CHAPTER TEN
PHOTOSYNTHESIS
Photosynthesis – Synthesis of chemical compounds in light, especially the manufacture
of organic compounds (primarily carbohydrates) from carbon dioxide and a hydrogen
source (such as water), with simultaneous liberation of oxygen, by chlorophyll-containing
plant cells.
Autotrophs – organisms (like plants) capable of synthesizing organic nutrients directly
from simple inorganic substances, such as carbon dioxide and inorganic nitrogen.
6 CO2 + 12 H2O + light energy -Æ C6H12O6 + 6 O2 + 6 H2O. This is the overall
reaction for photosynthesis.
Heterotrophs – any organism that obtains nourishment from the ingestion and
breakdown of organic matter.
C6H12O6 + 6 O2 Æ 6 CO2 + 6 H2O + chemical and heat energies. This is the
simplest overall reaction for cellular respiration (complete glucose metabolism).
Photoautotrophs – pertaining to organisms which derive energy from light and
manufacture their own food.
Examples of Photoautotrophs that we have studied, or will study

Plants – the predominant producers of food on land.

Multicellular algae – such as the fucus (brown algae) above

Unicellular protists – such as Euglena shown above

Cyanobacteria – prokaryotes like Oscillatoria shown above
Photosynthesis takes place in organelles called "Chloroplasts"
Chloroplasts are found in any part of a plant that is green in color. A square
millimeter of leaf surface may have as many as 500,000 chloroplasts. The green color
comes from the pigment chlorophyll. Chlorophyll absorbs light energy from the sun and
synthesizes organic molecules (mainly carbohydrates). Chloroplasts are found in the
palisade mesophyll and spongy mesophyll of the leaf. The photo below illustrates both
of these mesophyll layers.

Photo of a cross-section of a corn (Zea mays) leaf (X100)

The stomata in the photo above is an opening on the underside of the leaf that allows
gas exchange to take place between the leaf's mesophyll tissue and the atmosphere.
Water absorbed by the roots is delivered to the leaves in veins.
In the leaf chloroplasts are found in the mesophyll cells (about 30-40 to a cell).
Chloroplasts have two membranes (the inner and outer membranes separated by a
intermembrane space) enclosing the dense fluid inside called the stroma. A highly
folded internal membrane called the thylakoid contains an inner space called the
thylakoid space (or lumen). In some places, thylakoid sacs are stacked in columns
called grana.

Chlorophyll is located in the thylakoid membranes. Note that even though
prokaryotes lack chloroplasts they still have thylakoid membranes with chlorophyll.
Chloroplasts split water molecules (not CO2) to produce the O2 molecules that they
release to the atmosphere. The chemical reaction for photosynthesis was given on
page one of these notes as:
6 CO2 + 12 H2O + light energy -Æ C6H12O6 + 6 O2 + 6 H2O
We can simplify this equation by only indicating the net consumption of water as:
6 CO2 + 6 H2O + light energy -Æ C6H12O6 + 6 O2
We can further simplify this equation by dividing by 6:
CO2 + H2O + light energy Æ CH2O + 6 O2 + 6 H2O
Using this simplified equation we can track the fate of the C, H, and O.
The old hypothesis that had the O2 coming from carbon dioxide had two basic steps:
Step 1: CO2 Æ C + O2
Step 2: C + H2O Æ CH2O
Scientists later found that the oxygen released into the atmosphere by plants comes
from the water and not the carbon dioxide. In experiments an oxygen isotope (18O) in
water was used. O2 that came from the plants was found to be the isotope only in the
case where the isotope oxygen was bound to the water and not to the carbon dioxide. The
experiment can be summarized as indicated as follows: (underline denotes labeled
oxygen)

