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Leaf cells from Canadian pondweed 
(Elodea canadensis) (LM 2430�)

Cellular Basis of Life
Q:  How do plants and other organisms capture  energy from 

the sun?
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Connect to the Big Idea
After students have looked at the micro-
graph of leaf cells, ask them to identify the 
green organelles inside the leaf cells. (chlo-

roplasts) Remind students that they learned about 
chloroplasts in Chapter 7. Then, ask what the func-
tion of chloroplasts is. (Chloroplasts capture the 
energy of sunlight and convert it into chemical 
energy through the process of photosynthesis.) Have 
students anticipate the answer to the question, How 
do plants and other organisms capture energy 
from the sun?

Finally, help students make a connection between 
energy from the sun, photosynthesis, and the food 
we eat. If you have studied ecology in Unit 2, remind 
students of the concepts of food chains, primary pro-
ducers, and consumers. Then, ask if the energy we 
get from eating food is the same energy that plants 
harness from sunlight.

Have students read over the Chap-
ter Mystery and predict how they 
think the willow tree gained the 

extra 75 kilograms in Jan van Helmont’s investiga-
tion. Ask them what process occurring at the cellular 
level in the plant might be connected to its gain in 
mass. (photosynthesis) Explain that the Chapter Mys-
tery image is a sixteenth-century watering can.

 Have students preview the chapter 
vocabulary using the Flash Cards.

Understanding by Design
In Chapter 8, students learn about the process of photosynthesis and further 
explore the Enduring Understanding of how a cell is the basic unit of life; the processes 
that occur at the cellular level provide the energy and basic structure organisms need 
to survive. Clearly, the ability of photosynthetic cells to harness the sun’s energy gives 
them a special function in the biosphere. The Big Idea, Essential Question, and Guid-
ing Questions shown in the graphic organizer at the right help frame students’ 
exploration.

PERFORMANCE GOALS

In Chapter 8, students will learn about the organisms and cellular structures involved 
in photosynthesis as well as the two stages of chemical reactions that make up the 
process. They explore analogies that help them understand the function of ATP and 
electron carriers as well as complete an activity in which they observe a byproduct of 
photosynthesis—oxygen—collecting on the leaves of a water plant. 
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• Untamed Science Video  • Chapter Mystery

OUT OF THIN AIR?
One of the earliest 
clues as to how 
photosynthesis 
works came from a 
simple study of plant 
growth. When a tiny seed 
grows into a massive tree, 
where does all its extra mass 
come from? More than 300 years 
ago, a Flemish physician named Jan 
van Helmont decided to fi nd out. He 
planted a young willow tree, with a 
mass of just 2 kilograms, in a pot with 
90 kilograms of dry soil. He watered 
the plant as needed and allowed it to 
grow in bright sunlight. Five years later, 
he carefully removed the tree from the 
pot and weighed it. It had a mass of 
about 77 kilograms. Where did the 
extra 75 kilograms come from? The 
soil, the water—or, maybe, right out of 
thin air? As you read this chapter, look 
for clues to help you discover where 
the willow tree’s extra mass came from. 
Then, solve the mystery.

Never Stop Exploring Your World.
Understanding Jan van Helmont’s 
experiments is just the beginning. Take 
a video fi eld trip with the ecogeeks 
of Untamed Science to see where this 
mystery leads.

Photosynthesis 225

INSIDE:
• 8.1 Energy and Life

• 8.2 Photosynthesis: An Overview

• 8.3 The Process of Photosynthesis
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8.1 GQ: How do organisms  store energy?

8.3 GQ: How do photosynthetic  organisms 
convert the sun’s  energy into chemical energy?

8.2 GQ: What cellular  structures and 
molecules  are involved in photosynthesis?

Chapter 8 EQ:  
How do plants and 
 other organisms 
 capture energy  from 
the sun?

Chapter 8 
Big Idea: 
Cellular Basis of Life

Photosynthesis 225

What’s Online

 Extend your reach by using 
these and other digital assets offered at  
Biology.com. 

CHAPTER MYSTERY
The Chapter Mystery explores the question: As a 
tree grows and gains mass, where does the mass 
come from?

UNTAMED SCIENCE VIDEO
Students go to Panama with researchers looking into 
how plants respond to increased levels of CO2. 

VISUAL ANALOGIES
Students use analogies to understand how cells can 
release energy stored in ATP, and how high-energy 
electrons can be carried from one place to another 
in a cell.

INTERACTIVE ART
Students interact with the reactants and products 
of photosynthesis. 

TUTOR TUBE
Short, online tutorials help students identify the reac-
tants and products of photosynthesis.

ART IN MOTION
This short animation shows how the light-dependent 
reactions of photosynthesis proceed.

ART REVIEW
Students drag and drop fi gure labels to explore the 
light-independent reactions.

DATA ANALYSIS
Students gather and analyze data about photosyn-
thesis in marine algae. 
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Energy and Life

Key Questions
 Why is ATP useful to cells? 

 What happens during the 
process of photosynthesis?

Vocabulary
adenosine triphosphate (ATP) •
heterotroph • autotroph •
photosynthesis

Taking Notes
Compare/Contrast Table  As 
you read, create a table that 
compares autotrophs and het-
erotrophs. Think about how they 
obtain energy, and include a 
few examples of each. 

FIGURE 8–1 ATP ATP is the basic energy 
source used by all types of cells.

BUILD Vocabulary
ACADEMIC WORDS The verb 
obtainobtain means “to get” or “to 
gain.” Organisms must obtain 
energy in order to carry out life 
functions.

P P P

Adenine 3 phosphate groupsRibose

Chemical Energy and ATP
 Why is ATP useful to cells?

Energy is the ability to do work. Nearly every activity in modern society 
depends upon energy. When a car runs out of fuel—more precisely, out 
of the chemical energy in gasoline—it comes to a sputtering halt. Without 
electrical energy, lights, appliances, and computers stop working. Living 
things depend on energy, too. Sometimes the need for energy is easy to 
see. It takes plenty of energy to play soccer or other sports. However, 
there are times when that need is less obvious. Even when you are 
sleeping, your cells are quietly busy using energy to build new mol-
ecules, contract muscles, and carry out active transport. Simply put, 
without the ability to obtainobtain and use energy, life would cease to exist.

Energy comes in many forms, including light, heat, and electricity. 
Energy can be stored in chemical compounds, too. For example, when 
you light a candle, the wax melts, soaks into the wick, and is burned. As 
the candle burns, chemical bonds between carbon and hydrogen atoms 
in the wax are broken. New bonds then form between these atoms and 
oxygen, producing CO2 and H2O (carbon dioxide and water). These 
new bonds are at a lower energy state than the original chemical bonds 
in the wax. The energy lost is released as heat and light in the glow of the 
candle’s fl ame.

Living things use chemical fuels as well. One of the most 
important compounds that cells use to store and release energy is 
adenosine  triphosphateadenosine  triphosphate (uh den uh seen try fahs fayt), abbreviated 
ATP.ATP. As shown in Figure 8–1, ATP consists of adenine, a 5-carbon 

sugar called ribose, and three phosphate groups. As you’ll see, 
those phosphate groups are the key to ATP’s ability to store and 
release energy.

226 Lesson 8.1 • Lesson Overview  • Lesson Notes

THINK ABOUT IT Homeostasis is hard work. Just to stay alive, 
organisms and the cells within them have to grow and develop, move 
materials around, build new molecules, and respond to environmental 
changes. Plenty of energy is needed to accomplish all this work. What 
powers so much activity, and where does that power come from? 
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Getting Started

Objectives
8.1.1 Describe the role of ATP in cellular activities. 

8.1.2 Explain where plants get the energy they 
need to produce food.

Student Resources
Study Workbooks A and B, 8.1 Worksheets

Spanish Study Workbook, 8.1 Worksheets

 Lesson Overview • Lesson Notes 
• Activity: Visual Analogy • Assessment: Self-
Test, Lesson Assessment

 For corresponding lesson in the 
Foundation Edition, see pages 192–194.

Activate Prior Knowledge 
Show students a living plant, and ask what they 
think would happen if the plant were watered but 
kept away from light for several weeks. ( The plant 
would probably turn yellow and not grow much.) 
Then, ask how plants use light to survive and grow. 
( They use the energy from sunlight to carry out 
 photosynthesis.) Tell students that in this chapter 
they will learn how plant cells capture and use the 
energy in sunlight.

Teach for Understanding

ENDURING UNDERSTANDING A cell is the basic unit of life; the processes that occur 
at the cellular level provide the energy and basic structure organisms need to survive.

GUIDING QUESTION How do organisms store energy?

EVIDENCE OF UNDERSTANDING After students have finished the lesson, this 
assessment should show their understanding of how cells use ATP as an energy 
source for cell activities. Have students work in pairs to create a newspaper-style 
comic strip that shows how cells use ATP to get the energy they need to carry out 
cell activities. Ask students to also include how ATP molecules store and release 
energy. Tell students the strip should be 3–5 panels long, and they can draw the 
cartoon figures in any way they want. 
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Storing Energy Adenosine diphosphate (ADP) is a com-
pound that looks almost like ATP, except that it has two 
phosphate groups instead of three. This difference is the key 
to the way in which living things store energy. When a cell 
has energy available, it can store small amounts of it by add-
ing phosphate groups to ADP molecules, producing ATP. As 
seen in Figure 8–2, ADP is like a rechargeable battery that 
powers the machinery of the cell.

Releasing Energy Cells can release the energy stored 
in ATP by the controlled breaking of the chemical bonds 
between the second and third phosphate groups. Because 
a cell can add or subtract these phosphate groups, it has 
an effi cient way of storing and releasing energy as needed. 

 ATP can easily release and store energy by breaking 
and re-forming the bonds between its phosphate groups. 
This characteristic of ATP makes it exceptionally useful as 
a basic energy source for all cells.

Using Biochemical Energy One way cells use the energy 
provided by ATP is to carry out active transport. Many cell 
membranes contain sodium-potassium pumps, membrane 
proteins that pump sodium ions (Na+) out of the cell and 
potassium ions (K+) into it. ATP provides the energy that 
keeps this pump working, maintaining a carefully regulated 
balance of ions on both sides of the cell membrane. 
In addition, ATP powers movement, providing the energy 
for motor proteins that contract muscle and power the 
wavelike movement of cilia and fl agella.

Energy from ATP powers other important events in the 
cell, including the synthesis of proteins and responses to 
chemical signals at the cell surface. The energy from ATP 
can even be used to produce light. In fact, the blink of a 
fi refl y on a summer night comes from an enzyme that is 
powered by ATP!

ATP is such a useful source of energy that you might 
think cells would be packed with ATP to get them through 
the day—but this is not the case. In fact, most cells have 
only a small amount of ATP—enough to last for a few sec-
onds of activity. Why? Even though ATP is a great molecule 
for transferring energy, it is not a good one for storing large 
amounts of energy over the long term. A single molecule of 
the sugar glucose, for example, stores more than 90 times 
the energy required to add a phosphate group to ADP to 
produce ATP. Therefore, it is more effi cient for cells to 
keep only a small supply of ATP on hand. Instead, cells can 
regenerate ATP from ADP as needed by using the energy in 
foods like glucose. As you will see, that’s exactly what they do.

In Your Notebook With respect to energy, how are ATP 
and glucose similar? How are they different?

ATP AS A CHARGED BATTERY

ATP

ADP

FIGURE 8–2 When a phosphate group is 
added to an ADP molecule, ATP is produced. 
ADP contains some energy, but not as much 
as ATP. In this way, ADP is like a partially 
charged battery that can be fully charged by 
the addition of a phosphate group. 
Use Analogies Explain the difference 
between the beams of light produced by 
the fl ashlight “powered” by ADP and the 
fl ashlight “powered” by ATP.

227Lesson 8.1 • Visual Analogy
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Teach

Use Visuals
Use Figure 8–1 to discuss where chemical energy 
is stored in a chemical compound and how ATP can 
easily store and release energy.

Ask Where is energy stored in the molecule of ATP? 
(In the chemical bonds that hold the parts of the 
molecule together, represented in the figure by thin 
black lines.)

Ask How would you change the fi gure to show a 
molecule of ADP? ( Take away the third phosphate 
group and the bond that holds it to the molecule.)

DIFFERENTIATED INSTRUCTION

L3  Advanced Students Ask students to search the 
Internet for amazing facts about ATP. For example, 
have them fi nd out how often an ATP molecule gains 
and loses a phosphate group, how much ATP is con-
sumed during vigorous exercise, or how much ATP 
is generated in the body per second—any facts they 
can fi nd that they think are amazing. Ask them to 
report the facts to the class.

To help students understand the analogy in 
Figure 8–2, bring to class a battery-powered device, 
a rechargeable battery, and a charger. Turn on the 
device, and tell students it is like a cell carrying out 
cellular activities. Just as the device is using energy 
from the battery, the cell uses energy from ATP as it 
releases a phosphate group. And just as the charger 
can recharge the battery, the process that adds a 
phosphate group to ADP can “recharge” ATP. 

  Students can further explore the 
analogy in Figure 8–2 by watching Visual 
Analogy: ATP as a Charged Battery. 
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Answers
FIGURE 8–2 The beam produced by the ATP-
“powered” flashlight is much brighter than the 
beam produced by the ADP-“powered” flashlight 
because ATP contains more stored energy than ADP.

IN YOUR NOTEBOOK Similar: both store energy in 
their chemical bonds; Different: a single molecule of 
glucose stores 90 times more energy than a molecule 
of ATP, but ATP is much more useful for transferring 
energy than is glucose.

