biochemical, and molecular biological approach, we will learn key differences among the major groups.

Please return to the introductory lecture to refresh your memory concerning the overall taxonomic organization that I provided.

The Five-Kingdom System for Classifying Organisms.

POWERPOINT SLIDES:  Series of slides on the updated Five-Kingdom System (Margulis PNAS 93:1071) including different prokaryotic lineages and endosymbiosis.

The "grand scheme" will provide orientation as we dwell on the details.  As mentioned, this survey will cover those organisms that have traditionally been considered in botany courses, even though they do not form a natural or evolutionary collection.  So far, we have already looked at the very tip of the plant kingdom (viz., angiosperms).

The aim of taxonomy is to categorize organisms in a natural way.  As we have indicated earlier, the classification itself should reflect evolutionary lines.  This goal is noble and to some extent, success has been obtained.  Overall, however, far too much remains to be done.  To be brief, the scheme shown on this slide is a compromise.  It was proposed in the late 1960's by a Cornell biologist, Robert H. Whittaker, and it has been updated (the version shown was developed years after the currently popular Three-Domain System).  It divides living things into the following groups:

(A) Animals (right on slide):  These are heterotrophic ("other" + "feeding"), i.e., organisms whose primary mode of nutrition is ingestion of chunks of food.  They are multicellular eukaryotic organisms whose cells lack walls and the ability to conduct photosynthesis but that have complex tissues and sensory systems.  Their motility is based on contractile fibrils, and sexual reproduction is predominant.  The embryo develops in a characteristic way.  THIS IS THE ONLY GROUP THAT WE WILL NOT COVER.

(B) Fungi (singular, fungus) (center top):  These are heterotrophic organisms also, but their primary mode of nutrition is absorption.  They are nonmobile filamentous eukaryotes that lack the ability to photosynthesize; their walls contain chitin, which imparts strength in the same way that cellulose does to plant cell walls.  Earlier believed to be simple plants, fungi are allied more closely to animals as revealed by molecular biological evidence.  (Caveats are introduced in Topic 7.)

(C) Plants (left): 
  These autotrophic organisms are photosynthetic.  They are multicellular, nonmobile, vacuolate eukaryotes with cell walls containing cellulose.  As mentioned several times earlier, our use of “plant” conforms to historical usage and to most current usages.

(D) Monera (center bottom):  These organisms are prokaryotes (organisms lacking a membrane-bound nucleus).  For the moment, recall that the difference between prokaryotes and eukaryotes is perhaps the biggest difference among organisms.  (If you fall on the positive side of perhaps, you probably favor the five-kingdom system or six-kingdom system; if not, the three-domain system.)  The very strong generality is that no intermediates exist, i.e., a cell has the entire complement of eukaryotic traits or of prokaryotic traits.
  (Please note that this five-kingdom system puts all prokaryotes into a single kingdom, the Monera, but the scale is time (right axis) and different prokaryotic lineages are shown.  In other words, this rendition of the five-kingdom system does not have a sharp horizontal line of demarcation that separates Monera at the bottom from eukaryotic groups on the top.)  The differences between the Bacteria and Archaea indicate to some that this "lumping" is unsatisfactory, as has been discussed and as will be discussed.)

(E) Protista (center):  This is a "grab-bag" collection of organisms that seem to fit nowhere else.  It includes the protozoa (simple "animals"), which we will not cover, and algae (singular, alga), which we will.  (Alga  is an informal taxonomic term that generally means all organisms that conduct oxygenic photosynthesis, except plants.  Thus, alga is used for cyanobacteria as well as the various photosynthetic protists.)

POWERPOINT SLIDE:  Three-domain system of classifying organisms.  (text)

POWERPOINT SLIDE:  Summary of differences among the three domains (modified from text).

POWERPOINT SLIDE:  Tree of Life (Science 30:  1694)

Most biologists who specialize in evolution, phylogenetics, systematics and so forth favor the construction of a “Tree of Life.”  This Tree of Life is most complete for plants (relatively small numbers of species and better cooperation among investigators).  The portion of the Tree of Life of interest to us is shown in the overhead, above.  To some extent, a Tree of Life places each organism or group of organisms in relationship to each other in a way that “blends the margins,” making an argument about borderlines moot.

A Descriptive Comparison of Bacteria, Archaea, and Eukarya

SLIDE:  Prokaryotic cell (Escherichia coli, Fig 5a of Perry and Morton).

Beginning at the outside, now let us look at the details of a "typical" cell:

(A)  A membrane delimits all cells.  Typically, one thinks of three major functions of a membrane.  The first is the provision of a barrier—some substances are actively accumulated across the membrane by the cell; some substances are excluded by the membrane from the cell; some substances are actively extruded from the cell.  In short, the membrane creates the chemical and ionic environment necessary for biochemistry of life.  Second, the membrane is involved in energy transduction (e.g., in the chemiosmotic synthesis of ATP in the mitochondrion, the chloroplast, and the bacterial membrane).  Third, membranes are involved in recognition.

POWERPOINT SLIDES:  Fluid mosaic model of a biological membrane, showing the fluid lipid bilayer in which various proteins float about.

