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28 Photosynthesis Overview

Photosynthesis is one of the most important biological processes on Earth.

An array of photosynthesizing organisms along a stream.
Photosynthetic organisms use the Sun's energy to produce the organic molecules that fuel life in most
ecosystems.
Vaughan Fleming/Science Source.

Topics Covered in this Module 
The Importance of Photosynthesis
The History of Photosynthesis Research
The Process of Photosynthesis

Major Objectives of this Module 
Describe the ecological importance of photosynthesis.
Explain the role of photosynthesis in the evolution of aerobic life.
Describe the process of photosynthesis.
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The Importance of Photosynthesis
Photosynthesis is one of the most important biological processes on Earth.
Photosynthesizers, including plants, algae, and certain bacteria, capture light
energy from the Sun and synthesize the molecules that allow these
organisms to function. This converted energy in turn provides the fuel for
entire ecosystems of organisms that rely on photosynthesizers at the base of
the food web.

Pigments inside the cells of a plant absorb the Sun's energy, initiating a
series of reactions that transfer electrons from water to the coenzyme
NADP+, releasing O2 and H+ in the process. Electron transport is coupled to
the movement of H+ into the thylakoid lumen, establishing a proton motive
force. Protons will flow spontaneously out of the lumen, and the chemical
potential energy thus released is used to drive ATP synthesis.

The ATP and NADPH made with the energy captured from light are used to
fix atmospheric carbon dioxide and convert it into sugars, which are then
either broken down for immediate energy needs or stored for later use.

Photosynthesis is the energy source for nearly all of Earth's
ecosystems.
Photosynthesis either directly or indirectly provides the energy necessary for
most life on Earth. Organisms can obtain energy autotrophically or
heterotrophically. Autotrophs, "self-feeders," are able to produce food from
inorganic compounds without having to consume other organisms. Plants
and other photosynthesizers are autotrophs and are often referred to as
primary producers.

Heterotrophs, "other-feeders," cannot synthesize their food from inorganic
materials and therefore must obtain their organic molecules by consuming
autotrophs or other heterotrophs. They are often called consumers and
include all animals. Some heterotrophs ingest non-living organic material,
like dead animals, feces and fallen leaves, and are called detritivores. Other
heterotrophs, called decomposers, use biochemical processes to break
down the cells of dead organism to acquire their resources (Figure 1).



Figure 1: Energy cycle.
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The links of this cycle show how photosynthesis
provides the energy needed for the entire ecosystem. The producers are
autotrophs (indicated by the tree here) that use the Sun's light as their
energy source, and they produce carbohydrates from inorganic
compounds. The primary consumers (indicated by the deer here) obtain
their energy by eating the producers. Secondary consumers (indicated by
the wolf here) obtain their energy from the primary consumers.
Detritivores (indicated by the worm here) consume dead organisms and
other wastes, contributing to the recycling process, while decomposers
(indicated by the mushroom here) further break down the organic
materials from dead cells and waste, freeing nutrients for use by plants
and completing the recycling process.

Photosynthesis produces the energy and other resources that form the base
of the food web. Plants convert the Sun's light energy into chemical energy
by synthesizing organic compounds from carbon dioxide and water:

CO2 + H2O + light energy → [CH2O]n + O2.

in which [CH2O]n is the general formula for a carbohydrate.
Heterotrophs, such as animals, release this stored energy for their own use by consuming the cells and tissues of
producers, thus converting the carbohydrates back into carbon dioxide and water. Autotrophs thus provide the energy
animals need to exist. Animals may become food for other animals, but ultimately, both plants and animals become food
for decomposers, which extract their energy from the breakdown of complex organic molecules into their largely inorganic
constituents, which become available again as nutrients for photosynthesizing organisms.

Exceptions to the rule.
Volcanic activity on the ocean floor produces hydrothermal vents rich in
dissolved minerals. Sunlight doesn't reach these depths, and autotrophs
called chemolithotrophs that live in these ecosystems evolved
chemosynthesis as an alternative to photosynthesis. Chemosynthesis uses
the energy stored in inorganic compounds such as methane (CH4) and
hydrogen sulfide (H2S), along with carbon dioxide, to produce organic
compounds.

