Chapter Outline

I. The Sun Drives Photosynthesis




___________________


A. Plants do not use green light for photosynthesis.


B. Elodea (a water plant) produces oxygen (bubbles) in white light.


C. White light from the sun consists of all the colors of the rainbow.


D. Plants use all the colors except green, which is why we see them as green.


E. Variations to the theme include red algae, which reflect some red light.


F. If plants used all wavelengths of light, they would appear black.

G. The evolution of plants that do not use green light may have involved 


competition.



1. Prokaryotes floating on the early ocean absorbed green light.



2. Natural selection favored the evolution of a pigment that absorbed only 




blue and red light.



3. That pigment, chlorophyll, became the photosynthetic pigment of plants.


H. Photosynthesis occurs in the chloroplast using chlorophyll (pigment).


I. Photosynthesis produces carbohydrates and oxygen for the biosphere.


J. Photosynthesis proceeds via the light reactions and the Calvin cycle.


K. The light reactions drive the Calvin cycle.

II. Overview of Photosynthesis
__________________________



Critical concepts include: an overview of photosynthesis, characteristics of autotrophs, localization of photosynthesis, redox reactions, the discovery of the source of O2, and an overview of the two sets of reactions in photosynthesis.

6.1 Photosynthesizers are autotrophs that produce their own food


A. Photosynthesis converts solar energy into chemical energy (carbohydrates).


B. Autotrophs are organisms that make their own food.



1. Include plants, algae, and cyanobacteria


C. Nearly every food chain can be traced back to photosynthesizers.


D. Photosynthesizers are also called producers.


E. Heterotrophs are organisms that take in preformed organic molecules.



1. These are the consumers.


F. Carbohydrates are used as building blocks for growth and energy for work.


G. Ancient plants are the source of today’s coal (fossil fuel).


H. In the future, agricultural crops as well as grasses, algae, and wastes may be 


   used to produce biofuels.


I. Mesophyll cells in the leaves are specialized for photosynthesis.


J. Photosynthesis requires carbon dioxide and water.



1. Roots take up water and the vascular system transports it to the leaves.



2. Stomata (openings) in the leaf allow CO2 to enter.



3. Both water and CO2 are available to the mesophyll cells.


K. Mesophyll cells contain chloroplasts into which H2O and CO2 diffuse.



1. Chloroplasts are membrane bound organelles.



2. Chloroplasts are the site of photosynthesis.


L. Chloroplasts have a distinct structure.



1. A double membrane surrounds them.



2. The stroma is the interior fluid-filled region.



3. The thylakoids are a flattened, sac-like membrane system in the stroma.



4. Grana (sing. granum) are stacks of thylakoid discs.



5. The interior of thylakoid discs is continuous and called the thylakoid space.



6. The thylakoid membrane contains photosynthetic pigments.




a) Chlorophyll is a photosynthetic pigment that absorbs solar energy.



7. The stroma contains the metabolic pathway for carbon fixation.


M. Nearly all living things release CO2 into the atmosphere.


N. This CO2 enters the leaf and is converted into carbohydrate (glucose).

6.2
Photosynthesis involves two sets of reactions: the light reactions and the Calvin 
cycle reactions


A. Photosynthesis involves oxidation and reduction processes.


B. In chemistry, oxidation is the loss of electrons.


C. In chemistry, reduction is the gain of electrons.


D. A hydrogen atom contains one electron and one hydrogen ion (e− + H+).


E. In cells, oxidation is the loss of hydrogen atoms.


F. In cells, reduction is the gain of hydrogen atoms.


G. Redox reaction refers to the fact that oxidation/reduction are linked together.


H. The light reaction occurs when solar energy is available.



I. The thylakoid membranes absorb solar energy and use it to energize electrons 



  taken from water, which splits, releasing oxygen.





