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Lecture 1
Define biological evolution as a fact and theory
General definition of evolution is that it is change in the inherited traits of populations over several generations.
Evolution as a fact: Any change in the inherited traits of a population that occurs from one generation to the next.
Evolution as a theory: The theory that all organisms on earth today are descendants of ancestors that arose in the distant past. 
Purpose of studying evolution?
· Evolution makes sense of biological facts as a whole 
· Understand the entire natural world, including our place in it 
· Explains where biodiversity comes from 
· Similarities and differences between species, where they are found, their adaptations and their weaknesses
·  Fight disease causing viruses and bacteria, why they become resistant to our drugs
· Why insects and weeds become resistant to pesticides and herbicides
· Changing evolutionary trajectories due to global changes to climate, invasives and pollution 
· How did we get here? How did we acquire our powers of reasoning and language?
Describe the relationship between modern and fossil whales
The phylogeny of cetaceans indicates that they all descend from a common ancestor, rather than having evolved independently from separate ancestors on land.
The fossils of whales document the gradual reduction and simplification of the pelvis (from ancestral to current whales). In a living whale today, the pelvis is still present, but only as a tiny vestige embedded in the whale’s body.
Embryologists discovered that leg-building genes also become active in dolphin embryos, as they do in mammalian development. They help build tiny buds of tissue, but these buds stop growing after a few weeks and then die back. This suggests that evolutionary loss of hindlimbs in the ancestors of dolphins and whales took place when a chance mutation occurred in a regulatory gene, turning off the expression of a developmental pathway.  
Overall take away: Whale and fish lineages, evolving independently, converged o n body forms that are superficially similar. Ambulocetus is a fossil whale with legs. This animal had traits which were intermediate between modern whales and their terrestrial ancestors. Scientists have used different lines of evidence to show the evolution of whales. This includes a chemical analyses of whale fossils which show a transition from last to estuaries to the open (Oxygen isotopic signatures were more similar to land-dwelling mammals than seawater species). Furthermore, there are changes in the shape of their skeleton (dense bones, nostrils at the top of the whales, and teeth similarities/differences). As further evidence of their evolution from terrestrial mammalian ancestors, whales begin to develop hindlimbs.
Whales and Cows are linked by fossil evidence
· Homology: Structural characters that are shared because they are inherited from a common ancestor. Mammary glands and lungs of whales and land mammals are examples of homology.
· DNA from cetaceans (whales, dolphins, and porpoises) and artiodactyls (cows, goats, camels, and hippos) linked these species together. 
· Artiodactyls have a unique trait on their ankle bone. Living cetaceans don’t have this traits because they don’t have hind legs. However, ancient cetaceans did have the double-pulley astragali. The presence of this trait in both basal species (along the lineage) suggests that they share a common ancestor. Another homology between Whales and Cows is the similarities in the PRNP gene (among many others).
Compare and contrast natural selection and artificial selection as mechanisms of change
Natural selection is a mechanism that can lead to evolution, whereby differential survival and reproduction of individuals cause some genetic types to replace (outcome) others. There are 3 conditions which must be present for natural selection to occur: (1) There must be a variation in traits among individuals (2) these differences should be heritable (3) The difference in traits should result in differential survival and reproduction. 
Natural selection and artificial selection can both result in changes in a species. Natural selection however occurs natural while selective breeding only occurs when humans intervene. In the class example, we see that cows are more influenced by artificial selection while the evolution of whales was more of a product of natural selection. 
 Natural selection in the virus…
· The flu virus is another example of natural selection. This is because viral strains with beneficial mutations increase in frequency through natural selection. The virus cell may have a random mutation that enables it to be no longer recognized by the immune system. Viruses with these mutations go on to survive and reproduce. This explains why we need new vaccines every year.
· Viral assortment occurs when genetic material from different strains gets mixed into new combinations within a single individual. Re-assortment of the influenza virus is terrifying because it could blend dangerous elements of pig or bird flu with infectious potential of human flu, instantaneously generating a strain that is both deadly and infectious. 
· Overall…natural selection favors new variants of influenza virus that can escape detection (or destruction) by the immune system.