POWERPOINT SLIDE:  Generalized structure of membrane lipids.  (text)

Bacteria and Archaea have a higher protein content in their cell membranes (in part because energy transduction occurs there in prokaryotes) than do eukaryotes, whereas only eukaryotes contain sterols.
  The BIG difference among biological membranes is in the kinds of lipids that they contain.  As you learned in BSC 2010, membrane lipids are based on a glycerol (3‑C compound) backbone to which linear hydrocarbons are esterified (i.e., glycerol diesters), as shown on the slide.  Actually, that description pertains only to bacteria and eukaryotes.  In archaeal membranes, glycerol diethers (NOT esters) with branched hydrocarbon chains and diglycerol tetraethers form the cell membrane.  (Diglycerol tetraethers are like the glycerol diethers, except each end of the hydrocarbon chain forms an ether linkage with a glycerol.  Thus, whereas two layers of the glycerol diether or glycerol diester is required—hydrophobic tails interacting and hydrophyllic heads facing the aqueous milieu—a single layer of the diglycerol tetraether is sufficient.)  Note also that L-glycerol, not D-glycerol, is the 3-C backbone in Archaea.

POWERPOINT SLIDES:  Series of slides contrasting nature of lipid “tail,” linkage, and glycerol configuration of archaeal vs. bacterial and eukaryal membrane lipids.  (www reference on slide).  
Whereas, in general, the phospholipid forms the basic unit of the bacterial and the eukaryotic cell membrane, the R group on the glycerol of Archaea may simply be any one of a number of other groups.  Thus, archaeal membranes are based on sulfolipids, glycolipids, phospholipids, . . . .  

(A few bacteria have ether‑linked membrane lipids, and various R‑groups on glycerol diesters are found in chloroplast membranes.)

(B) The generality is that no prokaryote is truly multicellular.  Many form filaments or masses because they fail to separate following cell division (or are held together by a mucilaginous sheath), but they rarely have intercellular connections (such as plasmodesmata of plants or gap junctions of animals) and there is only modest and infrequent specialization for particular functions of cells in a filament.
  

POWERPOINT SLIDE:  Heterocysts—form and function

The generality is that prokaryotes are not branched, but E. S. Stephens has now provided us with many examples to the contrary.

POWERPOINT SLIDE:  Branching prokaryotes, an exception (gift of E. S. Stephens).

(C) Prokaryotes have no membrane-bound cellular organelles (such as Golgi bodies, vacuoles, plastids, mitochondria, microbodies), but may have internal membranes (e.g., for photosynthetic pigments).  Prokaryotes do not have a cytoskeleton, the primary function of which is to provide organization and structure to the organelles.  Prokaryotes also do not have an endoplasmic reticulum, the membranous network that highly compartments eukaryotic cells.

(D) Prokaryotic cells are quite small, generally in the 1-(m range (i.e., about the size of a mitochondrion), but some grow to "huge" dimensions. 
  The size of a prokaryotic cell is limited by several factors:  (1) The cytoplasm within a prokaryotic cell does not "stream" as it does in eukaryotes.  Therefore, although the cytoplasmic stirring "mixes" a eukaryotic cell, diffusion (which is much less efficacious over long distances) is the mechanism in prokaryotic cells.  Relating to this explanation, note that the volume increases as a cube function whereas the surface area increases only as a square function.  Thus, the larger a noncompartmented sphere, the more active (on an area basis) must be the transport processes on the membrane.  (2) The absence of membrane-bound organelles implies diminished compartmentation.  (3) A third limitation is the organization of the DNA, which will be discussed later.

(E) No prokaryote has true sexual reproduction, but a mechanism exists for limited DNA exchange between cells.  The importance of sex—Mendelian genetics—cannot be overstated.  (Sexual reproduction, by most definitions and as we use it, involves gamete fusion and meiosis.)  The requirements of sex, however, are complicated (evolution of an intracellular motility system for chromosomal migration, mechanism for cell fusion and so forth).

POWERPOINT SLIDE:  Conjugating cells (Fig. 11-8 Raven, Evert, and Curtis).  A small portion of the genome of one cell may be transferred to another, through a tube as shown here.

(F) Flagella may be present, as shown in the next slide.

POWERPOINT SLIDE:  Bacterial flagellum (Physics Today, Jan. 2000)
The structures and mechanisms of actions for flagella of the three domains are quite different, however:

POWERPOINT SLIDE:  Eukaryotic flagellum.
In the first slide is a bacterial flagellum (for flagella of Archaea, see the reference in the footnote
), and, and in the second, a eukaryotic flagellum, which shows the following differences:   (1)  The bacterial flagellum is a naked filament of protein.
  The eukaryotic flagellum has a distinctive complex internal structure consisting of nine pairs of microtubules in a circular arrangement surrounding two (in the center)—thus, the "9 + 2" nomenclature for the eukaryotic flagellum.  (2)  The bacterial flagellum is anchored in the membrane (or in the two membranes in the case of Gram‑negative bacteria), whereas the eukaryotic flagellum is surrounded by the membrane.  (3)  The bacterial flagellum is rotated at its base (turning like a corkscrew), whereas the eukaryotic flagellum "beats."

(G)  A gelatinous wall (often) surrounds the cell.

(H)  A cell wall (usually) surrounds the plasma membrane.