Biology In-Depth

PHOTOAUTOTROPHS AND CHEMOAUTOTROPHS

In this chapter, students are introduced to autotrophs. In Chapter 20, they will learn 
about a major distinction among autotrophs. The autotrophs discussed here are 
called photoautotrophs, or organisms that use light energy to produce food. Autotro-
phs also include chemoautotrophs, which are organisms that use energy directly from 
chemical compounds to produce carbon molecules. For example, prokaryotes that live 
deep in the ocean near hydrothermal vents are chemoautotrophs. They derive energy 
from chemical compounds in the waters emerging from vents. 
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Heterotrophs and Autotrophs
 What happens during the process of photosynthesis?

Cells are not “born” with a supply of ATP—they must somehow pro-
duce it. So, where do living things get the energy they use to produce 
ATP? The simple answer is that it comes from the chemical compounds 
that we call food. Organisms that obtain food by consuming other 
living things are known as heterotrophs.heterotrophs. Some heterotrophs get their 
food by eating plants such as grasses. Other heterotrophs, such as the 
cheetah in Figure 8–3, obtain food from plants indirectly by feeding 
on plant-eating animals. Still other heterotrophs—mushrooms, for 
example—obtain food by absorbing nutrients from decomposing 
organisms in the environment. 

Originally, however, the energy in nearly all food molecules 
comes from the sun. Plants, algae, and some bacteria are able to 
use light energy from the sun to produce food. Organisms that 
make their own food are called autotrophs.autotrophs. Ultimately, nearly 
all life on Earth, including ourselves, depends on the ability 
of autotrophs to capture the energy of sunlight and store 
it in the molecules that make up food. The process by 
which autotrophs use the energy of sunlight to produce 
high-energy carbohydrates—sugars and starches—
that can be used as food is known as photosynthesis.photosynthesis.
Photosynthesis comes from the Greek words photo, 
meaning “light,” and synthesis, meaning “put-
ting together.” Therefore, photosynthesis means 
“using light to put something together.”  
In the process of photo synthesis, plants 
convert the energy of  sunlight into chemi-
cal energy stored in the bonds of carbo-
hydrates. In the rest of this chapter, you 
will learn how this process works.

FIGURE 8–3 Autotrophs and 
Heterotrophs Grass, an autotroph, 
uses energy from the sun to produce 
food. African hares get their energy 
by eating grass. Cheetahs, in turn, 
get their energy by eating other 
organisms, like the hare.

Review Key Concepts 
1. a. Review What is ATP and what is its role in the cell?
 b. Explain How does the structure of ATP make it an ideal 

source of energy for the cell?
 c. Use Analogies Explain how ADP and ATP are each like a 

battery. Which one is “partially charged” and which one is 
“fully charged?” Why? 

2. a. Review What is the ultimate source of energy for plants?
 b. Explain How do heterotrophs obtain energy? How is this 

 different from how autotrophs obtain energy?
 c. Infer Why are decomposers, such as mushrooms, considered 

heterotrophs and not autotrophs?

Interdependence in Nature
3. Recall that energy fl ows—

and that nutrients cycle—
through the biosphere. 
How does the process of 
photosynthesis impact 
both the fl ow of energy 
and the cycling of nutri-
ents? You may wish to refer 
to Chapter 3 to help you 
answer this question.

Like all plants, the 
willow tree van 
Helmont planted 
was an autotroph. 
What might its ability 
to harness the sun’s 
energy and store it in 
food have to do with the 
tree’s gain in mass?

• Lesson Assessment  • Self-TestLesson 8.1

228 Chapter 8 • Lesson 1
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ELL Focus on ELL: 
 Extend Language
BEGINNING AND INTERMEDIATE SPEAKERS Have 
students use a dictionary to find the meaning 
of the word parts that make up autotroph and 
heterotroph. Give each student two note cards. 
On each card, have them write one of the terms, 
divide it into word parts, and draw a picture that 
will remind them of the word’s meaning.

Ask students what it means for an 
organism’s growth to be able to make 
its own food. Students can go online to 

Biology.com to gather their evidence.

Assess and Remediate
EVALUATE UNDERSTANDING

Call on students at random to explain the difference 
between autotrophs and heterotrophs. Then, have 
them complete the 8.1 Assessment.

REMEDIATION SUGGESTION

L1  Struggling Students If your students have 
trouble with Question 2c, suggest they read the 
defi nition of decomposer in the Glossary. 

 1a. ATP is an abbreviation for the compound 
adenosine triphosphate. Cells use ATP to 
store and release energy.

 1b.  ATP can easily release and store energy 
by breaking and re-forming the bonds 
between its phosphate groups.

 1c.  ADP and ATP are like batteries because 
they store energy in the chemical bonds 
they contain. ADP has only two phosphate 
groups (and fewer bonds), so it’s like a par-
tially charged battery. ATP has three phos-
phate groups, so it is like a fully charged 
battery and has more bonds available for 
energy storage.

Assessment Answers

228 Chapter 8 • Lesson 1

 2a.  the sun

 2b.  Heterotrophs obtain energy by feeding on 
other living things. Autotrophs, by contrast, 
make their own food.

 2c.  Decomposers consume the remains of 
living things for energy and cannot make 
their own food.
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 3. Sample answer: Photosynthesis 
provides the base for the one-
way flow of energy through the 

biosphere. Plants convert energy from the 
sun into sugars, which provide fuel for 
themselves and for other organisms. 
Photosynthesis also cycles carbon and oxy-
gen nutrients through the biosphere.
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CONTENT G.1, G.3

INQUIRY A.2.a

heterotrophs.

autotrophs.

photosynthesis.
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Understanding Photosynthesis Many scientists have contributed to 
understanding how plants carry out photosynthesis. Early research focused 
on the overall process. Later, researchers investigated the detailed chemical 
pathways.

1779
Jan Ingenhousz fi nds 

that aquatic plants pro-
duce oxygen bubbles in 

the light but not in the 
dark. He concludes that 
plants need sunlight to 

produce oxygen. �

1845
Julius Robert 

Mayer proposes 
that plants convert 

light energy into 
chemical energy.

1948
Melvin Calvin traces the chemical path 

that carbon follows to form glucose. 
These reactions are also known as the 

Calvin cycle.

1992
Rudolph Marcus wins the Nobel Prize in 

chemistry for describing the process by which 
electrons are transferred from one molecule to 

another in the electron transport chain.

2004
� So Iwata and Jim Barber identify 

the precise mechanism by which 
water molecules are split in the pro-

cess of photosynthesis. Their research 
may one day be applied to artifi cial 
photosynthesis technologies in order 
to produce a cheap supply of hydro-

gen gas that can be used as fuel. 

1771
Joseph Priestley experiments 
with a bell jar, a candle, and 

a plant and concludes that 
the plant releases oxygen. �

1643
� After analyzing his 

measurements of a willow 
tree’s water intake and 
mass increase, Jan van 
Helmont concludes that 
trees gain most of their 

mass from water.

1650 1700 1750 1800 1850 1900 1950 2000

Use the Internet or library resources 
to research the experiments conducted by one of 
these scientists. Then, write a summary describing 
how the scientist contributed to the modern under-
standing of photosynthesis.

Biology and History 229
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Teach

Lead a Discussion
Call on volunteers to read aloud the annotations that 
describe how each of the scientists contributed to an 
understanding of photosynthesis. Then, ask students 
to explain how the discovery of one scientist could 
have provided the basis for the discovery of a later 
scientist. For example, ask how the discovery by Jan 
Ingenhousz built on the discovery by Joseph Priestley. 
(Priestley concluded that plants give off oxygen. That 
conclusion could have helped lead Ingenhousz to 
investigate the conditions under which aquatic plants 
produce oxygen bubbles.)

DIFFERENTIATED INSTRUCTION

L3  Advanced Students Ask students to write 
a paragraph that answers this question: In your 
opinion, if one of these scientists had not done the 
relevant experiment and had not made a discovery 
about photosynthesis, how might our understanding 
of how photosynthesis works have been affected? 
(Answers will vary. A typical answer might suggest 
that advances in science build on previous advances. 
In all likelihood, if one of the scientists had not made 
a discovery, another scientist of the same time would 
have built upon what was previously known to make 
a similar advance in knowledge. Although the series 
of advances may not have taken place exactly as it 
did, by now we would probably know the details 
of photosynthesis.)

How Science Works

PRIESTLEY’S EXPERIMENT “PURIFIES” AIR

Joseph Priestley (1733–1804), a British Unitarian minister, never formally studied 
 science. His interest in science was encouraged when he met Benjamin Franklin in 
London in the 1760s. For one of his many experiments, Priestley used an apparatus 
that consisted of enclosed containers of air, sealed at the bottom by a trough of 
mercury. He discovered that a burning candle in one of the closed containers caused 
the air to become “impure,” eventually putting out the fl ame. He also found that 
a mouse placed inside the container of “impure” air died. He expected the same 
to happen to a sprig of spearmint. Much to his surprise, instead of dying, the plant 
fl ourished. Furthermore, he discovered that the plant “purifi ed” the air, since after 
leaving the plant in the space for several weeks, a candle would burn or a mouse 
could live in the same enclosed space.

Answers
WRITING Summaries will vary. Students’ summaries 
should provide basic information about how one of 
the scientists included on the time line contributed 
to the understanding of photosynthesis. Make sure 
students cite their sources of information, either by 
including the publication information for a book or 
the address of a reliable Web site.
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UNIFYING CONCEPTS AND PROCESSES

II, III

CONTENT

B.6, C.1.b, C.1.e, C.5.a, C.5.b

INQUIRY

A.1.b, A.2.a

Photosynthesis: 
An Overview

Key Questions
 What role do pigments play 

in the process of photosynthesis?

 What are electron carrier 
molecules?

 What are the reactants and 
products of photosynthesis?

Vocabulary
pigment • chlorophyll •
thylakoid • stroma • NADP+ •
light-dependent reactions •
light-independent reactions

Taking Notes
Outline Make an outline using 
the green and blue headings in 
this lesson. Fill in details as you 
read to help you organize the 
information.
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V B G Y O R

Chlorophyll and Chloroplasts
 What role do pigments play in the process of photosynthesis?

Our lives, and the lives of nearly every living thing on the surface of 
Earth, are made possible by the sun and the process of photosynthesis. 
In order for photosynthesis to occur, light energy from the sun must 
somehow be captured.

Light Energy from the sun travels to Earth in the form of light. 
Sunlight, which our eyes perceive as “white” light, is actually a mixture 
of different wavelengths. Many of these wavelengths are visible to our 
eyes and make up what is known as the visible spectrum. Our eyes see 
the different wavelengths of the visible spectrum as different colors: 
shades of red, orange, yellow, green, blue, indigo, and violet.

Pigments Plants gather the sun’s energy with 
light-absorbing molecules called pigments.pigments. 

 Photosynthetic organisms capture energy 
from sunlight with pigments. The plants’ princi-
pal pigment is chlorophyllchlorophyll (klawr uh fi l). The two 
types of chlorophyll found in plants, chlorophyll 
a and chlorophyll b, absorb light very well in the 
blue-violet and red regions of the visible spectrum. 
However, chlorophyll does not absorb light well 
in the green region of the spectrum, as shown in 
Figure 8–4.

FIGURE 8–4 Light Absorption

230 Lesson 8.2 • Lesson Overview  • Lesson Notes  • Data Analysis

THINK ABOUT IT How would you design a system to capture the 
energy of sunlight and convert it into a useful form? First, you’d have 
to collect that energy. Maybe you’d spread out lots of fl at panels to 
catch the light. You might then coat the panels with light-absorbing 
compounds, but what then? How could you take the energy, trapped 
ever so briefl y in these chemical compounds, and get it into a stable, 
useful, chemical form? Solving such problems may well be the key 
to making solar power a practical energy alternative. But plants have 
already solved all these issues on their own terms—and maybe we can 
learn a trick or two from them.
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Getting Started

Objectives
8.2.1 Explain the role of light and pigments in 
photosynthesis.

8.2.2 Explain the role of electron carrier molecules 
in photosynthesis.

8.2.3 State the overall equation for photosynthesis.

Student Resources
Study Workbooks A and B, 8.2 Worksheets

Spanish Study Workbook, 8.2 Worksheets

 Lesson Overview • Lesson Notes 
• Activities: Visual Analogy, InterActive Art, 
Tutor Tube • Assessment: Self-Test, Lesson 
Assessment

 For corresponding lesson in the 
Foundation Edition, see pages 195–198.

Build Background
As students observe, pass light through a prism. They 
should observe that the light separates into the col-
ors of the rainbow. Explain that white light is made 
up of different colors of light, each with a different 
wavelength, and the separation occurs because each 
different wavelength of light refracts, or bends, a 
different amount. Then, have students look at the 
graph in Figure 8–4. Point out that the graph shows 
photosynthetic pigments absorb some colors well 
but do not absorb other colors well.

Teach for Understanding

ENDURING UNDERSTANDING A cell is the basic unit of life; the processes that occur 
at the cellular level provide the energy and basic structure organisms need to survive.

GUIDING QUESTION What cellular structures and molecules are involved in 
photosynthesis?