H2O ( e− + 2H+ + ½ O2

J. Energized electrons are taken up by a coenzyme called NADP+.



1. After NADP+ accepts electrons, it combines with a H+ derived from water.



2. NADP+ is reduced.



3. NADP+ + 2e− + H+ ( NADPH

K. The Calvin cycle reactions occur in the stroma of a chloroplast.



1. CO2 is taken up and then reduced to a carbohydrate that can be used to 



  form glucose.



2. Reduction of CO2 to a carbohydrate (CH2O) requires atoms supplied by 



  NADPH and energy supplied by ATP, both provided by the light reactions. 
III. The Light Reactions-Harvesting Energy







Critical concepts include: the properties of light and light reactions, electron excitation, the electron transport chain sequence and components, organization of the thylakoid membrane, and the production of ATP and NADPH.

6.3 Solar energy is absorbed by pigments

A. Solar energy is described in terms of wavelength and energy content.



1. Radio waves have the longest wavelength and the least energy.



2. Gamma rays have the shortest wavelength and the most energy.



3. Visible light (white) is in the middle range.




a) Consists of wavelengths from 380 nm to 750 nm.




b) This range includes all of the colors in the rainbow.




c) Red light is around 750 nm and has the least energy.




d) Violet light is around 380 nm and has the most energy.




e) Green light is around the 500 nm range.




f) A standard sequence is: violet-blue-green-yellow-orange-red.


B. The pigments absorb specific wavelengths of light.



1. Absorption spectra show the preferred wavelength absorbed for each 



  pigment.



2. Each pigment has a unique absorption spectrum.



3. The major photosynthetic pigments are chlorophyll a, chlorophyll b, 




and the carotenoids.



4. Chlorophylls a and b absorb violet, blue, and red light better than light of 



  other colors.




a) They appear green due to poor absorption/reflection at 500–600 nm.



5. Carotenoids absorb violet-blue-green best.




a) They appear yellow or orange in color.




b) These pigments poorly absorb wavelengths longer than 500 nm.



6. Chlorophyll is unstable.




a) In the spring and summer, ATP is used to rebuild chlorophyll.




b) In the fall there is not enough energy to rebuild chlorophyll.




c) The amount of chlorophyll in leaves slowly disintegrates and we see 




  yellow and orange pigments in the leaves.

6.4 Solar energy boosts electrons to a higher energy level


A. In the thylakoid membrane, photosystems contain a pigment complex and an 

   electron-acceptor molecule.



1. Each pigment complex consists of antenna molecules and a reaction center.



2. Antenna molecules are light-absorbing pigments.



3. The antenna complex mostly contains carotenoids and chlorophyll a and b.



4. This complex absorbs light and passes the energy to a reaction center.



5. The reaction center is the core structure of the photosystem.




a) Contains a special chlorophyll that passes excited electrons on.




b) The electron moves to the electron-acceptor molecule.


B. Two types of photosystems are present in the thylakoid membrane.



1. Photosystem I (PS I) 



2. Photosystem II (PS II) 



3. Both operate in the same manner as described above.

6.5 Solar energy is converted to the chemical energy of ATP



A. Chloroplasts use electrons energized by solar energy to generate ATP.



B. The electron transport chain is the pathway followed by the electrons.




1. A series of membrane-bound carriers that pass along the electrons.




2. High energy e− enter and low energy e− leave the chain.




3. Energy released as the e− transfers between carriers is used to make ATP.




4. The site of the electron transport chain (ETC) is the thylakoid membrane.




5. e− transfers assist the movement of H+ ions across the membrane.




6. This results in a hydrogen ion (H+) gradient across the membrane.



C. ATP synthase complexes use the H+ gradient to produce ATP.




1. These complexes are proteins that span the thylakoid membrane.




2. They contain channels that allow H+ to pass across the membrane.




3. The H+ move down their concentration gradient.




4. The flow of H+ provides the energy needed to synthesize ATP from ADP 




and P.

6.6 A noncyclic flow of electrons produces ATP and NADPH


A. The path that e− follow in the thylakoid ETC is noncyclic.


B. The noncyclic pathway of an e− is as follows:



1. Absorbed solar energy passes through the antenna complex until it reaches 




the reaction center of PS II.



