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Unit 5 Functions of the Cell Membranes

UNIT 1 AN INSTRODUCTION TO BOTANY
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 Plants and Life
3.1.1 What is a Plant?
3.2 Botanists View of Life
3.3 Unifying Themes of Botany
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

This chapter describes what botany is and why yibluewjoy studying
it. You'll learn about the importance of planteetlore of plants, and
the concepts that unify the study of plants. Témwhy the entire course
is titled the biology of plants, and it is only oedl that you will study
the biology of plants by talking about Botany whishthe study of
plants. You will also be introduced to the scigatihethod which will
lead you to knowledge of the process of scientéwearch and how we
came about most of the scientific knowledge we haMee unit will end
with a study of the way Botanists view (see) life.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. state at least six uses of plants that establishedependence on
them

. list the products that are obtained from plant

. state the role that plants have played in the hisibmankind

. describe the scientific method
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. list and discuss the five unifying themes in botany
. explain four uses of biotechnology
. give at least three reasons why we study Botany.

3.0 MAIN CONTENT

3.1 Plants and Life

Let us open this section by examining what we redw meals today.
It is possible that you have had either breakiasich or dinner or may
be you have had the three meals today. Think bacthe components
of the meals. You will notice that our meal wasrenthan 80% plant.
This is a good introduction to our relationship twiplants or put in
another way, the relationship of plants and life.

For many centuries, humans have relied on plantsstwvival and
pleasure. Asian civilizations were based on ricaddle Eastern
civilizations were based on wheat and barley ancécan civilizations
was based on corn. In Nigeria, before the advémilpour economy
was based on palm tree (east) and groundnut (nsotlwye can rightly
say that the Nigerian economy was also plant deg@nd

Out dependence on plants is an ongoing affair. oSineverything we
do is influenced directly or indirectly by plant§Ve use plants to make
clothes, strings, ropes, furniture, medicines esipks and musical
equipments among others. Yet there are so margr ages of plants.
Let us look at some examples.

. Green plants and algae generate the oxygen andsstigazt
sustain life on earth.
. Plants supply our food and many of our drinks. Egrample,

about 95% of our food comes from only twenty specikplants.
Tea and coffee, the world’s two most popular beyesaare made
from plants.

. Extracts from plants and plant like organisms aeduto make
paints, waxes, dyes, spices and drugs such asnepcaspirin
quinine and antibiotics.

. We use flowers for decorations, perfumes and aseans of
expressing our feelings.
. On the negative side, plants clog our rivers, damagr crops,

cause allergies, and poison us. (I am sure you remall
incidences of people who died after a meal prepamgth
poisonous mushrooms, or improperly processed cagsmany
children are poisoned each year from eating poiseptants.
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Plants dominate our lives and economy and we cgmlyiconclude that
plants affect virtually everything we do.

The various needs and uses we have of plant haea gise to Botany,
which is the scientific study of plants.

3.1.1 Whatis a Plant?

You may be one of those who have never given agtmaa the above
guestion. You will not be alone in this because thadsus think that we
have a fairly good idea of what a plant is — qgieten organism that we
eat, use for decoration, cut down when we pleaseptamt as shades.
Our notion is correct if it fits into the above,tlthat is not all that a
plant is. It is difficult to come up with a compedefinition for the
word plant. The nature of plants is so varied thatill be difficult to
hold unto a trait and say that it is common topddints. For example,
not all plants are green. There are plants thaswme animals. Some
plants do not look like or act as plants and yelythre plants. Plants
have also being considered an uninteresting.

Some Plants and their Characteristics

. Giant sequoia (sequoidendron gigantum) and itsertabut
slimmer relative, the coastal red word (sequoiapgFmrens) are
the world’s tallest plants. A twenty-year old trseoften more
than 15 metres (50 feet) high.

. The General Sherman tree in California weighs 11408 that is
as much as 20 million boxes of toothpicks, 200 (edeyps or 10
blue whales. (The whales are the largest representaf the
animal kingdom). Interestingly, these giant treesspported by
roots that seldom go deeper than 1.8 metres (§ ifgetthe soil
(Ask yourself, if their roots are that shallow, haeme the first
major wind doesn’t blow them down — that is an liesting
aspect of plant life).

. The oldest giant sequoia are about 3,200 yearshwdning that
the trees that grow today were already 200 yeatsmblen kind
David ruled the Israelites. (How come they were aestroyed
when that civilization and subsequent ones wereaviput).

. Cherry tree has been used for many purposes, ch&ck has
been used to make a tea to ease the pains of icthildind to cure
coughs, colds and dysentery.

. Plants are used to produce the tons and tons c$prews read in
this and other countries.

. Sweet potatoes were once considered strong aplacslis

. Spinach contains little that is nutritious (expadtamin A),

Cartoons and parents try to convince their childogimerwise.

7
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Although spinach parents try to convince their dtah
otherwise. Although spinach contains much iron, &nsndo not
absorb it during digestion.

. Plants have been star withesses in several crimirals.
Botanical evidence have helped convict many rapmtgderers
and thieves.

. People have used fibres for more than ten thougaats. They

are used to make rope, brooms, brushes, textilen licigarette
paper and money.

SELF ASSESSMENT EXERCISE 1

1. List four uses of plants
2. State four interesting traits found in plantségexample).

3.2 Botanists View of Life

Botanists, other scientists and non-scientistsnofbare an almost
insatiable curiously about life, and its diverset belated forms.
Scientists, however, watch life in more exotic plcfor e.g. while
perched in a tree top of a typical rain forest ora green house
surrounded by plants bred specially for experimei@sch intense
observation has generated many questions abousplaie questions
can be summarized as

How are plants constructed?
How do plants work?