EVIDENCE OF UNDERSTANDING After students have finished the lesson, this 
assessment should show their understanding of the structures and processes 
involved in photosynthesis. Have students work in small groups. Have each group 
member choose one or more of the following elements of photosynthesis: sunlight, 
chlorophyll molecule, chloroplast, high-energy electrons, light-dependent reactions, 
light-independent reactions. Have group members imagine they are their chosen 
elements and offer a first-person explanation of how they are involved in the process 
of photosynthesis.
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space

Thylakoid Granum

Inner membrane

Leaves refl ect green light, which is why plants look green. Plants 
also contain red and orange pigments such as carotene that absorb 
light in other regions of the spectrum. Most of the time, the intense 
green color of chlorophyll overwhelms the accessory pigments, so 
we don’t notice them. As temperatures drop late in the year, however, 
chlorophyll molecules break down fi rst, leaving the reds and oranges 
of the accessory pigments for all to see. The beautiful colors of fall in 
some parts of the country are the result of this process.

Chloroplasts Recall from Chapter 7 that in plants and other photo-
synthetic eukaryotes, photosynthesis takes place inside organelles called 
chloroplasts. Chloroplasts contain an abundance of saclike photosynthetic 
membranes called thylakoidsthylakoids (thy luh koydz). Thylakoids are inter-
connected and arranged in stacks known as grana (singular: granum). 
Pigments such as chlorophyll are located in the thylakoid membranes. 
The fl uid portion of the chloroplast, outside of the thylakoids, is known as 
the stroma. stroma. The structure of a typical chloroplast is shown in Figure 8–5.

Energy Collection What’s so special about chlorophyll that makes it 
important for photosynthesis? Because light is a form of energy, any 
compound that absorbs light absorbs energy. Chlorophyll absorbs vis-
ible light especially well. In addition, when chlorophyll absorbs light, 
a large fraction of that light energy is transferred directly to electrons 
in the chlorophyll molecule itself. By raising the energy levels of these 
electrons, light energy can produce a steady supply of high-energy 
electrons, which is what makes photosynthesis work. 

In Your Notebook In your own words, explain why most plants will 
not grow well if kept under green light.

FIGURE 8–5 In plants, 
photosynthesis takes place 
inside chloroplasts. Observe 
How are thylakoids arranged 
in the chloroplast?

THE CHLOROPLAST

Photosynthesis 231
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Teach

Have students use Figure 8–5 to discuss the location 
and structure of the chloroplast. Point out that the 
fi gure shows a leaf, a cell within the leaf, and a 
 chloroplast within the cell. Then, make a Two- 
Column Table on the board. Title the left column 
S tructure, and write the names of all the chlo-
roplast structures that are labeled in the fi gure. Title 
the right column Description. Call on students to 
provide descriptions or defi nitions of each structure.

Study Wkbks A/B, Appendix S31, Two-Column 
Table. Transparencies, GO16.

DIFFERENTIATED INSTRUCTION

L1  Struggling Students Provide students with an 
unlabeled drawing of a chloroplast, similar to the 
chloroplast in the fi gure. Then, have students work in 
pairs to label the structures on their drawing.

ELL  Focus on ELL: 
 Access Content
ADVANCED AND ADVANCED HIGH SPEAKERS 
To help students understand the relationship 
between color and light absorption, assign them 
a Problem and Solution activity. Ask students: 
What change would you see in a plant whose 
chlorophyll pigments suddenly stop working? 
Have them refer to Figure 8–4 and write a three- 
to four-sentence response. Then, have them 
present their solutions to the class. Students 
should infer that the plant’s leaves would change 
color from green to yellow, orange, or red.

Study Wkbks A/B, Appendix S9, Problem and 
Solution.

Answers
FIGURE 8–5 in stacks known as grana

IN YOUR NOTEBOOK Sample answer: Plants need 
to be able to absorb energy from the sun to 
photosynthesize and grow. Chlorophyll in plants 
does not absorb green light well—it reflects it. 
Because chlorophyll is the principal pigment in plants 
that captures energy from sunlight, plants under 
green light will not capture enough energy.

Quick Facts
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PHOTOSYNTHETIC PIGMENTS

There are three main kinds of photosyn-
thetic pigments in living things.

Chlorophylls—green pigments1. 

Chlorophyll • a is found in all plants, 
algae, and cyanobacteria.

Chlorophyll • b is found in all plants 
and green algae.

Chlorophyll • c is found in diatoms 
and brown algae.

Chlorophyll • d is found in red algae.

Carotenoids—red, orange, or yellow 2. 
pigments

Carotene is found in most plants • 
and some algae.

Carotene gives carrots their color.• 

Fucoxanthin is found in brown • 
algae and diatoms.

Phycobilins—blue or red pigments3. 

Phycobilins are found only in red • 
algae and cyanobacteria.

Some phycobilins are fl uorescent.• 
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High-Energy Electrons
 What are electron carrier molecules?

In a chemical sense, the high-energy electrons produced by 
chlorophyll are highly reactive and require a special “ carrier.” 
Think of a high-energy electron as being similar to a hot 
potato straight from the oven. If you wanted to move the 
potato from one place to another, you wouldn’t pick it up 
in your hands. You would use an oven mitt—a carrier—to 
transport it, as shown in Figure 8–6. Plant cells treat high-
energy electrons in the same way. Instead of an oven mitt, 
however, they use electron carriers to transport high-energy 
electrons from chlorophyll to other molecules.  An 
electron carrier is a compound that can accept a pair of 
high-energy electrons and transfer them, along with most 
of their energy, to another molecule. 

One of these carrier molecules is a compound known 
as NADPNADP++ (nicotinamide adenine dinucleotide phos-
phate). The name is complicated, but the job that NADP+ 
has is simple. NADP+ accepts and holds 2 high-energy 
electrons, along with a hydrogen ion (H+). This converts 
the NADP+ into NADPH. The conversion of NADP+ into 
NADPH is one way in which some of the energy of sun-
light can be trapped in chemical form. The NADPH can 
then carry the high-energy electrons that were produced 
by light absorption in chlorophyll to chemical reactions 
elsewhere in the cell. These high-energy electron carriers 
are used to help build a variety of molecules the cell needs, 
including carbohydrates like glucose.

An Overview of Photosynthesis
 What are the reactants and products of photosynthesis?

Many steps are involved in the process of photosynthe-
sis. However, the overall process of photosynthesis can 
be summarized in one sentence.  Photosynthesis 
uses the energy of sunlight to convert water and carbon 
dioxide (reactants) into high-energy sugars and oxygen 
(products). Plants then use the sugars to produce complex 
carbohydrates such as starches, and to provide energy for 
the synthesis of other compounds, including proteins 
and lipids.

Because photosynthesis usually produces 6-carbon 
sugars (C6H12O6) as the fi nal product, the overall reaction 
for photosynthesis can be shown as follows:

In Symbols:
 6CO2 + 6H2O  C6H12O6 + 6O2

In Words:
 Carbon dioxide + Water  Sugars + Oxygen 

FIGURE 8–6 NADP+ is a carrier molecule 
that transports pairs of electrons (and an H+ ion) 
in photosynthetic organisms, similar to how 
an oven mitt is used to transport a hot object 
such as a baked potato.

CARRYING ELECTRONS

light

light

Van Helmont 
concluded that 
water must have 
provided the extra mass 
gained by the tree. Further 
studies would prove that 
he had only half of the 
answer. What reactant 
involved in the photo-
synthesis equation was 
he not accounting for?

H+

H+

NADP+

NADP+

NADPH

2e-

2e-

232 Lesson 8.2 • Visual Analogy
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Teach continued

Lead a Discussion
Explain that electron carriers are compounds that can 
transfer electrons energized by sunlight to a chemical 
reaction elsewhere in the cell.

Ask In the conversion of NADP+ to NADPH, what 
happens to the energy absorbed by chlorophyll from 
sunlight? ( The conversion of NADP+ to NADPH traps 
the energy of sunlight in chemical form.)

DIFFERENTIATED INSTRUCTION

LPR  Less Profi cient Readers Make a Flowchart 
on the board to clarify the role of electron carriers in 
photosynthesis. Use these steps: 

Chlorophyll absorbs light.1. 

Absorption of light produces high-energy 2. 
 electrons.

Each electron carrier NADP3. + picks up 2 high-
 energy electrons and 1 hydrogen ion.

Picking up the electrons and the hydrogen ion 4. 
changes NADP+ into NADPH.

NADPH carries the high-energy electrons to chemi-5. 
cal reactions elsewhere in the cell.

As you write each step, point out where in the text 
this step is discussed. Have students copy the fl ow-
chart in their notebook.

Study Wkbks A/B, Appendix S25, Flowchart. 
 Transparencies, GO8.

Ask students what the oven mitt represents. ( the 
electron carrier NADP+) Make sure they understand 
the mitt picks up more than just the “hot potato,” 
 representing 2 high-energy electrons. Ask what else 
the electron carrier picks up. (a hydrogen ion)

  Students can further explore the 
analogy of oven mitts and electron carriers in 
Visual Analogy: Carrying Electrons.

Discuss with students why it would 
have seemed logical to van Helmont to 
conclude that water provided the extra 

mass. (He watered the plant regularly.) Then, point to 
the overall reaction for photosynthesis for the answer 
to the question. (CO2  ) Students can go online to 
Biology.com to gather their evidence.
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Biology In-Depth

WHY BOTH ATP AND NADPH?

Students may wonder why cells need two different forms of a chemical interme-
diate—or “go between.” Both the phosphate-bond compound ATP and the elec-
tron carrier NADPH store a signifi cant amount of chemical energy, and so both are 
capable of providing the energy needed to make energy-requiring reactions possible. 
Some reactions, however, specifi cally require the addition of a pair of electrons, and 
these include the reactions in the pathways of the Calvin cycle that utilize NADPH. 
In addition—as students will see when they study cellular respiration—most of the 
energy-yielding reactions of the Krebs cycle directly yield high-energy electrons. Those 
high-energy electrons must be passed to an electron carrier in order to produce the 
ATP needed for other energy-requiring reactions.

232 Chapter 8 • Lesson 2
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Light-Dependent Reactions Although the equation for photosynthe-
sis looks simple, there are many steps to get from the reactants to the fi nal 
products. In fact, photosynthesis actually involves two sets of reactions. 
The fi rst set of reactions is known as the light-dependent reactionslight-dependent reactions 
because they require the direct involvement of light and light-absorbing 
pigments. The light-dependent reactions use energy from sunlight to 
produce energy-rich compounds such as ATP. These reactions take place 
within the thylakoids—specifi cally, in the thylakoid membranes—of the 
chloroplast. Water is required in these reactions as a source of electrons 
and hydrogen ions. Oxygen is released as a byproduct.byproduct.

Light-Independent Reactions Plants absorb carbon dioxide from 
the atmosphere and complete the process of photosynthesis by pro-
ducing carbon-containing sugars and other carbohydrates. During the 
light-independent reactions,light-independent reactions, ATP and NADPH molecules produced 
in the light-dependent reactions are used to produce high-energy 
sugars from carbon dioxide. As the name implies, no light is required 
to power the light-independent reactions. The light-independent reac-
tions take place outside the thylakoids, in the stroma.

The interdependent relationship between the light-dependent and 
light-independent reactions is shown in Figure 8–7. As you can see, the 
two sets of reactions work together to capture the energy of sunlight 
and transform it into energy-rich compounds such as carbohydrates.

In Your Notebook Create a two-column compare/contrast table that 
shows the similarities and differences between the light-dependent and 
light-independent reactions of photosynthesis.

FIGURE 8–7 The Stages of 
Photosynthesis There are two stages 
of photosynthesis: light-dependent 
reactions and light-independent 
reactions. Interpret Diagrams 
What happens to the ATP and 
NADPH produced in the light-
dependent reactions?

BUILD Vocabulary
ACADEMIC WORDS The noun 
byproductbyproduct means “anything 
produced in the course of 
making another thing.” Oxygen 
is considered a byproduct of 
the light-dependent reactions 
of photosynthesis because it is 
produced as a result of extracting 
electrons from water. Also, unlike 
ATP and NADPH, oxygen is not 
used in the second stage of the 
process, the light-independent 
reactions.

NADP+

NADPH

ATP

ADP

Light-Dependent
Reactions

Light-Independent
Reactions

O2 Sugars

CO2

STROMA

Light

THYLAKOID

H2O

233Lesson 8.2 • InterActive Art  • Tutor Tube
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Use Visuals
Use Figure 8–7 to help students differentiate 
between the light-dependent and light-independent 
reactions of photosynthesis. Call on a volunteer to 
explain why the fi rst set of reactions is called the 
light-dependent reactions. ( These reactions require 
the direct involvement of light.) Then, make sure stu-
dents can identify where each set of reactions takes 
place and what each stage produces. Also, make sure 
students recognize how NADPH/NADP+ and ATP/ADP 
are “recycled” between the light-dependent and 
light-independent reactions. Finally, point out the 
two exterior “inputs” (H2O and CO2 ) and “outputs” 
(O2 and sugars).

DIFFERENTIATED INSTRUCTION

L1  Special Needs To make sure students under-
stand the difference between the two stages of 
photosynthesis, call on volunteers to classify each of 
the following situations as either light-dependent or 
light-independent.

Sleeping • (light-independent)

Reading a book • (light-dependent)

Watching a race • (light-dependent)

Listening to music • (light-independent)

ELL  English Language Learners Explain that the 
prefi x in- means “not,” and the word dependent 
means “relying on.” Then, ask what the word inde-
pendent means. (not relying on) 

Ask Which stage of photosynthesis relies on light in 
order to take place? ( the light-dependent reactions)

 By accessing the InterActive Art: 
Photosynthesis activity, students can learn 
more about the overall photosynthesis reac-
tion. Suggest students watch the Tutor 
Tube: Sorting Out Light-Independent 
and Light- Dependent Reactions for extra 
help distinguishing between the two stages 
of photosynthesis. 
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Answers
FIGURE 8–7 Both ATP and NADPH from the light-
dependent reactions are used to produce high-
energy sugars in the light-independent reactions.

