Chapter 6     PLANT ADAPTATIONS TO THE ENVIRONMENT I: 

         PHOTOSYNTHESIS AND THE LIGHT ENVIRONMENT.

The sun is the energy source that keeps most organisms alive.

Photosynthesis converts radiant (solar) energy to chemical energy.

Almost all organisms depend on photosynthesis directly or indirectly.

Exception to this are the hot vent ecosystems found at the bottom of the oceans.

See: http://www.pmel.noaa.gov/vents/PlumeStudies/plumes-whatis.html
        http://oceansjsu.com/105d/exped_dive/1.html
Producers are organisms that can make organic molecules from inorganic substance.

Most producers are photoautotrophs and use light as energy source for manufacturing organic compounds from CO2 and H2O.

Organisms that cannot make their own organic compounds and must obtain them from other organisms are called heterotrophs. 

Consumers and decomposers are heterotrophs.

PHOTOSYNTHESIS

Photosynthesis is the biochemical process that utilizes radiant energy from sunlight to synthesize carbohydrates from CO2 and H2O in the presence of chlorophyll.

Photosynthesis is the conversion of light energy into chemical bond energy.

6CO2 + 12 H2O ( C6H12O6 + 6O2 + 6 H2O

LIGHT AND DARK REACTIONS.

When a molecule absorbs one photon of light, one of its electrons is energized and moves into a higher energy level (excited state).

1. The excited electron may return to its original lower energy level (ground state) emitting a less energetic photon. This is called fluorescence. They may also release energy in the form of heat.

2. An electron acceptor molecule may accept the excited electron.

The only photons absorbed are those whose energy is equal to the difference between the ground state and excited state.

A particular compound absorbs photons corresponding to specific wavelengths, which is why each pigment has a unique absorption spectrum.

The energy of the absorbed photon is converted to the energy of an electron raised from the ground level to an excited state.

Chlorophyll is the compound involved in absorbing radiant energy resulting in its electrons becoming energized, excited. 

The energized chlorophyll electron is transferred to an electron acceptor.

The lost chlorophyll electron is replaced with electrons taken from water through photolysis.

· This process of splitting water to obtain electrons is called photolysis.

· Two water molecules produce oxygen, O2, and four protons, H+.

Electrons move along the transport system resulting in the synthesis of ATP and NADPH. 

ATP and NADPH are energy carriers that bring the now chemical energy harvested by chlorophyll to another set of reactions that do not involve light. From there comes the name Dark Reaction. The dark reaction of photosynthesis is better known as the Calvin-Bensen Cycle because of its cyclic nature of restoring the original reactant.

The energy brought by ATP and NADPH is eventually passed on to carbohydrates.

It is in the dark reactions that CO2 is biochemically incorporated into carbohydrates.

The first step in the dark reaction is when CO2 into a five-carbon molecule called ribulose biphosphate, RuBP, to form two three-carbon molecules of 3PGA, 3-phosphoglyceric acid. 

· This initial step is called carboxylation.

· Carboxylation is catalyzed by the enzyme rubisco, ribulose biphosphate-carboxylase oxygenase.

“The enzyme Rubisco, short for ribulose-1,5-bisphosphate carboxylase/oxygenase, is the enzyme that incorporates CO2 into plants during photosynthesis. As it constitutes about 30% of the total protein in a plant leaf, Rubisco is probably the most abundant protein on earth and a major sink for plant nitrogen. Rubisco is widely accepted as the ultimate rate-limiting step in photosynthetic carbon fixation.”
http://www.pnas.org/cgi/content/full/97/24/12937
In two subsequent reactions, PGA is converted into glyceraldehyde-3-phosphate, G3P.

These two reactions utilize six molecules of ATP and six molecules of NADPH resulting in the energy rich G3P.

The ATP and NADPH were produced in the light reaction of photosynthesis.

For every six G3P molecules produced in this step, one G3P is converted to carbohydrate and the other five molecules restore the five-carbon ribulose biphosphate through a biochemical complex pathway.

Photorespiration

The process of photorespiration is very complex and involves the chloroplasts, peroxisomes and mitochondria.

