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Silurian and Devonian

Explanation for Cambrian explosion: snowball earth, burrowing, shelled arms race, developmental – hox genes
Always thought that diversity grows over time, but now we realize that diversity was massive and global and occurred very quickly (called evolution’s big bang) and was opposite of what we thought. 

There was always a golden rule that all vertebrate life arose in Cambrian and very quickly. But why?
Snowball earth:
· At end of Proterozoic (after perfecting single celled organisms), earth undergoes a frozen time. If there had been multicellular life, then snowball earth would have stopped everything from developing and caused loss of biodiversity since earth has shut down.
· Continents were aligned (bare rock right now) right at tropics across equator. 
· Oceans are heat sinks. It takes a lot of energy to heat water and water gives a lot of heat when it cools. This keeps planet warm. Now, the bare rock is very reflective and prevents planet from absorbing heat → brings about cooling. Continent is on equator (tropics) where it has a lot of rainfall. Rainfall patterns were like what we see today in the tropics. Rainfall causes massive influx of minerals (due to leeching and erosion) into ocean. 
· Then cyanobacteria and algae can feed on the extra minerals. Cyanobacteria population booms and produces more oxygen which reacts with methane and turns into carbon dioxide. Since methane is better at insulating the planet and we’re losing it, earth will cool. 
· Cyanobacteria then dies out and decomposes in the oceans. Oceans are poisoned due to carbon dioxide released. When it reaches its maximum capacity, it dies, decomposes, scrubs out O2 and produces carbon dioxide.
· Magnesium and calcium are leached into ocean. They react with carbonic acid to make carbonates that precipitate out into ocean. Carbon dioxide that is removed from water and pulls it to carbonate. Amount of dissolved CO2 is removed; thus, ocean pulls it out of atmosphere. We have a poor insulative blanket with little CO2 and little methane.
· This keeps on going and causes carbon dioxide to disappear from atmosphere. 
· Planet cools and starts to freeze. Since ice reflects solar energy off the planet, less energy can be absorbed. This goes on and becomes unstoppable. Whole earth freezes. This is snowball earth
· Ice floats. Living biodiversity exists in deep water. Multicellular life would have all died or not developed. Now all single cells exist and they also undergo massive stress. Everything gets put on hold.
· We still have volcanos that return greenhouse gasses to surface. This slowly builds up insulative blanket, melts the snow, brings back water that can absorb solar energy, and planet warms back up. This influx of minerals will never happen again since life starts forming on land to prevent this.
· Alternative is called slushball earth that says not all completely frozen. Some open water.
· In either case, all diversity that happened on planet halts and waits and starts over when all ice melts.
· Have to realize this is major event that stopped everything from progressing.
· When planet returned to normal, life thaws and returns quickly. We lost diversity but everything picks up where it left off. Don’t have to wait another couple million years for life to spontaneously occur again.
Early animal evolution:
· Cryogenian period was added
Doushantou fossils (early embryos) are older than Cambrian. Embryos need cell cell communication, so there is multicellularity. There was multicellularity before Cambrian. Due to snowball earth, a lot die and there are few survivors. Multicell life has to start over again. 
Ediacaran fossils: there are little organisms arranged on surfaces. Sediments are disturbed when things move around on it. They are very simple form of multicellular life. Fractal geometry: Stalks with 20 branches on each side on which there are stalks with 20 branches and so on. There are many different types of organisms. More evidence that there was multicellularity before Cambrian.
No doubt that major change happened in Cambrian. Algae matt that covered ocean bottom was impenetrable. 

