From: colby@bio.bu.edu (Chris Colby)

Subject: evolution faq (part three)

Date: 1996/04/05

Message-ID: <4k3d6s$epo@news.bu.edu>

organization: Boston University

newsgroups: talk.origins

AN INTRODUCTION TO EVOLUTIONARY BIOLOGY -- Version 2

PART THREE

BY

CHRIS COLBY 

EVOLUTION AMONG LINEAGES

THE PATTERN OF MACROEVOLUTION

Evolution is not progress. The popular notion that evolution can be 

represented as a series of improvements from simple cells, through 

more complex life forms, to humans (the pinnacle of evolution), can 

be traced to the concept of the scale of nature. This view is 

incorrect.

All species have descended from a common ancestor. As time went 

on, different lineages of organisms were modified with descent to 

adapt to their environments. Thus, evolution is best viewed as a 

branching tree or bush, with the tips of each branch representing 

currently living species. No living organisms today are our 

ancestors. Every living species is as fully modern as we are with its 

own unique evolutionary history. No extant species are "lower life 

forms," atavistic stepping stones paving the road to humanity.

A related, and common, fallacy about evolution is that humans 

evolved from some living species of ape. This is not the case -- 

humans and apes share a common ancestor. Both humans and 

living apes are fully modern species; the ancestor we evolved from 

was an ape, but it is now extinct and was not the same as present 

day apes (or humans for that matter). If it were not for the vanity 

of human beings, we would be classified as an ape. Our closest 

relatives are, collectively, the chimpanzee and the pygmy chimp. 

Our next nearest relative is the gorilla.

EVIDENCE FOR COMMON DESCENT AND MACROEVOLUTION

Microevolution can be studied directly. Macroevolution cannot.  

Macroevolution is studied by examining patterns in biological 

populations and groups of related organisms and inferring process 

from pattern. Given the observation of microevolution and the 

knowledge that the earth is billions of years old -- macroevolution 

could be postulated. But this extrapolation, in and of itself, does 

not provide a compelling explanation of the patterns of biological 

diversity we see today. Evidence for macroevolution, or common 

ancestry and modification with descent, comes from several other 

fields of study. These include: comparative biochemical and genetic 

studies, comparative developmental biology, patterns of 

biogeography, comparative morphology and anatomy and the fossil 

record.

Closely related species (as determined by morphologists) have 

similar gene sequences. Overall sequence similarity is not the 

whole story, however. The pattern of differences we see in closely 

related genomes is worth examining. 

All living organisms use DNA as their genetic material, although 

some viruses use RNA. DNA is composed of strings of nucleotides.

There are four different kinds of nucleotides: adenine (A), guanine 

(G), cytosine (C) and thymine (T). Genes are sequences of nucleotides 

that code for proteins. Within a gene, each block of three nucleotides 

is called a codon. Each codon designates an amino acid (the subunits 

of proteins). 

The three letter code is the same for all organisms (with a few

exceptions). There are 64 codons, but only 20 amino acids to code 

for; so, most amino acids are coded for by several codons. In many 

cases the first two nucleotides in the codon designate the amino 

acid. The third position can have any of the four nucleotides and 

not effect how the code is translated. 

A gene, when in use, is transcribed into RNA -- a nucleic acid 

similar to DNA. (RNA, like DNA, is made up of nucleotides although t

he nucleotide uracil (U) is used in place of thymine (T).) The RNA

transcribed from a gene is called messenger RNA. Messenger RNA 

is then translated via cellular machinery called ribosomes into 

a string of amino acids -- a protein. Some proteins function as 

enzymes, catalysts that speed the chemical reactions in cells. 

Others are structural or involved in regulating development.

Gene sequences in closely related species are very similar. Often,

the same codon specifies a given amino acid in two related species,

even though alternate codons could serve functionally as well. But,

some differences do exist in gene sequences. Most often, differences

are in third codon positions, where changes in the DNA sequence would 

not disrupt the sequence of the protein.

There are other sites in the genome where nucleotide differences do not

effect protein sequences. The genome of eukaryotes is loaded with 'dead 

genes' called pseudogenes. Pseudogenes are copies of working genes

that have been inactivated by mutation. Most pseudogenes do not

produce full proteins. They may be transcribed, but not translated.

Or, they may be translated, but only a truncated protein is produced.

Pseudogenes evolve much faster than their working counterparts. 

Mutations in them do not get incorporated into proteins, so they have 

no effect on the fitness of an organism.

Introns are sequences of DNA that interrupt a gene, but do not code 

for anything. The coding portions of a gene are called exons. Introns 

are spliced out of the messenger RNA prior to translation, so they 

do not contribute information needed to make the protein. They are 

sometimes, however, involved in regulation of the gene. Like

pseudogenes, introns (in general) evolve faster than coding 

portions of a gene. 

Nucleotide positions that can be changed without changing the sequence

of a protein are called silent sites. Sites where changes result in

an amino acid substitution are called replacement sites. Silent sites

are expected to be more polymorphic within a population and show more

differences between populations. Although both silent and replacement

sites receive the same amount of mutations, natural selection only

infrequently allows changes at replacement sites. Silent sites, 

however, are not as constrained. 

Kreitman was the first demonstrate that silent sites were more 

variable than coding sites. Shortly after the methods of DNA 

sequencing were discovered, he sequenced 11 alleles of the enzyme 

alcohol dehydrogenase (AdH). Of the 43 polymorphic nucleotide sites 

he found, only one resulted in a change in the amino acid sequence 

of the protein.