How did plants get here?
Why are plants important?

Botanists have answered these and other questignsising an
experiment based on process called the scientéihod.

The Scientific Method

This is a systematic way to describe and explagnuhiverse based on
observing, comparing, reasoning, predicting, tgsticoncluding and
interpreting. It begins with things that we are &limiliar with
observation and curiosity. Such observations @pén anywhere, in a
research laboratory or in a garden. For example,observation that
leaves of many plants can follow the movement efdtin, can make us
ask the question. What enable the leaves of soamspto follow the
movement of the sun?
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This kind of causal question is at the heart oémsitiic method. Science
is fundamentally about finding answers to such tjoes.

To find these answers, botanists use past expesencdeas and
observations to propose hypotheses that may propresictions. To
determine whether predictions are accurate, bdtad®s experiments. If
experimental results match the predictions the thg®s is rejected. In
this way, some hypothesis is accepted and some nate our

understanding improves by eliminating some of tki@anations.

Posing hypotheses is perhaps the most creativeistépe scientific
method. It requires a type of reasoning called abodo, which is a
process of devising explanations for observatigisduction involves
sensing ways that a new situation is somehow sinfdaalogous) to
other known situations, and using this similarity make hypothesis
about the new situation.

Activity — Now think of situations in real life when somathhappens,
and in an attempt to explain it, you relate it tinev thing that has
happened in the past. When you take conscious stepse if the two
events are really related, you are involved in #ndific method.
Because you would have made guesses (hypothesesgromg the
events, and you would also try to eliminate som#hem to know which
is the actual cause of the event.

Science has been described as a trained and cedasommon sense. A
conclusion that you reach makes an end to the tdteemethod for a
particular experiment, but it seldom ends the pscef scientific
inquiry. Any conclusion must be placed into pers$pecwith existing
knowledge. For this reason, a conclusion is ndweffinal answer, since
there are always .more things to study; and mangstio learn.

In science, as well as well as life, it is impottémkeep an open mind,
that is, to maintain the objectivity that the s¢ilgn method requires in
drawing conclusions and designing experiments arichilow biases or
expectations to cloud the interpretation of result.

Although the scientific method is a powerful took fanswering some
kinds of questions, it is not fool proof. For exdeyseveral studies have
shown that animals that are fed larger doses amiit E live longer that
those receiving only average amounts of the vitankirom these
studies, many concluded that vitamin E retard adimgreby prompting
all sorts of claims by skin -cream manufacturerswever, the animals
fed large amounts of vitamin E also lost weightptaer factor that
correlates positively with increased life expectandhe original
experiment did not distinguish these possible preations. More

9
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experiments are therefore needed to distinguisherothossible
interpretations.

Science is not always are planned and organizéueascientific method
suggests. Sometimes discoveries involve luck arehtietity. The
creative side of science involves making the mecwahections to take
advantages of accidental observations. For exaropteider the case of
Alexander Fleming. In 1928, Fleming left a cultudsh of disease-
causing Staphylococcus bacteria uncovered in bisQdaher organisms
quickly, contaminated plate, Fleming noticed selvelear areas on the
plate, where the bacteria were not growing. Thignk@bservation
suggested to Fleming | that some contaminant fioenair had stopped
the growth of the bacteria. Efforts by other sdmstlater, led to the
identification and purification of penicillin.

Was Fleming lucky? Perhaps -but he would not haiszogered
penicillin if he had not been observant and ablerdoognize the
potential importance of what he saw. His discovekg, so many others,
exemplifies a famous saying: "Lusk is when prepanatmeets
opportunity”. Most others would not even have retbgd the clear
areas on the plate; much les thought that thoses ax@uld be significant.
Such observations are critical to science.

Discoveries are determined by our ability to obeerwhich often
depends upon technology. To appreciate this, censiek development
of the cell theory the set of postulates that hdlus cell to be the
fundamental unit of life. Before the middle of teeventeenth century,
no one even knew that cells existed. Because nedistwere too small
to be seen with the naked eye, their discovery @dahe invention of
microscopes. The first discovery was by Robert Hoako in 1665
used a crude hand - built microscope to discovids itea cork. In 1838,
the study by the German Botanist Mathias Jakobesidmh, led him to
conclude that all plants "are aggregates of fulhdividualized,
independent separate beings, namely the cells #ie@ss This was the
first postulate of what we now call the Cell the@nyd was a brilliant
example of inductive reasoning, which is, makingeaeralization based
on concurring observations. The next year, Germaslagist Theodora
Schwann reported that animals are made of cellperubsed a cellular
basis of life.

Later in 1855, the great German Pathologist, Rudolthow competed
the modem cell theory when he induced that "thenahiarises only
from an animal and the plant only from a plant"isTétrong statement
refuted the idea of spontaneous generation, th#bas life could arises
from non-living matter, that has been suggestedAbgtotle and has
persisted for many centuries. Today the cell thesryremendously

10
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important because it emphasizes the similaritylloiveng systems and
thereby unites the many studies of different kioflsrganisms.

Today, much of science is driven by new technologyst as
microscopes revolutionized our understanding ofiscedo too will

technology produce remarkable discoveries and nesights. That
technology will overturn many of the facts you widlad in this course,
and in any other science book. This is why Botaoiycentrates on the
process of science; the facts may change, but tbeegs used to
discover them remains the same.