Compare and contrast natural selection and other mechanisms of evolutionary change
1. Mutation
A mutation is any change to the genomic sequence of an organism. This change may impact the individuals ability to reproduce/replicate. 
2. Natural Selection
Natural selection is a mechanism that can lead to evolution, whereby differential survival and reproduction of individuals cause some genetic types to replace (outcome) others. There are 3 conditions which must be present for natural selection to occur: (1) There must be a variation in traits among individuals (2) these differences should be heritable (3) The difference in traits should result in differential survival and reproduction.
3. Genetic Drift
Genetic drift is evolution arising from random changes in genetic composition of a population form on generation to the next. 
4. Geneflow (Migration)
Evolution can occur as a result of genes being transferred from one population to another. This gene flow occurs when there is migration. The loss or addition of individuals can change the gene pool frequencies. 
* Mutations and geneflow are the only two mechanisms which can introduce new variation into a population*
Others?
Symbiosis, lateral gene flow + others














Lecture 2
Identify some misconceptions about the theory of evolution
1. Evolution is NOT a march of progress

Evolution is not ladder-like. In reality, new species result from branching events

2. Evolution vs Natural Selection

Evolution does not equal natural selection. Evolution is change and natural selection is one mechanism of change. As such, evolution (change) can occur through natural selection. Other mechanisms of change include: mutation, genetic drift, gene flow, and selection (artificial, natural, or ecological.

3. Evolution is random?

Evolution is a combination of random and non-random processes. Mutations are random, while natural selection is the non-random spread of particular mutations.

4. Does evolution occur because of need?

Evolution does not identify need! Mutations do not occur because they would be adaptive in an environment. Rather, if a beneficial mutation was to occur, it may increase in frequency through selection.

Tiktaalik is often called a “transitional form”, one that spans both sides of a major transition in evolutionary history of vertebrates from water to land. In this case, from swimming in water to walking on four legs on land. 
	Fish-like Features
	Terrestrial tetrapod-like features

	Gills
	Lungs

	Fins
	Mobile Neck

	Scales
	Wrists



“Terrestrial features originally arose in creatures like Tiktaalik because…random genetic changes occurred, resulting in changes in morphology that allowed them to survive and reproduce in their surrounding environment. The tetrapod body plan evolved gradually, over perhaps 40 million years ago. The earliest tetrapod’s probably still lived in water!
Examples of some adaptations from water to land: development of wrists, digits, larger pelvic girgle, loss of dorsal fin/caudal fin, loss of bony skeleton, and nostril connected to mouth. 

It wasn’t because they needed a new environment, it was just because those individuals who had the phenotypes to survive in a mixed water/land environment (shallow seas, in fact) were able to survive and reproduce better.

5. For the good?

Evolution has no foresight! It operates at the level of the genes and the reproductive success of individuals

6. Best? Complex?
Evolution does not identify need, choose between good/bad, or always become more complex.

Example is the wing. There is not best wing. Although there are several different wings, they are optimal within their own respective environments. 

7. Evolution is NOT just a theory!

A theory means a guess or speculation in everyday speech. In science, it means a well supported explanation of some aspect of the natural world that is acquired through scientific method and repeatedly tested and confirmed. It is the most reliable form of scientific knowledge. 
















Lecture 3
Define horizontal gene transfer and describe some examples.
Horizontal gene transfer describes the transfer of genetic material—other than from parent to offspring (non-genealogical) —to another organism, sometimes a distantly related one, without reproduction. Once this material is added to the recipient’s genome, it can be inherited by descent. 
Horizontal gene transfer is also the DNA moved between species within the same generation
This is quite common in prokaryotic genomes. It is also suspected to occur in sponges, cnidarians, rotifers, nematodes, molluscs, arthropods… and probably even vertebrates.
According to the Universal Gene-Exchange Hypothesis, early organisms (common ancestral community of primitive cells) had rampant horizontal gene transfer. Early cells were less complex and were continuously changing overtime.  As cells grew more complex over time, they were less impacted by HGT. There would come a stage in the evolution of cellular organization where the organismal genealogical trace (recorded in common histories of the genes of an organism) goes from being completely ephemeral to being increasingly permanent. This point in evolution, this transition, is appropriately call the “Darwinian Threshold.” It is at this point that 3 stable/permanent linages emerged: Bacteria, Archaea, and Eukarya. Thus, the “Darwinian Threshold” can be thought of as a root of the universal tree.
The reason why the treelike representation of history does not necessarily apply to micro-organisms is due to extensive horizontal gene transfer between lineages of prokaryotes. Biologists therefore propose considering the relationships among unicellular life-forms as phylogenetic “networks” or “webs”.
Possible example in molluscs…