POWERPOINT SLIDE:  Gram Staining (ref. on slide).
Bacterial cell walls vary from species to species, but they are generally described as having a (N‑acetylglucoseamine‑to‑N‑acetylmuramic acid)n backbone.  (N‑acetylglucoseamine is simply a glucose molecule in which an N‑acetyl is substituted onto the #2 carbon.  N‑acetylmuramic acid is simply N‑acetylglucoseamine in which a side chain, a tetrapeptide, is substituted at the #3 carbon.)  The tetrapeptides of the alternating N‑acetylmuramic acid residues are crosslinked
 by a short peptide (often tetraglycine), which provides structural integrity and makes this part of the bacterial cell wall into essentially one large molecule.  This view of a Gram‑positive bacterium is rather simple,
 where the thick peptidoglycan layer accounts for most of the wall.  Walls of Gram‑negative bacteria are more

POWERPOINT SLIDES:  Series on peptidoglycan structure.
complicated than those of Gram‑positive bacteria.  In Gram‑negative bacteria, the peptidoglycan layer is very thin
 (ca. 2 nm compared with 40 nm for the peptidoglycan layer of Gram‑positive bacteria, or 10 nm for the thickness of a biological membrane).  Gram-negative bacteria, however, have a lipoprotein layer bonded to the outside of this peptidoglycan layer.  Gram‑negative bacteria have a second (or outer) membrane, in addition to the cytoplasmic membrane.  This outer membrane is also attached to the lipoprotein, and the space between the cytoplasmic membrane and the outer membrane is called the periplasmic space.  Finally, a layer of lipopolysacchride
 is an integral part of the outside of the outer membrane.  The outer membrane functions more or less as a sieve because it contains pore‑forming proteins that make it permeable to low‑molecular‑weight substances
.

POWERPOINT SLIDE:  Molecular differences between Gram-negative and Gram-positive cell walls.

POWERPOINT SLIDE:  The archaeal cell wall.
Archaea cell walls do not contain peptidoglycan per se, although some contain similar structures.  No central theme emerges for archaeal walls—some are absent, some are composed primarily of protein. . . .

Many eukaryotes have walls or other coverings (such as a pellicle in Paramecium).  Eukaryotic walls, such as those of plants, are fundamentally different from those of prokaryotes.  Plant cell walls have the so‑called reinforcement‑bar/concrete type of structure, where cellulose fibers bundled together have great tensile strength (analogous to steel reinforcement bars–“rebar”–in bridges) and other materials (such as hemicellulose, pectin, protein) serve as a matrix (analogous to the concrete in concrete bridges).  Secondary plant cell walls are also rich in lignin, which, like concrete, is brittle, but has high compressive strength.  Although there have been reports of such complicated eukaryotic‑type walls in prokaryotes, the generality is that such walls are more complex structurally than prokaryotes are capable of making.

POWERPOINT SLIDE:  Cell division (Fig. 29.15 of Keeton).

An interesting aspect of the cell wall is its formation during cell division.  As this slide shows, the wall "grows in" from each side, whereas in plants (i.e., bryophytes and vascular plants) and a few algae, a cell plate is laid down uniformly between the daughter cells.  Wall ingrowth, called furrowing, as in prokaryotes, is the most common.

(I)  DNA in a eukaryotic cell is organized into protein complexes called chromosomes as we discussed.  This packaging serves to "organize" the genome and keep it manageable, especially for nuclear division.  In eukaryotes, this organization is based on histone proteins, and Archaea have histone-like proteins also.

POWERPOINT SLIDE:  Eukaryotic DNA organization, from DNA molecule to chromosome.

A high level of genome organization is needed because a plant may contain 1,000 to 10,000 times more DNA than a prokaryote (nominal average = 5 x 106 bp for Bacteria, perhaps slightly less for Archaea, which often has large plasmids). 
  Almost always, the prokaryote genome (i.e., of both Bacteria and Archaea ) is a single, circular molecule of DNA that consists of two strands twisted around each other.  Instead of being confined to a nucleus, the prokaryotic DNA is attached to the cell membrane by a membrane‑specific nucleotide sequence.  As in eukaryotes, the DNA is replicated before cell division itself.  The DNA in a prokaryote—if stretched out to its full length, would be several hundred times the diameter of the cell (say, 1 mm vs. 1 (m, compared with the length of a typical eukaryote, which would be about 2 meters [but, as you will note, the DNA content of eukaryotes varies widely]).  By way of example, the DNA in E. coli is compacted about 1000x.  Although Bacteria do not have histones, they do have proteins that function like histones ("DNA compacting proteins").  Therefore, by the beginning of the 1990s it was known that the E. coli DNA was organized into 40 independently supercoiled domains and that, at this level of organization, the bacterial and eukaryotic genomes are similar.  DNA is organized into operons (except for rRNA, eukaryotic DNA is not organized into operons), and mRNA of bacteria does not have a polyA leader
 (as it does in eukaryotes, except for certain histone genes).

(N.B.:  For a prokaryote to replicate more DNA by the primitive method of binary fission seems hard to visualize.  Therefore, an additional reason that eukaryotic cells can be larger is that they potentially have a larger library of hereditary material.  However, the relationship between "coding capacity" (number of unique structural genes) and "genome size" (number of base pairs) is not linear, for many reasons (e.g., noncoding sequences, 
 redundancy, pseudogenes, intervening sequences, regulatory elements).

Bacteria and Archaea (and a few simple fungi) may have one or more plasmids, which are small circular self‑replicating macromolecules of DNA.  Although the plasmid DNA is only 1–5% of the total DNA, plasmids contain important supplemental information (e.g., “mating” capabilities, toxin production, antibiotic resistance).