Silent sites may not be entirely selectively neutral. Some DNA 

sequences are involved with regulation of genes, changes in these 

sites may be deleterious. Likewise, although several codons code 

for a single amino acid, an organism may have a preferred codon 

for each amino acid. This is called codon bias.

If two species shared a recent common ancestor one would expect 

genetic information, even information such as redundant 

nucleotides and the position of introns or pseudogenes, to be 

similar. Both species would have inherited this information from 

their common ancestor. 

The degree of similarity in nucleotide sequence is a function of 

divergence time. If two populations had recently separated, few 

differences would have built up between them. If they separated 

long ago, each population would have evolved numerous differences 

from their common ancestor (and each other). The degree of

similarity would also be a function of silent versus replacement 

sites. Li and Graur, in their molecular evolution text, give the 

rates of evolution for silent vs. replacement rates. The rates 

were estimated from sequence comparisons of 30 genes from humans 

and rodents, which diverged about 80 million years ago. Silent 

sites evolved at an average rate of 4.61 nucleotide substitution 

per 10^9 years. Replacement sites evolved much slower at an 

average rate of 0.85 nucleotide substitutions per 10^9 years.

Groups of related organisms are 'variations on a theme' -- the same 

set of bones are used to construct all vertebrates. The bones of the 

human hand grow out of the same tissue as the bones of a bat's wing 

or a whale's flipper; and, they share many identifying features such

as muscle insertion points and ridges. The only difference is that they 

are scaled differently. Evolutionary biologists say this indicates 

that all mammals are modified descendants of a common ancestor 

which had the same set of bones. 

Closely related organisms share similar developmental pathways. 

The differences in development are most evident at the end. As 

organisms evolve, their developmental pathway gets modified. An 

alteration near the end of a developmental pathway is less likely to 

be deleterious than changes in early development. Changes early 

on may have a cascading effect. Thus most evolutionary changes in 

development are expected to take place at the periphery of 

development, or in early aspects of development that have no later 

repercussions. For a change in early development to be propagated, 

the benefit of the early alteration must outweigh the consequences 

to later development. 

Because they have evolved this way, organisms pass through the 

early stages of development that their ancestors passed through up 

to the point of divergence. So, an organism's development mimics 

its ancestors although it doesn't recreate it exactly. Development of 

the flatfish, Pleuronectes, illustrates this point. Early on, 

Pleuronectes develops a tail that comes to a point. In the next 

developmental stage, the top lobe of the tail is larger than the 

bottom lobe (as in sharks). When development is complete, the 

upper and lower lobes are equally sized. This developmental 

pattern mirrors the evolutionary transitions it has undergone.

Natural selection can modify any stage of a life cycle, so some 

differences are seen in early development. Thus, evolution does not 

always recapitulate ancestral forms -- butterflies did not evolve 

from ancestral caterpillars, for example. There are differences in 

the appearance of early vertebrate embryos. Amphibians rapidly 

form a ball of cells in early development. Birds, reptiles and 

mammals form a disk. The shape of the early embryo is a result of 

different yolk concentrations in the eggs. Birds' and reptiles' eggs 

are heavily yolked. Their eggs develop similarly to amphibians 

except the yolk has deformed the shape of the embryo. The ball is 

stretched out and lying atop the yolk. Mammals have no yolk, but 

still form a disk early. This is because they have descended from 

reptiles. Mammals lost their yolky eggs, but retained the early 

pattern of development. In all these vertebrates, the pattern of cell 

movements is similar despite superficial differences in appearance. 

In addition, all types quickly converge upon a primitive, fish-like 

stage within a few days. From there, development diverges. 

Traces of an organism's ancestry sometimes remain even when an 

organism's development is complete. These are called vestigial 

structures. Many snakes have rudimentary pelvic bones retained 

from their walking ancestors. Vestigial does not mean useless,

it means the structure is clearly a vestige of an structure

inherited from ancestral organisms. Vestigial structures may

acquire new functions. In humans, the appendix now houses some

immune system cells.

Closely related organisms are usually found in close geographic 

proximity; this is especially true of organisms with limited 

dispersal opportunities. The mammalian fauna of Australia is often 

cited as an example of this; marsupial mammals fill most of the 

equivalent niches that placentals fill in other ecosystems. If all 

organisms descended from a common ancestor, species distribution 

across the planet would be a function of site of origination, 

potential for dispersal, distribution of suitable habitat, and 

time since origination. In the case of Australian mammals, their 

physical separation from sources of placentals means potential 

niches were filled by a marsupial radiation rather than a 

placental radiation or invasion. 

Natural selection can only mold available genetically based 

variation. In addition, natural selection provides no mechanism for 

advance planning. If selection can only tinker with the available 

genetic variation, we should expect to see examples of jury-rigged 

design in living species. This is indeed the case. In lizards of the 

genus _Cnemodophorus_, females reproduce parthenogenetically. 

Fertility in these lizards is increased when a female mounts 

another female and simulates copulation. These lizards evolved from 

sexual lizards whose hormones were aroused by sexual behavior. Now, 

although the sexual mode of reproduction has been lost, the means 

of getting aroused (and hence fertile) has been retained.