Before Cambrian burrowers, nothing was able to get through ocean bottom cuz algae matt
Cambrian burrowers:
· Burrowers go through sediments.
· Once we get this, we get organisms that can take advantage of algae. Can feed, can anchor themselves, can have protection
· We need to recognize that there are no limitations in what was going on in oceans (no limitations or competition yet)


Shelled arms race:
· Evolution arms race means the struggle between species to evolve or counter evolve their genes.
· Organisms can take CO2 from environment to precipitate it out to protect itself from predators (advantage). Molluscs can hide in their shell. You need to be bigger than it and consume it whole to be able to break the shell and eat it. 
· Mulloscs and Cristae are doing it. Predator and prey get bigger and bigger. This drives diversity and we get big predators. Brand new food source that body plans can exploit and shells arms race.
Organisms develop bilateral symmetry. How is pattern regulated?
· Somehow, ball of cells develops into all different structures that are unique to organism and arrange them with pattern accurate and consistent with all individuals in species. 
· Hox genes are set of genes found in all organisms controlling their pattern.
Transcription factors
· People thought we had one gene for one protein, but now we know that transcription factors take gene or DNA and bends it to get different proteins. Turns sites of genes on and off to make different proteins. Assembles messages from different pieces of DNA that were not linearly related to each other before TF brought them together
· Cell’s fate is determined by mix of transcription factor it experiences and the cell divisions that are associated with it, making anterior/middle/posterior things
· When the fate is fixed but not yet differentiated, it is called determinate
· When we started to look at this, when egg is produced by female, she inputs series of RNA sequences that become transcription factors. 
· This shows there is pattern and genetic programming for patterning.
· Same DNA sequences in fruit fly and mouse. This shows that pattern is regulated in a mouse as in a fruit fly in the same way.
· They can take cells with TF and put it to other places. On fruit fly, they took cells with TF that were to become the legs and put it on head. Legs grew on head. These factors determine the fates of the cells. No reversal if already determined.
· Every animal has rudimentary base set of hox genes and DNA sequences that are nearly identical to each other.
· This shows there was genetic event that occurred that resulted in (not cellular division or random multicellularity) patterned body parts. All sorts of different patterns and could be reproduced form generation to generation, all sorts of pattern and diversity appeared. Once you can control pattern → more diversity.
· Hox genes (patterning genes) arose sometime between snowball earth and Cambrian.
· In this time, there were patterning genes that could make very complex organisms, causing diversity to explode.
· Shows multicellularity was probably occurring before Cambrian.
After Ordovician,
· Mass extinction. At end of Ordovician, continents moved to the north. Caused changes in ocean that affected life there. Huge amount of diversity is lost.


Now we go to Silurian and Devonian period
Survivors reflect kind of invertebrates we see in ocean today. Most are survivors that came through mass extinction.
Continents are starting to align at equator. We see things come up on land. We see plants, organisms coming to feed on those plants. Due to plants on land, there is buffering effect on what caused snowball earth. This is stable time, no ice sheets. Part of ocean is sitting between the continents and is protected against harsh environments. It is incubated
We end up with new organisms. 