(J)  Ribosomes
 are the platforms on which amino acids are polymerized into proteins, and they are therefore present in all cells.  All ribosomes have two subunits:  (1) a large subunit that has two or three molecules of RNA and (2) a small subunit that has one molecule of RNA.  Both subunits have numerous proteins (21–50 in each subunit).  Prokaryotic ribosomes are small—the large subunit is 50S and the small subunit is 30S; together, the subunits are 70S.
  Eukaryotic ribosomes are larger (60S + 40S ( 80S).  Of particular interest in phylogenetic studies is the 16S rRNA
 of the small subunit of the prokaryotic ribosome, a counterpart of the 18S in the small subunit of the eukaryotic ribosome.  (Other rRNA sequences are also used, but my reading of the literature emphasizes the value of the 16S subunit.)  The sequence of the 16S rRNA reveals that Archaea and Bacteria are phylogenetically distant on the assumption that no lateral gene transfer takes place. 
  (More discussion will focus on 16S RNA in the following topics.)

POWERPOINT SLIFE:  Brief description of differences among ribosomes of organisms.

Whereas it is important not to lose sight of the overall similarities of ribosomes in their structure and function, it is also important to recognize differences.  In brief, the bacterial system falls into one category,
 whereas the eukaryal and archaeal systems share a number of similarities (although, in size, bacterial and archaeal ribosomes are both 70S and eukaryal ribosomes are 80S).

(K)  In Bacteria and Eukarya, the major pathway by which energy is extracted from sugar is the glycolytic pathway, followed by complete metabolism of the end‑product, pyruvate, by the TCA.  Before we discovered Archaea, we made the generality that this pathway was present in all organisms.  (Although we knew of exceptions, they did not detract seriously from the generality.)  Archaea gave us another surprise.  A key regulated enzyme in glycolysis
 is ATP‑dependent phosphofructokinase, which phosphorylates fructose‑6‑P.  As a generality, ATP-PFK is not present in Archaea as a part of glycolysis.  Typically, Archaea use glucose in the production of ATP in the following way:  glc 6‑P ( 6‑P gluconate + energy; 6-P gluconate((glyceraldehyde 3P + pyruvate . . . .  Overall, less energy is conserved by the above sequence than by glycolysis.

POWERPOINT SLIFE:  The phosphofructokinase step in glycolysis.

(L)  As a broad statement,
 transcriptions in Archaea and Eukarya are similar to each other and dissimilar to that in Bacteria.  The organization of the promoter region in Eukarya always contains a TATA box to which a transcriptional binding protein (TBP) binds to activate transcription.  The TATA box is analogous to the Box A in Archaea.  Indeed, the archaeal TBP binds to the eukaryal promoter, and this binding is enhanced by an additional factor, again not shared with Bacteria.

Ecological and other comments about selected prokaryotes

Archaea
Archaea do not infect humans.  They occupy some of the most hostile environments on earth (such as submarine hydrothermal vents at 110(C, where they derive their energy from H2 of the volcanic gas).
  They also occupy some of the most common places (e.g., the rumen, where they are involved in methane production). 

Cyanobacteria

In terms of some elements of photosynthesis, the cyanobacteria are more closely related to higher plants than are other bacteria.  For this reason, we will focus disproportionately on them.  These organisms—formerly called blue-green algae or cyanophytes, before the fundamental differences between prokaryotes and eukaryotes were appreciated—have the following general characteristics:

(A) Photosynthesis in cyanobacteria, unlike that in other prokaryotes, is oxygenic (i.e., they use water as an electron source and therefore evolve O2).

POWERPOINT SLIFE:  Brief review of photosynthetic electron transport in oxygenic photoautotrophs.



(1) Photosynthetic carbon assimilation is the process whereby CO2 is reduced to carbohydrate:





CO2 + electrons ( C(HOH)

In the cyanobacteria and in plants, the source of electrons is H2O:





H2O ( electrons + O2


(2) Organisms (like cyanobacteria) that evolve O2 contain chlorophyll a
 (+ other pigments).  In these oxygenic photoautrophs, chlorophyll a is an essential component of the reaction center.  In plants, most chlorophyll a is directly involved in light harvesting; in broad terms, the number of chlorophyll molecules in the reaction center is ~1% of the total chlorophyll.  Chlorophyll b, the hallmark of Plantae and green algae, is also present in prochlorophytes, 
 a group of cyanobacteria whose discovery stirred up much excitement at the time.  (Chlorophyll b is found in some light‑harvesting protein‑chlorophyll complexes but not in the reaction center.)  Prochlorophytes have been studied a great deal as possible progenitors of plant chloroplasts, but, even though they lack the special pigments (phycocyanin and phycoerythrin) and the phycobilisomes (light‑harvesting bodies) of other cyanobacteria, overall, they are more like cyanobacteria than like chloroplasts.  (In the next topic, this material will be treated in more depth.)  Only in containing chlorophyll b and in the organization of the “guts” of the reaction center do prochlorophytes resemble higher‑plant chloroplasts.  Prochlorophytes differ from higher‑plant chloroplasts in lipid composition, 5S and 16S rRNAs, DNA‑dependent RNA polymerase, and a slew of photosynthetic genes.

(B) Cyanobacteria lack flagella (but some achieve mobility by gliding).  (This is not a distinguishing feature, as some other prokaryotes also lack flagella.)

(C) Because of the presence of accessory photosynthetic pigments, these organisms are of various colors.  (Two of these pigments are restricted to cyanobacteria and some of their evolutionary descendents.)

In the general description of prokaryotes (re:  multicellularity, heterocysts), an image of a free-living filamentous cyanobacterium was shown.  There are nonfilamentous forms and some that form associations with fungi (lichens, future topic) and weaker associations with plants (not discussed further).  It is also of interest that Cyanobacteria and other prokaryotes are capable of living in extreme environments (free-living or lichenized), particularly as these organisms have been the research focus of a former FSU Lawton Professor.