Fossils show hard structures of organisms less and less similar to 

modern organisms in progressively older rocks. In addition, patterns 

of biogeography apply to fossils as well as extant organisms. When 

combined with plate tectonics, fossils provide evidence of distributions 

and dispersals of ancient species. For example, South America had a 

very distinct marsupial mammalian fauna until the land bridge formed 

between North and South America. After that marsupials started 

disappearing and placentals took their place. This is commonly 

interpreted as the placentals wiping out the marsupials, but this 

may be an over simplification.

Transitional fossils between groups have been found. One of the 

most impressive transitional series is the ancient reptile to modern 

mammal transition. Mammals and reptiles differ in skeletal details, 

especially in their skulls. Reptilian jaws have four bones. The 

foremost is called the dentary. In mammals, the dentary bone is 

the only bone in the lower jaw. The other bones are part of the 

middle ear. Reptiles have a weak jaw and a mouthful of 

undifferentiated teeth. Their jaw is closed by three muscles: the 

external, posterior and internal adductor. Each reptile tooth is 

single cusped. Mammals have powerful jaws with differentiated 

teeth. Many of these teeth, such as the molars, are multi-cusped. 

The temporalis and masseter muscles, derived from the external 

adductor, close the mammalian jaw. Mammals have a secondary 

palate, a bony structure separating their nostril passages and 

throat, so most can swallow and breathe simultaneously. Reptiles 

lack this.

The evolution of these traits can be seen in a series of fossils. 

_Procynosuchus_ shows an increase in size of the dentary 

bone and the beginnings of a palate. _Thrinaxodon_ has a reduced

number of incisors, a precursor to tooth differentiation. 

_Cynognathus_ (a doglike carnivore) shows a further increase in 

size of the dentary bone. The other three bones are located inside 

the back portion of the jaw. Some teeth are multicusped and the 

teeth fit together tightly. _Diademodon_ (a plant eater) shows a 

more advanced degree of occlusion (teeth fitting tightly).

_Probelesodon_ has developed a double joint in the jaw. The jaw 

could hinge off two points with the upper skull. The front hinge 

was probably the actual hinge while the rear hinge was an 

alignment guide. The forward movement of a hinge point allowed 

for the precursor to the modern masseter muscle to anchor further 

forward in the jaw. This allowed for a more powerful bite. The first 

true mammal was _Morgonucudon_, a rodent-like insectivore from 

the late Triassic. It had all the traits common to modern mammals. 

These species were not from a single, unbranched lineage. Each is 

an example from a group of organisms along the main line of 

mammalian ancestry.

The strongest evidence for macroevolution comes from the fact 

that suites of traits in biological entities fall into a nested pattern. 

For example, plants can be divided into two broad categories, non-

vascular (ex. mosses) and vascular. Vascular plants can be divided 

into seedless (ex. ferns) and seeded. Vascular seeded plants can be 

divided into gymnosperms (ex. pines) and flowering plants (angiosperms). 

Angiosperms can be divided into monocots and dicots. Each of these 

types of plants have several characters that distinguish them 

from other plants. Traits are not mixed and matched in groups 

of organisms. For example, flowers are only seen in plants that 

carry several other characters that distinguish them as 

angiosperms. This is the expected pattern of common descent. All 

the species in a group will share traits they inherited from their 

common ancestor. But, each subgroup will have evolved unique traits 

of its own. Similarities bind groups together. Differences show how 

they are subdivided. 

The real test of any scientific theory is its ability to generate 

testable predictions and, of course, have the predictions borne out. 

Evolution easily meets this criterion. In several of the above 

examples I stated, closely related organisms share X. If I define 

closely related as sharing X, this is an empty statement. It does 

however, provide a prediction. If two organisms share a similar 

anatomy, one would then predict that their gene sequences would 

be more similar than a morphologically distinct organism. This has 

been spectacularly borne out by the recent flood of gene sequences 

-- the correspondence to trees drawn by morphological data is 

very high. The discrepancies are never too great and usually 

confined to cases where the pattern of relationship was debated.

MECHANISMS OF MACROEVOLUTION

The following deals with mechanisms of evolution above the 

species level.

SPECIATION -- INCREASING BIOLOGICAL DIVERSITY 

Speciation is the process of a single species becoming two or more 

species. Many biologists think speciation is key to understanding 

evolution. Some would argue that certain evolutionary phenomena apply 

only at speciation and macroevolutionary change cannot occur without 

speciation. Other biologists think major evolutionary change can 

occur without speciation. Changes between lineages are only an 

extension of the changes within each lineage. In general, 

paleontologists fall into the former category and geneticists in the 

latter.

MODES OF SPECIATION

Biologists recognize two types of speciation: allopatric and 

sympatric speciation. The two differ in geographical distribution of 

the populations in question. Allopatric speciation is thought to be 

the most common form of speciation. It occurs when a population is 

split into two (or more) geographically isolated subdivisions that 

organisms cannot bridge. Eventually, the two populations' gene 

pools change independently until they could not interbreed even if 

they were brought back together. In other words, they have 

speciated.