The sea slug Elysia chlorotica incorporates chloroplasts from the algae that it ingests. Scientists are currently investigating if algal nuclear photosynthesis genes were transferred to the nuclei of the slug.
Describe historical and recent efforts to understand prebiotic chemical reactions.
There is a hypothesis of the PreBiotic Soup. According to this hypothesis posited by Miller and Urey, reducing atmospheric pressure + lightning (energy source) gave rise to monomers (simple organic molecules including amino acids, sugars, and nucleic acids). Using an experimental model similar to the ones present during primitive earth, Miller and Urey were able to show that amino acids are relatively easy to produce.

The Alkaline Hydrothermal Vents hypothesis is a more recent explanation. The Hydrothermal vents possess an energy source in the form of a pH gradient (alkaline vent & acidic ocean. The vents had tiny compartments/chambers which were created by minerals.
Describe the self-replicating molecules that could have preceeded cellular life
The problem with the first genetical material. Genotype requires a genetic code (DNAProteins). The questions is how genetic material evolved?
RNA can act as BOTH genetic material and as an enzyme. The prebiotic environment likely contained ribose, phosphate, purines and pyrimidines. In vitro experiments have shown that ribozymes are capable of key molecular processes like template-based extension and replication. Ribosomes are ribozymes essential for formation of proteins from messenger RNA and highly conserved among organisms. 
Explain how protocells could be compartmentalized both with; or without, membranes. 
Compartmentalization is key to cellular life. The abiotic lipid sphere could have acted as a protocell (a self-organized precursor to cellular life or tiny mineral chambers in an alkaline hydrothermal vent, could have done the same (acted as a safe compartment for the stability of chemical reactions.
Define LUCA and phylogenetic event horizon and explain how the two terms relate to one another. 
LUCA The Last Universal Common Ancestor
Some inferred characteristics of LUCA…
1. Possession of DNA, RNA, and proteins
2. Protein synthesis on ribosomes
3. Use of universal genetic code
4. Transcription and translation similar to extant life
5. Use of ATP for energy
This is in fact not true because LUCA was not the first life form on earth or the only life form on earth at the time. 
Phylogenetic event horizon: A point in the history of life beyond which phylogenetic analysis cannot see.
At the base of the tree of life is the last universal common ancestor (LUCA). LUCA was not a single organism, but a population of organisms. LUCA was not the first life-form, or the only life-form present at the base of the tree of life. But, by definition, it is the only one that left any descendant lineages that remain to this day.
When we use phylogenetic analysis, we cannot see back beyond LUCA, for LUCA is a common ancestor to any group of living species that we might choose to analyze. LUCA represents a phylogenetic event horizon: a point in the history of life beyond which phylogenetic analysis cannot possibly see.
Lecture 4
Be able to use the key terms to describe a phylogenetic tree 
 Phylogeny: A visual representation of the evolutionary history of populations, genes, or species.
It is an HYPOTHESIS that is supported by data from morphological or genetic traits.
Trait: Any observable characteristics of an organism. This could be morphology, behaviour, embryology, or genetic sequences.
Taxon: A group of related organisms that make a unit of classification
Nodes: A point where a lineage splits
Branch & Tip: Lineage-> Taxa (taxon)
Root: Common lineage from which all other taxa are derived
Sister Taxa: Two branches which share a node.
Monophyletic Group or clade: An organism (population or taxon) and all of its descendants.
Identify the relationships among taxa on a phylogenetic tree including the extent of common ancestry. 
Synapomorphy: Shared derived trait/character for a particular clade. Clades can be determined by synapomorphies, which create homologies. 
Homologies- Traits similar due to common decent. Homology is any similarity between characters that is due to their shared ancestry (ex. Vertebrate limbs).
*Not all homologies are synapomorphies but synapomorphies do create homologies. 
Homoplasy: character state similarity not due to common descent. Essentially, it is a character shared by a set of species but not present in their common ancestor (ex. Octopus and fish eyes)
· Two methods of homoplasy:
a) Convergent Evolution: Independent evolution of similar trait. Convergent evolution is the process whereby organisms not closely related (not monophyletic), independently evolved similar traits as a result of having to adapt to similar environments or ecological niches.
b) Evolutionary reversals: Reversion of a derived character state to a form resembling its ancestral character state
Provide some examples of the uses of phylogenetic trees for understanding evolution. 
Traits are necessary for phylogenetic inference because…
1. Observations of traits are used to infer patterns of ancestry and descent among populations. These patterns are represented in graphical hypothesis as phylogenetic trees.
2. We can study the sequence and timing of evolutionary event by mapping additional traits onto a phylogeny that we have already made.
Be able to sketch and describe the key features of rooted and unrooted trees. 
Explain how to produce a phylogenetic tree from a simple data matrix using the principle of parsimony. 
Be aware of different methods of constructing phylogenies and that different types of evidence can be used or combined.
