Rubisco can also catalyze the incorporation of oxygen into RuBP. Rubisco is an oxygenase.

RuBP + O2 →→→ 3-PGA + 2 phosphoglycolate 





└─────→ 3PGA + CO2 + ADP + Pi
Phosphoglycolate + O2 + ATP → PGA + CO2 + ADP + Pi (Note: equations are not balanced)
A chain of reactions in the peroxisomes and mitochondria convert the 2-phosphogycolate to the amino acid serine and eventually to 3-phosphoglycerate, which enters the Calvin cycle. One ATP is used in the process of making 3-phosphoglycerate in the chloroplast. 

· 3-phosphoglycerate is also known as phosphoglyceric acid, 3PGA, when referring to the Calvin cycle.

So the final result of the oxygenation of RuBP is the release of CO2, and lost to the making of carbohydrates, and the expenditure of ATP.

Oxygenation and carboxylation of RuBP is a competitive process in which the molecule in the highest concentration will result in a higher or lower yield of carbohydrate. 

But the new UC Davis study suggests that there is more to photorespiration than meets the eye and any attempts to minimize its activity in crop plants would be ill advised.
"Photorespiration is a mysterious process that under present conditions dissipates about 25 percent of the energy that a plant captures during photosynthesis," said Arnold Bloom, a professor in UC Davis' vegetable crops department and lead researcher on the study. "But our research has shown that photorespiration enables the plant to take inorganic nitrogen in the form of nitrate and convert it into a form that is useful for plant growth."
The UC Davis team used two different methods to demonstrate in both wheat and Arabidopsis, a common research plant, that when plants are exposed to elevated levels of atmospheric carbon dioxide or low levels of oxygen -- both conditions that inhibit photorespiration -- nitrate assimilation in the plant's shoot slows down. Eventually, a shortage of nitrogen will curtail the plant's growth. 
"This explains why many plants are unable to sustain rapid growth when there is a significant increase in atmospheric carbon dioxide," said Bloom. "And, as we anticipate a doubling of atmospheric carbon dioxide associated with global climate change by the end of this century, our results suggest that it would not be wise to decrease photorespiration in crop plants." 

UC Davis, News and Information, 27 July 2004. http://www.news.ucdavis.edu/search/news_detail.lasso?id=7097
More on photorespiration: http://www2.mcdaniel.edu/Biology/botf99/photodark/photorespiration.htm
http://www.steve.gb.com/science/photorespiration.html
UPTAKE OF CARBON DIOXIDE

The CO2 found in the atmosphere diffuses into the leaves where it is utilized in photosynthesis by the mesophyll cells.

CO2 is constantly being used inside the leaves when sunlight and enough moisture are available. This process creates a gradient between CO2 in the atmosphere and CO2 inside the leaf. 

As long as photosynthesis occurs, the gradient draws CO2 into the leaf.

There are several causes of resistance to the flow of CO2 from the atmosphere into the leaf and to the site of carboxylation. The most important cause is the aperture of the stomata and the density of stomata. This is called stomatal resistance, rs.

The reciprocal of stomatal resistance is stomatal conductance, gs.

Stomatal conductance tells us the rate of flow or exchange in mol/m2/s. 

The rate of CO2 uptake or photosynthetic or assimilation rate can be expressed as:

· A = (Ca - Ci)/rs = (Ca - Ci) x gs
A = assimilation rate, µmol/m2/s.

Ca = CO2 in the atmosphere.

Ci = CO2 inside the leaf.

rs = stomatal resistance.

gs = stomatal conductance.

Ca - Ci = diffusion gradient.

 As photosynthesis and the demand for CO2 decreases, the stomata tend to close, reducing the rate of flow of CO2 into the leaf.

TRANSPIRATION

Transpiration is the loss of water through the stomata. 

The transpiration rate is related to the gradient of water between the inside of the leaf and the outside atmosphere.

The air inside the leaf is close to saturation, and the diffusion gradient favors the escape of water vapor through the stomata.

Water is replaced in the leaves with water taken up by the roots and transported upwards.

The diffusion gradient from the interior of the leaf to the outside is much greater for water than for CO2, and creates a major problem in water conservation.