The cycle of questioning and answering that defittes scientific
method is second nature to a practising sciert@tever its use is not
restricted to scientists. We all observe, compgtesss, plan and do
experiments, and interpret and use the resulthefekperimental. For
example our ancestors used trial-and-error to dwter which plants
were edible. Parents do a similar experiment whew introduce food.

One item at a time to their children to check fibergic reactions. They
also experiment, by tasting the food in questiongcheck its safety or
taste.

SELF ASSESSMENT EXERCISE 2

la. What method have botanists and other scientiséd to find
answer to issues that bother them?

b. What does this method involve?

2 Make a report of the activity you thought dituation in real life
that you used the scientific method to address.

3.3 Unifying Themes of Botany

Plant studies have revealed that plants share alewgportant features.
These features are what we want to refer to asahamthis unit. An

understanding of these themes will enable you wstaled plants better.
These themes will form the bedrock of what you wilidy each time
you study about plants in your course. We will niake a look at these
themes.

1. Plants consist of organized parts
Plants use the same building blocks to make ait fherts. Imagine all
the words you have been reading in this unit. Tdreyall made from the

twenty-six letters of the alphabet. The secrenighe arrangement of the
building blocks. The difference we see in organshsas leaves and

11
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roots result primarily from different arrangemeatsimilar tissue rather
than the presence of unique tissues

2. Plants exchange energy with their environment

Plants absorb energy from their surroundings artdrim have an effect
on their environment as they use that energy feir thctivities. This
conversion of energy from one form to another og¢brough a set of
chemical reactions collectively called metabolism.

3. Plants respond and adapt to their environment

Such adaptations are inherited characteristics tig@p to ensure
survival. These responses include the ability @nfd to detect and
respond to stimuli such as gravity; to convert tighergy to chemical
energy; to gather nutrients, to lure animals irgfpimg pollinate, defend
and disperse the plants. All of these adaptatioesrmaportant because
they increase a plant's chances of survival anadegtion.

4, Plants reproduce

Their reproduction can be as simple as splittimglf or as complex as
going through the process of flower production, Mrimg energy
reserves or luring insects, birds and other Help&itkough most plants
can reproduce sexually and asexually, the greate&ition result from
sexual Reproduction, in which pieces of DNA caligghes move from
one generation to the next. Genes combined withirtthigence of the
environment produces the characteristic of featuwesplants. The
diversity of plants result from their diverse emviments and differences
in their DNA, and is a product of evolution.

Understanding how cells read DNA and translatengtructions into
metabolism and growth is a major goal of many lgd@ts and the basis
of an exciting business -biotechnology. We wilktabout the ways we
use biotechnology later on in their unit.

5. Plants share parts of a common ancestry

This ancestry was best explained in the most imaporscience book
ever written - the origin of species, by Charlesvida; published in
1859. This book, which has been, described as fammg argument” for
the diversity of life, used evidence, logic and laga to explain the
central role of variation in the evolution of life.

Botany discusses these themes in several contettgling the relation
of structure and function, the evolution and diugrsf plant, the lore,

12
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importance and uses of plants. The newest of thdmsaplant
biotechnology. Biotechnology is a way of using arigans to make
commercial products. The ability to directly margia a plants genome
began in 1983 when botanists transferred a gene d&rbacterium into a
plant. Today biotechnology and molecular biologg asvolutionizing
biology and biology - based industries. A few usgbiotechnology are
given below.

. To make vitamins and drugs. For example, plants lsei@g
transformed into industries that make drugs arl dilpromising
new vaccine for Hepatitis B is made with baker'sirge and
plants are now used to make serum albumen, whidnvelaten
by pets such as tomato hornworm induces paralysisdgath.
This protein has no effect on other organisms.

. To produce plants resistant to herbicides. Gerlstieagineered
plants can now tolerate, glyphosate, the activaenignt in
herbicide used to control weed in farms. This cowldrease
yields significantly because weeds reduce agricailtu
productivity by more then 10%.

. To make food and beverages such as yogurt, chbess] and
beer. Example, botanists at Quarter Oats are umsotgchnology
to increase the protein content of their oats; éhas Kraft are
using similar technologies to decrease the amolusatorated fat
in the soybean oil used in their products.

. Other uses of biotechnology include making bettasting food,
cleaning the environment, recycling wastes, premgntooth
decay, and producing antibiotics, biodegradablestjgs, and
fragrances.

. We will end this section by looking at the gainsstfdying plant
biology otherwise known as botany.

. A study of botany will show you the process of acee and the
doing of scientists. It will help you appreciateitig organisms.
Such an appreciation is the first step towards eetspy and
conserving life.

. Botany will help you appreciate what botanists knovhat they
don't know and what they do.

. You will learn the facts' and process of doing bgta

. There is no reason why you can't be the next peteanake a
major scientific discovery.

13
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SELF ASSESSMENT EXERCISE 3

1. Describe any 3 uses of biotechnology
2. Give two reasons why we study botany

4.0 CONCLUSION

Plants have a fascinating history and story, andnational and world
economies are based on plants. Virtually everytweglo is influenced
by plants. We can say that plants dominate ousliv8tudying plants
has to be done systematically, and this is knownthas scientific
method. The scientific method is used to descrind seveal the
universe based on observing, comparing, reasopirgglicting, testing
and interpreting. This method has given us a betpgreciation and
understanding of plants.

5.0 SUMMARY

For many centuries, humans have relied on plantstovival and
pleasure. Our dependence on plants is an ongofag,dbr example
Green plant and algae generate the oxygen andsstigdrsustain life on
earth.

