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ESGN 596       Lecture 2      Spring ’08 
 
Systematics, Phylogeny, Structure and Growth 
 
As we mentioned in the 1st class, classification of organisms, particularly microbial ones in all 3 
domains of life (Bacteria, Archaea and Eucarya) is difficult.  In the microbial world, everything 
looks the same under the microscope.  TEM, SEM and ESEM all help to reveal variation, but 
generally, things are rods or round, etc.  We can look at a dog, and say, “That’s a dog!”  Same 
for elephants, zebras, etc. 
But—why do we do that?  Why do we place identifiers on things anyway? 
   Communication, Instinct, Survival. 
    It was important to understand, good, from bad. 
 
To classify them, we went with the big things.  Photosynthesis.  Multicellular, animal, etc. 
 From the microbial perspective, all animals are aerobic heterotrophs. 
  Only one kind of metabolism!  Trivial! 
 
History 
Botanists came up with classification schemes, keys, to determine variation and difference 
between plants.  Worked great, monocots, dicots, etc.  Brought understanding to the world.  A 
novice could key out a vetch from aster. 
This was also important to understand the past.  Fossils!  What did the dinosaurs eat?  Was that 
really a palm frawn in the rock? 
Same with the animals.  We understand through morphology and physiology.  We understand 
what they leave in the rock record—we have whole classification schemes for dinosaurs even 
though none of us—has ever seen one. 
 
For the microbes—the same tools were applied.  A ‘key’ scheme was applied, just like for 
plants.  Determinative Bacteriology was born.  What do they look like?  Individually?  As a 
colony?  What do they grow on?  What do they metabolize?  Catalase +, oxidase -, etc.  The 
BergeyÕs Manual of Determinative Bacteriology brought us a long way.  At the same time, it 
brought errors, and no record of evolutionary history. 
 
DNA 
Watson and Crick, early 50’s, found the structure, posed a model of how it does it’s ‘thing.’  
That has of course been refined in the last 50 years to new levels of understanding and a lot of X-
ray crystallography to understand both nucleic acids, supporting proteins and key enzymes that 
allow replication to happen. 
Central Dogma 
The central dogma of molecular biology was first enunciated by Francis Crick in 1958 and re-
stated in a Nature paper published in 1970. 
The central dogma of molecular biology deals with the detailed residue-by-residue transfer of 
sequential information. It states that such information cannot be transferred back from protein to 
either protein or nucleic acid. 
In other words, 'once information gets into protein, it can't flow back to nucleic acid.' 
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The dogma is a framework for understanding the transfer of sequence information between 
sequential information-carrying biopolymers, in the most common or general case, in living 
organisms.  There are 3 major classes of such biopolymers: DNA and RNA (both nucleic acids), 
and protein.  There are 3×3 = 9 conceivable direct transfers of information that can occur 
between these.  The dogma classes these into 3 groups of 3: 3 general transfers (believed to 
occur normally in most cells), 3 special transfers (known to occur, but only under specific 
conditions in case of some viruses or in a laboratory), and 3 unknown transfers (believed to 
never occur).  The general transfers describe the normal flow of biological information: DNA 
can be copied to DNA (DNA replication), DNA information can be copied into mRNA, 
(transcription), and proteins can be synthesized using the information in mRNA as a template 
(translation). 
 
In the 60’s, Zuckerkandl and Pauling (1965) posed the idea that DNA can contain evolutionary 
history—based on it’s highly conserved sequence.  We ‘see’ this with our own expressed genes 
in our progeny. 
 “The comparison of the structure of homologous informational macromolecules allows 
the establishment of phylogenetic relationships.”  (homologous = same or similar relation as in 
relative position or structure.  Not necessarily function—the wind of a bat, and, your hand.  The 
same genes or alleles in the same order on your chromosomes (mine too!) 
 
The informational macromolecules include DNA, RNA and Proteins. 
 
Evolution / Natural Selection 
Darwin proposed a ‘model’ for evolution and that was natural selection.  That traits will be 
selected for because they allow for enhanced survival.  New traits can be randomly acquired over 
multiple generations (descent with modification). 
Those traits can result from random changes, mutations in the DNA molecule—even with high-
fidelity replication and proof reading capability.  Why?  Could be disease (virus, cancer, gene 
insertion).  Could be environment, UV, chemical and other radiation.  Could be lateral gene 
transfer (LGT, a.k.a. HGT). 
 