Plants close their stomata when the vapor pressure deficit rises: stomatal resistance increases.

The balance between photosynthesis (need for CO2) and transpiration (loss of water) is an important constraint that influences the characteristics of plants and where they can live.

Aquatic plants do not have stomata.

CO2 dissolves in and reacts with water and forms HCO3¯ . This reaction is reversible and a dynamic equilibrium exists between HCO3¯ and CO2.

In aquatic plants CO2 is absorbed directly through the leaf membrane.

Aquatic plants can convert HCO3¯ into CO2 using the enzyme carbonic anhydrase.

· The HCO3¯ can be actively transported into the leaf.

· The plant can excrete the enzyme into the surrounding water and then absorb the CO2 produced.

· Diffusion of CO2 is 104 times slower than in air.

DARK RESPIRATION

Photorespiration reduces the photosynthesis output by 30 to 50% and occurs only in photosynthetic cells in the light.

Photorespiration involves the utilization of oxygen and the production of carbon dioxide.

Dark respiration is another name for cellular respiration. It takes place in the mitochondria of cells.

It involves the oxidation of carbohydrates and the production of ATP.

ALTERNATIVE PHTOSYNTHETIC PATHWAYS: C4 AND CAM PLANTS

Dehydration is a danger for terrestrial plants.

Plants have to compromise between photosynthesis and transpiration.

· Opening of the stomata allows CO2 to enter the mesophyll of the leaf, the site of photosynthesis.

· Opening of the stomata allows the escape of water from the leaf: transpiration.

The problem

In hot, dry days, most plants close their stomata in order to conserve water.

The concentration of CO2 in the spaces in the mesophyll of the leaf begins to decrease as soon as the stomata close, and the concentration of O2 begins to increase.

C4 plants

It is also called the Hatch-Slack pathway.

CO2 is not very abundant in the atmosphere: 0.03% of atmosphere.

Diffusion of gases occurs only across moist surfaces

Leaves and other structures are covered with waterproof substances to prevent dehydration.

Entry of CO2 is limited to the stomata, which lead to the interior of the leaf, the mesophyll.

Mesophyll cells contain chloroplasts and carry on photosynthesis.

When conditions are hot and dry, the stomata close to prevent excessive water loss, also preventing CO2 from entering the leaf interior.

C4 fix carbon in the form of a four-carbon compound before entering the Calvin cycle.

C4 plants have a unique leaf anatomy: bundle sheath cells and mesophyll cells; this is called Kranz anatomy.

The bundle sheath cells form a tight ring around the veins and veinlets of the leaf.

The stomata are often closed in hot and dry climates when the maximum amount of light is available for photosynthesis.

1. C4 reactions take place in the mesophyll of the cell.

2. The CO2 is fixed into the  4-C oxaloacetate by the enzyme PEP carboxylase, which is converted to malate and requires NADPH.

3. Malate moves into the chloroplasts of the bundle sheath cell, 

4. CO2 is removed from malate and pyruvate is produced.

5. The generated CO2 then enters the Calvin cycle.

6. Pyruvate returns to the mesophyll where is converted to phosphoenolpyruvate, PEP.

The key component of the C4 pathway is the enzyme PEP carboxylase, an enzyme found in the mesophyll cells of leaves.

Compared to rubisco, PEP carboxylase has a very high affinity for CO2 even at very low concentrations.

C4 have to have the stomata partially open in order to conserve water. This condition causes the concentration of CO2 decrease and that of O2 increase.

PEP carboxylase catalyzes the reaction by which CO2 reacts with the 3-C compound phosphoenolpyruvate, PEP, to form oxaloacetate, a 4-C molecule.

When light is abundant, the rate of photosynthesis is limited by the concentration of CO2.

PEP carboxylase can fix carbon when rubisco cannot.

This process, C4,

· Brings down the concentration of CO2 in the mesophyll .

· Increases the concentration of CO2 in the bundle sheath cells.
· Carboxylation is favored over oxygenation.