2. The chlorophyll a in PS II loses an energized e− to the acceptor molecule.



3. PS II requires a new electron to replace the one lost from the chlorophyll.




a) Electrons are removed from water.




b) Water splits, releasing oxygen to the atmosphere.




c) The electron is transferred to the deficient chlorophyll a.




d) Hydrogen ions are released/trapped in the thylakoid space.



4. The e− acceptor transfers the e- down an electron transport chain.



5. During transport, specific carriers move H+ from the stroma into the 




  thylakoid space.



6. This captures some of the energy lost from the e− during its transport.



7. The PS I complex absorbs energy (same as PS II).




a) This excites an electron from the reaction center that is transferred to a 




  different electron acceptor.




b) This leaves an electron deficiency on the chlorophyll.




c) The e− from the ETC is added to the deficient chlorophyll to stabilize it.



8. This acceptor passes the e− on to NADP+ molecules.



9. Each NADP+ accepts two e− and one H+ to form NADPH.


10. This completes the movements of electrons and results in the generation of 



NADPH and a H+ gradient.


How Life Changes:

6A Photosystem I Evolved Before Photosystem II



A. Most bacteria that can produce their own food do not utilize the noncyclic flow 
         of electrons.




1. These bacteria only contain photosystem I.




2. Thus, they make use of a cyclic flow of electrons.




3. ATP is produced and the electrons return to PS I.




4. This produces ATP but no NADPH.




5. To reduce carbon dioxide to a carbohydrate, both ATP and hydrogen atoms 




  are required.



B. Oxygen-releasing photosynthesis involves PS II.




1. PS I cannot split water because it absorbs solar energy at a lower level than 




  PS II.




2. Bacteria that use the cyclic electron pathway use H2S as a hydrogen source 




  and release elemental sulfur (S), not oxygen. 



C. Cyanobacteria utilize the noncyclic electron pathway and release oxygen.




1. Cyanobacteria gave rise to chloroplasts when they were taken up by a pre-




  eukaryotic cell during evolution.




2. Cyanobacteria have a complex structure with flattened membranous sacs 




  (thylakoids) adjacent to the surface of the cell.




3. These were the first organisms to release oxygen into the atmosphere.



D. Oxygen is a poison to organisms because it damages organic molecules.




1. Organisms get rid of oxygen by reducing it to water during cellular 




  respiration.

6.7 A thylakoid is highly organized for its task


A. The molecular complexes in the thylakoid membrane can be divided into “get 
          ready” and “payoff.”


B. “Get Ready” complexes include:



1. PS II



a) Consists of a pigment complex and reaction center




b) Absorbs solar energy and passes it to an electron




c) The electron is passed to an electron-acceptor molecule.




d) Receives replacement e− from water




e) Water splits to release H+ into the thylakoid space and O2.



2. Electron Transport Chain (ETC).



a) Consists of electron acceptors (including cytochrome complexes)




b) Carries electrons from PS II to PS I




c) First e− acceptor pumps H+ from stroma to thylakoid space




d) Develops an electron gradient



3. PS I



a) Consists of a pigment complex and reaction center




b) Absorbs solar energy and sends excited electrons to e− acceptor




c) e− acceptor passes e− to NADP reductase enzyme


C. “Payoff” complexes include:



1. NADP Reductase



a) Enzyme that transfers e− to NADP+ (reduces it)




b) NADP+ also combines with H+ to form NADPH.



2. H+ Concentration Gradient



a) H+ flows down concentration gradient through channel protein.




b) ATP synthase is the channel protein.




c) ATP synthase binds ADP + P to form ATP.




d) This method is known as chemiosmosis.




e) Chemiosmosis is ATP formation due to H+ gradient across a 






membrane.

IV. The Calvin Cycle Reactions-Making Sugars



_____________

Critical concepts include: the stages of the Calvin cycle, where light reaction energy is used, and the fate of G3P.