IN YOUR NOTEBOOK Students’ tables may vary. 
A typical table will have one column for light-
dependent reactions and the other for light-
independent reactions. Included in the rows might 
be information about the location of reactions, 
whether light is needed, what reactants are needed, 
and what products are produced. 

Check for Understanding

HAND SIGNALS

Present students with the following questions, and ask them to show a thumbs-
up sign if they know the answer and understand the concept, a thumbs-down 
sign if they do not know or understand, or a waving hand if they partially know 
or understand.

What is the principal pigment in plants?• 

How do plant cells use electron carriers?• 

What are the two sets of reactions that make up photosynthesis?• 

ADJUST INSTRUCTION

For each question that received a thumbs-down or waving-hand sign, ask students to 
write a brief answer using the text. Call on volunteers to share their answers.
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Review Key Concepts 
1. a. Review Why are pigments such as chloro-

phyll needed for photosynthesis?
 b. Predict How well would a plant grow 

under pure yellow light? Explain your 
answer.

2. a. Review What is the function of NADPH?
 b. Explain How is light energy converted 

into chemical energy during photosynthesis?
 c. Infer How would photosynthesis be 

affected if there were a shortage of NADP+ in 
the cells of plants?

3. a. Review Describe the overall process of 
photosynthesis, including the reactants and 
products.

 b. Interpret Visuals Look at Figure 8–7. Into 
which set of reactions—light-dependent or 
light-independent—does each reactant of pho-
tosynthesis enter? From which set of reactions 
is each product of photosynthesis generated?

What Waste Material Is Produced 
During Photosynthesis?
1  Fill a large, clear, plastic cup about 

halfway full with sodium bicarbonate 
 solution. The sodium bicarbonate solu-
tion is a source of carbon dioxide.

2  Place a freshly cut Elodea plant (with 
the cut stem at the bottom) in a large 
test tube. Fill the tube with sodium 
bicarbonate solution. CAUTION: Handle 
the test tube carefully.

3  Hold your fi nger over the mouth of 
the test tube. Turn the test tube over, and 
lower it to the bottom of the cup. Make 
sure no air is trapped in the test tube.

4  Place the cup in bright light.

5  After no fewer than 20 minutes, look 
closely at the elodea leaves. Record your 
observations.

4. Create your own labeled diagram of a chloro-
plast. Using Figure 8–5 as a guide, draw and 
label the thylakoids, grana, and stroma. Indi-
cate on your drawing where the two sets of 
photosynthesis reactions take place.

5. Draw two leaves—one green and one orange.
Using colored pencils, markers, or pens, show 
which colors of visible light are absorbed and 
refl ected by each leaf. 

Elodea

Sodium
bicarbonate

solution

Analyze and Conclude
1. Observe What did you observe on the Elodea leaves?

2. Infer What substance accumulated on the leaves? 
Should that substance be considered a waste product? 
Explain.

3. Apply Concepts Which plant organelle carries out 
photosynthesis and produces the gas?

• Self-Test  • Lesson AssessmentLesson 8.2

234 Chapter 8 • Lesson 2
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PURPOSE Students will be able to conclude that 
oxygen is produced by plants during photosynthesis.

MATERIALS large clear plastic cup, sodium 
bicarbonate solution, Elodea plant, large test tube

SAFETY Warn students to handle glass carefully. 
Students should wash their hands after the lab.

PLANNING Prepare the sodium bicarbonate solution 
by mixing 5 g of sodium bicarbonate into each liter 
of water. Obtain the Elodea plants. 

ANALYZE AND CONCLUDE

bubbles of a gas (up to 30 minutes after setup)1. 

oxygen; yes, it would be considered a waste prod-2. 
uct because the plant released it.

the chloroplast3. 

Assess and Remediate
EVALUATE UNDERSTANDING

Have students describe how plants produce sugars. 
Then, have them complete the 8.2 Assessment.

REMEDIATION SUGGESTION

L1  Struggling Students If students have trouble 
with Question 1b, have them refer to Figure 8–4.

  Students can then check their 
understanding of lesson concepts with the 
Self-Test assessment. They can then take an 
online version of the Lesson Assessment.

occur efficiently if there were a shortage of 
NADP+ in the cells of plants.

 3a.  Photosynthesis uses the energy of sunlight 
to convert water and carbon dioxide (reac-
tants) into high-energy sugars and oxygen 
(products).

 3b.  Light-dependent reactions: sunlight and 
water enter; oxygen is lost as a byproduct; 
ATP and NADPH are produced. Light-
 independent reactions: carbon dioxide 
enters; glucose is made using the energy 
provided by ATP and NADPH; ADP and 
NADP+ are cycled back for re-use in the 
light-dependent reactions.

 4. Diagrams should have labels for the thy-
lakoids, grana, and stroma and should 
indicate that the light-dependent reactions 
occur in the thylakoids and the light-
 independent reactions occur in the stroma.

 5.  Drawings should show an understanding 
that the green leaf reflects primarily green 
light and absorbs violet, blue, orange, and 
red light (and poorly absorbs yellow light). 
The orange leaf reflects primarily orange 
light and absorbs violet, blue, and green 
light (and poorly absorbs red and yellow). 

1a.  They capture energy from sunlight.

 1b.  It would not grow well because chloro-
phyll does not absorb much light in the 
yellow region of the visible spectrum.

 2a.  NADPH transferes high-energy electrons 
between molecules.

 2b.  Light energy absorbed by pigments pro-
duces high-energy electrons that are 
used to convert NADP+ and ADP to the 
compounds NADPH and ATP, trapping the 
energy in chemical form.

 2c.  Because photosynthesis depends on the 
conversion of NADP+ to NADPH to carry 
electrons to chemical reactions in other 
parts of the cell, the process could not 

Assessment Answers
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The Process of 
 Photosynthesis

Key Questions

 What happens during the 
light-dependent reactions?

 What happens during the 
light-independent reactions?

 What factors affect 
photosynthesis?

Vocabulary
photosystem •
electron transport chain •
ATP synthase • Calvin cycle

Taking Notes
Flowchart As you read, create 
a fl owchart that clearly shows 
the steps involved in the light-
 dependent reactions.

FIGURE 8–8 The Importance 
of Light Like most plants, this rice 
plant needs light to grow. 
Apply Concepts Which stage of 
photosynthesis requires light?

The Light-Dependent Reactions: 
Generating ATP and NADPH

 What happens during the light-dependent reactions?
Recall that the process of photosynthesis involves two primary sets of 
reactions: the light-dependent and the light-independent reactions. 
The light-dependent reactions encompass the steps of photosynthesis 
that directly involve sunlight. These reactions explain why plants need 
light to grow.  The light-dependent reactions use energy from 
sunlight to produce oxygen and convert ADP and NADP+ into the 
energy carriers ATP and NADPH.

The light-dependent reactions occur in the thylakoids of chloro-
plasts. Thylakoids are saclike membranes containing most of the 
machinery needed to carry out these reactions. Thylakoids contain 
clusters of chlorophyll and proteins known as 
photosystems.photosystems. The photosystems, which are sur-
rounded by accessory pigments, are essential to 
the light-dependent reactions. Photosystems 
absorb sunlight and generate high-energy 
electrons that are then passed to a series 
of electron carriers embedded in the 
thylakoid membrane. Light absorption 
by the photosystems is just the begin-
ning of this important process.

Lesson 8.3 • Lesson Overview  • Lesson Notes  235

THINK ABOUT IT Why membranes? Why do chloroplasts contain 
so many membranes? Is there something about biological membranes 
that makes them absolutely essential for the process of photosynthesis? 
As you’ll see, there is. When most pigments absorb light, they eventu-
ally lose most of that energy as heat. In a sense, the “trade secret” of the 
chloroplast is how it avoids such losses, capturing light energy in the 
form of high-energy electrons—and membranes are the key. Without 
them, photosynthesis simply wouldn’t work.
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Getting Started

Objectives
8.3.1 Describe what happens during the light-
dependent reactions.

8.3.2 Describe what happens during the light-
independent reactions.

8.3.3 Identify factors that affect the rate at which 
photosynthesis occurs.

Student Resources
Study Workbooks A and B, 8.3 Worksheets

Spanish Study Workbook, 8.3 Worksheets

Lab Manual B, 8.3 Data Analysis Worksheet

 Lesson Overview • Lesson Notes • 
Activities: Art in Motion, Art Review, Data 
Analysis • Assessment: Self-Test, Lesson 
Assessment

 For corresponding lesson in the 
Foundation Edition, see pages 199–203.

Teach for Understanding

ENDURING UNDERSTANDING A cell is the basic unit of life; the processes that occur 
at the cellular level provide the energy and basic structure organisms need to survive.

GUIDING QUESTION How do photosynthetic organisms convert the sun’s energy into 
chemical energy?

EVIDENCE OF UNDERSTANDING After students have finished the lesson, this 
assessment should show their understanding of the steps that make up the process 
of photosynthesis. Have students work in small groups, and assign each group 
one of the steps in the process of photosynthesis. (If there are enough groups, you 
could assign each group the material in one of the subsections marked by the blue 
heads.) Ask the students in each group to become experts on that step and make 
a presentation to the class explaining what happens. Groups should be prepared to 
take questions from classmates. 

Answers
FIGURE 8–8 the light-dependent reactions
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FIGURE 8–9 Why Green? The 
green color of most plants is 
caused by the refl ection of green 
light by the pigment chlorophyll. 
Pigments capture light energy 
during the light-dependent 
reactions of photosynthesis.

BUILD Vocabulary
ACADEMIC WORDS The noun 
gradientgradient refers to “an area over 
which something changes.” There 
is a charge gradient across the 
thylakoid membrane because there 
is a positive charge on one side and 
a negative charge on the other.

Photosystem II The light-dependent reactions, shown in Figure 8–10, 
begin when pigments in photosystem II absorb light. (This fi rst photo-
system is called photosystem II simply because it was discovered 
after photosystem I.) Light energy is absorbed by electrons in the pig-
ments found within photosystem II, increasing the electrons’ energy 
level. These high-energy electrons (e–) are passed to the electron 
 transport chain. An electron transport chainelectron transport chain is a series of electron 
 carrier proteins that shuttle high-energy electrons during ATP-
 generating reactions.

As light continues to shine, more and more high-energy electrons 
are passed to the electron transport chain. Does this mean that chlo-
rophyll eventually runs out of electrons? No, the thylakoid membrane 
contains a system that provides new electrons to chlorophyll to replace 
the ones it has lost. These new electrons come from water molecules 
(H2O). Enzymes on the inner surface of the thylakoid break up each 
water molecule into 2 electrons, 2 H+ ions, and 1 oxygen atom. The 
2 electrons replace the high-energy electrons that have been lost to the 
electron transport chain. As plants remove electrons from water, oxygen 
is left behind and is released into the air. This reaction is the source of 
nearly all of the oxygen in Earth’s atmosphere, and it is another way in 
which photosynthesis makes our lives possible. The hydrogen ions left 
behind when water is broken apart are released inside the thylakoid.

In Your Notebook Explain in your own words why photosynthetic 
organisms need water and sunlight. 

Electron Transport Chain What happens to the electrons as they 
move down the electron transport chain? Energy from the electrons 
is used by the proteins in the chain to pump H+ ions from the stroma 
into the thylakoid space. At the end of the electron transport chain, the 
electrons themselves pass to a second photosystem called photosystem I.

Photosystem I Because some energy has been used to pump H+ ions 
across the thylakoid membrane, electrons do not contain as much energy 
as they used to when they reach photosystem I. Pigments in photosystem I 
use energy from light to reenergize the electrons. At the end of a short 
second electron transport chain, NADP+ molecules in the stroma pick 
up the high-energy electrons, along with H+ ions, at the outer surface of 
the thylakoid membrane, to become NADPH. This NADPH becomes 
very important, as you will see, in the light-independent reactions of 
photosynthesis.

Hydrogen Ion Movement and ATP Formation Recall that in 
photosystem II, hydrogen ions began to accumulate within the 
thylakoid space. Some were left behind from the splitting of water 
at the end of the electron transport chain. Other hydrogen ions 
were “pumped” in from the stroma. The buildup of hydrogen 
ions makes the stroma negatively charged relative to the space 
within the thylakoids. This gradient,gradient, the difference in both charge 
and H+ ion concentration across the membrane, provides the 
energy to make ATP. 
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 Teach

Build Study Skills
Tell students that a good way to learn diffi cult 
 material is by making an outline. Have them work in 
small groups to make an outline of the section, The 
Light-Dependent Reactions: Generating ATP and 
NADPH. Students should use the blue headings for 
the second level of their outlines, and under each, 
add important details from the subsection.

DIFFERENTIATED INSTRUCTION

LPR  Less Profi cient Readers Have students work 
in pairs to write fi ve questions about the light-
 dependent reactions on a piece of paper. Ask them 
to write the answers on another piece of paper. 
Then, have each pair trade questions with another 
pair. Partners should work together to answer the 
new set of questions. Then, have the two pairs con-
fer on the answers. If a question is not answered 
correctly, all four students should work together 
to review the material and form an answer they all 
agree upon.

ELL Focus on ELL: 
Build Background

BEGINNING SPEAKERS Have students fi ll 
in a Cluster Diagram for the topic of 
photosynthesis. Ask them to think of words that 
relate to photosynthesis and write them in boxes 
connected to the circle. Then, lead a discussion 
on the words students recorded and how the 
words relate to photosynthesis. Make sure words 
not associated with photosynthesis are not 
validated as such. 