· The low concentration of CO2 creates a steep diffusion gradient for CO2.
· Increases the fixation of CO2 for a given stomatal conductance.
Because PEP carboxylase has such a high affinity for CO2, C4 plants tolerate higher temperatures and higher light intensities, lose less water by transpiration, and have higher rate of photosynthesis and growth than plants that use only the Calvin cycle.

Several thousand species of plants exhibit the C4 metabolic pathway e. g.  sugar cane, corn and crabgrass.

Disadvantage: at lower temperatures (below 25ºC) and light intensities, C3 plants are favored because they do not require as much energy to fix CO2.
C4 and C3 occur at different locations (cells) in the leaf.

· Some C4 plants are sugarcane, maize, sorghum, amaranths, crabgrass and switchgrass, a tall grass from the American prairie, and many other grasses. 
· C4 pathway has also been observed in diatoms.

· C4 is absent in algae except diatoms,  bryophytes, ferns, gymnosperms and primitive angiosperms.

THE CRASSULACEAN ACID METABOLISM OR CAM.

CAM is similar to C4 pathway. 

CAM has been detected in over 1000 angiosperms in 23 families. 

Desert plants use CAM in photosynthesis, e. g. succulents (Crassulaceae, Euphorbiaceae), cacti, and members of the pineapple family (Bromeliaceae). 

CAM plants lack the Kranz anatomy.

The stomata close during the day to prevent excessive evaporation and open at night when temperatures are cooler and the vapor pressure deficit is lower. This reduces water loss through transpiration. 

PEP carboxylase fixes CO2 at night in the mesophyll of the cell when the stomata are open.

Oxaloacetate is formed and immediately converted to malate (C4) and store in cell vacuoles.

· Pyruvate (3-C) + CO2 → Oxaloacetate (4-C) → Malate (4-C)

When light is available, CO2 is removed from malate by a decarboxylation reaction, and is made available to the Calvin cycle, and the pyruvate returns to eventually be converted to oxaloacetate, thus completing the cycle.

Disadvantage: because CAM plants close their stomata during the day, they compete poorly with C3 and C4 except in conditions of extreme aridity.
CAM and C3 occur at different times within the same cell.

· C3 and C4 plants show a spatial separation of metabolic steps.

· C3 and CAM plants show a temporal separation of metabolic steps.

· C4 and CAM plants show a temporal separation of metabolic steps.

On the global scale, the estimate food produced by plants is 160 billion metric tons of carbohydrate per year.

· 1 metric ton = 1.1 tons or 1,000 kg or 2,200 pounds.

Photosynthesis provides the energy and building material for ecosystems.

Cactus, mother-in-law tongue (Sanseveria), pineapple family (Bromeliads), agaves, yucca, some ferns, jade plant, euphorbs (spurges), some grapes, some orchids,  

Agavaceae: agaves, yucca

Cactaceae: cacti
Liliaceae: some of the lilies

Euphorbiaceae: spurges
Polypodiaceae: some ferns

Orchidaceae: some orchids (Phalaenopsis)
Portulaceae: purslanes

Vitaceae: few grapes
Weltiwitschiaceae: odd gymnosperm of Namib desert
CARBON ALLOCATION

Only the green cells of the plant are autotrophic. All other cells consume but do not produce food, e. g. roots, trunk wood and most parts of branches.

Most plants manage to produce more organic material than they need for respiration and growth. The extra carbohydrates are stored in roots, stems, fruits, seeds, and leaves.

The allocation of carbon to leaf tissue promotes the fastest growth. It increases the photosynthetic surface, which increases the rate of carbon uptake as well as carbon loss due to respiration.

Allocation to non-photosynthetic tissues, e.g. stem and roots, increases respiration but does not affect carbon uptake, which occurs in the green parts of the plant.

· Roots are essential in the acquisition of minerals and water. 

· Stems transport these materials to other parts of the plants. 

If water and minerals become scarce, the plant allocates more carbon to these parts than to photosynthetic tissues in order to increase their growth and possibility of finding new supplies.

LIGHT

Review some ideas:

The sun is the energy source that keeps most organisms alive.

Photosynthesis converts radiant (solar) energy to chemical energy.

Light is a form of energy called electromagnetic energy or electromagnetic radiation.