Sympatric speciation occurs when two subpopulations become 

reproductively isolated without first becoming geographically 

isolated. Insects that live on a single host plant provide a model for 

sympatric speciation. If a group of insects switched host plants 

they would not breed with other members of their species still 

living on their former host plant. The two subpopulations could 

diverge and speciate. Agricultural records show that a strain of the 

apple maggot fly _Rhagolettis pomenella_ began infesting apples in 

the 1860's. Formerly it had only infested hawthorn fruit. Feder, 

Chilcote and Bush have shown that two races of _Rhagolettis 

pomenella_ have become behaviorally isolated. Allele frequencies 

at six loci (aconitase 2, malic enzyme, mannose phosphate 

isomerase, aspartate amino-transferase, NADH-diaphorase-2, and 

beta-hydroxy acid dehydrogenase) are diverging. Significant 

amounts of linkage disequilibrium have been found at these loci,

indicating that they may all be hitchhiking on some allele under 

selection. Some biologists call sympatric speciation microallopatric 

speciation to emphasize that the subpopulations are still physically 

separate at an ecological level.

Biologists know little about the genetic mechanisms of speciation. 

Some think a series of small changes in each subdivision gradually 

lead to speciation. The founder effect could set the stage for 

relatively rapid speciation, a genetic revolution in Ernst Mayr's 

terms. Alan Templeton hypothesized that a few key genes 

could change and confer reproductive isolation. He called this a 

genetic transilience. Lynn Margulis thinks most speciation events 

are caused by changes in internal symbionts. Populations of 

organisms are very complicated. It is likely that there are many 

ways speciation can occur. Thus, all of the above ideas may be 

correct, each in different circumstances. Darwin's book was titled 

"The Origin of Species" despite the fact that he did not really 

address this question; over one hundred and fifty years later, how 

species originate is still largely a mystery.

OBSERVED SPECIATIONS

Speciation has been observed. In the plant genus _Tragopogon, two 

new species have evolved within the past 50-60 years. They are _T.

mirus_ and _T. miscellus_. The new species were formed when one 

diploid species fertilized a different diploid species and produced 

a tetraploid offspring. This tetraploid offspring could not fertilize 

or be fertilized by either of its two parent species types. It is 

reproductively isolated, the definition of a species.

EXTINCTION -- DECREASING BIOLOGICAL DIVERSITY 

ORDINARY EXTINCTION

Extinction is the ultimate fate of all species. The reasons for 

extinction are numerous. A species can be competitively excluded 

by a closely related species, the habitat a species lives in can 

disappear and/or the organisms that the species exploits could 

come up with an unbeatable defense.

Some species enjoy a long tenure on the planet while others are 

short- lived. Some biologists believe species are programmed to 

go extinct in a manner analogous to organisms being destined to 

die. The majority, however, believe that if the environment stays 

fairly constant, a well adapted species could continue to survive 

indefinitely.

MASS EXTINCTION

Mass extinctions shape the overall pattern of macroevolution. If 

you view evolution as a branching tree, it's best to picture it as one 

that has been severely pruned a few times in its life. The history of 

life on this earth includes many episodes of mass extinction in 

which many groups of organisms were wiped off the face of the 

planet. Mass extinctions are followed by periods of radiation where 

new species evolve to fill the empty niches left behind. It is 

probable that surviving a mass extinction is largely a function of 

luck. Thus, contingency plays a large role in patterns of 

macroevolution.

The largest mass extinction came at the end of the Permian, about 

250 million years ago. This coincides with the formation of Pangaea 

II, when all the world's continents were brought together by plate 

tectonics. A worldwide drop in sea level also occurred at this time. 

The most well-known extinction occurred at the boundary between 

the Cretaceous and Tertiary Periods. This called the K/T Boundary 

and is dated at around 65 million years ago. This extinction 

eradicated the dinosaurs. The K/T event was probably caused by 

environmental disruption brought on by a large impact of an

asteroid with the earth. Following this extinction the mammalian 

radiation occurred. Mammals coexisted for a long time with the 

dinosaurs but were confined mostly to nocturnal insectivore niches. 

With the eradication of the dinosaurs, mammals radiated to fill the 

vacant niches.

Currently, human alteration of the ecosphere is causing a global 

mass extinction.

PUNCTUATED EQUILIBRIUM

The theory of punctuated equilibrium is an inference about the 

process of macroevolution from the pattern of species documented 

in the fossil record. In the fossil record, transition from one species 

to another is usually abrupt in most geographic locales -- no 

transitional forms are found. In short, it appears that species 

remain unchanged for long stretches of time and then are quickly 

replaced by new species. However, if wide ranges are searched, 

transitional forms that bridge the gap between the two species are 

sometimes found in small, localized areas. For example, in Jurassic 

brachiopods of the genus _Kutchithyris_, _K. acutiplicata_ appears 

below another species, _K. euryptycha_. Both species were common 

and covered a wide geographical area. They differ enough that 

some have argued they should be in a different genera. In just one 

small locality an approximately 1.25m sedimentary layer with 

these fossils is found. In the narrow (10 cm) layer that separates 

the two species, both species are found along with transitional 

forms. In other localities there is a sharp transition.

Eldredge and Gould proposed that most major morphological change 

occurs (relatively) quickly in small peripheral population at 

the time of speciation. New forms will then invade the range of 

their ancestral species. Thus, at most locations that fossils are 

found, transition from one species to another will be abrupt. This 

abrupt change will reflect replacement by migration however, not 

evolution. In order to find the transitional fossils, the area of 

speciation must be found.

There has been considerable confusion about the theory. Some 

popular accounts give the impression that abrupt changes in the 

fossil record are due to blindingly fast evolution; this is not a part 

of the theory.