The evolution of photosynthesis changed Earth's atmosphere.
If you compare the energy stored in all the chemical bonds of a carbohydrate
molecule to the energy in the bonds of the carbon dioxide and water
molecules from which it was made, you will find that the carbohydrate has
more energy. This extra energy in the carbohydrate molecule comes from the
conversion of the Sun's radiant energy through photosynthesis.

Storing energy is not the same as using energy. It is not enough to simply
store energy converted from light in the bonds of organic molecules. A living
system must be able to retrieve the energy when needed — quickly and on
demand. Glycolysis was one of the earliest and most successful systems to
evolve that released energy from sugar. It is still found in most living systems
today. Since it does not require oxygen (i.e., it is anaerobic), glycolysis was
likely the process through which the earliest organisms liberated stored
energy for their use.

However, an incidental consequence of the evolution of "oxygenic"
photosynthesis was the release of particularly reactive — and at the time
rare — molecular oxygen (O2) gas. The chemistry of the Earth changed once
oxygen gas started to accumulate in the Earth's crust, the oceans, and
ultimately the atmosphere. Oxygen tends to react with any atom that is less
electronegative than itself. Because only one element, fluorine, is more
electronegative than oxygen, oxygen reacts with almost every other element.
Reacting with oxygen is so common that there is a name for it — oxidation. It
causes the rust on a steel bridge and the blaze of a bonfire. For more than a
billion years after oxygen gas was first released by the earliest oxygenic
autotrophs (photosynthetic cyanobacteria), O2 was toxic to most life. Most of



Figure 2: O2 and CO2 concentrations over geological time.
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Once oxygen sinks were saturated, free oxygen accumulated in the
atmosphere.

this oxygen "pollution" did not exist as free oxygen gas but was bound in
minerals in the oceans and in Earth's crust. However, over time, these
oxygen sinks became saturated, and oxygen gas began to accumulate in the
ocean and atmosphere (Figure 2). The accumulation of O2 in the
atmosphere was a selective pressure that enabled the evolution of a new
group of organisms that became the dominant forms of life on the planet: the
aerobes.

These new organisms that evolved in this newly oxygen-rich environment
possessed a new type of respiration, which not only consumed oxygen but
also produced 15–19 times more energy than glycolysis. Oxygen-consuming
aerobic respiration is essentially the reverse of photosynthesis; carbohydrate
and oxygen react to form carbon dioxide and water, giving off energy:

[CH2O]n + O2 →CO2 + H2O + energy

Once aerobic respiration evolved, the organisms using it rapidly diversified
and came to dominate a majority of Earth's ecosystems. Many microbes that
used exclusively anaerobic respiration went extinct during this period of great
change, although some of their descendents persist today in areas where
oxygen does not permeate. Together with photosynthesis, aerobic respiration
plays an essential role in the biosphere's energy and carbon cycles.
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The History of Photosynthesis Research
One of the earliest published experiments in plant biology was by Jan van
Helmont, published in 1648. Helmont planted a small tree in about 100 kg of
dry soil and watered it regularly for the duration of his experiment. After five
years, the tree weighed nearly 75 kg, while the soil weighed only about 57
grams less. He concluded that the whole tree had grown from water alone.

Since then, a number of other experiments helped to improve our knowledge
of plant biology. In the 1770s, Joseph Priestley demonstrated that plants
affect the air's composition. In 1779, Jan Ingenhousz showed that oxygen
was released from the plants and that light energy was essential for this
process. Jean Senebier expanded on these ideas and did more research on
the role of light in vegetative growth. Theodore de Saussure took this a step
further and outlined the basic reaction of photosynthesis. Around 1882,
Theodor Wilhelm Engelmann used a prism to show that red and blue light
induced more photosynthetic activity in algae than the other wavelengths of
light. In 1939, Robert Hill showed that oxygen was a product of splitting H2O
during the light-dependent reactions of photosynthesis (Figure 3). In the
early 1950s, the pathway of carbon fixation was determined by Melvin
Calvin, Andrew Benson, James Bassham, and their colleagues.

Figure 3: Robert Hill demonstrated that O2 from photosynthesis is
derived from H2O.
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The Process of Photosynthesis
Photosynthesis starts with light energy from the Sun. Therefore, a quick
review of some basic properties of light is in order. Light photons propagate
in waves characterized by their wavelength, the distance between
successive crests. A wave's energy is inversely proportional to its
wavelength. The shorter the wavelength, the greater the energy of the wave.
Visible light is composed of a spectrum of colors, each with a different
wavelength and energy. The wavelengths of visible light range from 400 to
700 nanometers (a nanometer is one billionth of a meter).