Plants are an interesting and diverse group thiat difficult to give a
single definition of a plant.

Plant study has however led us to the scientifithoe: which involves
observing comparing, reasoning, predicting, testmgl interpreting.
This has given us a deeper understanding and aatoecof plants.

Plants consist of organized parts, exchange enesgtyh their
surroundings, respond and adapt to the environnreptoduce, and
share a common ancestry.

Plant biotechnology which is a new and interestimnga of plant is a
multimillion-naira industry that is changing ouwnvéis and societies;
example, in the production of disease and inset$tant plant varieties.

ANSWER TO SELF ASSESSMENT EXERCISE 1
1(i) They generate oxygen and sugar that sugtein |
(i)  Plant extracts are used for paints, waxessdymed drugs.

(i)  Flowers are used for decoration.
(iv)  They clog rivers and poison us.

14



BIO203 MODULE 1

2(i) Giant sequoia are worlds tallest plants ad&umeters
(more than 50 feet) high.

(i)  General Sherman Tree weighs 1,400 tons aridhge shallow
roots.

(i)  Old sequoia about 3,200 years old.

(iv)  Spinach not as nutritious as we believe, bialy vit. A and iron
that cannot be absorbed by humans.

(v)  Cherry bark is medicinal

ANSWER TO SELF ASSESSMENT EXERCISE 2

1(a) Scientific method
(b)  Observing, comparing, reasoning, predictingfing, concluding
and interpreting.

2. Report of an activity - example trying to fitlte food source of
an allergic reaction by elimination.

ANSWER TO SELF ASSESSMENT EXERCISE 3

1(i) To make vitamins and drugs
(i)  To make foods and beverages
(i)  To make better-testing food

2(i) To understand the process of science.
(i)  To appreciate living organisms and hence ees@mnd conserve
them.

6.0 TUTOR-MARKED ASSIGNMENT

List and succinctly discussumnifying themes of botany.
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UNIT 2 STRUCTURE AND FUNCTION OF PLANT
CELLS: 1

CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1  Components of the Plant Cell
3.1.1 Why are Cells so Small
3.1.2 Membranes and Cell Compartments
3.1.3 The Cytoskeleton
3.2 The Cell Wall
3.2.1 How the Cell Wall Grows
3.2.2 Connections between Cells
3.3 The Nucleus
3.4 Ribosomes
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

All plants consist of cells, which are the simplastts of plant that can
live independently. The smallest organisms arglsicells, but plants
are made of billions of cells. Plants cells havengnshapes and sizes.
The smallest of which are the dividing cells at tips of roots and
stems. Each cell in a plant consists of a celhwitat surrounds a
plasma membrane, which encloses many smaller galied organelles.
Because each organelle has its own Sets of fursstive job of each
cell in a plant is determined by how many and wharhanelles it
consists, and what the Organelles do.

In this unit, we shall be looking at why cells ase small, the
Membranes at cell compartments and the cytoskebetdrhow it works.
We will then study the wall, the Nucleus and thbdR®omes.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. mention the different components of the plant cell

. explain why cells are so small

. mention the three kinds of filament found in thad3keleton.
. distinguish between the two types of cell wall

16
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. identity the area of connection between cells
. describe the structure of the nucleus

. state the major functions of ribosomes

. describe how ribosomes occur in plant cells.

3.0 MAIN CONTENT
3.1 Components of the Plant Cell

The plant cell is composed of two basic parts: Th# wall and the
protoplast. The cell wall has the following parts.

. Middle lamella

. Primary cell wall

. Secondary cell wall
. Plasmodesmata

The Protoplast has two main divisions:
The protoplasm and the Ergastic substances

The Ergastic substances include:

. Starch grains
. Vacuole sap with waste substances such as tannins,
. Crystals etc.

The protoplasm has two main divisions Nucleus magdef:

. Nucleomembrane
. Nucleoplasm

. Chromalin

. Nucleolus.

Cytoplasm made up of:

. Plasmalemma

. Hyaloplasm

. Tonoplasm

. Microbodies

. Endoplasmic Reticulum (Er)
. Dictyosomes

. Spherosomes

. Mitochondria

. Plastids.

17
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Some of the components of the cytoplasm has othealler
components. These are:

Hyalo Iasm7 round plasma
Yoo R%bosomlzs

Oil droplets
Cytoskeleton
Microtubules
Peroxysomes
Lysosomes
Glyoxysomes
Microbodies —[ Peroxysomes
Lysosomes
Glyoxysomes
Spherosome%- Lipid bodies
Wax bodies
Fatty bodies
Plastids————— Proplastids
Leukoplast
Amyloplasts
Chloroplasts
“~ Chromosplasts

Some of these components of the cell that havetibmad significance
will be treated in this unit and the next (thatimsUnits 2 and 3)

3.1.1 Why are Cell so Small

For convince, most of the contents of a cell arerred to as its
cytoplasm. The only component of the cell that is not parttoé
cytoplasm is the nucleus. The plasma membrane wdiciounds the
cytoplasm, is a barrier that protects the cell fieanmful substances. It
has the consistency of salad oil and must allowptssage of gases and
nutrients into and out of the cell. However, thefate area of the
membrane can service only so much cellular volumag is the surface-
to-volume ratio must have a lower limit. Multicdlin organisms avoid
this limit by making more but smaller cells for i@en volume. Cells are
therefore small so as to make room for more plasm@branes.