Chordata: there was ancestor that survived Ordovician extinction.
· We tend to think of them as vertebrates, but they are invertebrates. 
· First, we have pharyngeal gill slits. 
· There are openings in the mouth for food. Water flows into mouth, out slits as organism swims. Tissues holding slits open developed into gills. 
· Pharyngeal gill slits: water comes in and filters out. You can trap food.
· They have dorsal hollow nerve chord.
· Endostyle notochord traps food. Notochord is skeletal support for them. Endostyle is space in ventral side that makes mucus net to trap food.
· Notochord is cartilaginous rod that has muscles on it. It can’t be compressed when muscles contract, but it can bend. Muscles are arranged in blocks along the organism. You get new locomotion (lateral undulation). You can bend the body and swing lower body back and forth and propel yourself forward that way.
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Organisms didn’t evolve to suit mass extinction, but they had characteristics (preadapted) to get them through the mass extinction.
Animal (chordates) Innovations include:
· Pharyngeal gill slits 
· water comes through the mouth and out gills
· Gill slits came before the endostyle. Dorsal hollow nerve cord
· Endostyle 
· new feeding style. Food gets trapped on sheet of cilia.
· Endostyle on bottom and mucus (mesh) sheet covering other stuff. Particles get stuck on this sheet Cilia take this sheet and scrunch it up), 
· Notochord 
· wiggling motion to help it swim through water. Muscle blocks extend past anus,
· post-anal segmentation. Also called a tail (can lengthen body) and tadpole swimming. 
The lancelets (cephalochordate) also called amphioxus. Show us all of these characteristics. Filter water through cilia in mouth to trap particles and sends it into endostyle and digestive system. It hides in sand instead of swimming.
· Animal has open mouth (no jaw); whole mouth is lined with cilia that filters water and traps food in endostyle and then it is sent into digestive system. Eventually goes out pharynx through slits. 
· Endostyle traps food to be sent through digestive system. 
· Notochord makes it able to swim. All of characteristics of first chordate. 
· No visceral structure in tail past anus
Urochordate are groups that lost all their characteristics and that has some kind of genetic catastrophe and lost huge chunks of their genome. Returned to being sessile filter feeders with swimming larva stage.
·  Enough left for this group to survive with a weird life cycle and form. They produce cellulose to make protective casing (only animal group to make cellulose).
Craniata (Vertebrata):
· Notochord breaks up into little segments still connected to each other. Still functions same way.
· We have brain. Dorsal hollow nerve chord swells and lives inside hollow casing and replace notochord with vertebrae down axis of skeleton
· Then we get vertebrae (the part of the skeleton that runs the length of the body is called the axial)
· Cranium occurred before vertebrae, but vertebrae is most dominate.
· Morphology fooled us because Mixini (hagfish) doesn’t have vertebrae
· Because of their unique behaviour, the vertebrae was lost.
· Can produce huge amounts of slime for protection.
· They can clean themselves of the slime by knotting themselves. Can’t have flexibility if you have vertebrae, so the vertebrate was reduced. Using notochord as support structure. In embryo, the cells that would become vertebrate will degenerate.

Petromyzontid (lamprey) was some of first vertebrates but highly modified descendent.
· Unique feeding structure. Jaw has not evolved (these are jawless fishes. This is Agnatha). So they have to swim with mouth open all the time. Ring of keratinized teeth can latch onto host. Anchors itself onto fish and creates suction to stay on fish
· They have plates all over surface (called armored fishes) and can filter 
· Has teeth on tongue to chew on the fish.
· Produces anti-coagulant that keeps blood flowing and prevents wound healing
· Nostril on top so it can keep breathing and out the gill slits.
· Life cycle: Adults live in ocean and spend their whole life there. When they want to mate, they swim up rivers and creeks into gravel beds. When eggs are fertilized, parents die.
· Lampreys are parasites that live on the outside of their host (called ectoparasite) and are fluid feeders.

Next came the jaws (organisms are called gnathostomata)
· Jaw originally developed because early gnathostomes had muscles to expand and contract their mouth. If you can change size of vugal cavity, they have to fold. Elasticity enlarged the cavity. Jaw allowed organism to fill and empty mouth to be able to get water to gills without being dependent on swimming. 
· Jaw helps respiration
· Gill arches for support → jaws. To pump water more efficiently, the gill support arches were modified to open and close and eventually became a jaw.
· It also was beneficial for trapping food in mouth.
· Paired fins also developed so organism can stabilize themselves when they move. Fins help keep balance. Also, instead of whole body swimming, fins can stabilize motion and head doesn’t waggle back and forth. Stability of sensory organs. The appendicular part of the vertebrate skeleton includes 2 sets of paired fins
· Calcium was also added to the skeleton of all gnathostomes except the sharks and rays.
· Upper jaw of shark is not connected to skull
Also came genome duplication (polyploidy).
· Gnathostome ancestor and others in lineage survived 2 rounds of gene duplication that weren’t detrimental to it
· Now mutations can happen but you have back up copy and can function even if mutation is detrimental.
· Room for “experimentation”. Mutations can happen that modify the body in a positive way and you can take advantage of it.
· Genetic flexibility
· Vertebrates are very diverse. Fish in oceans, amphibians into reptiles on land, big predators and herbivores, birds, some came back to ocean, mammals.
· Bony fish survived another round of duplication and have eight copies of their gene info.