How light interacts with matter strongly influences our perceptions of the
world around us. Consider how light wavelengths interact with the ocean.
The amount of light that penetrates the ocean depends on what wavelengths
of light are absorbed and scattered. Water absorbs light in the red portion of
the spectrum, and scatters very little red light, causing water to have a blue
appearance. Inorganic sediments strongly scatter short wavelength light,
giving sediment-laden water its reddish-brown color. Many pigments in
common algae absorb blue and red portions of visible light, and so water
appears green when algae are abundant.

Light and the leaf.
On land, photosynthesis takes place primarily in plant leaves, which are like
food factories that manufacture carbohydrates from water and carbon
dioxide. Like any factory, a leaf needs energy to function. The leaves gather
light energy with pigments, molecules that momentarily promote an electron
to an excited high energy state upon absorbing a photon of visible light.
These light-harvesting pigments pass their energy between adjacent pigment
molecules until the energy arrives at a reaction center, where the work of
capturing the energy begins in earnest. Ultimately, photosynthetic organisms
convert the light energy to ATP and NADPH, two compounds that are in turn
harnessed to power the assembly of carbon dioxide and water into organic
compounds.

The primary photosynthetic pigment in leaves is chlorophyll. Chlorophyll
absorbs red and blue light and reflects the characteristic green light we
associate with leaves. Leaves also contain accessory pigments, such as
carotenoids, which are also involved in photosynthesis and absorb purple
and blue spectrum and emit yellow and orange, and various anthocyanins,
which give fruits and flowers their characteristic red, purple, and blue colors.
As days shorten and temperatures drop in autumn, chlorophyll production
slows, and the presence of protective accessory pigments causes many
leaves to change colour. The carotenoids are unmasked by declining
chlorophyll levels, making leaves appear yellow or orange. The red color of
some autumn foliage results from the production of anthocyanins during leaf
senescence.

In photosynthetic eukaryotes, photosynthesis takes place in organelles
called chloroplasts (Figure 4). A double membrane encloses the
chloroplasts and the fluid-filled stroma. A third membrane, the thylakoid,
forms flat sacs that are arranged into stacks called grana. The highly folded
thylakoid forms a single continuous system throughout the chloroplast.
Photosynthetic pigments and electron transport proteins are found in or on
the thylakoid membrane.



Figure 4: Chloroplast structure.
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Figure Detail

Chloroplasts have an outer membrane
and an inner membrane, which
encloses the fluid-filled stroma. Parts of
the thylakoid are stacked to form grana.

Figure 5: The light-dependent and
carbon reactions of photosynthesis.
© 2014 Nature Education All rights
reserved.

Figure Detail

During photosynthesis, some of the absorbed light energy is stored as ATP;
enzymes use light energy to establish a pH gradient across the thylakoid
membrane, which is then used to produce ATP. Light energy is also used to
'excite' electrons, ultimately using them to reduce NADP+ to
NADPH.Because they are directly coupled to the energy obtained from
sunlight, the reactions that produce ATP and NADPH are referred to as the
light-dependent reactions (Figure 5). In a parallel process, carbon dioxide is
captured and incorporated, or "fixed," into sugars; these carbon reactions
begin in the chloroplast stroma and continue in the cytosol.

During the light-dependent reactions (Figure 6), light energy is converted into
chemical energy. Electrons are transported through a chain of protein
complexes in the thylakoid membrane by carriers including plastoquinone
(PQ) and plastocyanin (PC). This chain of events stores energy as a proton
gradient, which is then transformed to mechanical energy by ATP synthase



Figure 6: The conversion of light energy to chemical energy by the
light-dependent reactions.

© 2014 Nature Education All rights reserved.

The thylakoid membrane contains the electron transport chain that
accomplishes this task. The flow of electrons through the electron
transport chain is coupled to the movement of protons into the interior or
lumen of the thylakoids. In addition, when water is split, protons are
released into the lumen. ATP is produced when the protons flow back
across the membrane.

and finally converted to chemical energy in ATP. NADP+ accepts electrons
from the electron transport chain. Then NADPH and ATP provide electrons
and energy for the carbon reactions of photosynthesis.