Study Wkbks A/B, Appendix S19, Cluster 
 Diagram. Transparencies, GO2.

How Science Works

SAME STAGES, DIFFERENT NAMES

In the early 1900s, British plant physiologist F. F. Blackman concluded that photo-
synthesis occurs in two stages, a stage that depends on light followed by a stage 
that can take place in darkness. The terms light reactions and dark reactions have 
been commonly used for the two stages since that time. Yet, the term dark reac-
tions implies that those reactions can occur only in darkness, which is not the case. 
It’s just that the dark reactions do not depend on sunlight. To avoid ambiguity, the 
authors of many modern textbooks have labeled the two stages light-dependent 
reactions and light-independent reactions. Some authors have gone a step further 
toward clarity by labeling the light-independent reactions the Calvin cycle, the name 
of the series of reactions that make up the light-independent reactions in most 
 photosynthetic organisms.

Answers
IN YOUR NOTEBOOK Sample answer: Water is 
needed for the electrons and H+ ions used in the 
reactions of photosynthesis. Sunlight is needed to 
supply the energy that is absorbed by pigments in 
chloroplasts, which increases the energy of electrons 
in photosystems.
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+  4e- 2

Photosystem II
Light energy absorbed by 
photosystem II produces 
high-energy electrons. 
Water molecules are split 
to replace those electrons, 
releasing H+ ions and 
oxygen.

Electron Transport
High-energy electrons move 
down the electron transport 
chain, to photosystem I. 
Energy generated is used to 
pump H+ ions across the 
thylakoid membrane and 
into the thylakoid space. 

Hydrogen Ion Movement 
and ATP Formation
As the thylakoid space 
fills up with positively 
charged H+ ions, the 
inside of the thylakoid 
membrane becomes 
positively charged 
relative to the outside of 
the membrane. H+ ions 
pass back across the 
thylakoid membrane 
through ATP synthase.
As the ions pass through, 
the ATP synthase molecule 
rotates and the energy 
produced is used to 
convert ADP to ATP.

To Light-
Independent
Reactions

To Light-
Independent
Reactions

STROMA

CYTOPLASM

THYLAKOID
SPACE

Thylakoid
membraneElectron carriersLight

Light

Photosystem I
Electrons are reenergized in 
photosystem I. A second 
electron transport chain then 
transfers these electrons to 
NADP+, producing NADPH.

H+

+

H+

H+

H+H+ H+

H+ H+
H+4e–
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Photosystem I

ATP
synthase

4H+ O22 H2O
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2H+ + NADP+ 2 NADPH
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ADP

HHHHHHHHHH++++++
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Light-Dependent 
Reactions

Light-Independent
Reactions

H2O

O2

CO2
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H+ ions cannot cross the membrane directly. However, the 
thylakoid membrane contains a protein called ATP synthaseATP synthase 
that spans the membrane and allows H+ ions to pass through it. 
Powered by the gradient, H+ ions pass through ATP synthase and 
force it to rotate, almost like a turbine being spun by water in a 
hydroelectric power plant. As it rotates, ATP synthase binds ADP 
and a phosphate group together to produce ATP. This process, 
which is known as chemiosmosis (kem ee ahz moh sis), enables 
light-dependent electron transport to produce not only NADPH 
(at the end of the electron transport chain), but ATP as well.

Summary of Light-Dependent Reactions The light-dependent 
reactions produce oxygen gas and convert ADP and NADP+ into 
the energy carriers ATP and NADPH. What good are these com-
pounds? As we will see, they have an important role to play in the 
cell: They provide the energy needed to build high-energy sugars 
from low-energy carbon dioxide. 

FIGURE 8–10 The light-dependent 
reactions of photosynthesis take place 
in the thylakoids of the chloroplast. They 
use energy from sunlight to produce ATP, 
NADPH, and oxygen. Interpret Visuals  
How many molecules of NADPH are 
produced per water molecule used in 
photosynthetic electron transport?

LIGHT-DEPENDENT REACTIONS
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Have small groups of students work through the 
steps shown in Figure 8–10. Then, review the fi gure 
in a full-class discussion. Begin by asking a volunteer 
to read aloud the fi rst annotation, Photosystem II.
Call on students at random to explain what is hap-
pening in that step. Continue in the same manner 
with the other annotations. If students have trouble 
understanding a step, read aloud the passage in the 
text that explains it.

DIFFERENTIATED INSTRUCTION

L1 Struggling Students Many students may fi nd 
interpreting Figure 8–10 diffi cult. Redraw the fi g-
ure in simplifi ed form on the board, using a line to 
represent the thylakoid membrane and four circles 
to represent the two photosystems and a protein in 
between and to the right. Ask students to tell you 
where to draw sunlight hitting the photosystems. 
Show how electrons move down the chain and 
hydrogen ions build up in the thylakoid space. Draw 
an ATP synthase molecule on the line, and then have 
students tell you how to draw the production of ATP 
as H+ ions pass through the ATP synthase.

Ask What happens to the ATP molecules produced 
as H+ ions pass through ATP synthase? ( They move 
to the light-independent reactions.)
L3  Advanced Students Encourage interested stu-
dents to work together to use what they’ve learned 
about the oxygen produced by photosynthesis to 
make a poster showing the value in conserving the 
great forests of the world, including the Amazon rain 
forest. Suggest they use online or library resources to 
investigate how the oxygen produced by plants ben-
efi ts the whole biosphere. 

  To see how ATP is produced through 
the rotation of ATP synthase, suggest students 
watch Art in Motion: Light-Dependent 
Reactions. 
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Answers
FIGURE 8–10 The figure shows 2 NADPH molecules 
produced for every 2 water molecules split (or 1 per 
water molecule).

Quick Facts

THE H+ ION IN PHOTOSYNTHESIS

One of the important events in the light-dependent reactions is the removal of elec-
trons and H+ ions from water molecules. Both the electrons and the H+ ions play 
important roles in the production of ATP and NADPH. Another way to identify the H+ 
ions would be to simply call them protons. A hydrogen atom consists of 1 proton and 
1 electron. An H+ ion, then, is a hydrogen atom without its electron—that is, an H+ 
ion is 1 proton. Therefore, the buildup of hydrogen ions in the thylakoid space is, to 
put it another way, a buildup of protons.
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Carbon Dioxide Enters the Cycle
Six carbon dioxide molecules from 
the atmosphere are combined with 
six 5-carbon molecules in the very 
first step of the cycle. This produces 
twelve 3-carbon compounds.

Sugar Production
Energy from ATP and high-energy 
electrons from NADPH are used to 
convert the 3-carbon molecules to 
higher-energy forms. Two of these 
3-carbon molecules are removed 
from the cycle to produce sugars, 
lipids, amino acids, and other 
compounds. The remaining 
3-carbon molecules are converted 
back into 5-carbon forms that are 
used to start the cycle again.

From
Light-Dependent
Reactions
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Reactions

12

6
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12

12

Light-Dependent 
Reactions

Light-Independent
Reactions

H2O

O2

CO2
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The Light-Independent Reactions: 
Producing Sugars

 What happens during the light-independent reactions?
The ATP and NADPH formed by the light-dependent reactions con-
tain an abundance of chemical energy, but they are not stable enough 
to store that energy for more than a few minutes. During the light-
independent reactions, commonly referred to as the Calvin cycle,Calvin cycle, 
plants use the energy that ATP and NADPH contain to build stable 
high-energy carbohydrate compounds that can be stored for a long 
time.  During the light-independent  reactions, ATP and 
NADPH from the light-dependent reactions are used to produce 
high-energy sugars. The Calvin cycle is named after the American 
scientist Melvin Calvin, who worked out the details of this remark-
able cycle. Follow Figure 8–11 to see each step in this set of reactions.

FIGURE 8–11 The light-independent 
reactions of photosynthesis take 
place in the stroma of the chloroplast. 
The reactions use ATP and NADPH 
from the light-dependent reactions 
to produce high-energy sugars such 
as glucose. Interpret Visuals How 
many molecules of ATP are needed 
for each “turn” of the Calvin cycle?

LIGHT-INDEPENDENT REACTIONS
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 Teach continued

Use Figure 8–11 to discuss the main steps of the 
light-independent reactions. Call on a volunteer to 
read aloud the annotation, Carbon Dioxide Enters 
the Cycle. Then call on another student to read the 
annotation Sugar Production.

Ask Where do the light-independent reactions 
occur? (in the stroma of the chloroplast)

Ask What products of the light-dependent reactions 
are used in the light-independent reactions? (the 
electron carriers ATP and NADPH)

Ask What is the main product of the Calvin cycle? 
(sugars and other compounds)

DIFFERENTIATED INSTRUCTION

L1  Struggling Students Some students may have 
a diffi cult time understanding the light-independent 
reactions as presented in Figure 8–11. Simplify the 
information by writing the important concepts on 
the board:

The light-independent reactions occur in the • 
stroma of the chloroplast.

ATP and NADPH molecules produced in the light-• 
dependent reactions enter the stroma.

Carbon dioxide molecules from the atmosphere • 
combine with other carbon molecules in the 
stroma to begin the cycle.

Energy from ATP and NADPH is used to produce • 
high-energy sugars in the Calvin cycle, another 
name for the light-independent reactions.

ELL English Language Learners Have students 
look up stable in a dictionary to fi nd a defi nition that 
best fi ts the context in which it is used here: ATP and 
NADPH are not stable enough to store energy for 
more than a few minutes. Point out that stable is a 
good description of the high-energy sugars produced 
in photosynthesis, but not a good description of the 
electron carriers ATP and NADPH.

  Have students further explore the 
light-independent reactions by viewing Art 
Review: Light-Independent Reactions.

Check for Understanding

DEPTH OF UNDERSTANDING

Ask Why is the conversion of ADP and NADP+ to ATP and NADPH essential for cell 
function?

Students with a superfi cial understanding of photosynthesis might simply say these 
compounds carry energy. Students with a more sophisticated understanding will be 
able to explain that the formation of these compounds is the result of the conversion 
of energy from sunlight to chemical energy in the light-dependent reactions, which is 
then used in the light-independent reactions to produce the high-energy sugars that 
provide energy for cell processes.

ADJUST INSTRUCTION

Have students create a fl owchart to show energy fl ow in photosynthesis.

Answers
FIGURE 8–11 Eighteen ATP molecules are needed for 
each turn of the Calvin cycle.
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Carbon Dioxide Enters the Cycle Carbon dioxide 
molecules enter the Calvin cycle from the atmosphere. An 
enzyme in the stroma of the chloroplast combines these 
carbon dioxide molecules with 5-carbon compounds that 
are already present in the organelle, producing 3-carbon 
compounds that continue into the cycle. For every 6  carbon 
dioxide molecules that enter the cycle, a total of twelve 
3-carbon  compounds are produced. Other enzymes in the 
chloroplast then convert these compounds into higher-
energy forms in the rest of the cycle. The energy for these 
conversions comes from ATP and high-energy electrons 
from NADPH.

Sugar Production At midcycle, two of the twelve 3-carbon 
molecules are removed from the cycle. This is a very special 
step because these molecules become the building blocks 
that the plant cell uses to produce sugars, lipids, amino 
acids, and other compounds. In other words, this step in 
the Calvin cycle contributes to all of the products needed 
for plant metabolism and growth.

The remaining ten 3-carbon molecules are converted 
back into six 5-carbon molecules. These molecules com-
bine with six new carbon dioxide molecules to begin the 
next cycle.

Summary of the Calvin Cycle The Calvin cycle uses 
6 molecules of carbon dioxide to produce a single 6-carbon 
sugar molecule. The energy for the reactions that make 
this possible is supplied by compounds produced in the 
light-dependent reactions. As photosynthesis proceeds, the 
Calvin cycle works steadily, removing carbon dioxide from 
the atmosphere and turning out energy-rich sugars. The 
plant uses the sugars to meet its energy needs and to build 
macromolecules needed for growth and development, 

including lipids, proteins, and complex carbohydrates 
such as cellulose. When other organisms eat plants, 

they, too, can use the energy and raw materials stored 
in these compounds. 

The End Results The two sets of photosynthetic 
reactions work together—the light-dependent 
reactions trap the energy of sunlight in chemical 
form, and the light-independent reactions use 
that chemical energy to produce stable, high-
energy sugars from carbon dioxide and water. 
And, in the process, animals, including our-
selves, get plenty of food and an atmosphere 
fi lled with oxygen. Not a bad deal at all!

In Your Notebook What happens to 
the NADP +, ADP, and sugars produced by 
the Calvin cycle?

Melvin Calvin used 
radioactively 
labeled carbon 
atoms in carbon 
dioxide to show 
what happens to the 
carbon used in the light-
independent reactions. 
Where does this carbon 
end up?

Photosynthesis 239
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Lead a Discussion
Some students may have diffi culty following the 
events described when carbon dioxide enters the 
Calvin cycle. Help them understand the number of 
3-carbon compounds produced by working through 
the math on the board.

Ask How many carbon atoms does a molecule of 
CO2 contain? (1)

Ask When a carbon dioxide molecule combines 
with a 5-carbon compound, how many 3-carbon 
compounds are produced? (two, because 1 + 5 = 6; 
6 ÷ 3 = 2)

Ask If for every carbon dioxide molecule that enters 
the cycle, two 3-carbon compounds are produced, 
then how many 3-carbon compounds are produced 
when six carbon dioxide molecules enter the cycle? 
(twelve, because 2 × 6 = 12) 

DIFFERENTIATED INSTRUCTION

L1  Struggling Students Some students may 
have a hard time following the steps of the light-
 independent reactions. To help these students, read 
aloud a sentence from the text and then call atten-
tion to that step as shown in Figure 8–11. Continue 
this process through the Calvin cycle.