Next came Chondrichthyes
· Cartilaginous skeleton
· Density is closer to water than bone. Less density for sinking. Helps decrease weight of organism
· Placoid scales
· Embedded in epidermis. All backwards directed. 
· There is always resistance when swimming due to adhesion property of water.
· Due to this, surface of skin develops scales and that cuts down on drag of laminar water flow so you can swim faster. Scales are pointed backward
· Heterocercal tail
· Fins are not attached to axial-skeleton. No articulation with skeleton. Just anchored into body wall with muscles. Not very flexible. When it swims, it can’t maneuver very well. 
· Heterocercal tail helps in locomotion
· On their tail, the upper lobe is bigger and vertebrae extends into it. Since it’s above the animal, it would normally push animal down. But it also has fins and prevents animal from sinking and propels animal forward
· These organisms want to be buoyant. 
· Have liver that can constantly produce oil.
· Reduces density of shark and helps achieve neutral buoyancy (oil is less dense than water). Animal doesn’t have to do a lot of work to keep itself floating
· Unique upper jaw bone (can hold prey)
· Teeth helps hold onto prey while it is being tossed around (shark hopes to break it off into smaller pieces)
· Always growing set of teeth cuz it needs to be replaced when teeth break off
· Muscles to clamp down are strong but muscles to open are weak.
· Sharks provide one offspring per year. 
· Unlike all other fishes that produce thousands of potential young hoping for survival, sharks only produce 1 offspring per year
· Protective casing around zygote called mermaid’s purse that is filled with nutrients for the egg. Little shark then eats the nutrients in the mermaid’s purse, escapes and matures.
· This is one of shark’s downfall since not many offspring.
· Shark fin soup is killing too many sharks. Undergoing extinction due to this industry
· Once you take out top predator, you damage whole ecosystem beneath it.

Next are Actinopterygii (these have bones) also called ray finned fishes. Early bony fishes are also called armored fishes because they were coated in protective bony plates
· Pelvic and pectoral fins are moved forward and articulated with body wall. In other words, it can be flapped and moved around
· Fins are power structures to move forward and are for finesse movements
· Fins are filled with thousands of little rays that extend into body wall to retain rigidity
· Suction feeding 
· They can open their jaw very wide and quickly. When you’re swimming and you want to sneak up on prey, you need to open your jaw faster than the prey can detect you. Jaws turned into massive propulsion suction structure.
· Evolved second jaw to feed on food
· Swim bladder
· Bladder full of air. As the fish swims deeper, air is added to bladder to keep constant volume. Even though air is compressed, bladder takes oxygen from blood to maintain neutral buoyancy. Air is removed when it swims up.
· Opercular gill
· Covering on gill called operculum that pulls out. This pulls water out of gills. This is pumping structure that allows movement of water through gills. Fish doesn’t have to constantly swim to breathe.
Lobe finned fishes, also called sarcopterygian
· Bones (not rays) and muscle extend into feet/fins
· Morphology with single bone that anchors fins to skeleton, double bones to follow up. These fins are precursor to limbs 
· Use fins to push head up so it can breathe air.
· These fish can get up out of water to find better water.
· When they get on land, they can eat insects on the land
· These become amphibians
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Plants also started developing in this age
· Very hard to sort them out. 
· Botanists were late to accept cladistics. They always thought the simplest looking plants were the oldest. Always took in morphology. They were the last to move to cladistics.
· Evolved from algae. Share chlorophyll and carotenoids with algae.