Mutations can be silent, deleterious, and ‘recorded’ in the DNA, or RNA itself.  The changes in 
sequence of homologous genes allow for a phylogenetic reconstruction of how molecules (the 
same gene) relate to each other. 
 
Phylogeny 
Carl Woese thought deeply about what Zuckerkandl and Pauling wanted to do—explain 
evolution through macromolecules.  He wanted: 

a molecule that was highly conserved; 
he wanted a molecule that all things (all life!) have; 
he wanted a molecule of good length—to compare multiple positions. 

 
He chose / settled in on the small sub-unit ribosomal RNA gene.  Ribosomes are the protein 
manufacturing locations of all cells.  They are composed of both proteins themselves, and 
different subunits of RNA.  Those subunits have different sizes.  One of them is the 16S rRNA 
molecule (Bacteria and Archaea; the 18S rRNA molecule in Eucarya). 
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 All life has ribosomes.  All ribosomes have different sub-units of RNA.  All of those 
subunits have a gene on the central chromosome that codes for it.  And one of those, the 16S 
rRNA gene (or 18S) is of a good comparative size--~1500 bp. 
 
Woese has been recognized at first as being ‘out there’ and crazy.  Now with as a visionary and 
recipient of the Crawfoord Prize—there is no Nobel Prize for Biology.  Although, Woese’s 
contributions to life as we know it, is well worth a Nobel!  He is without a doubt, the Darwin of 
our time! 
 
To perform phylogeny, you do comparative sequence analysis of every position of those 1500 bp 
between 2 sequences to 2 million sequences—depending upon your brain, or your computer.  
Book has a good description of, pgs. 6-10. 
 
Norman Pace came along and took Woese’s ideas and put them on steroids, so to speak.  With 
directed PCR primers to the SSU rRNA genes, you generate billions of amplicons from and 
environmental DNA sample.  You can then clone these, one at a time into E. coli followed by 
DNA sequencing.  Then, you take that sequence and subject it to computational phylogeny. 
 
From that, you build a “Tree of Life.”  It is composed of well characterized sequence analysis of 
the full SSU rRNA gene sequence of thousands of organisms.  From this, you can build a 
‘central backbone’ of which to ‘hang’ shorter gene sequences on for a ‘ball park’ identification 
of your organism in hand. 
 
There are about 120,000 good, full-length SSU rRNA genes in public databases.  Will be more!!! 
  The Guerrero Negro Microbial Mat Study. 
 
Species 
What has all of this gotten us?  Farther and farther away from the concept of what a ‘species’ is. 
Species:  In biology, a species is one of the basic units of biological classification and a 
taxonomic rank.  A species is often defined as a group of organisms capable of interbreeding and 
producing fertile offspring.  While in many cases this definition is adequate, more precise or 
differing measures are often used, such as based on similarity of DNA or morphology.  Presence 
of specific locally-adapted traits may further subdivide species into subspecies. 
 
Each species is placed within a single genus.  This is a hypothesis that the species is more 
closely related to other species within its genus than to species of other genera.  All species are 
given a binomial name consisting of the generic name and specific name (or specific epithet). 
For example, Pinus palustris (commonly known as the Longleaf Pine). 
 
Current Classification 
Life; Domain; Kingdom; Phylum; Class; Order; Family; Genus; Species 
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Charles Darwin remarked: 
ÒI look at the term species as one arbitrarily given for the sake of convenience to a set of 
individuals closely resembling each other .... it does not essentially differ from the term variety, 
which is given to less distinct and more fluctuating forms.  The term variety, again in comparison 
with mere individual difference, is also applied arbitrarily, and for mere convenience sake.Ó 
 
How many? 
If you ask macro-biologists—2 – 5 million. 
If you ask micro-biologists—at least 100 million! 
 
Which brings us too--- 
Operational Taxonomic Units (OTUs).  Operationally, or physiologically, the same kinds of 
organisms fall into the same kinds of groups, or more relevant, bins. 
 The OTU must be orthologous between species (= genes found in one organism that are 
similar to those in another, but differ because of speciation); verses paralogous (= genes within 
an organism whose similarity is a result of gene duplication at some time during evolution).  
Basically, taxa, can be determined through sequence identity.  OTUs are often defined based on 
the idea that “species” are approximately 97% identical in their 16S rRNA gene sequences. 
 