Punctuated equilibrium has been presented as a hierarchical 

theory of evolution. Proponents of punctuated equilibrium see 

speciation as analogous to mutation and the replacement of one 

species by another as analogous to natural selection. This is called 

species selection. Speciation adds new species to the species pool 

just as mutation adds new alleles to the gene pool. Species selection 

favors one species over another just as natural selection can favor 

one allele over another. Evolutionary trends within a group would be

the result of selection among species, not natural selection acting

within species. This is the most controversial part of the theory. 

Many biologists agree with the pattern of macroevolution these 

paleontologists posit, but believe species selection is not even

theoretically likely to occur.

Critics would argue that species selection is not analogous to natural 

selection and therefore evolution is not hierarchical. Also, the number 

of species produced over time is far less than the amount of different 

alleles that enter gene pools over time. So, the amount of adaptive 

evolution produced by species selection (if it did occur) would have 

to be orders of magnitude less than adaptive evolution within 

populations by natural selection.

Tests of punctuated equilibrium have been equivocal. It has been 

known for a long time that rates of evolution vary over time, that 

is not controversial. However, phylogenetic studies conflict as to 

whether there is a clear association between speciation and 

morphological change. In addition, there are major polymorphisms 

within some species. For example, bluegill sunfish have two male 

morphs. One is a large, long-lived, mate-protecting male; the 

other is a smaller, shorter-lived male who sneaks matings from

females guarded by large males. The existence of within species

polymorphisms demonstrates that speciation is not a requirement

for major morphological change.

Chris Colby 
---
 email: colby@bu-bio.bu.edu
---

"'My boy,' he said, 'you are descended from a long line of 

determined, resourceful, microscopic tadpoles--champions every 

one.'" 


 --Kurt Vonnegut from "Galapagos" 
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A BRIEF HISTORY OF LIFE

Biologists studying evolution do a variety of things: population 

geneticists study the process as it is occurring; systematists seek to 

determine relationships between species and paleontologists seek 

to uncover details of the unfolding of life in the past. Discerning 

these details is often difficult, but hypotheses can be made and 

tested as new evidence comes to light. This section should be 

viewed as the best hypothesis scientists have as to the history of the 

planet. The material here ranges from some issues that are fairly 

certain to some topics that are nothing more than informed 

speculation. For some points there are opposing hypotheses -- I 

have tried to compile a consensus picture. In general, the more 

remote the time, the more likely the story is incomplete or in error. 

Life evolved in the sea. It stayed there for the majority of the 

history of earth.

The first replicating molecules were most likely RNA. RNA is a 

nucleic acid similar to DNA. In laboratory studies it has been shown 

that some RNA sequences have catalytic capabilities. Most 

importantly, certain RNA sequences act as polymerases -- enzymes 

that form strands of RNA from its monomers. This process of self 

replication is the crucial step in the formation of life. This is called 

the RNA world hypothesis. 

The common ancestor of all life probably used RNA as its genetic 

material. This ancestor gave rise to three major lineages of life. 

These are: the prokaryotes ("ordinary" bacteria), archaebacteria 

(thermophilic, methanogenic and halophilic bacteria) and 

eukaryotes. Eukaryotes include protists (single celled organisms 

like amoebas and diatoms and a few multicellular forms such as 

kelp), fungi (including mushrooms and yeast), plants and animals. 

Eukaryotes and archaebacteria are the two most closely related of 

the three. The process of translation (making protein from the 

instructions on a messenger RNA template) is similar in these 

lineages, but the organization of the genome and transcription 

(making messenger RNA from a DNA template) is very different in 

prokaryotes than in eukaryotes and archaebacteria. Scientists 

interpret this to mean that the common ancestor was RNA based; it 

gave rise to two lineages that independently formed a DNA genome 

and hence independently evolved mechanisms to transcribe DNA 

into RNA.

The first cells must have been anaerobic because there was no 

oxygen in the atmosphere. In addition, they were probably 

thermophilic ("heat-loving") and fermentative. Rocks as old as 3.5 

billion years old have yielded prokaryotic fossils. Specifically, some 

rocks from Australia called the Warrawoona series give evidence of 

bacterial communities organized into structures called 

stromatolites. Fossils like these have subsequently been found all 

over the world. These mats of bacteria still form today in a few 

locales (for example, Shark Bay Australia). Bacteria are the only life 

forms found in the rocks for a long, long time --eukaryotes (protists) 

appear about 1.5 billion years ago and fungi-like things appear 

about 900 million years ago (0.9 billion years ago).

Photosynthesis evolved around 3.4 billion years ago. 

Photosynthesis is a process that allows organisms to harness 

sunlight to manufacture sugar from simpler precursors. The first 

photosystem to evolve, PSI, uses light to convert carbon dioxide 

(CO2) and hydrogen sulfide (H2S) to glucose. This process releases 

sulfur as a waste product. About a billion years later, a second 

photosystem (PS) evolved, probably from a duplication of the first 

photosystem. Organisms with PSII use both photosystems in 

conjunction to convert carbon dioxide (CO2) and water (H2O) into 

glucose. This process releases oxygen as a waste product. 