The carbon reactions occur in three stages. First, CO2 is added to a
five-carbon acceptor molecule, ribulose-1,5-bisphosphate, by an enzyme
commonly known as RuBisCO. This carboxylation step of photosynthesis
produces two molecules of the three carbon molecule glycerate-
3-phosphate.

Next, glycerate-3-phosphate is reduced, producing glyceraldehyde-
3-phosophate in a two-step reaction that consumes ATP and oxidizes
NADPH.

In stage three, the original five-carbon substrate is regenerated, consuming
ATP and making carbon fixation a cyclic pathway. Carbohydrates are
synthesized from glyceraldehyde-3-phosphate molecules that are removed
from this cycle. This process of carbon fixation is called the Calvin cycle. In
the Calvin cycle, the carbon in CO2 is reduced by electrons from NADPH,
following the hydrolysis of ATP. Carbon fixation is thus driven by light energy.

Figure 7: The light-dependent reactions of photosynthesis.
In these reactions, electrons are released when pigment molecules are
excited by photons. The electrons travel through a transport chain, which
results in the production of ATP and NADPH; ATP and NADPH are used
in the carbon reactions to produce carbohydrates.
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OBJECTIVE Describe the ecological importance of photosynthesis.
Most life on Earth depends on the absorption of light energy from the Sun
and its conversion into chemical energy in organic molecules by
photosynthetic organisms. These producers use light energy, water, and CO2
to produce the organic molecules that sustains most of the ecosystems on
Earth.

OBJECTIVE Explain the role of photosynthesis in the evolution of aerobic
life.

Oxygen is a by-product of photosynthesis. To early life forms, oxygen was a
toxic pollutant. However, once more efficient utilization of carbohydrates
through oxidation developed, the majority of life on Earth became reliant on
this now abundant molecule.

OBJECTIVE Describe the process of photosynthesis.
When photopigments, such as chlorophyll, absorb light, electrons in the
pigment molecules are excited into higher energy states. This is the first step
in a process that ultimately converts light energy into the potential energy of
the chemical bonds in carbohydrate molecules. In the light-dependent
reactions, the excited electrons are used by various enzymes to produce
ATP from ADP and NADPH from NADP+. Specifically, ATP is generated by
harnessing the proton gradient across the thylakoid membrane. NADPH is
generated as part of the electron transport chain. ATP and NADPH are then
used in the carbon reactions to combine carbon dioxide and water into
carbohydrates.

autotroph
An organism that produces nutrients from light or chemical energy and
biochemical processes that convert simpler inorganic molecules into complex
organic molecules like sugars; examples are photosynthetic organisms.

chlorophyll
The primary pigment in green plants; absorbs light in photosynthesis.

chloroplast
Organelle that contains chlorophyll and carries out photosynthesis.

heterotroph
An organism that must acquire energy from other organisms.

photosynthesis
The biochemical process by which light energy is used to convert carbon dioxide
and water into complex organic molecules.

stroma
The area in the chloroplast outside the thylakoids; site of the carbon reactions of
photosynthesis.

thylakoid
Continuous internal membrane system of the chloroplast where the light-
dependent reactions occur. Stacks of thylakoids are known as grana.
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1.

carotenoids
thylakoids
chlorophylls
chloroplasts
anthocyanins

Which class of pigments is responsible for the dark red colors in leaves?

2.

nitrogen
water
light energy
oxygen
carbon dioxide

The evolution of aerobic life occurred after an increase in which of the following?

3.

They are the original source of electrons for the electron transport chain.
They are the pigment molecules that transmit the energy of sunlight to electrons.
They are electron carriers in the electron transport chain.
They supply energy for the carbon-fixation reactions.
They are combined to form one molecule of sucrose.

What is the purpose of plastoquinone and plastocyanin in photosynthesis?

4.

Carbon is reduced and NADH is oxidized.
Carbon is oxidized and NADP+ is reduced.
Carbon is oxidized and NADPH is reduced.
Water is reduced and oxygen is oxidized.
Carbon is reduced and NADPH is oxidized.

Which of the following occurs during the Calvin cycle?

5.

light-dependent reactions
green reactions
oxidative reactions
carbon reactions
Calvin cycle

Which of the following terms refers to the photosynthetic reactions that produce
ATP and NADPH?
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