Oxidation / Reduction 
 
Arguably, the most important physical thing at the rock / microbe interface. 
The utilization of chemical energy in living systems involves the transfer of electrons (energy) 
from one reactant to another.  That is, oxidation-reduction, or, redox reactions. 
 The energy source—the electron donor, or ED, gives up its electrons, because it has 
negative electrode potential. 
 Those electrons are transferred, one or two at a time, via a series of intermediate carrier 
enzymes to a terminal electron acceptor (EA), the molecule with the most positive electrode 
potential.  Example—a hydrogenase enzyme can transfer an H+ to an NAD+ (oxidized) to make 
NADH (reduced). 
 
Oxidation = removal of electron(s) or hydrogen atom(s) from a compound. 
Reduction = gain of an electron(s) or hydrogen atoms(s) to a compound. 
 
When hydrogen atoms are involved, the loss of an electron cause the H2 atom to become a 
proton, H+. 
     H2 → 2e- + 2H+ 

 
But, electrons cannot exist independently in aqueous solution—they must be associated. 
 
The tendency of a compound to acceptor donate electrons is expressed as its electrode potential 
(E) which is referenced to a standard substance, H2, of 0.00 volts. 
 
E0 = standard electron potential at 25°C and 1 atm pressure, and unit activity of substance (in 
dilute solution, activity = molar concentration). 
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In biology, the electrode potentials are given at pH neutrality—the general pH of the cytoplasm 
of a cell, and we refer to the standard potential as E0Õ. 
 
E0Õ of H2 → 2e- + 2H=  is -0.41V  that of E0Õ of 0.5O2 + 2e- + 2H= → H2O is + 0.82V 
 
The difference in electrode potential between two half reactions is Δ E0. 
 
When half-reactions are written with oxidized form on the left, that is the direction e- will flow. 
e.g.—H2 is a strong electron donor (= a strong reductant, or reducing agent), O2 is a strong 
acceptor (= a strong oxidant, or oxidizing agent). 
 
The electromotive series—most negative electron potentials written on top, the most positive 
written on the bottom as an ‘electron tower.’  Reduced substances at the top, e.g. H2 have the 
greatest tendency to donate electrons; those at the bottom the greatest tendency to accept 
electrons.  Figure 3.1 and 3.2 in the book can help, also, in Brock. 
 
Alkali metals and alkaline earths are all STRONG reducing agents—they are good EDs.  The 
transition groups are moderate to weak reducing agents (e.g., Zn, Cr, Pb, Ni) and Fe3+ and Mn4+ 
are STRONG EAs. 
 
Cells manage electron flow in discrete and controlled steps down the redox gradient maximize 
energy gains.  That is best done with the maximum distance coupled between the ED and the 
EA—the greatest distance in electrode potential. 
  Geobiologically—this is not always possible, leading to life in the ‘slow lane.’ 
 
Some electron carriers are fixed in the cell membrane.  Some go into the periplasmic space, some 
are in the cytoplasm.  Some, are in projections from cells--- 
   cytochrome c3 in nanowires—Electro Microbiology! 
 
Common carriers—NAD+ (nicotinamide adenine dinucleotide) catabolic reactions (break down 
of organic or inorganic compounds producing energy). 
  NADP+ (NAD with additional P) anabolic reactions (synthesis of cell constituents 
from simpler molecules). 
  Both contain the B vitamin niacin—nicotinic acid. 
 
Structure and Growth (Chapter 2) 
 
You have to think about structure and growth of organisms at both the level of the individual 
cell, and as the whole, mixed community of cells (either as ‘pure,’ or as all of the kinds of cells 
present). 
We know little about how microorganisms interact in nature.  Learning more, but it is the 
proverbial tip of the iceberg. 
We do know that microbes play a huge role the cycling of redox sensitive elements (Fe, Mn, U, 
O, P, S, N)! 
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Microbes are small!  And, as such, diffusion plays a huge role in environmental acquisition of 
substances.  Their sized is good for colloidal transport, advection and dispersion—leading to the 
question of how microbes get to be where they are? 
 
Smallest microbe ~ 400nM—the nannoarchaea. 
 Nannoarchaem equitans in association with Ignicoccus spp. 
The smallest genome, ~250 genes, ~300 kilobases of DNA—a minimal number to support 
heterotrophic cell growth. 
Cell has ~10% ribosomes, 20% protein, 50% water—the rest, carbo’s and lipids. 
 