Anoxygenic (or H2S) photosynthesis, using PSI, is seen in living 

purple and green bacteria. Oxygenic (or H2O) photosynthesis, using 

PSI and PSII, takes place in cyanobacteria. Cyanobacteria are 

closely related to and hence probably evolved from purple 

bacterial ancestors. Green bacteria are an outgroup. Since oxygenic 

bacteria are a lineage within a cluster of anoxygenic lineages, 

scientists infer that PSI evolved first. This also corroborates with 

geological evidence.

Green plants and algae also use both photosystems. In these 

organisms, photosynthesis occurs in organelles (membrane bound 

structures within the cell) called chloroplasts. These organelles 

originated as free living bacteria related to the cyanobacteria that 

were engulfed by ur-eukaryotes and eventually entered into an 

endosymbiotic relationship. This endosymbiotic theory of 

eukaryotic organelles was championed by Lynn Margulis. 

Originally controversial, this theory is now accepted. One key line 

of evidence in support of this idea came when the DNA inside 

chloroplasts was sequenced -- the gene sequences were more 

similar to free-living cyanobacteria sequences than to sequences 

from the plants the chloroplasts resided in.

After the advent of photosystem II, oxygen levels increased. 

Dissolved oxygen in the oceans increased as well as atmospheric 

oxygen. This is sometimes called the oxygen holocaust. Oxygen is a 

very good electron acceptor and can be very damaging to living 

organisms. Many bacteria are anaerobic and die almost 

immediately in the presence of oxygen. Other organisms, like 

animals, have special ways to avoid cellular damage due to this 

element (and in fact require it to live.) Initially, when oxygen 

began building up in the environment, it was neutralized by 

materials already present. Iron, which existed in high 

concentrations in the sea was oxidized and precipitated. Evidence 

of this can be seen in banded iron formations from this time, layers 

of iron deposited on the sea floor. As one geologist put it, "the 

world rusted." Eventually, it grew to high enough concentrations to 

be dangerous to living things. In response, many species went 

extinct, some continued (and still continue) to thrive in anaerobic 

microenvironments and several lineages independently evolved 

oxygen respiration.

The purple bacteria evolved oxygen respiration by reversing the 

flow of molecules through their carbon fixing pathways and 

modifying their electron transport chains. Purple bacteria also 

enabled the eukaryotic lineage to become aerobic. Eukaryotic cells 

have membrane bound organelles called mitochondria that take 

care of respiration for the cell. These are endosymbionts like 

chloroplasts. Mitochondria formed this symbiotic relationship 

very early in eukaryotic history, all but a few groups of eukaryotic 

cells have mitochondria. Later, a few lineages picked up 

chloroplasts. Chloroplasts have multiple origins. Red algae picked 

up ur-chloroplasts from the cyanobacterial lineage. Green algae, the 

group plants evolved from, picked up different urchloroplasts from 

a prochlorophyte, a lineage closely related to cyanobacteria.

Animals start appearing prior to the Cambrian, about 600 million 

years ago. The first animals dating from just before the Cambrian 

were found in rocks near Adelaide, Australia. They are called the 

Ediacarian fauna and have subsequently been found in other 

locales as well. It is unclear if these forms have any surviving 

descendants. Some look a bit like Cnidarians (jellyfish, sea 

anemones and the like); others resemble annelids (earthworms). 

All the phyla (the second highest taxonomic category) of animals 

appeared around the Cambrian. The Cambrian 'explosion' may have 

been a result of higher oxygen concentrations enabling larger 

organisms with higher metabolisms to evolve. Or it might be due to 

the spreading of shallow seas at that time providing a variety of 

new niches. In any case, the radiation produced a wide variety of 

animals.

Some paleontologists think more animal phyla were present then 

than now. The animals of the Burgess shale are an example of 

Cambrian animal fossils. These fossils, from Canada, show a bizarre 

array of creatures, some which appear to have unique body plans 

unlike those seen in any living animals. 

The extent of the Cambrian explosion is often overstated. Although 

quick, the Cambrian explosion is not instantaneous in geologic time. 

Also, there is evidence of animal life prior to the Cambrian. In 

addition, although all the phyla of animals came into being, these 

were _not_ the modern forms we see today. Our own phylum 

(which we share with other mammals, reptiles, birds, amphibians 

and fish) was represented by a small, sliver-like thing called 

_Pikaia_.  Plants were not yet present. Photosynthetic protists and 

algae were the bottom of the food chain. Following the Cambrian, 

the number of marine families leveled off at a little less than 200. 

The Ordovician explosion, around 500 million years ago, followed. 

This 'explosion', larger than the Cambrian, introduced numerous 

families of the Paleozoic fauna (including crinoids, 

articulate brachiopods, cephalopods and corals). The Cambrian 

fauna, (trilobites, inarticulate brachiopods, etc.) declined slowly 

during this time. By the end of the Ordovician, the Cambrian fauna 

had mostly given way to the Paleozoic fauna and the number of 

marine families was just over 400. It stayed at this level until the 

end of the Permian period.

Plants evolved from ancient green algae over 400 million years 

ago. Both groups use chlorophyll a and b as photosynthetic 

pigments. In addition, plants and green algae are the only groups 

to store starch in their chloroplasts. Plants and fungi (in symbiosis) 

invaded the land  about 400 million years ago. The first plants 

were moss-like and required moist environments to survive. Later, 

evolutionary developments such as a waxy cuticle allowed some 

plants to exploit more inland environments. Still mosses lack true 

vascular tissue to transport fluids and nutrients. This limits their 

size since these must diffuse through the plant. Vascular plants 

evolved from mosses. The first vascular land plant known is 

_Cooksonia_, a spiky, branching, leafless structure. At the same 

time, or shortly thereafter, arthropods followed plants onto the 

land. The first land animals known are myriapods -- centipedes 

and millipedes. 