Experiment 1: CO2

+

2 H2O Æ CH2O + H2O + O2

Experiment 2: CO2

+

2 H2O Æ CH2O + H2O + O2

The experiments above illustrate the principle that the oxygen in carbon dioxide is
incorporated into the carbohydrate produced by the plant in the process of
photosynthesis, whereas the oxygen in water is released into the atmosphere.
We can track the fate of all atoms in photosynthesis as:

Note: from the diagram above:
- the carbon in carbon dioxide ends up in the sugar
- the Oxygen in carbon dioxide ends up in sugar and water
- the hydrogen in water ends up in sugar and water
- the oxygen in water ends up being released to the atmosphere.
The most important shuffling above is the extraction of hydrogen from water and its
incorporation into sugar.
The two stages of photosynthesis are known as the light reaction and the Calvin
Cycle.

Light Reactions occur when solar energy is converted to chemical energy. The
simplified diagram above shows light striking the chlorophyll in the Thylakoid
membranes of the grana. The light reactions use solar energy to make ATP (chemical
energy) and NADPH (reducing power) used in the Calvin Cycle.
Chlorophyll absorbs light and uses its energy to transfer electrons and hydrogen from
water to an acceptor called NADP+ (nicotinamide adenine dinucleotide phosphate) which
stores the energized electrons and carries them into the Calvin Cycle. In this process
water is split and gives off O2 as a by-product. The light reaction reduces NADP+ to
NADPH by adding a pair of electrons along with a hydrogen nucleus (H+). The light
reactions also add a phosphate group to ADP to make ATP in a process called
photophosphorylation. The light reactions produce no sugar, that happens in the Calvin
Cycle.
Calvin Cycle reactions occur in the stroma of the chloroplast. The Calvin Cycle uses the
ATP and NADPH produced in the light cycle to incorporate CO2 into organic molecules
(this is called carbon fixation), which are then converted into sugar.
Light Reactions in depth
Light is a form of electromagnetic energy that travels in waves of various wavelengths
from less than a nanometer to more than a kilometer. This entire range of wavelengths is
known as the electromagnetic spectrum. Visible light (necessary for photosynthesis) has
wavelengths of 380 to 750 nm.

Light travels in energy packets called photons. The figure above illustrates that the
amount of energy contained in a photon is inversely related to its wavelength. The
shorter the wavelength the more energy contained. A photon of violet light has twice the
energy of a photon of red light.

One of three things happens when light comes in contact with matter:
1. Light is reflected.
2. Light is transmitted.
3. Light is absorbed.
A leaf appears green because chlorophyll absorbs red and blue light while transmitting
and reflecting green light.

The three curves illustrated above show the wavelengths of light best absorbed by
three types of pigment.
Chlorophyll a (blue-green) directly converts solar energy into chemical energy.
Chlorophyll b (yellow-green) has to convey absorbed energy to chlorophyll a
which then initiates the light reactions.
Carotenoids are hydrocarbons that are various shades of yellow and orange. They
broaden the spectrum of colors involved in photosynthesis and absorb excessive
light energy to protect chlorophyll (photoprotection).

This graph illustrates the effectiveness of different wavelengths of light in
driving photosynthesis. Note that the peaks are broader than those in the absorption
spectrum and the valley is narrower and not as deep. This is partly due to the absorption
of light by accessory pigments such as chlorophyll b and carotenoids which broaden the
spectrum of colors that can be used for photosynthesis.

What happens when chlorophyll absorbs photons of light?
Energy can neither be created nor destroy, but it is changed from one state to another.
When a molecule of chlorophyll absorbs a photon of light, one of the molecule's electrons
(in its normal ground state) is elevated to an orbital where it has more potential energy
(the excited state). Each type of chlorophyll (or carotenoids) absorbs only photons of a
particular wavelength of light, which is why each pigment has a unique absorption
spectrum.
The light absorbing pigments are embedded in the thylakoid membrane. The electron
in the ground state is elevated to the excited state (which is unstable) then drops back to
the ground state in a billionth of a second, releasing excess energy as heat.
In the thylakoid membrane chlorophyll, together with other proteins, is organized into
efficient photosystems.