Largest microbe (sphere), Thiomargarita namibiensis at ~750µM. 
Largest microbe (big), Epulopiscium fishelsoni found in the gut of surgeon fish, ~ 80 x 800µM. 
 
Population Growth 
We have covered that in 586.  Book covers it pretty well, along with Monod Kinetics. 
 
Growth in Nature 
A useful section of the text…. 
 
Environmental Extremes 
By its very nature, geomicrobiology, is just that! 
 
Easy way to think about this.  Pick a parameter.  Any parameter.  Now, think about range of that 
parameter—could be wide, could be narrow.  Then think about what is possible, biologically, 
and you have probably just defined ‘habitat’ for something. 
In the end, you just can never be surprised.  Life, as we know it, is capable of existing almost 
everywhere! 
 
“Extreme” is an anthropocentric term.  Extremophile, is just about any kind of life—selves 
included. 
 
Adaptation strategies are wide and biochemically and physiologically varied. 
 
pH, temperature, salt, O2, light (in the case of surface rocks) and pressure—are the big 
determinants. 
 
Things to know about each, of course, but let’s pick temperature. 
Photosynthesis stops, or is not known, to exceed 72°C.  That means that all hyperthermophiles 
(technically, >80°C) are either heterotrophic, or chemolithoautotrophs—the latter, more likely.  
They likely feed on dissolved gases (H2 and H2S) as their electron donor in aqueous systems, fix 
CO2 autotrophically, and use O2 primarily as their electron acceptor.  But—this is all done at the 
atom / molecule level.  How much O2 is there in boiling water? 
Then, the cells themselves—have to be thermo stable.  How to do?  Compositional and structural 
changes to all proteins, enzymes and nucleic acids.  Proteins and enzymes have increased 
numbers of ion pairs, and, hydrophobic interiors, to hold themselves together.  Goal—resist 
unfolding of the essential tertiary structure! 
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For nucleic acids, have to do the same, maintain 3-D structure.  RNA, increases G+C content---
those triple bonds add up!—more stability.  For DNA, more G+C would change the genetics, so, 
DNA is typically protected by more thermal stable proteins.  Also, fast acting DNA polymerases 
are present for immediate repair, should a melt-down occur. 
The cell membranes themselves—lipids.  What do lipids do?  They melt in heat, get solid in 
cold.  Physiological adaptation of lipids in all life is remarkable.  Shore birds use unsaturated 
fatty acids (solidify at lower temperatures) in cell membranes to stand in cold water.  
Thermophiles, Bacteria and Archaea, both use a high number of saturated fatty acids packed in 
the lipid bi-layer to maintain cellular integrity at high temperature.  Psychrophiles, pack 
unsaturated fatty acids into their bilayers to maintain fluidity. 
 
Aspects of microbial diversity 
Microbial diversity is an amazing topic!  No one really knows how much there is.  As mentioned 
above, what is a species? 
Some rules of macro-ecology apply to the micro, some don’t. 
Like with macrobes, microbes tend to be less diverse is zones of high stress.  That could is 
usually an environmental determinant—either natural, or man-made. 
 
Species Diversity 
We are understanding that the microbial world is huge.  But, only through DNA sequence, which 
means what the diversity is, or, is doing, remains unknown.  To quantitate that is difficult.  Tools 
are being developed from statistics, to, for example quantitate OTU “richness” of an 
environment. 
With species abundance information and frequency data, a “diversity index” can be calculated. 
 
The Shannon-Weaver Index 
Can indicate the uncertainty associated with predicting identity of an organism in a population if 
one is chosen at random.  The more diverse a population, the more uncertain the identity. 
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 Where H’ = Shannon-Weaver index; s = species; and pi = proportion of sample belonging 
to the ith species.  The higher the value of H’, the more diversity….. 
The range of H’ can range from 0, no diversity, no biology, to s—the total number of species.  
Keep in mind, this is easier for things like plants—you KNOW how many there are.  Different 
for microbes….. 
Also good to subject your Shannon-Weaver index findings to ANOVA. 
 
You can also quantitate diversity with actual counting.  The beauty of FISH. 
 
Microbial Interactions 
 
Competition; Syntrophy; Predation and Parasitism; Commensalism; Amensalism; Neutralism; 
Symbioses 
 
Read about in both books! 