Vertebrates moved onto the land by the Devonian period, about 

380 million years ago. _Ichthyostega_, an amphibian, is the among 

the first known land vertebrates. It was found in Greenland and 

was derived from lobe-finned fishes called Rhipidistians. 

Amphibians gave rise to reptiles. Reptiles had evolved scales to 

decrease water loss and a shelled egg permitting young to be 

hatched on land. Among the earliest well preserved reptiles 

is _Hylonomus_, from rocks in Nova Scotia.

The Permian extinction was the largest extinction in history. It 

happened about 250 million years ago. The last of the Cambrian 

Fauna went extinct. The Paleozoic fauna took a nose dive from 

about 300 families to about 50. It is estimated that 96% of all 

species (50% of all Families) met their end. Following this event, 

the Modern fauna, which had been slowly expanding since the 

Ordovician, took over. 

The Modern fauna includes fish, bivalves, gastropods and crabs. 

These were barely affected by the Permian extinction. The Modern 

fauna subsequently increased to over 600 marine families at 

present. The Paleozoic fauna held steady at about 100 families. A 

second extinction event shortly following the Permian kept animal 

diversity low for awhile.

During the Carboniferous (the period just prior to the Permian) and 

in the Permian the landscape was dominated by ferns and their 

relatives. After the Permian extinction, gymnosperms (ex. pines) 

became more abundant. Gymnosperms had evolved seeds, from 

seedless fern ancestors, which helped their ability to disperse. 

Gymnosperms also evolved pollen, encased sperm which allowed 

for more outcrossing. 

Dinosaurs evolved from archosaur reptiles, their closest living 

relatives are crocodiles. One modification that may have been a key 

to their success was the evolution of an upright stance. Amphibians 

and reptiles have a splayed stance and walk with an undulating 

pattern because their limbs are modified from fins. Their gait is 

modified from the swimming movement of fish. Splay stanced  

animals cannot sustain continued locomotion because they cannot 

breathe while they move; their undulating movement compresses 

their chest cavity. Thus, they must stop every few steps and breath 

before continuing on their way. Dinosaurs evolved an upright 

stance similar to the upright stance mammals independently 

evolved. This allowed for continual locomotion. In addition, 

dinosaurs evolved to be warm-blooded. Warmbloodedness allows 

an increase in the vigor of movements in erect organisms. Splay 

stanced organisms would probably not benefit from warm-

bloodedness. Birds evolved from sauriscian dinosaurs. 

Cladistically, birds are dinosaurs. The transitional fossil 

_Archaeopteryx_ has a mixture of reptilian and avian features.

Angiosperms evolved from gymnosperms, their closest relatives 

are Gnetae. Two key adaptations allowed them to displace 

gymnosperms as the dominant fauna -- fruits and flowers. Fruits 

(modified plant ovaries) allow for animal-based seed dispersal and 

deposition with plenty of fertilizer. Flowers evolved to facilitate 

animal, especially insect, based pollen dispersal. Petals are 

modified leaves. Angiosperms currently dominate the flora of the 

world -- over three fourths of all living plants are angiosperms.

Insects evolved from primitive segmented arthropods. The mouth parts of

insects are modified legs. Insects are closely related to annelids. 

Insects dominate the fauna of the world. Over half of all named 

species are insects. One third of this number are beetles. 

The end of the Cretaceous, about 65 million years ago, is marked by 

a minor mass extinction.  This extinction marked the demise of all 

the lineages of dinosaurs save the birds.  Up to this point mammals 

were confined to nocturnal, insectivorous niches. Once the 

dinosaurs were out of the picture, they diversified. 

_Morgonucudon_ , a contemporary of dinosaurs, is an example of 

one of the first mammals. Mammals evolved from therapsid 

reptiles. The finback reptile _Diametrodon_ is an example of a

therapsid. One of the most successful lineages of mammals is, of 

course, humans. Humans are neotenous apes. Neoteny is a process 

which leads to an organism reaching reproductive capacity in its 

juvenile form. The primary line of evidence for this is the 

similarities between young apes and adult humans. Louis Bolk 

compiled a list of 25 features shared between adult humans and 

juvenile apes, including facial morphology, high relative brain 

weight, absence of brow ridges and cranial crests. 

The earth has been in a state of flux for 4 billion years. Across this 

time, the abundance of different lineages varies wildly. New 

lineages evolve and radiate out across the face of the planet, 

pushing older lineages to extinction, or relictual existence in 

protected refugia or suitable microhabitats. Organisms modify 

their environments.  This can be disastrous, as in the case of the 

oxygen holocaust.  However, environmental modification can be 

the impetus for further evolutionary change. Overall, diversity has 

increased since the beginning of life. This increase is, however, 

interrupted numerous times by mass extinctions. Diversity appears 

to have hit an all-time high just prior to the appearance of humans. 

As the human population has increased, biological diversity has 

decreased at an ever-increasing pace. The correlation is probably 

causal.