Light is composed of particles of energy that travel as waves.

Light is part of the electromagnetic spectrum, the entire range of electromagnetic radiation.

Visible light consists of a mixture of wavelengths ranging from about 380 nm to 760 nm.

· Violet has the shortest wavelength and red the longest.

Light also behaves as particles or packets of energy called photons.

The energy of the photon is inversely proportional to its wavelength: the shorter the wavelength the greater the energy of the photon.

The atmosphere filters out a large amount of radiation, but allows visible light to pass through.

Chlorophyll absorbs light mostly in the blue and red areas of the visible spectrum.

Green light is not appreciably absorbed but reflected by chlorophyll.

Chloroplasts also have accessory pigments called carotenoids, which are yellow and orange.

Carotenoids absorb light at ranges different from chlorophyll and broaden the spectrum of light that provides energy for photosynthesis.

Some carotenoids act as protectors that dissipate excess light that might damage chlorophyll.

The peak absorption of light occurs in the blue and red areas of the visible spectrum.

Visible light is referred to as photosynthetically active radiation, PAR.

RESPONSE OF NET PHOTOSYNTHESIS TO VARIATION IN PAR.

PAR: photosynthetically active radiation.

The units used to measure the actual quantity of photons are µmols photons/m2/s, photon flux.

In the dark there is a net loss of carbon in the form of CO2 due to cellular respiration, and no carbon uptake because there is not photosynthetic activity.

As light becomes available, photosynthesis increases and begins to offset the carbon loss in cellular respiration.

At some point the carbon uptake in photosynthesis equals the carbon loss in respiration. This point is called the light compensation point.

As photosynthesis continues to increase, there is more carbon uptake than carbon loss in respiration. This increase will continue until some other factor, like diffusion of CO2 into the leaf, begins to limit photosynthesis.

At this point the rate of photosynthesis begins to decline until further increase of PAR will not result in an increase of photosynthesis. This point is called the light saturation point.

Why a light saturation point?

· This may be due to an accumulation of electrons over and above those that can be transferred to NADP at the end of the light reaction.

· Availability of CO2, which exists in very low concentration in the atmosphere, may be a limiting factor. 
Many C4 plants do not exhibit light saturation due to their high rate of carboxylation.
PLANT RESONSE TO REDUCED PAR.

Reduced PAR causes an immediate reduction of photosynthesis.

A long-term reduction of PAR causes changes in the biochemistry and morphology of the plant. 

Under reduced light conditions → less photochemical reactions → less rubisco and other compounds → lower rate of photosynthesis → leaves continue to maintain a positive rate of CO2 uptake.

Less carbon is lost and fewer uptakes take place resulting in a lower compensation point.

In general, leaves grown in reduced light tend to be larger and thinner than those grown in full light.

Changes in carbon allocation also occur, e.g. decrease ratio of root mass to leaf area.

These morphological changes increase the chances to capture light, the limiting factor. 

PLANT ADAPTATIONS TO VARITION IN THE PAR ENVIRONMENT.

Species adapted to high light intensity are called shade intolerant. Those adapted to  shade environments are called shade tolerant. 

Shade tolerant species show little difference in their survival and growth rates under shaded or sun.

Shade intolerant species were, however, greatly impaired when growing in shaded conditions.

This is due to the difference in light compensation point between and carbon allocation between the two species:

· Shade tolerant plants can maintain a positive carbon uptake under limited light.

· Shade intolerant plants continue high rate of photosynthesis under low light intensity thus affecting their ability to survive, due to a deficit in carbon uptake.

In aquatic environments, light intensity decrease rapidly with depth.

Phytoplankton is inhibited under high intensity light, so they move to deeper zones where the light intensity is optimum. As light intensity changes, they move up or down the water column.

Phytoplankton and macrophytes are adapted to different wavelength of visible light. 

RESPONSE TO ULTRAVIOLET RADIATION.

Laboratory experiments show that UV-B radiation can damage DNA, partially inhibit photosynthesis, alter the growth form of plants, and reduce yield.