Discuss with students what product of 
photosynthesis contains carbon atoms. 
Suggest they look back to the overall 

equation for photosynthesis. Students can go online 
at Biology.com to gather their evidence.

Address Misconceptions
Increase of Matter From a Gas Some students may 
have diffi culty understanding that photosynthesis 
uses a gas—carbon dioxide—to produce solid sug-
ars. Address this concept by showing students an 
orange. Most students know oranges contain sugars. 
Write the formula for glucose on the board: C6H12O6. 
Explain that an orange contains glucose. Then, ask 
what molecule enters the Calvin Cycle that contains 
carbon, symbolized by C. (carbon dioxide) Explain 
that the carbon in carbon dioxide contributes the 
carbon atoms in glucose. Therefore, through photo-
synthesis, a gas is used to make a solid.

Biology In-Depth

THAT PESKY CRAB GRASS

C4 plants (discussed on page 241) have modifi ed pathways that allow them to 
 photosynthesize under harsh conditions. If students live in an area where most houses 
have their own lawns, they may be familiar with the battle many homeowners fi ght 
with a plant commonly called crab grass. Crab grass grows along with ordinary grass, 
and early in the growing season crab grass may not even be noticeable. In late sum-
mer, though, when many lawns dry out and become brown, patches of crab grass 
remain green and outgrow ordinary grass, creating unsightly patches. Why does crab 
grass do so well when ordinary grass struggles in late summer? Digitaria sanguinalis, 
as crab grass is properly known, is a C4 plant, whereas most common grasses are C3 
plants. The C4 pathway enables crab grass to thrive under conditions where ordinary 
grasses grow slowly or start to turn brown.
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Answers
IN YOUR NOTEBOOK ADP and NADP+ become 
available to pick up more high-energy electrons from 
the light-dependent reactions. High-energy sugars 
are used to meet energy needs or are converted to 
other materials used for growth and development. 
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Rates of Photosynthesis
The rate at which a plant carries out photo-
synthesis depends in part on environmental 
factors such as temperature, amount of water 
available, and light intensity. The graph shows 
how the average rates of photosynthesis 
between sun plants and shade plants changes 
with light intensity.
1. Use Tables and Graphs When light 
intensity is below 200 μmol photons/m2/s, do 
sun plants or shade plants have a higher rate of 
photosynthesis?

2. Infer Light intensity in the Sonoran Desert 
averages about 400 μmol photons/m2/s. 
According to the graph, what would be the 
approximate rate of photosynthesis for sun 
plants that grow in this environment?

3. Form a Hypothesis Suppose you transplant 
a sun plant to a shaded forest fl oor that receives 
about 100 μmol photons/m2/s. Do you think 
this plant will grow and thrive? Why or why 
not? How does the graph help you answer 
this question?

BUILD Vocabulary
MULTIPLE MEANINGS The noun 
intensity is commonly used to 
refer to something or someone 
who is very emotional, focused, 
or active. In science, however, 
intensity refers to energy. Thus, 
light intensity is a measure of 
the amount of energy available 
in light. More intense light has 
more energy.
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Factors Affecting Photosynthesis 
 What factors affect photosynthesis?

Temperature, Light, and Water Many factors infl uence the rate of 
photosynthesis.  Among the most important factors that affect 
photosynthesis are temperature, light intensity, and the availability 
of water. The reactions of photosynthesis are made possible by 
enzymes that function best between 0°C and 35°C. Temperatures 
above or below this range may affect those enzymes, slowing down the 
rate of photosynthesis. At very low temperatures, photosynthesis may 
stop entirely. 

The intensity of light also affects the rate at which photosynthesis 
occurs. As you might expect, high light intensity increases the rate of 
photosynthesis. After the light intensity reaches a certain level, how-
ever, the plant reaches its maximum rate of photosynthesis. 

Because water is one of the raw materials of photosynthesis, a 
shortage of water can slow or even stop photosynthesis. Water loss 
can also damage plant tissues. To deal with these dangers, plants (such 
as desert plants and conifers) that live in dry conditions often have 
waxy coatings on their leaves that reduce water loss. They may also 
have biochemical adaptations that make photosynthesis more effi cient 
under dry conditions.

In Your Notebook Explain in your own words what role enzymes 
play in chemical reactions such as photosynthesis.
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ANSWERS

shade plants1. 

about 13–14 μmol CO2. 2 consumed/
m2/s

The sun plant will grow less well 3. 
on the shady forest floor because 
its rate of photosynthesis will 
greatly decrease. The graph shows 
the rate will decrease from about 
13 μmol CO2 consumed/m2/s at 
400 μmol photons/m2/s to only 
about 4 μmol CO2 consumed/m2/s 
at 100 μmol photons/m2/s in a 
 shaded forest.

 Teach continued

Build Science Skills
Explain that scientists make predictions about natu-
ral occurrences based on evidence, experience, and 
knowledge. Have students work in small groups to 
predict how and why the rate of photosynthesis in 
plants would be affected by each of the following 
situations.

An area in the Midwest experienced a drought that • 
lasted for months. Lakes and rivers dropped to lev-
els lower than anyone could remember.

During August in a New England city, the tempera-• 
ture rose every day to 37–38°C (98.6–104°F).

A series of huge volcanoes erupted, and the vol-• 
canic ash accumulated in Earth’s atmosphere, 
reducing the intensity of sunlight for many days.

DIFFERENTIATED INSTRUCTION

LPR  Less Profi cient Readers Struggling readers 
may stumble over the phrase “intensity of light.” 
Demonstrate varying intensities by shining a light 
directly onto a plant and then setting the light on 
a table a distance from the plant. Ask students 
which time the light shined more intensely on the 
plant. (the closer, direct light) Then, ask students to 
describe a condition when the intensity of sunlight 
is at its maximum. (sunlight on a summer day when 
the sun is directly above)

L3  Advanced Students Have small groups of 
students do further research on either C4 photosyn-
thesis or Crassulacean Acid Metabolism (CAM). Ask 
each group to make a poster that includes drawings 
and labels explaining the process they researched. 
Have groups present their posters to the class.

  In Data Analysis: Shedding Light 
on Marine Algae, students can gather and 
analyze data derived from the relationship 
between light frequency and pigments in 
marine algae.
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Answers
IN YOUR NOTEBOOK Enzymes are compounds 
that speed up chemical reactions, including those 
involved in photosynthesis.

PURPOSE Students will infer the 
relationship between photosynthesis 
and light intensity.

PLANNING Tell students that 
understanding the units of measure 
along the axes are not as important 
as recognizing that the rate increases 
in units of 5 along the y-axis and light 
intensity increases in units of 200 along 
the x-axis.

240 Chapter 8 • Lesson 3
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Review Key Concepts 
1. a. Review Summarize what happens during 

the light-dependent reactions of photosynthesis.
 b. Sequence Put the events of the light-

 dependent reactions in the order in which 
they occur and describe how each step is 
dependent on the step that comes before it.

2. a. Review What is the Calvin cycle?
 b. Compare and Contrast List at least three 

differences between the light-dependent and 
light-independent reactions of photosynthesis. 

3. a. Review What are the three primary factors 
that affect the rate of photosynthesis?

 b. Interpret Graphs Look at the graph on 
page 240. What are the independent and 
dependent variables being tested?

FIGURE 8–12 CAM Plants Plants 
like this ice plant can survive in dry 
conditions due to their modifi ed 
light-independent reactions. Air is 
allowed into the leaves only at night, 
minimizing water loss.

4. The word carbohydrate comes from the pre-
fi x carbo-, meaning “carbon,” and the word 
hydrate. Based on the reactants of the photo-
synthesis equation, what does hydrate mean?

Photosynthesis Under Extreme Conditions In order to conserve 
water, most plants under bright, hot conditions (of the sorts often 
found in the tropics) close the small openings in their leaves that 
 normally admit carbon dioxide. While this keeps the plants from 
drying out, it causes carbon dioxide within the leaves to fall to very 
low levels. When this happens to most plants, photosynthesis slows 
down or even stops. However, some plants have adapted to extremely 
bright, hot conditions. There are two major groups of these special-
ized plants: C4 plants and CAM plants. C4 and CAM plants have 
 biochemical adaptations that minimize water loss while still allowing 
photosynthesis to take place in intense sunlight.

� C4 Photosynthesis C4 plants have a specialized chemical pathway 
that allows them to capture even very low levels of carbon dioxide 
and pass it to the Calvin cycle. The name “C4 plant” comes from the 
fact that the fi rst compound formed in this pathway contains 4 carbon 
atoms. The C4 pathway enables photosynthesis to keep working under 
intense light and high temperatures, but it requires extra energy in the 
form of ATP to function. C4 organisms include important crop plants 
like corn, sugar cane, and sorghum.

� CAM Plants Other plants adapted to dry climates use a different 
strategy to obtain carbon dioxide while minimizing water loss. These 
include members of the family Crassulaceae. Because carbon dioxide 
becomes incorporated into organic acids during photosynthesis, the 
process is called Crassulacean Acid Metabolism (CAM). CAM plants 
admit air into their leaves only at night. In the cool darkness, carbon 
dioxide is combined with existing molecules to produce organic acids, 
“trapping” the carbon within the leaves. During the daytime, when 
leaves are tightly sealed to prevent the loss of water, these compounds 
release carbon dioxide, enabling carbohydrate production. CAM 
plants include pineapple trees, many desert cacti, and also the fl eshy 
“ice plants” shown in Figure 8–12, which are frequently planted near 
freeways along the west coast to retard brush fi res and prevent erosion.

Lesson 8.3 • Lesson Assessment  • Self-Test
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Expand Vocabulary
Minimum and maximum are concepts commonly 
used in a scientifi c context. Have students look up 
minimize in a dictionary and then write a sentence 
explaining what it means to “minimize water loss.”

DIFFERENTIATED INSTRUCTION

ELL English Language Learners Explain that mini-
mize is the verb form of the word minimum, which 
means “the least quantity possible.” Then, explain 
that the opposite of minimum is maximum, or “the 
greatest quantity possible.” The verb form of maxi-
mum is maximize.

Assess and Remediate
EVALUATE UNDERSTANDING

Ask students to write two short summary para-
graphs, one on the light-dependent reactions and 
another on the light-independent reactions. Then, 
have them complete the 8.3 Assessment.

REMEDIATION SUGGESTION

L1  Struggling Students If students have trouble 
with Question 2b, suggest they look at what is 
needed to begin each set of reactions and what 
the products of each set are. Review the difference 
between the independent variable and the depen-
dent variable in a controlled experiment if students 
get stuck on Question 3b.

 Students can check their under-
standing of lesson concepts with the Self-
Test assessment. They can then take an online 
version of the Lesson Assessment.

Assessment Answers
 1a.  The light-dependent reactions use energy 

from sunlight to produce oxygen and con-
vert ADP and NADP+ into the energy carri-
ers ATP and NADPH.

 1b.  Sample answer: (1) Light energy is 
absorbed by electrons in the pigments and 
water molecules are split into H+ ions, oxy-
gen, and electrons. (2) High-energy elec-
trons (from the splitting of water) move 
down the electron transport chain, where 
energy from the electrons is used to pump 
H+ ions into the thylakoid space. (3) At the 
end of the chain, NADP+ molecules pick up 

the high-energy electrons along with H+ 
ions to become NADPH. (4) H+ ions in the 
thylakoid space (pumped across in step 2) 
pass through ATP synthase in the thylakoid 
membrane, causing the ATP synthase base 
to rotate and produce ATP.

 2a.  The Calvin cycle is another name for the 
light-independent reactions in which ATP 
and NADPH from the light-dependent 
reactions are used to produce high-energy 
sugars. It is named for Melvin Calvin, who 
worked on its details.

 2b.  Sample answer: The light-dependent reac-
tions require light and water, occur in the 

thylakoids, and produce ATP and NADPH. 
The light-independent reactions require 
carbon dioxide, occur in the stroma, and 
produce high-energy sugars.

 3a.  temperature, light intensity, availability 
of water

 3b.  independent variable: light intensity; 
dependent variable: rate of photosynthesis

 4.  (to combine with) water
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CONTENT C.1.e, C.5.b

INQUIRY A.2.b, A.2.c

NATIONAL SCIENCE EDUCATION STANDARDS

GUIDED INQUIRY

Pre-Lab: Plant Pigments and Photosynthesis

Problem Do red leaves have the same pigments as 
green leaves?

Materials paper clips, one-hole rubber stoppers, 
chromatography paper strips, metric ruler, green and 
red leaves, coin, sheet of paper, large test tubes, test 
tube rack, glass-marking pencil, 10-mL graduated 
cylinder, isopropyl alcohol, colored pencils

Lab Manual Chapter 8 Lab

Skills Focus Predict, Analyze Data, Draw 
Conclusions

Connect to the Almost all life on 
Earth depends, directly or indirectly, on energy from 
sunlight. Photosynthesis is the process in which light 
energy is captured and converted to chemical energy. 
Many reactions are required for this conversion, which 
takes place in the chloroplasts of plant cells. Some of 
the reactions depend on light and some do not. Plant 
pigments play a major role in the light-dependent 
reactions. In this lab, you will use chromatography to 
compare the pigments in red leaves with those in 
green leaves.

