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Introduction
In this session the mechanism of photosynthesis is discussed. The sub- session 1.5 will discuss
the stages of the photosynthesis including light reaction and dark reaction of the photosynthesis
and the regeneration of Ribulose biphosphate (RuBP). The sub-session 1.6 introduces you to the
C4 plants. The sub-sessions 1.7 and 1.8 discuss the factors affecting photosynthesis and the
measurement of photosynthesis respectively.

1.5 The stages of Photosynthesis
For the convenience of study, the process of photosynthesis is divided into two stages namely,
the light reaction and the dark reaction (also referred to as the light phase and the dark phase).
The two phases are interdependent and are closely linked.

a. Light reaction in photosynthesis
The light reaction takes place on the lamellae and especially on the lamellae of grana, where
pigments are concentrated. The light energy absorbed by the various pigment molecules are
eventually transferred to the chlorophyll “a” molecules and from the chlorophyll molecules to a
few special chlorophyll “a” molecules (P680 and P700 are two such special chlorophyll “a”
molecules). This special chlorophyll “a” molecules are referred to as “trapping centres” or
“energy traps”. These trapping centres are the locations at which the light mediated chemical
reaction or the photochemical reactions of the photosynthetic process take place. Absorption of
light energy (or the transfer of light energy to these molecules) by these special chlorophyll  “a”
molecules causes an electron of its molecule (P680) to be raised  to a higher energy level and then
be ejected from the pigment molecule. The ejected electron has more energy or it is said to be
“energized” or “exited”. This energized electron is successfully accepted and transferred through
a series of electron carriers which are arranged on the photosynthetic lamellae in a specific
sequence. Plastoquinone, cytochrome f, ferredoxin and NADP are some of these electron carriers
functioning in this photosynthetic n electron transport system. As the electron is transported
through the chain of electron carrier system, it loses its energy (each electron transfer is
catalyzed   by a specific enzyme). At certain points of the electron transport process the energy
released by the energized electron is utilized to produce ATP from ADP and inorganic phosphate
(Pi).
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ADP + Pi ATP

The formation of ATP which results from the absorption of light energy by the photosynthetic
pigments is referred to as photophosphorylation  or photosynthetic phosphorylation. In ATP a
considerable amount of energy is stored in the chemical bonds when it is broken.

The electron which has now lost a considerable amount of energy is accepted by other
chlorophyll “a” molecules (P700) and (P680) and becomes energized once again before being
transferred to the electron acceptor ferradoxin. The electron is finally transferred to NADP and
along with protons (H+) it forms NADPH.

NADP+ e- + H+ NADPH

NADPH is also an energy rich molecule. It is also a strong reducing agent or in other words it is
said to possess a high reducing potential. The two important products of the light phase are ATP
and NADPH. In fact the wonder of photosynthesis has been accomplished with the light
mediated production of ATP and NADPH. These two compounds supply the energy for many
types of biochemical processes taking place in green tissue. Carbon dioxide reduction is only one
such process.

H2O H+ + OH-

2OH- + 2OH H2O + O2 + e-
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Figure 1. 6: Phase of light reaction: Phosphorylation

Light phase and oxygen evolution in photosynthesis

As stated earlier, during the light phase, electrons are being continuously lost (ejected) from the
special chlorophyll “a” molecules and are finally received by the electron acceptor NADP+. The
lost electrons of the special chlorophyll “a” molecules are in turn replaced by water.
In the presence of water, water is ionized to form H+ and OH- ions. The hydroxyl ions combine
with evolving oxygen and releasing electrons.

It is these electrons that replace the lost electrons of chlorophyll “a”. Thus, as the light reaction
proceeds more water is ionized providing electrons, evolving and increasing the proton
concentration (H+) within the thylokoid discs.  This splitting of water within the chloroplasts in
the presence of water is referred to as photolysis of water. The protons (H+) produced are used up
in the production of NADPH from NADP+. A by-product of light reactions is the oxygen that is
evolved. Hence, it is evident that the oxygen evolved during photosynthesis is derived from
water.
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Dark reactions of photosynthesis

The dark reactions are referred to as such not because they should take place in the dark but
because they do not require light directly for the reactions to take place. During the dark
reactions, carbon dioxide is reduced (or fixed) to form sugars or other carbon containing
molecules, making use of the energy rich compounds ATP and NADPH produced during the
light reaction. Thus dark reactions are dependent on light indirectly and cannot proceed for too
long in the dark. The dark reactions take place in the stroma of chloroplasts. In the initial
reaction of carbon dioxide fixation, a molecule of ribulose biphosphate (RuBP) and a molecule
of water in an enzyme catalyzed reaction produce two molecules of phosphoglyceric acid (PGA)
as products. The enzyme catalyzing the reaction is RuBP carboxylase (i.e., Ribulose biphosphate
carboxylase).