Lecture 5
Identify the lineages on the tree of life that are multicellular.
Tree Diagram: Only 2 members which have all members as unicellular (take away point-multicellularity has evolved multiple times). Best insight to the evolution of multicellularity on a tree is through showing lineages where there are some multicellular and some unicellular taxa.
 Evolutionary mechanisms applied to multicellularity:
A multicellular organism possesses multiple cells that remain associated following cell division. 
Multicellularity will evolve based on the same evolutionary mechanisms that can be applied to any other trait.
1. There is variation in a population. In this case, a random mutation may lead to multicellular individuals in a unicellular population
2.  The variation among individuals is heritable, such that multicellular organisms produce multicellular offspring.
3. There is differential success of multicellular and unicellular organisms. If multicellularity evolves, then being multicellular must result in an overall advantage. 
Explain the evolutionary advantages and disadvantages of being multicellular.
	Advantages
	Disadvantages

	-Division of labor by differentiation of cells (having different types of cells with different functions.
-Size increase protects genes
-Allows creation of stable internal environment.
-Overcome physical constraints
-Large size means an unfilled niche. They can take advantage of a wider variety of resources.
-Protection-Can recover even if partially injured. Protection for both the individual organism and its genome.
	-Needs to eat more because it more energy to sustain life.
-For reproduction , they need to grow for a longer time before they can be “born” or be independent. Can’t reproduce quickly because it is more complex.
-If one cell type (organ) fails, the entire organism can die.



Describe the evolutionary mechanisms that lead to multicellularity.
The evolution of multicellularity from unicellular ancestors occurs by small steps, with subtle change in genes and genomes.