POWERPOINT SLIDES:  Negev sandstone (gift of I. Friedmann).

Bacteria other than cyanobacteria
Bacteria form a diverse group of organisms that represent more of earth's biomass than all other organisms combined.  These organisms play a crucial role.  E.g., they bring about the decay of other organisms, synthesize vitamins in our gut, produce life-saving antibiotics.

Bacteria are classified in a number of ways.  As with some other types of organisms, biologists are not always sure whether they are looking at two different bacteria or at the same one expressing itself differently in two different environments, a conundrum that is relieved by molecular techniques as discussed later.  Estimates of the number of different species ranged from 2,500 to 15,000.  (The same problem exists for the cyanobacteria; 7,500 names have been proposed for perhaps as few as 200 different nonsymbiotic species.)  Other criteria for classification are:

A) Classification by metabolism:  (1) photoautotrophs ("light-utilizing self-feeders”; electron source may be H2S or various relatively energy‑poor organic substances; light is the energy source),  (2) chemoautotrophs ("chemical-utilizing self feeders"; the electron source may be H2, S, Fe, NO2-), and  (3) heterotrophs (require energy-rich organic substrates such as sugars).  As mentioned, molecular techniques are important is distinguishing species, but the ease of culture and growth under different media conditions, coupled with robotics, accounts for the continued importance of this approach.


(B) Classification by shape (e.g., rod-shaped vs. spherical) is historical, but the nomenclature persists.

"Special" Bacteria

At the end of this discussion of prokaryotes, a final point is brought to your attention:  Three groups of bacteria are "simplified," compared to the general situation that we have discussed.  They differ from other bacteria in having one or more of the following features (examples):  (1) size (perhaps 1% of typical bacterial cell volume), (2) lack of cell wall, and (3) obligate parasitism (some to the point of being unable to make ATP).  However, all of these organisms are much more complex than viruses and virus-like particles (these latter lack a cell membrane, contain only RNA or DNA plus protein, do not retain integrity through reproduction).  One example is Rickettsi,
 which causes typhus (i.e., “ship fever,” not the same as typhoid fever).  The degree of parasitism is so highly developed in these organisms that their cell membrane is leaky (i.e., it takes advantage of the environment created in the host cell).

Viruses
Viruses 
are distinct biological entities.  A simple definition is that a virus is a genetic program (RNA or DNA) that carries a simple message, "Reproduce me," from one cell to the next.  The host cell, of course, contains many genetic programs with the same message.  By one mechanism or another, viruses (and virus-like particles) essentially take over the metabolism of the host cell and direct the host toward replication of the virus.  All viruses are parasitic and can reproduce only in a host.  Therefore, they are not “living.”

POWERPOINT SLIDE:  Types of viruses.

Viruses are important and deserve far more attention than the five minutes that we devote to them.  They include many of the worst pathogens
 (e.g., polio, measles, mumps, flu) of man and other other organisms, including plants.

Viruses are thought to have evolved (and still do) by reduction.  (I.e., they are "escaped," "mobile" fragments of nucleic acid from complex organisms.)  At the end, by way of summary, the size relationships of the organisms in this unit and eukaryotes will be compared.  

TABLE:  Size relationships among many organisms.

	"Organism"
	Type
	Size ((m3)

	polio virus
	virus
	10-5

	flu virus
	virus
	5 x 10-3

	pox virus
	virus
	10-2

	mycoplasma 

(no cell wall)
	"reduced" prokaryote
	10-2–10-1

	spirochete
	prokaryote
	0.1–2

	photosynthetic bacterium
	prokaryote
	5–50

	protist cell
	eukaryote
	5–50 x 103


	TRAIT
	PROKARYOTES
	EUKARYOTES

	
	Bacteria
	Archaea
	Fungi
	Animals
	Protists
	Plants

	Multicellularity
	- (+)
	-
	+/-
	+
	+/-
	+

	Size
	(small(
	(can be large(

	Sex
	(not in the sense of meiosis & syngamy(
	(usual(

	Cell membrane
	phosphorylated glycerol with ester links to linear hydrocarbon chain
	typically not phosphorylated; glycerol with ether links to branched (isoprenoid) hydrocarbon chains
	like bacteria + sterol (up to 25%)

	Flagella
	none to many; long non-flexible projection extending from the cell membrane; rotates to propel the cells.  pmf or Namf
	only superficially resembles bacterial flagella.  Genome lacks essential homologs of bacterial flagellum genes.  ATP
	extension of the cell membrane that has a complex internal structure (9 pairs + 2 microtubules); flexible; moves in a whiplash fashion (“beats”) to propel cells

	Cell wall


	peptidoglycan—glucose backbone, which is alternately substituted (2-N-acetyl or 2-N-acetyl +3-isopropyl-tetrapeptide), tetrapeptide side chains usually crosslinked by pentapeptides
	Various taxa of Archaea have different walls, but none have the exact peptidoglycan construction of Bacteria.
	(if present, "rebar" model(
(never peptidoglycan)

	
	
	
	+
	-
	+/-
	+

	
	
	
	chitin is the major component, a polymer of N-acetyl-glucose amine 
	
	various, some cellulose
	complex chemically & morphologically: cellulose (polymer of glucose) & other polysacchrides, protein, pectin (polymer of glucuronic acid), and lignin (complex phenolic polymer)