RuBP is a 5 carbon sugar and PGA is a 3 carbon compound. RuBP is referred to as the primary
CO2 acceptor molecule during CO2 fixation.  In the next two reactions, each molecule of PGA is
phosphorylated by ATP and reduced by NADPH by enzyme reactions to give rise to
phosphoglyceraldehyde (PGAL). This is the energy storing step of photosynthesis.
The energy rich compounds formed during the light reactions are made use of in the formation of
PGAL. PGAL is a 3 carbon sugar.

Regeneration of RuBP

In a complex series of reactions involving PGAL and many phosphorylated sugars, RuBP
molecules are reformed to ensure that more molecules of carbon dioxide may be fixed
continuously. Furthermore, ATP from the light reactions is used up for this reaction sequence to
be completed.

Each of these reactions in the series is enzyme catalyzed. Part of the PGAL formed (actually 1/5)
is diverted to regenerate ATP and part of it is converted to sugars or other carbon containing
compounds such as amino acids, proteins, fats, oils, starch etc., depending on the species of the
plant. A majority of higher plants produces sugars and subsequently starch as the main
photosynthate.

The nature of the entire series of reactions beginning with the initial carbon dioxide fixation step
and the final regeneration of RubP was first discovered by Melvyn Calvin and Andrew Benson
(early 1950 -1960) and is named the Calvin-Benson cycle in their honour. It is also referred to as
the C3 cycle of carbon dioxide fixation because the first stable product of carbon dioxide fixation
is a 3 C compound (PGA) – Figure 1.7. Thus, the plants which fixed carbon dioxide only by C3

cycle of reactions are referred to as C3 plants.
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Figure 1.7: Illustrate in a schematic manner the main events of the C3 cycle of reactions

Activity 1

1. What are the main groups of reactions involved in the photosynthesis?

2. Describe briefly, the major reaction that takes place in the group reactions mentioned in Figure 1.7

3. Distinguish between the cyclic and non-cyclic phosphorylation.
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1.6 The C4 plants
There are certain plants in which the first stable product of carbon dioxide is oxaloacetic acid.
These differ from C3 plants in which PGA is the first stable product of carbon dioxide fixation.
These plants are referred to as C4 plants, since the first stable product, oxaloacetic acid (OAA) is
a compound with 4 carbon atoms.  This initial carbon dioxide fixation reaction in C4 plants is
catalyzed by the enzyme phosphoenol pyruvic carboxylase (PEP carboxylase).
Furthermore, the leaf anatomy of C4 plants is different from that of C3 plants (Figure 1.8). In C4

plants the bundle sheath cells have chloroplasts and the mesophyll cells are arranged around the
bundle sheath cell layer in the form of a radiating ring.

Figure 1. 8: Leaf anatomy of C4 plant

The initial carbon dioxide fixation forming Oxalo Acetic Acid (OAA) takes place in the
mesophyll cells. The OAA formed later decarboxylase to yield carbon dioxide and this carbon
dioxide is refixed by the C3 cycles of reactions in the bundle sheath cell layer.  The special leaf
anatomy and this method of carbon dioxide fixation in C4 plants have made these plants more
productive than C3. It is also found that C4 plants are better adapted   to survive under dry and
hot conditions and an extreme temperature of dryness, as existing in the tropics and arid regions.
As mentioned earlier, C4 plants are more productive than C3 plants. Sugar cane, Soya bean,
maize, Napier grass (Pennisetum purpureum) and many other species of the family Poaceae are
C4 plants. Plant physiologists believe that C4 mechanism of carbon dioxide fixation has evolved
later as a biochemical adaptation to arid or tropical conditions.
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Activity 2

1. Describe the leaf anatomy of the C4 plant.

2. Explain the process of initial carbon dioxide fixation in C4 plants.

a. Differentiate the C3 and C4 plants with reference to fixation of carbon dioxide.

Figure 1.9 illustrates the overall process of photosynthesis.

Figure 1.9 Process of Photosynthesis
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1.7 Factors affecting photosynthesis

A. Environmental factors affecting the photosynthetic rate

As is to be expected the intensity of light, quality of light, carbon dioxide concentration,
temperature and water content in the soil are some of the external factors which affect
photosynthesis.

i) Carbon dioxide concentration and rate of photosynthesis

Figure 1.10 illustrates the general effect of altering carbon dioxide concentration in the
environment and its effect on the rate of photosynthesis. If the light intensity and temperature is
kept constant, photosynthetic rate increases with carbon dioxide concentration, up to a point and
then remains constant even when the carbon dioxide concentration is increased.

Figure 1.10: The effect of atmospheric CO2 concentration on the rate of photosynthesis

The carbon dioxide concentration in the atmosphere is approximately 0.03% (330 ppm). This
concentration is insufficient or is not the optimum concentration for photosynthesis, especially
for that of C3 plants.

ii) Photosynthetic rate in relation to light intensity

As illustrated in Figure 1.11, the effect of light intensity on the rate of photosynthesis is similar
to that of carbon dioxide concentration (i.e., Figure 1.10.) If the temperature and carbon dioxide
concentration are kept constant, the photosynthetic rate increases with increasing light intensity,
but only up to a point.
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Figure 1.11: Effect of light intensity on the rate of photosynthesis.