The need for sufficient amount of plasma membramehe Volume of

the cell only partially explains why most cells ase small. Other

important factor include the limits on rate of dyedis and transport of
molecules within the cell and the requirement thasingle nucleus
manage the metabolism of the entire cell.

18
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3.1.2 Membranes and Cell Compartment

Many metabolic functions in a cell occur in or orembranes. The
Plasma membrane alone is inadequate for all ofethm®cesses
regardless of the cell size. Additional internalnnfieanes attached to the
plasma membrane or included in organelles compens$at the
insufficiency of the plasma membrane. The other brames also form
compartment that maintain different environmentshini the cell. For
example, incompatible reactions, such as the hysiohnd dehydration
of carbohydrates are isolated from each otherfiergint compartments.
These compartments allow many different kinds attens to occur in
the cell simultaneously.

Biological membranes are usually very small andsinof mostly

phospholipids and proteins. In addition to the mplasnembrane, there
are membranes that surround nuclei, mitochondrialoraplasts,

vacuoles and microbodies. Membranes also pervaeleedh between

organelle in a complex system that complementsfuhetions of the

organellar membranes. You will learn more aboutdharacteristics of
organelles and the internal membrane system of laa#r.

3.1.3 The Cytoskeleton

The cytoskeleton is a network of filaments thatnfera mechanical
support system in the cell. These filaments aldp hmintain organelle
position, direct cell expansion, and control the vement of
chromosomes during nuclear division. Groups ofnigats may also
form channels for transporting large molecules inithe cell.

There are at least three kinds of filaments thampmrse the
cytoskeletons of cells in plants and animals.

(Fig. 2.1)

. ' :
- Actin filament to . -
. P !

25 nm

Structural model of the three different kinds of tskeletal filaments.
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The largest filaments ar#licrotubules which are hollow tubules.
Microtubules are made of two types of globular eimd, alpha tubulin
and beta tubulin. These proteins are bound to edodr as dimmers,
which aggregate into microtubules.

The smallest filaments in the cytoskeleton arenafitaments which

consist of two intertwined strands of globular piotactin. The proteins
of microtubules and actin filaments are the samplamts and animals.
This similarity suggests that these filament wdr& same way in both
kingdoms, even though the tissues that contain themh muscles
tissue and leaf tissue, are different.

The third kind of cytoskeletal filaments are intedate in size between
microtubules and actin filaments. They are callatermediate
filaments. These filaments are made of fibrous gnst wound into
coils. Several kinds of proteins in intermediati&arfients occur in
animals, but little is known about them in planttiese proteins are
usually numerous in animals and different kindspodteins occur in
different types of cells.

How the cytoskeleton work

When you hear the word cytoskeleton, what imageesoto your mind?
If you reason like me, you will immediately think @ stationary lattice
of filaments that holds the cells in specific ste@nd keeps cell
components in specific places. But if you recallatviiou learnt about
cells from BIO 101 and BIO 123 you will remembeatttcells often

change shape, and organelles and other cellulap@oemts are in
constant motion. This means that the cytoskelemmaot be a rigid

structure. This assertion is confirmed by obseovegtithat expansion of
and internal movements in cells occur in conjunctiath the growth

and breakdown of microtubules and actin filameBisch observations
are indirect evidence that the cytoskeleton hasyntignamic functions

in the cell.

The least understood parts of the cytoskeleton tlaee intermediate

filaments. Because their proteins are fibrous,rinegliate filaments do
not have globular subunits that are easily assaimdhel disassembled
like those of microtubules and action filaments.u3hintermediate

filaments may be relatively static, tension beastrgctures that are not
as dynamic as their larger and smaller counterratte cytoskeleton.

The way the various filaments of the cytoskeletonperate to control
the overall organisation of the cell is still unkvra
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SELF ASSESSMENT EXERCISE 1

1. Give one major reason why cells are small.
2. What are the three kinds of filament in theoskeleton?
3. Which type of filament is the same for bothni¢aand animals?

3.2 The Cell Wall

The most easily observed part of a plant cell & d¢kll wall. In some
cells, such as the cork cell in bark, the cell vialhe only remnant of a
formerly living cell. Cell walls are dynamic pai$ cells that can grow
and change their shape and composition.

Their composition varies in different cell typesdadnom one species to
another. Up 60% of a cell wall may be celluloseheotcomponents
include hemicelluloses, pectins, Lignins and prgeiAlmost all plant
cells have cellulose — containing cell walls.

Young cells and cells in actively growing areasenavimary cell walls
that are relatively thin and flexible. Examplessoich cells include the
dividing cells at tips of roots and shoots. Therany wall is usually less
than 25% cellulose, the remainder being hemicedkdp pectins and
glycoproteins. Some primary cell. Cells can chasbape, divide or
differentiate into other kinds of cells.

Certain kinds of cells stop growing when they reaadturity. When
this occurs, these cells form a secondary cell imaltle the primary cell
wall (fig. 2.2)

(Fig. 2.2)

el ayersof T
) secondary,

e e t,—w-.'?‘ﬁz 085 A
(Fig 2.2) Transmission electron micrograph of cellalls. The Primary wall is
constructed when the cell is young. Thicker secondavalls are added later when

the cell stop drawing, x 3,000
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The secondary cell wall is more rigid than the pnyncell wall and

therefore functions as a strong support structélinough cellulose is
one of their main components, the secondary wéllseth in wood are

up to 25% lignin, which adds hardness and resisaylebecause of its
lignin content, wood is one of the strongest matefknown.