Background Questions
a. Compare and Contrast What do all plant pigments 

have in common? How are they different?

b. Review Why do most leaves appear green?

c. Review What property makes chlorophyll so im-
portant for photosynthesis?

Pre-Lab Questions
Preview the procedure in the lab manual.

1. Design an Experiment What is the purpose of 
this lab?

2. Control Variables What is the control in this lab?

3. Design an Experiment Why must you place a leaf 
about 2 cm from the bottom of the paper before 
rubbing the leaf with the coin?

4. Predict Will red leaves contain the same amount of 
chlorophyll as green leaves? Why or why not?

 Visit Chapter 8 online to test yourself on chapter 
content and to fi nd activities to help you learn.

Untamed Science Video Journey to Panama with 
the  Untamed Science crew to discover how CO 2 affects 
plant growth.

Data Analysis Look at pigment color data in the 
ocean to fi nd out how marine algae photosynthesize in 
the blue light available underwater.

Tutor Tube Learn how to sort out the products and 
reactants in both the light-dependent and light-
independent reactions.

Art Review Focus on the thylakoid membrane to review 
your knowledge of the light-dependent reactions.

InterActive Art Bring the components of photosyn-
thesis together to run an animation.

Art in Motion Watch the steps of the light-dependent 
reactions in motion at the molecular level.

Visual Analogies Compare ATP production to a 
charged battery. See how the electron transport chain 
is like passing a hot potato.

Chapter 8
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Pre-Lab
Introduce students to the concepts they will explore 
in the chapter lab by assigning the Pre-Lab questions.

Lab
Tell students they will perform the chapter lab Plant 
Pigments and Photosynthesis described in Lab 
 Manual A.

L1  Struggling Students A simpler version of the 
chapter lab is provided in Lab Manual B.

SAFETY

Make sure students work in a well-ventilated area. 
Caution them to avoid breathing the fumes and to 
use care when handling glassware. Students should 
wash their hands thoroughly after the lab.

  Look online for Editable Lab 
Worksheets.

 For corresponding pre-lab in the 
Foundation Edition, see page 204.

BACKGROUND QUESTIONS

Sample answer: All the pigments are light-a. 
absorbing molecules. They differ in how well 
they absorb different wavelengths of light.

Leaves reflect green light because chlorophyll b. 
does not absorb light well in the green region 
of the spectrum.

Sample answer: Much of the energy c. 
absorbed by chlorophyll molecules is trans-
ferred directly to electrons in the chlorophyll 
molecule.

PRE-LAB QUESTIONS

The purpose is to find out whether red leaves 1. 
have the same pigments as green leaves.

Students may say that the green leaf or the 2. 
chromatogram made from the green leaf is 
the control. 

Sample answer: When the strips are placed in 3. 
the test tube, the pigment line must be above 
the surface of the alcohol.

Sample answer: Red leaves will have less 4. 
chlorophyll than green leaves because they 
are not green.

Pre-Lab Answers

242 Chapter 8 • Pre-Lab
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Study Guide
 Cellular Basis of Life

Photosynthesis is the process by which organisms con-
vert light energy into chemical energy that all organisms 
can use directly, or indirectly, to carry out life functions.

8.1  8.1   Energy and Life

 ATP can easily release and store energy by 
 breaking and re-forming the bonds between its 
 phosphate groups. This characteristic of ATP 
makes it exceptionally useful as a basic energy 
source for all cells.

 In the process of photosynthesis, plants con-
vert the energy of sunlight into chemical energy 
stored in the bonds of carbohydrates.

adenosine triphosphate autotroph (228)
 (ATP) (226) photosynthesis (228)
heterotroph (228) 

8.2  8.2   Photosynthesis: An Overview

 Photosynthetic organisms capture energy 
from sunlight with pigments.

 An electron carrier is a compound that can 
accept a pair of high-energy electrons and transfer 
them, along with most of their energy, to another 
molecule. 

 Photosynthesis uses the energy of sunlight to 
convert water and carbon dioxide (reactants) into 
high-energy sugars and oxygen (products).

pigment (230) light-dependent
chlorophyll (230)  reactions (233)
thylakoid (231) light-independent
stroma (231)  reactions (233)
NADP+ (232)

88

1 Water

2 Oxygen

ATP 3

Calvin cycle 4

5

 8.3   8.3   The Process of Photosynthesis

 The light-dependent reactions use energy 
from sunlight to produce oxygen and convert ADP 
and NADP+ into the energy carriers ATP and NADPH. 

 During the light-independent reactions, ATP 
and NADPH from the light-dependent reactions 
are used to produce high-energy sugars. 

 Among the most important factors that affect 
photosynthesis are temperature, light intensity, and 
the availability of water.

photosystem (235) ATP synthase (237)
electron transport chain Calvin cycle (238) 
 (236)

Think Visually 
Using the information in this chapter, complete the 
following fl owchart about photosynthesis.

O2 Sugars

CO2H2O

243Chapter 8 • Crossword  • Chapter Assessment
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Study Online

  REVIEW AND ASSESSMENT 
RESOURCES

Editable Worksheets Pages of Study Workbooks 
A and B, Lab Manuals A and B, and the Assessment 
Resources Book are available online. These docu-
ments can be easily edited using a word-processing 
program.

Lesson Overview Have students reread the Lesson 
Overviews to help them study chapter concepts.

Vocabulary Review The Flash Cards and Cross-
word provide an interactive way to review chapter 
vocabulary.

Chapter Assessment Have students take an online 
version of the Chapter 8 Assessment.

Standardized Test Prep Students can take an 
online version of the Standardized Test Prep. You will 
receive their scores along with ideas for remediation.

Diagnostic and Benchmark Tests Use these tests 
to monitor your students’ progress and supply 
remediation.

Answers

THINK VISUALLY

light1. 

light-dependent reactions2. 

NADPH3. 

carbon dioxide4. 

sugars5. 

Performance Tasks

SUMMATIVE TASK Have students work 
in small groups to make a model of 
photosynthesis that includes both the light-
dependent and light-independent reactions. 
Their model could be constructed on a base of 
cardboard or poster board and use materials 
such as clay, string or yarn; wooden beads, 
and colored markers or pencils. Students 
should also label their model. Ask each group 
to display its completed model for other 
students to observe and ask questions about.

S
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D
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U
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TRANSFER TASK In a class discussion, have 
students review the difference between 
heterotrophs and autotrophs. Point out 
that now that they have learned about 
photosynthesis, they should have a much 
deeper understanding of how autotrophs 
make their own food, as well as how 
autotrophs provide heterotrophs with the food 
they need to produce the ATP used by their 
cells for energy. Then, ask each student to 
create a series of scenes that “runs the movie 
backward”—beginning with a human activity 
and ending with sunlight being absorbed by 

chlorophyll. Give students a choice of how 
they create their scenes. For example, they 
could draw a series of cartoons, make a 
flowchart, or write an essay. Explain that they 
will learn the details in the next chapter of 
how cells use food to make ATP, but for this 
task all they need to include on that subject 
is that a heterotroph’s cells can use food to 
make ATP.
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8.1  8.1   Energy and Life

Understand Key Concepts
 1. Which of the following are autotrophs?

 a. deer   c. leopards
 b. plants    d. mushrooms

 2. The principal chemical compound that living 
things use to store energy is
 a. DNA.   c. H2O.
 b. ATP.   d. CO2.

 3. The amount of energy stored in a molecule of 
ATP compared to the amount stored in a mol-
ecule of glucose is

 a. greater.
 b. less.
 c. the same.
 d. variable, depending on conditions.

 4. When a candle burns, energy is released in the 
form of

 a. carbon dioxide and water.
 b. the chemical substance ATP.
 c. light and heat.
 d. electricity and motion.

 5. How do heterotrophs and autotrophs differ in the 
way they obtain energy?

 6. Describe the three parts of an ATP molecule.

 7. Compare the amounts of energy stored by ATP 
and glucose. Which compound is used by the cell 
as an immediate source of energy?

Think Critically 
 8. Use Analogies Develop an analogy to explain 

ATP and energy transfer to a classmate who does 
not understand the concept.

 9. Infer Examine the 
photograph of the 
Indian pipe plant 
shown here. What 
can you conclude 
about the ability 
of the Indian pipe 
plant to make its 
own food? Explain 
your answer.

8.2  8.2   Photosynthesis: An Overview

Understand Key Concepts
 10. In addition to light and chlorophyll, photosynthe-

sis requires
 a. water and oxygen.
 b. water and sugars.
 c. oxygen and carbon dioxide.
 d. water and carbon dioxide.

 11. The leaves of a plant appear green because 
 chloro phyll
 a. refl ects blue light. c. refl ects green light.
 b. absorbs blue light. d. absorbs green light.

 12. Write the basic equation for photosynthesis using 
the names of the starting and fi nal substances of 
the process.

 13. What role do plant pigments play in the process 
of photosynthesis?

 14. Identify the chloroplast structures labeled A, B, 
and C. In which structure(s) do the light-dependent  
reactions occur? In which structure(s) do the 
light-independent reactions take place?

Think Critically
 15. Form a Hypothesis Although they appear green, 

some plant leaves contain yellow and red pig-
ments as well as chlorophyll. In the fall, those 
leaves may become red or yellow. Suggest an 
 explanation for these color changes.

 16. Design an Experiment Design an experiment 
that uses pond water and algae to demonstrate 
the importance of light energy to pond life. Be 
sure to identify the variables you will control and 
the variable you will change.

 17. Predict Suppose you water a potted plant and 
place it by a window in a transparent, airtight jar. 
Predict how the rate of photosynthesis might be 
affected over the next few days. What might hap-
pen if the plant were left there for several weeks? 
Explain.

88 Assessment
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Lesson 8.1

UNDERSTAND KEY CONCEPTS

 1.  b 2.  b 3.  b 4.  c

 5.  Heterotrophs obtain energy by consuming other 
organisms; autotrophs obtain energy by consum-
ing the food they make.

 6.  An ATP molecule consists of a nitrogen-
 containing compound called adenine, a 5-carbon 
sugar called ribose, and three phosphate groups.

 7.  A single molecule of glucose stores more than 
90 times the energy stored by ATP. ATP, though, 
transfers energy quickly and is used by the cell as 
an immediate source of energy.

THINK CRITICALLY

 8.  Answers should include an understanding that 
ATP stores only a small amount of energy and, 
thus, is efficient for only short-term storage. 
Answers should also acknowledge that energy 
in ATP is stored as chemical bonds, and energy 
is released when bonds are broken to form ADP 
and stored when bonds are added to re-form 
ATP (energy transfer).

 9.  The Indian pipe plant appears to have no chloro-
phyll or any other pigment. Without a pigment, 
this organism cannot carry out photosynthesis 
to make its own food. Therefore, it must be a 
heterotroph, which obtains food by consuming 
other living things.

Lesson 8.2

UNDERSTAND KEY CONCEPTS

 10.  d 11.  c

 12.  carbon dioxide + water → sugars + oxygen

 13.  Plant pigments absorb sunlight—the energy 
source for photosynthesis.

 14.  A=stroma; B=granum; C=thylakoid; the light-
dependent reactions take place within the thy-
lakoids that make up grana (C and/or B); the 
light-independent reactions take place in the 
stroma (A).

THINK CRITICALLY

 15.  The chlorophyll molecules break down first as 
temperatures drop in the fall, leaving the yellow 
and red light reflected by the accessory pigments 
for all to see.

light

 16.  Sample answer: Start with two samples 
of the same type of algae, and place 
equal amounts of the algae samples 
in the same amount of pond water. 
Put one sample in a dark place and 
the other in a location that receives 
sunlight daily. Temperatures should be 
kept the same in both places. After 
two weeks, compare the two samples 
to determine the growth and health of 
the two samples of algae.

 17.  Sample answer: The plant would grow 
normally for a short period of time, and 
then the rate of photosynthesis would 
drop because of a lack of CO

2, which 
is necessary for carrying out photosyn-
thesis. Eventually, the plant might die, 
because without the CO2 necessary 
to carry out photosynthesis, the plant 
would not have the energy-storing sug-
ars needed to carry out cell activities.
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8.3  8.3   The Process of Photosynthesis

Understand Key Concepts
 18. The fi rst process in the light-dependent reactions 

of photosynthesis is
 a. light absorption. c. oxygen production.
b. electron transport. d. ATP formation.

 19. Which substance from the light-dependent reac-
tions of photosynthesis is a source of energy for 
the Calvin cycle?
 a. ADP   c. H2O
b. NADPH   d. pyruvic acid

 20. The light-independent reactions of photosynthe-
sis are also known as the
 a. Calvin cycle. c. carbon cycle.
b. sugar cycle.  d. ATP cycle.

 21. ATP synthase in the chloroplast membrane 
makes ATP, utilizing the energy of highly 
 concentrated
 a. chlorophyll. c. hydrogen ions.
b. electrons.   d. NADPH.

 22. CAM plants are specialized to survive under what 
conditions that would harm most other kinds of 
plants?
 a. low temperatures c. hot, dry conditions
b. excess water d. long day lengths

 23. Explain the role of NADP+ as an energy carrier in 
photosynthesis.

 24. Describe the role of ATP synthase and explain how 
it works.

 25. Summarize the events of the Calvin cycle.

 26. Discuss three factors that affect the rate at which 
photosynthesis occurs.

Think Critically
 27. Interpret Graphs Study Figure 8–11 on page 238 

and give evidence to support the idea that the 
Calvin cycle does not depend on light.