Note on the figure above. When a photon of light strikes a chlorophyll molecule it
causes a transition of the chlorophyll molecule from its ground state to an elevated
excited state. The electron is boosted by the photon to a higher energy orbital where it
has more potential energy. If the electron is not immediately involved in another
reaction with an electron acceptor it drops down to its ground-state orbital, given off
excess energy in the form of heat and fluorescence.
Electron acceptors are molecules that bind and hold electrons that have been excited
into an higher energy state by photons. This solar-powered (photons) transfer of
electrons from chlorophyll to the primary electron acceptor is the first stage of the light
reaction.

There are two types of photosystems working together in the light reactions of
photosynthesis. They are referred to as:
' Photosystem I - with reaction center chlorophyll a P700 (it absorbs light in the
wavelengths around 700nm (far-red).
Photosystem II – with reaction center chlorophyll a P680 (it absorbs light in the
wavelengths around 680nm (also far-red)
Note: these two pigments (P700 and P680) are actually identical chlorophyll
molecule. Their association with different thylakoid membranes accounts for
their light absorption differences. The two photosystems work together to
generate ATP and NADPH (nicotinamide adenine dinucleotide phosphate)
Noncyclic Electron Flow

Note: on the figure above that Photosystem II (P680) absorbs a photon of light which
excites an electron to a higher energy state where it is captured by the Primary electron
acceptor. We say that the chlorophyll is "oxidized" and is now a strong oxidizing agent
searching for an electron to "file its hole".

Note: An enzyme extracts electrons from water and gives it to chlorophyll P680 to
replaced the electron lost in the first stage. This reaction splits a water molecule into 2
hydrogen ions (H+) and an oxygen atom, which immediately combines with another
oxygen atom to form O2. This is the water splitting step of photosynthesis that releases
O2 to the environment.

Note: The excited electron is passed from photosystem II to photosystem I via the
electron transport chain consisting of an electron carrier called plastoquinone (Pq), a
cytochrome complex, and a copper-containing protein called plastocyanin (Pc).

Note: As the electrons cascade down the Electron Transport Chain their energy is
harnessed by the thylakoid membrane to produce ATP (noncyclic-photophosphorylation).
The ATP produced in this step is used to synthesize sugar in the Calvin Cycle.

Note: The electron fills an electron "hole" in P700 (see the top of page 9 above). A new
photon of light then excites the electron to a higher energy state where it binds with the
primary acceptor of photosystem I. This primary acceptor passes the electron down a
second Electron Transport Chain to an iron-containing protein called Ferredoxin (Fd).
An enzyme called NADP+ reductase transfers the electron from Fd to NADP+. This is the
redox reaction that stores the high-energy electrons in NADPH, the molecule that will
provide power for synthesis of sugar in the Calvin Cycle.

Use the unlabeled diagram of noncyclic electron flow to test your knowledge of what we
have discussed so far. Fill in the 24 white spaces above. Refer to the figure on page 13 if
you need help.
Cyclic Electron Flow
In some circumstances photoexcited electrons take an alternated path called Cyclic
Electron Flow, which uses photosystem I but not photosystem II.

Note: Under certain conditions electrons cycle back to the Cytochrome complex from
ferredoxin instead of transferring to NADP+ reductase, and from there continue on the
P700 chlorophyll. There is no production of NADPH and no release of oxygen. More
ATP is generated. This is called cyclic photophosphorylation. This pathway is
necessary because the Calvin Cycle consumes more ATP than NAPPH. Cyclic electron
flow makes up the difference.

Use the unlabeled diagram of Cyclic Electron Flow to test your knowledge of what we
have discussed so far. Fill in the 10 white spaces above. Refer to the diagram on page 15
if you need help.