Some cell walls, such as those of cork cells alsotain suberin.
Suberized tissues inhibit water loss through barkich is why cork
form the cork oak (Quercus suber) is useful in mglstoppers for wine
bottle (this issue has been treated extensiveBl@124. You may need
to check the unit secondary growth; xylem for maegailed information
on cork cell). Secondary cell walls are rigid ardk glycoproteins,
which occurs in primary cell walls. Most types oélls that have
secondary cell walls die when they reach maturity.

Cells that adjoin one another are probably hel@ttogy by pectins. The
pectin layer between cells is called the middle ddan (see fig 2.2).

Some tissues such as the flesh of apples, arelsanrpectins that these
polysaccharides are extracted for use as thickeagents in making

jams and jellies.

3.2.1 How Cell Walls Grow

All materials necessary for making cell wall comenf inside the cell.
Dictyosomes play a role in this process by transpgr pectins,
hemicelluloses, and glycoproteins to the plasma bnane. These
substance pass through the membrane in the regiocelbwall

synthesis, where they are assembled inside therexisall. This is how
cell walls thicken.

Cellular expansion requires the cell wall to stnedc deform as the cell
absorbs more water. As the wall enlarges, the iegistellulose micro
fibrils must separate because they cannot strBighng expansion, new
cellulose micro fibrils are deposited inside thedened cell wall in
different patterns, depending on the cell typestem cells micro fibrils
are oriented mostly perpendicular to the directaincell expansion
comparison, micro fibrils are deposited, in randamays in cells of
storage tissues and tissues and tissue culturas. ptitern enables
growth in such cells to be more or less uniformalirdirections.

3.2.2 Connection between Cells

Primary cell walls have thin areas where many tiagnections, called
plasmodesmata (singular plasmodesma), occur betagjacent cells.
Plasmodesmata are lined by the plasma membramepthéorming an
uninterrupted channel for the movement of materimtsm one cell to

22



BIO203 MODULE 1

another. This means that all cells in a plant aterconnected and have
the potential to exchange substances through #snadesmata.

Plasmodesmataften occur in clusters where primary cell wali® a
particularly thin. These regions are called primgityfields (fig 2.3)

(Fig. 2.3)

Plasma Coll wall*
_ membrans

Tubule  Endoplastnic
reticuium

Plasmodesma

(fig 2.3) Transmission electron micrograph, x 17@0and accompanying drawing
of primary cell wall show the plasmodesma (whichptasma membrane), and a
tubule that connects the endoplasmic reticulum beem adjacent cells.

Primary pit-fields and plasmodesmata are abundasbnducting cells
and secretory cells, such as those in nectar glamol$ glands.

The structure of plasmodesmata and the frequendlgesie occurrence
in conducting and glandular cells suggest thatelv@snections function
in transport between cells. Direct evidence fos flanction comes from
experiments with dyes and electric currents. Whelya that does not
easily cross the plasma membrane is injected in® cell, it quickly
passes into neighbouring cells. Despite such erletells probably do
not exchange all materials freely; neighbouringscebn differentiate
into different cell types and maintain differentamal concentrations of
various chemicals.

Water-conducting tissue is an important exception the general
Occurrence of plasmodesmata. Cells of this tissei@slthey mature, so
they have no living material to share between thémstead, they
function as in animals "straws" formed by many selh flowering
plants, water moves through perforations in thenpriy cell wall (fig
2.4)
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(fig.4) Electron micrograph of a water conductingegsel element, running and
printing, x 325

Later on in unit 17 you will learn about the movernef water through
plants.

SELF ASSESSMENT EXERCISE 2

la. What are the two types of cells walls?

b. What is the difference between them?
C. What is the area of connection between cellsdal

3.3 The Nucleus

The nucleus is usually the most conspicuous ortamela cell, when
stained, it can be easily seen with a light micopsc
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(Fig. 2.5)

(fig 2.5) Right micrograph of leaf cells. Nucleddark red) were stained by acto

The nucleus contains most of the cells DNA, whichurs with proteins
in threadlike chromosomes. (you can go to BIO a6d BIO 123 to
refresh your memory on this). The nucleus is surded by two

membranes

(Fig. 2.6)
- Quter nuclear ‘

Nuclear L
envelope { m .b,ane ~_ -/ Nuclea_r pore
-Inner nuclear . giwn ;
_ , « membrane — - |
~ Rough : Chromatin —- |
endoplasmic -, Nucleolus — |
reticulum - : ’ R :

Ribosomes

(fig. 2.6) The nuclear envelope has pores that litlle cytoplasm with the inside of
the nucleus. The outer nuclear membrane is contiugowith the endoplasmic

reticulum
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The outer membrane is continuous with the membrahethe
endoplasmic reticulum (you will learn more aboue tandoplasmic
reticulum in unit 3). The inner and outer nucleaembranes are
separated by a very small space, but in some d¢hsgsfuse to form
pores in the envelope. These nuclear pores ard sir@llar openings
bordered by proteins that probably influence thespge of molecules
between the nucleus and the rest of the cell. kamele, certain-
proteins move into the nucleus, where they joirhwibosomal to make
the subunits of ribosomal. (see section 3.4). tn,ttibosomal subunits
and other RNA containing molecules that are madéemucleus move
out into the cytosol through the nuclear pores. dytesoal is the semi
fluid matrix between organelles.