	Chromosomes
	usually circular; histone proteins absent, but DNA binding proteins involved in DNA structure and genome expression
	circular; histone-like proteins present—involved in structure and gene expression
	many chromosomes; DNA linear; structure maintained by histones; Chromosomes in nucleus that also contains nucleous, which is involved in ribosome subunits formation.

	
	genes organized in cotranscribed units
	

	Ribosomes
	70S
	70S
(but similar to eukaryal ribosomes)
	80S

	TATA box
	eukaryotic factors do not bind to upstream (promoter) element
	similar to TATA box
	yes

	Glycolysis
	yes
	no
	yes

	Cytoskeleton
	not in eukaryotic sense
	yes


�The short version of these topics can be gotten from “Scientific Background” found at � HYPERLINK "http://www.southernmatters.com/BSC_3402L/" ��http://www.southernmatters.com/BSC_3402L�.


� Quote from Doolittle:  “If ‘chimerism’ or ‘lateral gene transfer’ cannot be dismissed as trivial in extent or limited to special categories of genes, then no hierarchical universal classification can be taken as natural.”


�Go back and review the last few pages of the introduction to this course.  There, you will find a description of the classification schemes that are currently in use.


�Now, sufficient background has been provided to allow a fresh look at the five�kingdom system.  The information in this footnote is for your edification, but alone it will NOT be considered in the main part of any exam in this course.  Classification schemes evolve.  As you know, the trend has been to go from the five�kingdom system to the six�kingdom system to a three�domain system.  Not everyone agrees with this revision.  Lynn Margulis, a very influential scientist in this area, is one.  She believes that the five�kingdom system retains advantages.  Her brief definition of Plantae (see Proceedings of the National Academy of Sciences (USA) 93: 1071–1076) matches the definition that we have used (“Maternally retained embryo formed from fusion of mitotically produced gamete nuclei, sporogenic meiosis”).  As a matter of additional information, I copy her full definition:  “Plants are haplo-diploid organisms that produce haploid gamonts mitotically from spores.  Haplophase organisms (‘gametophytes’) form unequal  (aniso�) gametes by mitosis within multicellular sexual organs (antheridia with undulipodiated sperm, archegonia, gametangia).  Cytogamy of complementary genders is followed by karyogamy (single or multiple gamete nuclei) to form zygote nuclei.  The resulting embryos (agamonts) of the diplophase are retained by the female haploid gamont.  The mature diplophase agamont (the multicellular sporophyte) produces haploid spores by meiosis.  Reinitiating the haplophase, meiosis in plants is sporogenic.  Haploid spores develop into male (antheridia� or pollen�forming)  or female (archegonial� or embryo sac�forming) haploid gamonts.  In most plants, haploid gamonts mitotically develop both male and female multicellular sexual organs on the same individual (Kingdom Plantae).”  [She placed kingdom in quotes because she disparages its use as a sociopolitical term.]  This definition and the one that we use differ in minor ways.  E.g., all seed plants are heterosporous and seed plants account for the vast majority of Plantae.  Therefore, in our definition, in most plants, the haploid gamonts only develop either male or female gametes.  Moreover, most extant plant species are angiosperms and it would be a stretch to refer to the formation of sperm nuclei in an “organ.”  But, these points, as mentioned, are minor.


�Sorry, but the whole truth is always more interesting.  The meaning of eukaryotic is that there is a membrane�bound nucleus, and prokaryotic means before or without a membrane�bound nucleus.  Even at this level, there is at least one exception.  A prokaryote, Gemmata obscuriglobus, has a membrane around the nucleoid (the region of the prokaryotic cell where DNA resides).  On the other side, eukaryotic cells “always” have certain membrane-bound structures such as mitochondria.  However, groups of eukaryotes that do not have mitochondria exist.  The extant eukaryotes have a common ancestor that had mitochondria, but this organelle has been lost or degenerated in several evolutionary lines (as inferred from mitochondrial sequences in the nuclei of these organisms).


�The types of sterols in eukaryotic membranes are different, which has an important clinical implication.  Fungi are difficult to control because they, like the host, are eukaryotic and thus have the same general kinds of molecular machinery and share the same sensitivities to inhibitors.  “All” fungi contain ergosterol whereas animals contain cholesterol.  Thus, most antifungal medicines are based on this membrane difference.  The following excerpt, taken from the July 1994 issue of Medical Sciences Bulletin, is still more�or�less current:


Several companies have shifted their focus from the crowded antibiotic arena to the antiviral and anti�fungal arenas, where competition is limited.  Good anti�fungal agents are few primarily because fungi are eukaryotes, like mammalian cells, so anti�fungal agents are also toxic to the human host. Anti�virals, too, are generally toxic to human cells because viral infections are intracellular.  Serious viral and fungal infections have increased dramatically in recent decades, primarily because of the vast increase in the number of immunosuppressed patients.  Invasive candidiasis has increased ten�fold to become the fourth most common blood culture isolate; invasive pulmonary aspergillosis is a leading cause of mortality in bone-marrow transplant recipients; and Pneumocystis carinii pneumonia is a common cause of death in patients with acquired immunodeficiency syndrome (AIDS).  The ubiquitous herpes viruses are an increasing cause of debilitating and often fatal infections.  Cytomegalovirus, for example, causes a severe retinitis leading to blindness in a large proportion of patients with advanced AIDS.  The increased use of anti�fungals and anti�virals, as with the increased use of antibiotics, has induced resistance in a number of species.