 28. Apply Concepts How do the events in the Calvin 
cycle depend on the light-dependent reactions of 
photosynthesis?

 29. Form a Hypothesis Many of the sun’s rays may 
be blocked by dust or clouds formed by volcanic 
eruptions or pollution. What are some possible 
short-term and long-term effects of this on photo-
synthesis? On other forms of life?

OUT OF THIN AIR?
Most plants grow out 
of the soil, of course, 
and you might hypo-
thesize, as Jan van 
Helmont did, that soil 
contributes to plant 
mass. At the conclusion of 
his experiment with the wil-
low tree, however, van Helmont 
discovered that the mass of the 
soil was essentially unchanged, but 
that the tree had increased in mass by nearly 
75 kilograms. Van Helmont concluded that the 
mass must have come from water, because water 
was the only thing he had added throughout the 
experiment. What he didn’t know, however, was 
that the increased bulk of the tree was built from 
carbon, as well as from the oxygen and hydrogen 
in water. We now know that most of that carbon 
comes from carbon dioxide in the air. Thus, mass 
accumulates from two sources: carbon dioxide 
and water. What form does the added mass take? 
Think about the origin of the word carbohydrate, 
from carbo-, meaning “carbon,” and hydrate, 
meaning “to combine with water,” and you have 
your answer.

 1. Infer Although soil does not signifi cantly 
contribute to plant mass, how might it help 
plants grow?

2. Infer If a scientist were able to measure the 
exact mass of carbon dioxide and water that 
entered a plant, and the exact mass of the sug-
ars produced, would the masses be identical? 
Why or why not?

3. Apply Concepts What do plants do with all 
of the carbohydrates they produce by photo-
synthesis? (Hint: Plant cells have mitochon-
dria in addition to chloroplasts. What do 
mitochondria do?)

4. Connect to the  Explain how 
the experiments carried out by van Helmont 
and Calvin contributed to our understanding 
of how nutrients cycle in the biosphere.

245Chapter 8 • Untamed Science Video  • Chapter Mystery
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After students have read through 
the Chapter Mystery, discuss what 
van Helmont concluded as well as 

what he could not know about the process of 
photosynthesis.

Ask How do you think most people of van Helmont’s 
time thought trees gained their mass as they grew? 
(They thought that trees somehow gained their mass 
by taking in the soil.)

Ask Why couldn’t van Helmont know that trees 
gained much of their mass through taking in carbon 
dioxide from the atmosphere? (He didn’t have the 
modern technology that might have detected how 
plants use carbon dioxide.)

Ask Van Helmont was right that plants use water 
to build mass, though he didn’t know how. How do 
plants use water to increase mass? (Sample answer: 
Plants use water in the light-dependent reactions of 
photosynthesis. The water molecules are split, and the 
electrons and hydrogen ions are picked up by electron 
carriers and then used in the light- independent reac-
tions to produce high-energy sugars.)

CHAPTER MYSTERY ANSWERS

 1.  Soil provides a base into which a plant can 
anchor itself. The soil holds the water that plants 
take in and use in photosynthesis. The soil pro-
vides nutrients the plant needs.

 2.  The masses would not be identical. The mass of 
the water and carbon dioxide would be more 
than the mass of the sugars because the oxygen 
atoms in water are expelled from the plant cells 
in the first stage of photosynthesis.

 3.  Plants use the carbohydrates as a source of 
energy to carry out cell activities. The mito-
chondria in plant cells convert the energy in the 
carbohydrates into compounds that are more 
convenient for the cells to use.

 4.  Van Helmont’s work was the begin-
ning of many experiments that led to 
the understanding that the sources of 

a plant’s increase in mass are water and carbon 
dioxide that, through photosynthesis, combine 
to make sugars. Calvin was able to trace the 
chemical path carbon follows. Both van Helmont 
and Calvin contributed to an understanding of 
photosynthesis, which is involved in the cycling 
of both oxygen and carbon in the biosphere. 
Inorganic carbon and hydrogen are combined to 
form organic sugars. In turn, oxygen is released 
to the atmosphere.

Students can explore the con-
nection between plant growth, 
carbon, and photosynthesis 

deep in the jungles of Panama by watching Soaking 
Up the CO2.

Lesson 8.3
UNDERSTAND KEY CONCEPTS

 18.  a 19.  b 20.  a

 21.  c 22.  c

 23.  NADP+ molecules pick up high-
energy electrons along with H+ ions 
in the light-dependent reactions to 
become NADPH. This NADPH is used 
in the light-independent reactions to 
produce high-energy sugars.

 24.  ATP synthase is a protein that 
spans the thylakoid membrane and 
allows H+ ions to pass through. As 

H+ ions from the thylakoid space 
pass through the ATP synthase and 
into the stroma, the ATP synthase 
molecule rotates and the energy pro-
duced is used to convert ADP to ATP.

 25.  The Calvin cycle uses 6 molecules 
of carbon dioxide to produce a 
single 6-carbon sugar molecule. The 
energy for the reactions that make 
this possible is supplied by ATP and 
NADPH, which are produced in 
the light-dependent reactions. The 
Calvin cycle works steadily, removing 
carbon dioxide from the atmosphere 
and turning out energy-rich sugars.
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      Connecting Concepts

Use Science Graphics
A water plant placed under bright light gives off bubbles of 
oxygen. The table below contains the results of an experi-
ment in which the distance from the light to the plant was 
varied. Use the data table to answer questions 30–33.

 30. Graph Use the data in the table to make a line 
graph.  

 31. Interpret Graphs Describe the observed trend. 
How many bubbles would you predict if the light 
was moved to 50 cm away? Explain.

 32. Draw Conclusions What relationship exists 
between the plant’s distance from the light 
and the number of bubbles produced? What pro-
cess is occuring? Explain your answer.

 33. Apply Concepts Based on the results of this 
experiment, explain why most aquatic primary 
producers live in the uppermost regions of deep 
oceans, lakes, and ponds.

Write About Science
 34. Creative Writing Imagine that you are an oxy-

gen atom and two of your friends are hydrogen 
atoms. Together, you make up a water molecule. 
Describe the events and changes that happen to 
you and your friends as you journey through the 
light-dependent reactions and the Calvin cycle of 
photosynthesis. Include illustrations with your 
description.

 35. Assess the  In eukaryotic plants, 
chlorophyll is found only in chloroplasts. Explain 
how the function of chlorophyll is related to its very 
specifi c location in the cell.

An experimenter subjected corn plants and bean 
plants to different concentrations of carbon dioxide 
and measured the amount of CO2 taken up by the 
plants and used in photosynthesis. Data for the 
two plants are shown in the following graph.
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 36. Interpret Graphs Bean plants reach their 
maximum rate of photosynthesis at what 
concentration of carbon dioxide?

 a. about 50 ppm
 b. about 200 ppm
 c. about 750 ppm
 d. 1000 ppm

 37. Draw Conclusions From the data it is possible 
to conclude that

 a.  beans contain more chlorophyll than 
corn contains.

 b.  corn reaches its maximum photosynthetic 
rate at lower concentrations than beans do.

 c.  beans reach their maximum photosynthetic 
rate at lower concentrations than corn 
does.

 d.  beans use carbon dioxide more effi ciently 
than corn does.
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 26.  Sample answer: Because the enzymes that make 
photosynthesis possible work best between 0°C 
and 35°C, temperatures above or below this 
range may slow down the rate of photosyn-
thesis. High light intensity increases the rate of 
photosynthesis, though after the light intensity 
reaches a certain level the plant reaches its maxi-
mum rate. A shortage of water can slow or even 
stop photosynthesis.

THINK CRITICALLY

 27.  No step in the Calvin cycle depends on the 
presence of light. Instead, the cycle uses energy 
stored in ATP and NADPH.

 28.  The energy used in the Calvin cycle comes 
from ATP and NADPH produced in the light-
dependent reactions.

 29.  Sample answer: If enough of the sun’s rays are 
blocked, the rate of photosynthesis would slow 
down. In the short term, plants and other pho-
tosynthetic organisms may not grow normally. In 
the long run, some plants, and organisms that 
depend on plants, may not survive.

Connecting Concepts

USE SCIENCE GRAPHICS

3 0.  Students’ graphs should show Distance From 
Light (cm) on the x-axis and Bubbles Produced 
per Minute on the y-axis. The line should show a 
curve that descends from left to right.

 31.  The number of bubbles decreases as the light is 
placed further away. There would be fewer than 
5 bubbles if the light were 50 cm away.

 32.  The farther the light is from the plant, the fewer 
the number of bubbles produced. The reason 
is that a decrease in light intensity results in a 
decrease in the rate of photosynthesis—and 
therefore a decrease in oxygen produced. 

 33.  because that is where light intensity is greatest

WRITE ABOUT SCIENCE

 34.  Stories and illustrations will vary. Students should 
recognize that both the oxygen atom and the 
hydrogen atoms enter a chloroplast together as 
a water molecule, H2O. The oxygen atom is split 
from the hydrogen atoms in the light-dependent 
stage of photosynthesis and leaves the plant 
as oxygen gas. The hydrogen atoms become 
involved in the formation of NADPH, the produc-
tion of ATP, and the production of high-energy 
sugars in the Calvin cycle.

 35.  The chloroplasts are specialized to pro-
duce sugars such as glucose, but this 
process cannot occur without an input 

of energy. The sun’s rays provide that energy, 
and chlorophyll captures the sun’s rays. 
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PURPOSE Students will analyze data to 
understand how varying concentrations 
of CO2 affect rates of photosynthesis 
and that different plants respond to CO2 
concentration in different ways.

PLANNING Review with students factors 
that affect photosynthesis. Also remind 
students that a line graph shows how 
a variable plotted on the vertical axis 
changes in response to changes in 
the variable plotted on the horizontal 
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axis. Tell students that understanding 
the unit of measure for the rate of 
photosynthesis is not as important as 
recognizing that the rate increases 
in units of 20 along the vertical axis. 
Finally, you may wish to ask students 
which of the two plants is a C4 plant 
and how they know. (Corn is C4; it has 
a higher rate of photosynthesis, even at 
very low CO2 concentrations.)

ANSWERS

 36.  c

 37.  b
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Answers
 1.  D

 2.  A

 3.  B

 4.  A

 5.  C

 6.  D

 7.  C

 8.  D

 9.  B

 10.  D

 11.  Light is absorbed by electrons in pigments, 
increasing the electrons’ energy level. These 
high-energy electrons are used in the light-
dependent reactions to convert ADP and NADP+ 
into the molecules ATP and NADPH. In the light-
independent reactions, ATP and NADPH are then 
used to produce high-energy sugars.
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Multiple Choice

 1. Autotrophs differ from heterotrophs because they
A utilize oxygen to burn food.
B do not require oxygen to live.
C  make carbon dioxide as a product of using 

food.
D  make their own food from carbon dioxide 

and water.

 2. The principal pigment in plants is
A chlorophyll. C ATP.
B oxygen. D NADPH.

 3. Which of the following is NOT produced in the 
light-dependent reactions of photosynthesis?
A NADPH
B sugars
C hydrogen ions
D ATP

 4. Which of the following correctly summarizes the 
process of photosynthesis?

A  H2O + CO2 
light  sugars + O2

B  sugars + O2 
light  H2O + CO2 

C  H2O + O2 
light  sugars + CO2

D  sugars + CO2 
light  H2O + O2

 5. The color of light that is LEAST useful to a plant 
during photosynthesis is
A red. C green.
B blue. D violet.

 6. The fi rst step in photosynthesis is the
A synthesis of water.
B production of oxygen.
C breakdown of carbon dioxide.
D absorption of light energy.

 7. In a typical plant, all of the following factors are 
necessary for photosynthesis EXCEPT
A chlorophyll.
B light.
C oxygen.
D water.

Questions 8–10

Several drops of concentrated pigment were extracted 
from spinach leaves. These drops were placed at the 
bottom of a strip of highly absorbent paper. After the 
extract dried, the paper was suspended in a test tube 
containing alcohol so that only the tip of the paper was 
in the alcohol. As the alcohol was absorbed and moved 
up the paper, the various pigments contained in the 
extract separated as shown in the diagram.

 8. Which pigment traveled the shortest distance?
A yellow-orange C blue-green
B yellow D yellow-green

 9. A valid conclusion that can be drawn from this 
information is that spinach leaves
A use only chlorophyll during photosynthesis.
B contain several pigments.
C  contain more orange pigment than yellow 

pigment.
D are yellow-orange rather than green.

 10. In which organelle would MOST of these pig-
ments be found?
A vacuoles C mitochondria
B centrioles D chloroplasts

Open-Ended Response

 11. Describe how high-energy electrons are ultimately 
responsible for driving the photosynthetic reactions. 

Standardized Test Prep

If You Have Trouble With . . .
Question 1 2 3 4 5 6 7 8 9 10 11

See Lesson 8.1 8.2 8.2 8.2 8.2 8.3 8.3 8.2 8.2 8.2 8.3

Yellow

Yellow-orange

Yellow-green
Blue-green

Distance
solvent
traveled

Original
spot of
extract
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Test-Taking Tip

INTERPRET VISUALS

When a paragraph and related questions accompany a visual, tell students to fi rst 
carefully read the paragraph and all the labels on the visual. The accompanying para-
graph often will put the visual in some context, as well as provide a description or 
explanation of the visual itself. Reading the labels carefully lets the reader know what 
specifi c structures, events, or measurements are shown on the visual. After reading 
the paragraph and labels, look for any trends or comparisons that the visual presents. 
After taking these steps to interpret the visual, read and answer the questions.
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