Comparison of Chemiosmosis in Chloroplasts and Mitochondria

Note: In both mitochondria and chloroplast electron transport chains pump protons (H+)
across a membrane from a region of low H+ concentration (light brown in the diagram
above) to one of high H+ concentration (dark brown in the diagram above). The protons
then diffuse back across the membrane through the enzyme ATP synthase, driving the
synthesis of ATP.

Use the unlabeled diagram of chemiosmosis to test your knowledge of what we have
learned so far. Label the diagram in appropriate places to test your knowledge of this
process. Refer to the diagram on page 16 if you need help.

Model for the organization of the light-reaction "machinery" within the Thylakoid
membrane

The gold arrows in the diagram above trace the noncyclic electron flow outlined on
page 13 above. As electrons pass from carrier to carrier in redox reactions, hydrogen
ions removed from the stroma are deposited in the thylakoid space, storing energy as a
proton-motive force.
Three steps in the light reactions contribute to the proton gradient:
1. Water is split by photosystem II on the side of the membrane facing the
thylakoid space.
2. Plastoquinone (Pq) transfers electrons to the cytochrome complex and protons
are transported across the membrane.
3. A hydrogen ion is removed from the stroma when it is taken up by NADP+.
The diffusion of H+ from the thylakoid space to the stroma (along the concentration
gradient) powers the ATP synthase. These light driven reactions store energy in ATP and
NADPH. This stores energy is used in the Calvin Cycle to produce sugar.

Use the unlabeled diagram of the Light Reactions and Chemiosmosis above to test
your knowledge of what you have learned so far. Fill in the 27 white spaces. Refer to
the figure on page 18 if you need help.

The Calvin Cycle – uses ATP and NADPH to convert CO2 to sugar

Phase I: Carbon Fixation. The Calvin cycle incorporates CO2 by attaching it to a fivecarbon sugar named ribulose bisphosphate (RuBP). The enzyme that catalyzes this step
is RuBP carboxylase (Rubisco). It is the most abundant protein on earth. CO2 and RuBP
combine to form a 6 carbon intermediate that immediately splits in half to form 2
molecules of 3-phosphoglycerate (for each CO2).

Phase 2: Reduction - Each molecule of 3-phosphoglycerate receives an another
phosphate group from ATP becoming 1,3Bisphosphoglycerate. Then a pair of electrons
from NADPH reduces the 1,3Bisphosphoglycerate to Glyceraldehyde-3-phosphate (G3P)
which is a three carbon sugar. Note:
- for every three molecules of CO2, there are six molecules of G3P.
- only one molecule of G3P can be counted as a net gain of carbohydrates because:
- the cycle started with three RuBP (three 5 carbon sugars = 15 carbons).
- now there are six molecules of G3P (six 3 carbon sugars = 18 carbons) of
which:
- one molecule of G3P exits the cycle to be used by the plant cell.
- five molecules of G3P are recycled to regenerate 3 molecules of RuBP.

Phase 3 – Regeneration of the CO2 acceptor
The cycle uses 3 molecules of ATP to convert five molecules of G3P back into RuBP.
The cycle is now ready to start over.
For the net synthesis of one G3P molecule the Calvin cycle use 9 molecules of ATP
(count them on the diagram above) and six molecules of NADPH. Remember that ATP
and NADPH are generated in the light reactions. Both the light reactions and Calvin's
Cycle are need to make sugar.

Use the diagram above to test your knowledge of the Calvin Cycle. Fill in the 21
white spaces. Refer to the diagram on page 22 if you need help.