Three major types of anti�fungal are in clinical use: polyenes, azoles, and allylamines-thiocarbamates.  All interact with ergosterol, the major sterol in the plasma membrane of all fungi except Pneumocystis (which has cholesterol in its membrane and thus is resistant to these drugs).  The polyenes (amphotericin B, nystatin, and pimaridin) are broad-spectrum and fungicidal; the azoles (ketoconazole, fluconazole, and itraconazole) are fungistatic and therefore not as useful; and the allylamines (naftifine, terbinafine) and thiocarbamates (tolnaftate) have poor pharmacokinetics and a narrow clinical spectrum.  Trimethoprim-sulfamethoxazole has proved effective for treating P. carinii pneumonia but not other fungal diseases.  Other classes of anti�fungals under investigation or available clinically include morpholines, fluoropyrimidine, polyoxins, nikkomycins, papulacandins, and echnocandins.


Despite recent advances, safe and effective anti�fungal agents are still needed, as well as improved methods of detection and susceptibility testing. As Georgopapadakou and Walsh concluded in their review of human mycoses, "New approaches and chemical entities are urgently needed, since the conditions that led to the emergence of fungal infections in the first place are likely to persist in the future."  (Georgopapadakou, N.H. and T.J. Walsh.  1994  Science:  264: 371-373.)


�Recall that you have already encountered an exception to this rule, both in the preceding narrative and in the unit on nitrogen fixation.  The heterocyst of free-living cyanobacteria is a specialized cell of the filament.  This cell has a low concentration of O2; these cells house the enzyme nitrogenase, which catalyzes the reduction of dinitrogen to ammonium and which is quickly denatured by O2.  This spatial separation of O2 release by photosynthesis and the fixation of nitrogen is not restricted to heterocysts, however.  In addition, some cyanobacteria reduce nitrogen during one portion of the photoperiod (and during this time, consume O2 by special reactions of photosynthesis in which the oxygen is the final electron acceptor of PSI).  Other cyanobacteria restrict nitrogen fixation to darkness.  In summary, spatial or temporal separation of O2 formation and nitrogenase action, or a combination, permit cyanobacteria to avoid denaturing nitrogenase.


�The largest generally recognized prokaryotic cell is Epulopiscium fishelsoni, which lives in a fish gut.  These cells are about 500 (m wide, or 1000x wider than the familiar E. coli in your gut.  There are reports of even a larger one, Thiomargarita namibiensis, but I do not have further information on this organism.  The smallest eukaryote, Ostreococcus tauri, is <1 μm, has 14 linear chromosomes, one chloroplast, several mitochondria and a genome size of 8 x 106 BP (i.e., less than twice the size of E. coli and approximately three orders of magnitude smaller than that of a mammal.)  This footnote serves to remind one that lists, such as this one, are for general perspective.


�Any good textbook can, of course, add much to our abbreviated description of flagella.  If you want to go a little deeper than that, go to Critical Review Plant Science 20:  297–308 (2001).


�The archaeal and bacterial flagella resemble each other superficially, but they differ in many respects, too.  The distinctions between the prokaryotic flagella are beyond the scope of this course.  For a nice table outlining attributes of the types of flagella, go to � HYPERLINK "http://www.evowiki.org/wiki.phtml?title=The_short_version_of_the_different_kinds_of_microbial_sticky-outy-bits_used_for_swimming" ��http://www.evowiki.org/wiki.phtml?title=The_short_version_of_the_different_kinds_of_microbial_sticky-outy-bits_used_for_swimming� 


�This is a general statement appropriate to a brief survey in a junior�level course, but, it is not absolute.  For example, a protein sheath surrounds the flagella of Treponema palladium, the bacterium that causes syphilis.  Other types of sheaths are also present in other bacteria.  For a more detailed account, see RM Atlas, Principles of Microbiology.


�Penicillin is an antibiotic because it prevents the formation of crosslinks.  Penicillin is therefore ineffective against the few bacteria (e.g., Mycoplasma, which later I will simply refer to as “reduced organisms”) that lack walls.


�A few Gram�negative bacteria, such as species of Acetobacter, and some Gram�positive bacteria, such as Sarcina, contain cellulose in their walls.  In another case, cellulose is secreted into the pellicle.


�Gram�negative bacteria are so because this thin peptidoglycan layer does not retain Gram’s stain.  (As briefly alluded to at the end of this topic, some bacteria lack a wall altogether.)  Generally, “Gram-negative” is used in the literature simply to describe, as the name indicates, whether the cell stains.  This is the usage to which we will put the expression; more specifically, our use refers to the general situation as described in above text passage. Note, however, that “Gram negative” is sometimes used in a phylogenetic sense, esp. in reference to the proteobacteria (formerly “purple bacteria”).  This situation is naturally confusing as cyanobacteria (about which much more later) are Gram negative, but are not proteobacteria.  In one interpretation (Theor Pop Biol 61:423 (2002), cyanobacteria are ancestral to the five subdivisions of proteobacteria.


�The lipopolysacchride layer (too complex and variable to discuss in detail here) is also called endotoxin because it causes shock or even death in animals.


�This membrane, however, does serve as an effective barrier against some antibiotics, so whether a bacterium is Gram�positive or Gram�negative is an important clinical consideration.


�The plants with the largest genomes have a tremendous number of noncoding repetitive sequences (~90% of total DNA).