Plants defend themselves against UV damage by having anthocyanins, colorless flavonoids and other phenols that absorb UV-B radiation but transmit PAR to the interior of the leaf. 

Plants have a wide range in their ability to screen UV-B radiation.

· e.g. in a group of Rocky Mountain plants growing at high elevations, conifers were the most effective in absorbing UV radiation and herbaceous dicots were the least effective; woody dicots and grass were in between. Conifer leaves are long lived and have evolved mechanism to protect themselves during their long life; herbaceous dicots are short lived and are exposed to UV less time. 

PERIODICITY AND PLANT PROCESSES

Light serves as timing mechanism to keep plant activity in tune with the daily and seasonal changes in their environment. 

Photoperiod is the length of daylight in a 24-hour day, 
· e. g. 10 hours of light in 24-hour day: the photoperiod is 10 hours.

A physiological response to a photoperiod is called photoperiodism.

Critical daylength: when the duration of sunlight promotes or inhibits a response to changing photoperiod.

The length of the night or continuous darkness controls flowering and other responses to photoperiod. 

Phytochrome detects the varying periods of day length.

Some plants measure the length of the night very accurately, not flowering if the night is one minute shorter than the critical length.

Some plant flower after a single exposure to the photoperiod required. Others require several days of exposure. Others still require a previous exposure to another environmental stimulus before they respond to the photoperiod.

The photoreceptor is a phytochrome. It consists of a protein covalently bonded to a nonprotein part that functions as chromophore, the light absorbing part of the molecule.

How it works: 

· Phytochrome occurs in two forms: one form, Pr, absorbs red light at 660 nm and the other form, Pfr, absorbs far-red light at 730 nm.

· Pfr absorbs some red light, so in red light, there is a balance of 85% Pfr and 15% Pr. 
· Pr absorbs very little far red light, so in far red light, there is a balance of 97% Pr to 3% Pfr. 
· When either form absorbs its preferred wavelength, it changes to the other form. They called this phenomenon photoreversibility.

· Pfr was considered to be the active form and Pr the inactive form of the phytochrome.

· If a plant is kept in the dark, Pr remains in that form and all the Pfr is converted to Pr.

· At sunset, the plant converts the Pfr to Pr. Pfr absorbs in the far-red, almost the infrared.

· At sunrise, the plant converts the Pr to Pfr. Pr absorbs in the visible range, the red.

Short-day plants (long-night plants) flower when the night length is equal to or greater than some critical period. They require certain number of hours of darkness before they flower.

· Plant detects the shortening of the day or lengthening of the night.

· Minimum critical night length varies with the species.

· Fall flowers like poinsettias and chrysanthemums.

· The Pfr inhibits flowering.

· They need long nights in order to flower; long nights lower the concentration of the inhibitor Pfr.

Long-day plants (short-night plants) flower when the night length is equal to or less than some critical period.

· Plant detects the lengthening of the day and shortening of the night.

· Maximum critical night length varies with the species.

· Spring flowers.

· The Pfr induces flowering.

· They need short nights in order to flower; short nights maintain a high concentration of the inducer, Pfr. 
Day-neutral plants do not respond to photoperiod.

· Many originated in the tropics where there is little difference in day length throughout the year.

· Tomato, beans, corn, cucumber, etc.

Phytochromes monitor the amount of shade a plant receives.

Seasonality: changes in light, temperature and moisture due to the change of seasons.
Phenology: recurring biological events due to seasonality.
Plant budding, bird migration, insect larva appearing, flowering, fruiting, etc. are all phenology events.

In the spring events occur about four days later for every degree of latitude northward.

Spring moves northward at an approximate rate of 17 miles/day.

Events occur about a day later for every 100 feet of elevation.

Hopkin's microclimatic law is a rule of thumb: events occur about four days later 

· for every degree (~68 miles; ~108.8 km) of latitude north.

· for every 400 feet (122 meters) of altitude higher.

· for every 5° of longitude eastward in the spring.

· The process is reversed in autumn, e.g. leaves change color four days later as we move south, or fall arrives four days earlier as we move north.

Phenology is greatly affected by microclimate.

· E.g. spring flowers will bloom earlier in warm microhabitats.