3.4 Ribosomes

Ribsomes are where proteins are made in the chi#y Tare usually
small and consist of approximately equal amountspaftein and
ribosomal RNA (RNA). Each ribosome is assemblednftavo subunits
that are produced in the nucleus and exporteddacytiosol. The two
sub-units are joined when they attach to a molectilmessenger RNA
(mRNA). Ribosomes usually occur in clusters calpedysomes on a
single molecules of MRNA

(Fig. 2.7)

18
G

Movement of :

MANA inlo '
" cytoplasm via - IP-Q

ouclaar pore | : MANA
, AT - Ribosome

Synthesis
of protein

fig 2.7 Ribosomes playa central role in protein $yaesis, Unlike other organelles,
ribosomes do not have membranes.
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Unlike the nucleus and other organelles, ribosoaresnot surrounded
by membranes.

Ribosomes are either attached to membranes or rfreed/ in the

Cytosol. Proteins made by cytosolic ribosomes aseally also

Cytosolic; dthat is, they are not associated witamiranes. These
proteins include enzymes that degrade sucrose dumbsg in the

cytosol. Conversely, membrane bound ribosomes lysonlke proteins
that will be attached to or embedded in membranes.

Examples of such proteins are those that cont@ltthnsport of ions
and other substances through the plasma membrane.

The numbers of ribosomes varies among cell types iandifferent
stages of cell development. A growing cell can makeut 10,000
ribosomes per minute. Ribosomes are especially daninin dividing
cells because these cells make large amounts t&ipso

SELF ASSESSMENT EXERCISE 3

1. Briefly describe the structure of the nucleus
2a. What is the major function of ribosomes inplant cell
b. How do ribosomes occur? What are they called?

4.0 CONCLUSION

All plants are made of cells. Some cell componeatsur in all living
cells, while others occur only in the cells of leayroots or other parts
of plants. Depending on their components, cells dande, grow,
transport sugar or water, photosynthesis, secretaneor resin, or
harvest energy from organic molecules. The geremalponents of the
cell were highlighted in this chapter. The cell \wiie nucleus and the
Ribosomes and their functions in plant cells weghlighted.

5.0 SUMMARY

Cells are the simplest units of a plant that cae independently. Each
plant cell consists of a cell wall that surroundplasma membrane,
which encloses the contents of the cell. The cdsten a plant cell
usually include a nucleus and the cytoplasm. Theptgsm include a
nucleus and the cytoplasm. The cytoplasm inclules@anelles except
the nucleus, plus all internal membranes and thesol;

Membranes divide cells into many, interconnectetigartments. These

compartments are connected by membranes that ez between or
are attached to the nucleus and other organellesaémbranes consist
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of a double layer of phospholipids that has enzymached to or
embedded in it.

The distribution and movement of membranes and rotbell
compartments are affected by the cytoskeleton wanktof filaments
that includes microtubules, acton filaments, andrmediate filaments.
All three types of cytoskeletal filaments are madalifferent kinds of
proteins.

Young cells and actively growing cells have flegilgrimary cell walls.
As cells mature, however, they often form rigidastary cell walls just
inside the primary walls.

Plant cells are connected to one another by plassmdta. These
connections contain cytoplasm and a plasma membtaae is
continuous between cells.

The Nucleus is surrounded by a double membraneewihibsomes have
no membranes.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Because cell wall is limited by the amount tfspa membrane
that can service it.

2. Microtubules, acton filaments, intermediatarfient.

3. acton filaments.

ANSWER TO SELF ASSESSMENT EXERCISE 2

la. Primary cell wall and secondary cell wall

b. Secondary cell walls are formed later and #rekt rigid and
lignified.
C. Plasmodesmata-primary pit-fields.

ANSWER TO SELF ASSESSMENT EXERCISE 3

1. Most conspicuous organelle in cell, containstaf DNA and is
surrounded by 2 membranes called nuclear enveloplesse
membranes may be joined by small pores or fusedotm
nuclear pores.

2a.  Protein manufacture

b. Clusters, polysomes

6.0 TUTOR-MARKED ASSIGNMENT

See end of unit 3, since both units are continuous.
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1.0 INTRODUCTION

In unit 2, we started the discussion on the strectind function of the
plant cell we have identified that each cell oflanp consists of a cell
wall that surrounds a plasma membrane, which eeslosany smaller
parts called organelles. Because each organelleitbaswn set of
functions, the job of each cell in a plant is det@ed by how many and
which organelles it contains, and what the orgasetlo. For example,
leaf cells contain chloroplasts, nectar-secretimdisccontain many
dictysomes and the storage cells of oil-containisgeds have
dglyoxysomes. These organelles have roles in photiessis, and oil
metabolism, respectively.

Plant cell biology can be reduced to the studyha structure and
function of smaller components. By analyzing thatamy of a cell, we
can find clues to how the cell works. In this umie conclude our study
of the plant cell structure and how it controlduak processes.
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2.0 OBJECTIVES

At the end of this unit, you should be able to:

. describe the membrane system in a plant cell

. state two major functions of the membrane system

. list the main characteristics of the plasma memdran

. describe the endoplasmic reticulum

. name the two types of endoplasmic reticulum

. describe the structure of the dictyosomes

. list the 2 major roles played by the dictyosometheplant cell
. list the major contents of vacuoles

. identify the two most important microbodies

. state the function of the microbodies identified

. name the two major organelles for energy conversion

. outline 3 similarities and 3 differences betweea tihloroplasts

and the mitochondria.
3.0 MAIN CONTENT

3.1 The Membrane System

All the membranes in all cell are connected eithedirect contract with
each other or by the exchange of membrane segridese inter-
connected membranes function together as a memlagstem that
includes the plasma membrane and the various digamembranes.

Many biochemical processes occur in or on membrapas example,
the enzymes involved in photosynthesis and in AlRtlesis are
embedded in membranes. Membranes also provide naedark for
making more membranes.