Therefore, a further increase in light intensity has no effect on the rate of photosynthesis and the
rate remains constant.

B. Law of rate limiting factors

When a process is affected by a number of factors, the rate of the process is determined by the
factor which is in shortest supply. Under such situations when a given factor is insufficient,
increasing the level of the other factors which affect the process will have no effect on the rate of
the process. The factor which is in short supply is termed as the limiting factor, meaning that it
limits the rate of the process. This law of limiting factors applies to the rate of photosynthesis
also, because it is affected by many factors such as carbon dioxide concentration, light intensity,
temperature etc.

Activity 3

List the factors that determine the rate of the photosynthesis.

1.8 The measurement of photosynthesis
a) Harvest method

The amount of photosynthesis is measured by determining an increase in dry weight, since most
of the increase in dry weight of a plant is due to carbon dioxide fixation during photosynthesis.
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In this determination, the difference in dry weight at the beginning and at the end of a
photosynthesizing period is determined. In this determination, since the increase in dry weight
due to photosynthesis is relatively small when compared to the original dry weight or the plant
organ, photosynthesis is allowed to take place over a long period of time, to permit accumulation
of sufficient photosynthetic products for better estimation. Furthermore, there is an
underestimation of the amount of photosynthesis that takes place, since respiration takes place
simultaneously and carbon dioxide is released.

b) Gas exchange

Photosynthetic rate may be monitored by determining the rate at which oxygen is evolved or
carbon dioxide is absorbed.

Summary

• Two reactions are involved in the photosynthesis; the light reaction and the dark reaction
(also referred to as the light phase and the dark phase).

• The light energy absorbed by the various pigment molecules are eventually transferred to
the chlorophyll “a” molecules and from the chlorophyll molecules to a few special
chlorophyll “a” molecules (P680 and P700 are two such special chlorophyll “a” molecules).
Absorption of light energy (or the transfer of light energy to these molecules) by these
special chlorophyll  “a” molecules causes an electron of its molecule (P680) to be raised
to a higher energy level and then be ejected from the pigment molecule. NADPH is also
an energy rich molecule. Carbon dioxide reduction is only one such process.

• During the dark reactions, carbon dioxide is reduced (or fixed) to form sugars or other
carbon containing  molecules, making use of the energy rich compounds; ATP and
NADPH produced during the light reaction.

• The dark reactions take place in the stroma of chloroplasts. In the initial reaction of
carbon dioxide fixation, a molecule of ribulose biphosphate (RuBP) and a molecule of
water in an enzyme catalyzed reaction produce two molecules of phsphoglyceric acid
(PGA) as products. RuBP is a 5 carbon sugar and PGA is a 3 carbon compound. The
energy rich compounds formed during the light reactions are made use of in the
formation of PGAL. PGAL is a 3 carbon sugar.

• Two plant groups are recognized based on the number of carbon formed in the first stable
product during the photosynthesis i.e. C3 and C4.

• This initial carbon dioxide fixation reaction in C4 plants is catalyzed by the enzyme
phosphoenol pyruvic carboxylase (PEP carboxylase).

• Furthermore, the leaf anatomy of C4 plants is different from that of C3 plants.  The initial
carbon dioxide fixation forming Oxalo Acetic Acid (OAA) takes place in the mesophyll
cells. The OAA formed  later decarboxylase  to yield carbon dioxide and this carbon
dioxide is refixed by the C3 cycles of reactions in the bundle sheath cell layer.
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• As is to be expected the intensity of light, quality of light, carbon dioxide concentration,
temperature and water content in the soil are some of the external factors which affect
photosynthesis.

• The law of limiting factors applies to the rate of photosynthesis also, because it is
affected by many factors such as carbon dioxide concentration, light intensity,
temperature etc. Similarly, low carbon dioxide concentrations may limit the rate of
photosynthesis if the other two factors are sufficiently high.

Learning Outcomes

At the end of this session, you should be able to

• explain that light energy is converted to chemical energy, and carbon is fixed into organic
compounds.

• describe how light is captured by the plants by means of pigments and the structural
adaptation to do so.

• distinguish between the two processes involved in the photosynthesis i.e., Phase I and
Phase II.

• explain photophosphorylation, the process in which NADPH and ATP are generated.
• briefly describe the Calvin cycle and its important reactions.
• distinguish between the C3 and C4 pathways of photosynthesis.

Review Questions

1. Describe the importance of cyclic and non-cyclic photo phosphorylation.
2. Compare the initial carbon dioxide fixation that takes place in C3 and C4 plants.
3. With help of a labelled diagram, explain the leaf anatomy of the C4 plant.
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