6.8 ATP and NADPH from the light-dependent reactions are needed to produce a carbohydrate



A. Carbohydrates are produced by a continuous cycle.



B. The Calvin cycle is named after Melvin Calvin, who discovered it.



C. The Calvin cycle can be divided into three stages.




1. CO2 Fixation




a) CO2 (1 carbon, C1) is combined with RuBP (5 carbon, C5).





b) The product is a 6 carbon (C6) molecule.





c) RuBP carboxylase is the enzyme that speeds this reaction.





d) RuBP carboxylase makes up 20–50% of the protein content in 





  chloroplasts.





e) The enzyme is slow, so large numbers need to be present.





f) The C6 molecule immediately splits into two C3 molecules.





g) The C3 molecules are called 3PG (3-phosphoglycerate).




2. CO2 Reduction




a) This stage reduces the 3PG to form G3P (Glyceraldehyde-3-






phosphate).





b) The reduction occurs in two steps.






1) G3P uses energy (ATP) to form the intermediate BPG.






2) BPG accepts electrons (NADPH) and H+ to form G3P.






3) The ATP and NADPH come from the light reactions.





c) G3P represents a carbohydrate due to its base formula: R-CH2O.




3. RuBP Regeneration




a) It takes three turns of the Calvin cycle to complete this stage.





b) 3 CO2 (3 carbons) entering the cycle use 3 RuBP (15 carbons).





d) In order to regenerate 3 RuBP, 15 carbons, which is the equivalent of 5 






G3P (3 carbons each), need to go through the regeneration phase.





e) The ATP comes from the light reactions.





f) One molecule of G3P is left over as net carbohydrate production.

6.9 In photosynthesizers, a carbohydrate is the starting point for other molecules


A. G3P can be converted into many different organic molecules.


B. The biochemical capabilities of plants and algae exceed that of animals.


C. Possible biochemical routes for G3P include:



1. Synthesis of glucose phosphate



a) This molecule is used during cellular respiration to synthesize ATP.




b) This molecule also acts as a precursor for the synthesis of others.



2. Synthesis of sucrose by combining glucose with fructose




a) Sucrose is the transportable sugar in plants.



3. Synthesis of starch from glucose




a) This is the main storage form of carbohydrate in plants.




b) Starch can be stored in chloroplasts or in roots.



4. Synthesis of cellulose from glucose




a) This carbohydrate is used to make cell walls (strength).




b) Cellulose is the main component of fiber in our diets.




c) Humans cannot completely digest cellulose.



5. Synthesis of fatty acids and glycerol



a) These are components of plant oils.



6. Synthesis of amino acids



a) Nitrogen can be added to the G3P hydrocarbon chain.

V. Types of Photosynthesis__________________________________________________

Critical concepts include: comparative analysis of C3, C4 and CAM plants, examples of each, the competitive advantages of each type of photosynthesis, and the role of plants (rainforest) in global warming. 

6.10 C3, C4, and CAM photosynthesis thrive under different conditions


A. C3 Plants


1. In regions where temperature and rainfall tend to be moderate, plants 
            efficiently carry on C3 photosynthesis.



2. C3 plants make a 3-carbon molecule as the 1st stable intermediate following 



   the fixation of CO2 via the Calvin cycle.



3. The 1st stable carbon intermediate is 3PG in C3 plants.



4 When water is limited in the environment, the leaf stomata close.



5. This increases the concentration of O2 in the leaf spaces.



6. The O2 competes with CO2 for the RuBP carboxylase active site.



7. If O2 binds, less CO2 is fixed. 


B. C4 Plants


1. C4 photosynthesis is more efficient in hot, dry conditions.



2. C4 plants produce a 4-carbon stable intermediate 1st following fixation.



3. C4 plants increase the amount of CO2 available to RuBP carboxylase.




a) Leaf anatomy of C4 plants is different than C3 plants.




b) In C3 plants, mesophyll is arranged in parallel rows.