Only 8 phyla of plants. This is because we don’t have early explosion of diversity in plants
· Higher groups are more dominant or plants are remnant species found in special locations
· Defining characteristics:
· How cellulose in the cell wall is made (just the presence of cellulose is not as important)
· 2 halves in life. Alternation of generation
Charophyta (plants are evolved from freshwater green algae)
· Has cellulose, but no alternation of generation. Where should the kingdom start? Should it include charophyte or not?
· End up with 2 terms. Verdiplantae include charophytes. Charophytes exist in different morphological periods.
· Some think charophyte are algae, but others think it’s a plant. Still debating
Cellulase rosettes (defining characteristic in plants)
· Cellulose is made from glucose molecules strung together. Cellulose makes microfibril, which makes fibril, which makes the cell wall.
· Cellulose synthase: has aa that are hydrophobic on inside, hydrophilic on outside. It sits in plasma membrane and makes cellulose out of glucose. 
· Each of these enzymes clusters in groups of six. 3 different morphologies in group of six. Always mixture of ABC and self assemble in proper ratio (group of six). Then reassembles into 6 more groups. You get 36 enzymes in a rosette group.
· Only found in plants
· Due to this, Charophyta are included in plants
· Bottom end of synthase are attached to molecular motors travelling along microtubules (the structure is called phragmoplast). When cell wall is made, all molecular motors are gathered there. Motors grab onto rosette and drag it through plasma membrane that bring out microfibrils. Strands always running in different ways. That’s why wall is so strong since they’re in different directions. 
· Cell wall is not just cellulose. Many other elements (pectin, hemicellulose, etc).

· Primary cell wall
· Makes cell division different than animal cells.
· Problem: If cell wall pinches off between the cells, then it cuts off cell cell communication. Killed off multicellular advantage. 
· Microtubules
· No centrioles. We don’t know how microtubules are organized.
· In resting cell stage, microtubules are patterned around cell laying down cellulose
· During reproduction, microtubules arrange in band at center of cell. When cell starts splitting chromosomes, nuclear envelope is gone, microtubules grab onto chromosomes and pull them to opposite poles. Then we have our 2 nuclei. Microtubules don’t disappear. Golgi complex produces vesicles filled with stuff and the vesicles are transported by microtubules to the middle. 
· All these vesicles are in the middle and fuse with each other to form cell plate, but not complete fusion. Little bits of cytoplasm openings between plate (cytoplasmic bridges). This allows cell cell communication. Vesicle turns into cell wall.
· Some vesicles fuse with each other → endoplasmic bridges. This makes plasmodesmata (cytoplasm and smooth endoplasmic reticulum between cells for them to communicate).
· At center, there is set of proteins that will open and close → regulated system.
· Symplastic pathway (transport of materials through cytoplasm)
· Apoplastic pathway (through cell wall and can move water up like paper towel)

Alternation of generation
Sporophyte (diploid)
· Grows into vegetative structure.
· Makes spore (produced inside sporangium) that turns into gametophyte
· Fertilized egg (zygote → sporophyte) stays on gametophyte plant. Gametophyte provides nutrients for sporophyte to undergo differentiation.
· Gametophyte is always supporting sporophyte.
Gametophyte
· is organism that makes gametes through mitosis (already haploid).
· Antheridia → sperm (have flagella)
· Archegonia → egg. Has channel connecting egg to outside. Sperm has to swim to egg, which creates huge problem for land plants.
Transition to land:
· Water conservation. 
· Plants have to make sure that they don’t dry out. Make sure water doesn’t escape form body wall or the gas exchange surfaces.
· Gas exchange surface is also where they collect light. Gas surface is always exposed.
· Protect gametes against drying out
· Sperm has to swim to egg in plants even on land, so they have to be protected against drying out.
· Support system
· Plants want to reach up for more light but has roots stuck in ground. Need it to stand up so it doesn’t flop over.
Liverworts:
· What were the very first plants?
· Are masses of photosynthetic/storage cells called thallus.
· When it’s mature, there are archegonia (umbrella like) where the eggs are. Antheridia (disc like) are where sperm is.
· For fertilization, you have to transport sperm to the umbrella by raindrops. It drops and splats onto the disc and hits underneath the umbrella. Seems problematic.
· Most often it self fertilizes. Can mate with themselves and produce young. This is survival mechanism. If they can’t, then most plants wouldn’t exist.
Gemma cups (asexual)
· Cups in liverwort that contain gemma. Rain hitting cup causes gemma to be washed out and germinate nearby
Liverwort Life cycle
· Sperm swim (using flagella) to archegonia, forming zygote which develops into sporophyte that sits on surface of adult plant.
· When spore is mature, it drops onto ground and becomes an individual
Cell wall has 2 layers: photosynthetic tissue on top and storage tissue underneath by symplastic transportation. Air pores are where gas exchange happens.
· Rhizoids are hair like tissues that look like roots. Cellulose is absorbing water and moves it up the cells by apoplastic transportation.