�Allow me to flesh out this generality by quoting from N. Sarkar (Annual Review of Biochemistry, 1997):  “The general consensus . . .with total bacterial RNA is that (a) the poly (A) tracts of bacterial mRNAs range between 14 and 60 nucleotides in length, which is significantly shorter than the 80––200 adenylates associated with eukaryotic mRNAs; and (b) only a relatively small fraction of mRNA molecules (1–40%, depending on the source and method of RNA analysis) are polyadenylated, in contrast to the virtually quantitative polyadenylation of most eukaryotic mRNAs.”  Speaking broadly, the adenylation has a different function in bacteria (where it is part of an RNA degradation mechanism) than in higher eukaryotes (where it is involved in RNA stability and translation initiation).  For details of the latter, see Crit Rev Plt Sci 25: 65-77 (2006).


�In general, bacterial genomes are compact, having only perhaps 15% “junk” DNA.  There are exceptions, however.  The DNA of Mycobacterium leprae, the first bacterium to be linked to human disease, is about half “junk.”  See Science 288:  800 (2000).


�ribo for ribose (i.e., RNA) and some for body.


�The sizes of ribosomes and some macromolecules are, for historical analytical reasons, expressed as S (for Svedberg). “S” is related to the rate of sedimentation in a centrifuge under a prescribed set of conditions.  The larger S values relate to larger entities, but S values cannot be summed.  Yes, a 50S subunit added to a 30S subunit yields a 70S ribosome.


�Sizes are nominal.


�Lateral gene transfer from organelle to nucleus and vice versa, as well as between nuclei of different species, receives much attention.  In some groups of organisms, it appears to be very important in evolution; in other groups, its importance is debatable.  Therefore, in a strict sense, the phylogenetic tree that is created on the basis of comparisons of one homologous sequence may pertain to only that particular sequence and not the organism that presently maintains it.  As a hypothetical example, let us consider two species.  These two species are morphologically similar and the DNA sequences that encode for, say, 100 different proteins are nearly identical.  Prudently, one concludes that the two species are closely related evolutionarily.  Then, say, one looks at the DNA sequence of another protein and finds that these DNA sequences in the two organisms are entirely different, but the sequence from one species is similar to that of a third species.  Such results would be consistent with the idea that the first two species have a close evolutionary relationship, but that the second species obtained a gene from the third species by lateral gene transfer.  For an example, read BioEssays 17:  1005�1008.


�Protein synthesis is disrupted on bacterial ribosomes by antibiotics such as streptomycin and tetracycline, whereas it is not on eukaryotic ones.  On the other hand, diphtheria toxin and anisomycin inhibit the functioning of eukaryotic ribosomes.  Archaeal and eukaryal ribosomes are insensitive to bacterial ribosome inhibitors, and Bacteria are insensitive to eukaryal inhibitors, which are, however, effective against archaeal ribosomes.


Obviously, practicing biologists (farmers, doctors, and so forth) have not overlooked the differential sensitivity of ribosome inhibitors.  As an example, fire blight is the most devastating bacterial disease affecting apple, pear, and other rosaceous plants.  Discovered in New York in the early 1700s, it did not leave North America until it was reported in New Zealand in 1919 and then in England in the 1950s.  Strict quarantines are in place to prevent its spread to locales not harboring the disease, and 30 countries have active research programs to study the disease.  It is caused by Erwinia amylovora, a Gram�negative rod-shaped bacterium.  Commonly, this bacterium is spread by pollinators at bloom because the bacterium grows well on the stigmatic surface.  The most effective control of this disease is spraying with streptomycin three times during bloom.  Under some conditions (e.g., hailstone damage), antibiotic sprays are given in nonbloom periods.  For more on this and other bacterial diseases of apples and pears, see Jones, A.L., H.S. Aldwinckle, Compendium of Apple and Pear Diseases, APS Press, 1990.


�In this class, in keeping with general usage, glycolyis is used exclusively for the Emden-Meyerhof-Parnas Pathway.  Sometimes, one sees glycolysis used to refer to all catabolic pathways starting with glucose.  Also, in keeping with generalities, we consider glycolysis as a bacterial trait, but a few bacteria use another pathway(s).


�See “Archaea and eukaryotes grow closer,” Science 264:  1251.


�One of the general principles of biology is that all organisms on Earth depend directly or indirectly on present or historical solar radiation.  Some organisms that live in these hostile environments and which are fueled on energy left over from the condensation of Earth are the likely candidates for an exception to the stated principle. 


�The other photosynthetic bacteria extract electrons from other compounds, e.g., H2S from decaying organisms.  Large deposits of elemental sulfur have been laid down in this way.


� Chlorophyll modification is relatively simple and there are a few exceptions, such as Acaryochloris (see Arch Microbiol (2000) 174:181-188 for details unimportant to include here.


� Prokaryotic chlorophyll a + b containing “plants.”  Peripheral to the issues discussed in the main text is that prochlorophytes have a large genome size (up to 109 bp), and some have a large physical size (up to 30 (m) compared with other prokaryotes.


� As discussed in the next unit, mitochondria and other organelles evolved from an engulfed prokaryote.  Rickettsia is a good candidate for the mitochondrial progenitor based on 16S RNA sequence and its parasitic lifestyle.


�Latin, meaning "slime, poison, stench."


�In plants, they often do not produce obvious symptoms, but they reduce yield.  When the plant is stressed, symptoms become more evident.  E.g., "Irish"-type potatoes are propagated vegetatively—the so-called seed potatoes are selected in the northern U.S. (e.g., Maine), where the presence of virus in the plant manifests itself.  When these "seeds" are grown in Florida, they will be relatively free of virus.