c) In C4 plants, mesophyll is arranged concentrically around the bundle 





sheath cells.




d) Chloroplasts are found in both mesophyll and bundle sheath cells of C4 





plants.




e) The organization helps to limit O2 access to the bundle sheath cells.




f) The Calvin cycle reactions occur in the bundle sheath cells.




g) However, the CO2 is fixed into a C4 molecule in the mesophyll cells.




h) The C4 molecule is pumped into the bundle sheath cells.




i) The C4 molecule then releases CO2 into the bundle sheath cells.




j) The CO2 released is fixed by the Calvin cycle in the bundle sheath cells.



4. Energy is required to pump molecules (more than used in a C3 plant).



5. C4 plants are still more efficient in warmer climates than C3 plants.



6. Moderate weather favors C3 plants.



7. Hot weather favors C4 plants due to a decrease in CO2 availability.




a) Crabgrass is a C4 plant that dominates in midsummer.




b) Kentucky bluegrass is a C3 plant that dominates in spring.




c) Corn is a C4 plant.

C. CAM Plants



1. CAM stands for crassulacean-acid metabolism.



2. CAM photosynthesis is another alternative form of photosynthesis to C3 


      plants.



3. CAM plants excel in hot and dry environments (deserts). 



4. CAM gets its name from the Crassulaceae (family of succulent plants).



5. Representative plants are cactuses, succulents, and pineapple.



6. CAM plants can be compared to C4 plants.




a) Both concentrate CO2 where RuBP carboxylase is present.




b) C4 separates two CO2 fixation reactions spatially (different cells).




c) CAM plants separate two CO2 fixation reactions by time.




d) CAM plants also produce a 4-carbon intermediate as the 1st stable 
            fixation product.




e) CO2 is fixed onto a C3 molecule during the night when stomata are open.




f) This helps the plant conserve water by not opening stomata in the day.




g) CO2 can only enter the plant at night.




h) The C4 molecule is stored in the vacuole until day.




i) In the day, the C4 molecule releases CO2, which is then fixed via RuBP 



   carboxylase.




j) The Calvin cycle then operates as normally during the day only.



7. Photosynthesis in CAM plants is minimal since CO2 is only taken up at night.



8. CAM plants are more competitive in harsh growing environments. 


How Science Progresses:

6B Tropical Rain Forests and Climate Global Change


A. Tropical rain forests occur near the equator.



1. Temperatures are consistently above 26°C.



2. Rainfall is regular and heavy (100–200 cm per year).



3. Most plants are woody and woody vines are abundant.



4. Tropical rain forest area has dwindled from 14% to 6% of land surface.



5. These forests are a major contributor to global CO2 fixation.



6. Considered the most efficient of terrestrial ecosystems


B. Tropical rain forests influence the balance of CO2 in the atmosphere.



1. CO2 levels in the atmosphere have been increasing.



2. The increases are related to the industrial age of the 1850s.



3. Since then, atmospheric CO2 and temperature have been increasing.



4. CO2 in the atmosphere traps heat, increasing temperatures.



5. Since 1850, atmospheric CO2 has increased from 0.028% to 0.038%.



6. Photosynthesis and the oceans are sinks for CO2.


C. Global warming is related to greenhouse gases.



1. CO2 is considered a greenhouse gas since it traps heat energy.



2. These gases are important since Earth would be 33°C cooler without them.



3. However, increasing CO2 results in warmer temperatures than normal.


D. Burning fossil fuels adds CO2 to the atmosphere.


E. The removal of rainforests (10–30 million hectares per year) results in higher 


   than normal CO2 levels being maintained in the atmosphere.


F. Deforestation accounts for 20–30% of all CO2 in the atmosphere each year.


G. The burning of trees also contributes to increased CO2 levels.


H. Speculation suggests that increasing CO2 will result in increased 


   photosynthesis for C3 plants.



1. However, lower productivity is typically associated with higher CO2.



2. Therefore increasing temps may cause more problems than solutions.