Next come stomata
· Sporophyte forms.
· Group is called stomatophytes
· Consists of opening of 2 guard cells whose cell walls are extremely thick. If they want to close stomata, the guard cells swell up with water. 
· When not doing photosynthesis, keep them closed.
· Most of plants now are in moist environments.
Then meristem. These are equivalent to stem cells.
· Determinate
· Cells that are determinate undergo linear division and lengthen structure. Can only be in 1 direction and can only be stalk for mosses. Lift spore forming cells into air. 
· Indeterminate can turn into anything (stem cells)
· Isn’t differentiated yet.
· Meristem at every tip of a tree is genetically unique
Mosses are first group with meristems
· Rhizoids stuck in ground that feeds gametophyte. In gametophyte, there is sporophyte that is pushed up into the air by meristem
· Life cycle: 
· Mosses have capsule to hold spores and it helps spores get transported in the air
· Lands onto ground to create gametophytes. They fertilize → zygote
· Zygote then becomes sporophyte
· Spores have protective covering on them to prevent dehydration. 
· Moss sperm cell has two flagella

Next come tracheophyte (vascular plants): 
· We get indeterminate meristem 
· Transport tissue. This has lignin in secondary cell wall.
· Cellulose is food for bacteria. So cells start to protect themselves against bacteria by putting phenol into cellulose cell wall. Phenolic compounds are antibacterial. Lignin is extremely complex form of phenolic compound. Plants become indigestible.
· Sphagnum mosses contain lots of phenol
· If we have primary cell wall, then cells are gonna change metabolism and we have inner surface (secondary cell wall) that is lignified. This makes tracheal cell, also called tracheids (it’s a dead cell) to transport water up the plant. All openings between cells are covered with lignin
· Lignin is hydrophobic, so water doesn’t stick to it. No adhesion properties, but there is cohesion. Evaporation at top of tree pulls water from roots up to the top
· Xylem tissue (the cells that move water are COLLECTIVELY called this) is where water comes through. It is very stiff and hard due to lignin. 
· Phloem tissue move glucose
· Bark on tree is the lignin.
· Fungi produce lignase to digest lignin but not yet. Right now, plants can’t decompose.
· [bookmark: _GoBack]Leaves have waterproof outside called cuticle and wax prevents water loss.
· Coal and oil deposits were created from all the dead materials.
Tracheal cells
· Most abundant cells in plants.
Sieve tube elements
· Living cell
· Always has companion cell beside it.
· Plants always have source of sugar (produced from photosynthesis)
· We have sink that sucks up the source (like apple or potato or where you store plant food for winter)
· Companion cell takes glucose
· Sugar concentration goes up and cell pulls in water. Pressure builds up. 
· Sugar passes into sieve cell
· Companion cell is giving glucose into sink
· When you take sugar out and put it into sink cell, water also goes out cuz cell wants to maintain concentration
· There is suction towards sink cell
· Every spring, leaf buds become sink on sugar maple. Sugar moves up, and we can collect maple syrup. 
Another mass extinction. The many plants moving onto land are pulling O2 out of air.


Eventually, gametophyte life cycle is incorporated into sporophyte. That sperm moves around in pollen.