SCIENTIFIC STANDING OF EVOLUTION AND ITS CRITICS

The theory of evolution and common descent were once controversial 

in scientific circles. This is no longer the case. Debates 

continue about how various aspects of evolution work.  For 

example, all the details of patterns of relationships are not fully 

worked out. However, evolution and common descent are 

considered fact by the scientific community.

Scientific creationism is 100% crap. So-called "scientific" 

creationists do not base their objections on scientific reasoning or 

data. Their ideas are based on religious dogma, and their approach 

is simply to attack evolution. The types of arguments they use fall 

into several categories: distortions of scientific principles (the 

second law of thermodynamics argument), straw man versions of 

evolution (the "too improbable to evolve by chance" argument), 

dishonest selective use of data (the declining speed of light 

argument) appeals to emotion or wishful thinking ("I don't want to 

be related to an ape"), appeals to personal incredulity ("I don't see 

how this could have evolved"), dishonestly quoting scientists out 

of context (Darwin's comments on the evolution of the eye) and 

simply fabricating data to suit their arguments (Gish's "bullfrog 

proteins"). 

Most importantly, scientific creationists do not have a testable, 

scientific theory to replace evolution with. Even if evolution turned 

out to be wrong, it would simply be replaced by another scientific 

theory. Creationists do not conduct scientific experiments, nor do 

they seek publication in peer-reviewed scientific journals. Much 

of their output is "preaching to the choir."

The most persuasive creationist argument is a non-scientific 

one -- the appeal to fair play. "Shouldn't we present both side of 

the argument?," they ask. The answer is no -- the fair thing to do 

is exclude scientific creationism from public school science 

courses. Scientists have studied and tested evolution for 150 

years. There is voluminous evidence for it. Within the scientific 

community, there are no competing theories. Until scientific 

creationists formulate a scientific theory, and submit it for 

testing, they have no right to demand equal time in science class 

to present their ideas. Evolution has earned a place in the science

curriculum. Creationism has not. 

Science is based on an open and honest look at the data. Much of 

creationism is built on dishonest debating techniques and special 

pleading for a case the data does not support. Science belongs in 

science classes. Evolution is science. Creationism is not. It's that 

simple.

The creationist attack on public school education means that school 

children are denied the possibility of learning about the most 

powerful and elegant theory in biology. Politicians are willing to 

allow the scientifically ignorant, but politically strong, to wreck the 

educational system in exchange for votes. People interested in 

evolution, and science education in general, need to closely watch 

school board elections. Creationist "stealth" candidates have been 

elected in several regions. Thankfully, many have been voted out 

once their views became apparent. 

The majority of Americans are religious, but only a minority are 

religious nuts. The version of religion the far right wants to impose 

on America is as repulsive to most mainstream Christians as it is to 

members of other religions, atheists and agnostics. Most informed 

religious people see no reason for biological facts and theories 

to interfere with their religious beliefs. 

THE IMPORTANCE OF EVOLUTION IN BIOLOGY

"Nothing in biology makes sense except in the light of evolution." -- 

Theodosius Dobzhansky 

Evolution has been called the cornerstone of biology, and for good 

reasons. It is possible to do research in biology with little or no 

knowledge of evolution. Most biologists do. But, without evolution 

biology becomes a disparate set of fields. Evolutionary explanations 

pervade all fields in biology and brings them together under one 

theoretical umbrella.

We know from microevolutionary theory that natural selection 

should optimize the existing genetic variation in a population to 

maximize reproductive success. This provides a framework for 

interpreting a variety of biological traits and their relative 

importance. For example, a signal intended to attract a mate could 

be intercepted by predators. Natural selection has caused a trade-

off between attracting mates and getting preyed upon. If you assume 

something other than reproductive success is optimized, many things 

in biology would make little sense. Without the theory of evolution, 

life history strategies would be poorly understood. 

Macroevolutionary theory also helps explain many things about 

how living things work. Organisms are modified over time by 

cumulative natural selection.  The numerous examples of jury-

rigged design in nature are a direct result of this. The distribution 

of genetically based traits across groups is explained by splitting of 

lineages and the continued production of new traits by mutation. 

The traits are restricted to the lineages they arise in. 

Details of the past also hold explanatory power in biology. Plants 

obtain their carbon by joining carbon dioxide gas to an organic 

molecule within their cells. This is called carbon fixation. The 

enzyme that fixes carbon is RuBP carboxlyase. Plants using C3 

photosynthesis lose 1/3 to 1/2 of the carbon dioxide they 

originally fix. RuBP carboxlyase works well in the absence of 

oxygen, but poorly in its presence. This is because photosynthesis 

evolved when there was little gaseous oxygen present. Later, when 

oxygen became more abundant, the efficiency of photosynthesis 

decreased. Photosynthetic organisms compensated by making more 

of the enzyme. RuBP carboxylase is the most abundant protein on 

the planet partially because it is one of the least efficient.

Ecosystems, species, organisms and their genes all have long 

histories. A complete explanation of any biological trait must have 

two components. First, a proximal explanation -- how does it work? 

And second, an ultimate explanation -- what was it modified from? 

For centuries humans have asked, "Why are we here?" The answer 

to that question lies outside the realm of science. Biologists,

however,  can provide an elegant answer to the question, "How did 

we get here?"

--------------------------------------------------------------------- 
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"'My boy,' he said, 'you are descended from a long line of 

determined, resourceful, microscopic tadpoles--champions every 

one.'" 


 --Kurt Vonnegut from "Galapagos" 