Describe the types of changes that occur in the evolution of multicellularity.
Define ‘endosymbiont’ and describe how they are formed.
Endosymbionts are mutualistic organisms that live within the body or cells of another organism.
Example: Corals
- There is an association between animals and algae (zooxanthellae). Algae photosynthesize and animals provide protection.
-Coral bleaching is the result of the algae dying.
Explain how mitochondria and chloroplasts are derived by endosymbiosis, and how their genomes evolved.
Primitive cells captured bacteria that provided the functions that evolved into mitochondria and chloroplasts. Mitochondria and plastids (gave rise to chloroplast) are endosymbiotic bacteria that coevolved with their hosts until they became organelles, rather than free-living organisms.
Oxygen consuming bacteria took up residence inside some of the first eukaryotes, possibly parasites that used up their hosts ATP. Gradually, the relationship shifted from parasitic to mutualistic. Early eukaryotes exploited the energy provided by their new resident, and they gradually abandoned their own energy-generating proteins. From those early hosts, all of the lineages of living eukaryotes evolved. As these primitive mitochondria replicated inside their host cells, their DNA mutated. Some of those mutations deleted genes that were no longer necessary for their survival, now that they were protected inside another cell. Other mutations caused genes to be transferred from the mitochondria to the DNA in the nucleus of the cell.
Plants descended from single-celled eukaryotes that originally were most likely microscopic predators, feasting on bacteria (predatory protozoans). At some point however, they became hosts to bacteria that could carry out photosynthesis. After engulfing the photosynthetic bacteria, the two coevolved into photosynthetic algae, which eventually colonized land and gave rise to photosynthetic plants.
 Effect on the genome…
Chloroplasts arose from cyanobacteria, mitochondria arose from proteobacteria. Both organelles have conserved their prokaryotic biochemistry, but their genomes are reduced, and most organelle proteins are encoded in the nucleus.
Two new changes occurred as the bacterium become integrated into the recipient cell and evolved into the mitochondrion (or chloroplast). 
1. The organelles have far fewer genes than an independent bacterium, and have lost many of the gene function that are necessary for independent life (ex. Metabolic pathways).
2. Many of the genes encoding for the organelles functions are located in the nucleus now, meaning that these genes have been transferred there from the organelle. 
Describe the role of horizontal gene transfer in endosymbiosis. 
Horizontal gene transfer describes the transfer of genetic material—other than from parent to offspring (non-genealogical) —to another organism, sometimes a distantly related one, without reproduction. Once this material is added to the recipient’s genome, it can be inherited by descent. 
Mitochondria and chloroplast genomes are reduced, and most organelle proteins are encoded in the nucleus. Many of the genes encoding for the organelles functions are located in the nucleus now, meaning that these genes have been transferred there from the organelle. The mitochondria of the present day have a genome that is smaller than its ancestral version because genes have either been lost or incorporated into the nucleus of the host.





















Lecture 6
Microevolution: Evolution occurring within populations. These include adaptive and neutral changes in allele frequencies.
Macroevolution: Evolution above the species level. This includes origination, diversification, and extinction.
Illustrate the reasons for adaptive radiations with examples 
Adaptive radiation is a process in which organisms diversify rapidly from an ancestral species into a multitude of new forms, particularly when a change in the environment makes new resources available, creates new challenges, or opens new environmental niches. 
Adaptive radiation may occur because of:
1. Environmental Changes
2. Mass extinctions of competitors. 
3. Genetic Changesvariation 
4. Entirely different ecological niches.
*Key innovations can transform how organisms interact with their environment.
An example of adaptive radiation is Hawaiian Honeycreepers. These are located on the Hawai’ian islands. There are 50 or so species of Honeycreepers which all diversified from a common ancestor. Because the islands are separated, they have different ecological niches. As such, honey creepers on these islands adapted to take advantage of their ecological niche. This is evident in the wide array of bill shapes and sizes to accommodate for eating seeds, fruit, snails, and nectar.
Another example is Darwin’s Finches on the Galapagos Islands. The finches had adapted to take advantage of feeding in different ecological niche's (Different islands with under-contested resources). Darwin observed that several species had unique beak shapes. The differences were acted upon by natural selection and resulted in the evolution of the finch species, which led Darwin to his theory.
Categorize the different types of fossils and how they provide evidence for evolutionary patterns.
Fossils are remains or traces of a organism that lived in the past (generally > 10,000 years old). Fossils show us how much, or how little, organisms have changed over time. By examining these, scientists can gain insight into the habitat, nutrition, form, body tissues, and morphology of organisms. Changes in these characteristics (or the emergence/disappearance of species) over time can be examined to draw relationships with ancestral and more recent species.
Types of fossils:
1. Compression/impression
2. Cast/mold fossils
3. Mineralized fossils
4. Unaltered remains
Describe the changes in life on Earth that occurred during the Cambrian Explosion. 
The Cambrian explosion was a relatively short span event, occurring approximately 541 millions years ago in the Cambrian period, during which more major animal phyla appeared, as indicated by the fossil record. It produced arthropods with legs and compound eyes!
This explosion is particularly remarkable because all major animal body plans appeared during this time, change the biosphere forever. The rapid appearance of a wide variety of animals – particularly bilaterians – led to the development of radical new ecological interactions such as predation. 
Describe some evidence for the Cambrian Explosion. 
Edicaran fauna (650 million years ago) :
Many radial symmetry. Most on bottom of ocean (benthos)
Cambria Fauna//biota (500 million years ago)
Burgess Shale