Alternative mechanisms of carbon fixation

Plants that live in hot, dry climates often have a problem with dehydration. These
plants have metabolic adaptations to help them conserve water. These solutions often
involve trade-offs such as closing the stomata to prevent water loss from the leave.
Unfortunately this will also prevent CO2 from entering the leave and photosynthesis
can not proceed.
Photorespiration
Most plants are referred to as C3 plants because the Calvin Cycle produces the threecarbon sugar 3-phosphoglycerate. These plants produce less sugar on hot days because
their stomata close. On top of this decrease in sugar production due to the drop in CO2
due to the stomata closing, other events make matters worse.
- rubisco can accept O2 instead of CO2
- rubisco adds O2 to the Calvin Cycle instead of CO2.
- the product of this reaction splits – releasing a 2 carbon molecule that
is exported from the chloroplast and broken down to CO2.
- this is called photorespiration but:
- it generates no ATP
- it produces no food
- it decreases photosynthetic output by siphoning organic material
from the Calvin Cycle.
C4 Plants
These plants preface the Calvin Cycle with an alternative mode of carbon fixation
that forms a four-carbon compound as its first product. Thousands of plants use these
pathways including sugarcane and corn.

C4 plants have an unusual leaf anatomy. As the diagram above illustrates the plant

has two distinct types of photosynthetic cells:
(1) Bundle Sheath Cells – that are arranged into tightly packed sheaths around the
veins of the leaf.
(2) Mesophyll cells – arranged between the bundle sheath and the leaf surface.
The Calvin Cycle occurs only within the chloroplasts of the bundle cells. Prior to the
Calvin Cycle CO2 is incorporated into organic compounds in the mesophyll
Step 1 – In the mesophyll cells the addition of CO2 to phosphoenolpyruvate (PEP) to
form the four-carbon product oxaloacetate. This reaction is mediated by the
enzyme PEP carboxylase. This reaction occurs when the stomata are
partially closed.
Step 2 – The mesophyll cells export their four-carbon product (malate) to bundle
sheath cells through openings called plasmodesmata.

Step 3 – In the bundle sheath cells, CO2 is released and enters the Calvin Cycle.

Use the diagram above to test your knowledge of C4 leaf anatomy and C4 pathway.
Fill in the 17 white spaces. Refer to the diagram on page 24 if you need help.

CAM Plants
Succulent (water-storing) plants (such as cacti) have a second photosynthetic
adaptation. These plants open their stomata during the night and close them during the
day (most plants do the opposite). Closing the stomata during the day prevents water loss
but it also prevents CO2 from entering the leaves. CAM plants take up CO2 at night and
incorporate it into several organic acids. The correct term for this process is
Crassulacean acid metabolism (CAM). The mesophyll cells of CAM plants store the
organic acids they make at night in their vacuoles, until morning when the stomata close.
During the day CO2 is released from the organic acids, and is used to make sugar.

Use the diagram above to test your knowledge of C4 and CAM photosynthesis.
Fill in the 17 white spaces. If you need help go to page 27.

The Importance of Photosynthesis

Light Reactions
* are carried out by molecules in the
thylakoid membrane
* Convert light energy to the chemical
energy of ATP and NADPH
* Split H2O and release O2 to the
atmosphere

Calvin Cycle Reactions
* Take place in the stroma
* Use ATP and NADPH to
convert CO2 to GSP
* Return ADP, inorganic
and NADP+ to the light
reactions

Review of the main points of photosynthesis:
- Light reactions capture solar energy and make ATP and NADPH.
- sugar is produced from carbon dioxide
- the energy that enters the chloroplasts as sunlight becomes stored as
chemical energy in organic molecules.
The energy produced has many functions:
- supplies the entire plant with chemical energy and carbon skeletons.
- all the major organic molecules needed by the plant can be made.
- 50% of the organic material made is consumed as fuel for cellular
respiration by the plant in the mitochondria.
- only green cells are autotrophic.
- the other cells rely on the autotrophic cells for energy.

- most of the sugar is in the form of glucose with is used to make
cellulose – the structure of the plant.
- extra sugar is stored as starch which is the basis of the food chain for
all heterotrophs.

Use the diagram above to test your knowledge of the general principles of
photosynthesis. Fill in the 17 white spaces. Refer to page 29 for information.