Identify potential ecological and genetic causes of the Cambrian Explosion 
The Cambrian explosion actually emerged out of a complex interplay between small environmental changes that triggered major evolutionary developments. Some scientists now think that a small, perhaps temporary, increase in oxygen suddenly crossed an ecological threshold, enabling the emergence of predators. The rise of carnivory would have set off an evolutionary arms race that led to the burst of complex body types and behaviours that fill the oceans today
1. Environmental: Warming + retreat of glaciers + O2 increased in ocean (increased energy due to aerobic metabolism) and increased calcium
2. Ecological: Swimmers, burrowers, predators, prey 
3. Genetic- new genes->new body forms (many new forms of the hox genes emerged, which correlates to the time of the Cambrian explosion. 
Explain the role of gene expression and mutation on the emergence of novel phenotypes.
Hox genes are a group of regulatory genes that control the timing and path of development. The products of Hox genes are proteins, specifically transcription factors which turn other genes on or off. Patterns of Hox gene expression in a developing embryo influence genetic pathways that ultimately lead to the production of body parts.
Orthologs are genes in different species that evolved from a common ancestral gene by speciation’s. They retain function.
Homologous Hox genes: Paralogs are genes related by duplication within genomes. Paralogs evolve new function!
The location of Hox gene expression is important in the developing embryo. Hox genes can influence more than one developmental pathway. 
Lecture 7
Illustrate with examples some of the mechanisms that contribute to the evolution of new genes. 
Mutations and gene duplication can result in the evolution of new genes. 
Different types of mutations include point mutations, insertion, deletion, gene duplication, inversion, chromosome fusion, and genome duplication. 
Example Gene duplication in mouse embryo.
The development of both flies and mice is controlled by Hox genes. These genes a homologous to one another as they share structural similarity (best explanation). Therefore, these genes are orthologs. In the vertebrate lineage, the entire Hox gene cluster was duplicated twice, producing four sets of genes. This gene duplication possessed by the same species means that it has Hox gene paralogs.  
Briefly outline the possible fates of genes after they have been duplicated.
The possible outcomes of gene duplication include:
a) Gene loss = non-functionalization (this outcome is the most common)
b) Functional Divergence
1. Neofunctionalization: One copy takes on a NEW function due to mutation
2. Sub-functionalization: Each copy retains PART of the original function
c) No functional divergence = increase in genetic robustness
Describe the relationship between genome size and complexity, and illustrate with an example what has been observed about this relationship in Eukaryotes. 
Genome size does not appear to correlate with “complexity” in Eukaryotes, but does seem to be correlated in prokaryotes. 
Describe the relationship between gene number and genome size as well as genome structure in Prokaryotes and Eukaryotes. 
In prokaryotes: genome size correlates with gene number in bacteria (85-95% coding sequences). Furthermore, genome size also correlates with lifestyle in bacteria—free living bacteria seem to have a greater genome size compared to obligate symbionts. In the average eukaryote, most of the genome does NOT code for proteins. In humans, only 1.2% of our 3.5 billion bases in our genome are protein-coding segments. The remainder of the genome is composed of elements such as non-coding regions for RNA, regulatory regions, pseudogenes (non-functional genes), mobile genetic elements, or regions of no known function. 
Genome Size:
1. Do organisms with bigger genomes have more genes?
Eukaryotes-NO
Bacteria and Archaea-YES

2. Do more complex organisms tend to have more genes?
Eukaryotes-NO
Bacteria and Archaea-Possibly

3. Do more complex organisms tend to have bigger genomes?
Eukaryotes-NO
Bacteria and Archaea-Possibly
Compare the frequency and evolutionary timing of polyploid formation in animals and plants.
Polyploidy Whole genome duplication (haploid, diploid, triploid, tetraploid)
Evolutionary and ecological importance of polyploidy
· Novel phenotypes, for example…flowering time
· Speciation: Polyploidy is a mechanism of instant speciation
Ploidy changes may represent from 2 to 4% of speciation event in flowering plants and 7% in ferns.
· Ecological Diversification: Polypoids often can colonize new habitats
· Adaptive radiations- Hawaiian silverwords. 