All membranes have a similar structure, which cstssof a double
payer of phospholipids that is impregnated withtg@ro However, not
all membranes have exactly the same structure amdtiobn; for

example, the permeability of the plasmas membréaiherslfrom that of

the nuclear envelope. Each membrane controls hoghrand what kind
of material pass through it; that is each membrhas a different
membrane selectivity, which depends on its compositMoreover, the
composition and physical properties of a membrare dhange during
cell development.
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In principle, internal membranes increase the ratimembrane surface
cell volume. However, internal membranes do moea tthis. They are
physically and chemically distinct from the plasmambrane and from
each other. Furthermore, they divide the cell ioctionally distinct
compartments (i.e. organelles) that are bounded thgir own
differentially permeable membranes. Thus, the iseBeparated into a
set of individual reaction vessels. Each reacti@ssel has its own
specialized functions, which are performed by ajueiset of enzymes
bound to or held within the membrane.

Let us now look at these individual reaction vesselsee that they look
like and the functions they perform.

3.1.1 The Plasma Membrane

The plasma membrane is a remarkably, changeabldtipurpose
membrane already mentioned, it acts as a diffaintipermeable
barrier to substances that enter and leave thesmtie substances can
pass through it, and some cannot.

Partly because of its outer position, the plasmabranes receive and
translate chemical and environment signals fromsidat the cell.
Signals translated by the plasma membrane chanigéacenetabolism.
For example, hormones received by the plasma memakloan initiate a
series of enzymatic reactions that cause the eadhtarge. The plasma
membrane also accepts packets of raw materials &tber membranes
inside the cell and directs the assembly of theatemnals into cell-wall
microfibrils.

3.1.2 The Endoplasmic Reticulum
Most of the membrane surface area inside cells recdn the
endoplasmic reticulum (ER), which is an extensigevork of sheet like

membranes distributed throughout the cytosol. Whiemwed with an
electron microscope, the ER appears to meandarghout the cell.
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(Fig. 3.1a)
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Electron micrograph of a differentiating cell in aroot up of bean (phaseches
vulgeb) showing dictysames (D), x 22,000, the ndtien of the cell. (b) Three-
dimensionsally of the FR, as shown here, cannot bean in the electron
micrograph.

Seen in three dimensions, however, the ER is &sysf flattened tubes
and sacs (fig3.1b) that is continuous between enm membrane and
the outer membrane of the nuclear envelope. Intew@aportments of
the ER are isolated from the rest of the eytoplhsirin contact with the
space between the two membranes of the nuclear lognve
Plasmodestmata also contain portions of SER, witioch a continuous
in internal membrane between cells.

Two regions of ER can be distinguished in electmiorographs. One

region is called the rough ER, because the mamgoimes attached to it
give it a rough appearance.
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(fig. 3.1b, fig. 3.2a)
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In contrast, the other region is called the smodHR because it has no ribosomes
attached to it (fig. 3.2b).

Biochemical cytology and studies of isolated ER rommes have
shown that the rough ER is the major region of ggrosynthesis in the
cell. The smooth ER is involved with the synthediphospholipids and
the assembly of new membranes both types of ER fresicles that
break away and fuse with other membranes When bileese vesicles
fuse with the plasma membrane, its contents areetseL by such
vesicles. Other vesicles can fuse with organelamiiranes and become
part of them.
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SELF ASSESSMENT EXERCISE 1

1. State any two major functions of the membrarstesy

2. What are the main characteristics of the plasmmbrane?
3. Describe the Endoplasmic Reticule (ER).

3.1.3 Dictyosomes

Stacks of flattened, membrane vesicles are calletiyasomes, or
sometimes Golgi bodies

(Fig. 3.3)

Dictyosome

Golgi Body

Three-dimensional representation of dictyosome (@ddody) Verticle near nuclear
membrane are considered to be part of the dictysome

Dictyosomes are usually two-sided, with one sid@niathe smooth ER
and one side facing the plasma membrane. Membramedbvesicles
occur near the edges of the dictyosomes and asdawad to be part of
them.

Dictyosomes receive material from the smooth EReeithrough direct
connections or in vesicles released by the ER. spam vesicles from
the ER fuse with the inner face of the dictyosoraged release their
contents into its interior. These vesicles contgads, proteins, and
other substances, which are often chemically mediiin the dictyosome
and then sorted into separate packets. For exanglgars in
dictyosomes become lined to proteins, convertingenmth into

glycoproteins. Packets of glycoproteins or othertemals eventually
move to the edge of the dictyosome Rear the othee,fwhere the
dictyosome membrane is pinched off into anothenclesThis new

vesicle moves to the plasma membrane or to othes isi the cell.
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Vesicles that move to the plasma membrane are teegrgesicles
because they fuse with the plasma membrane anédtsdbeir contents
to the exterior of the cell. This type of secretigncalled exocytosis.
Polysaccharides secreted by excocytosis becomeopdinie cell wall.
Other substances are secreted from specialized wglh the end of
dictyosomes. These substances include nectar ldve¢rs secrete as a
reward for insects and other pollinators; and tite ar similar resinous
chemicals secrete from the gland on leaves andsstémints and many
other highly fragrant plants.

In dividing cells, dictyosomes help build new priypavalls after the

nuclei has divided. Wall construction occurs wheaotysomes are
guided by microtubules of a region between nudfesicles containing

cell wall precursors fuse in this region to forndiak-shaped structure
called a cell plate. The cell plate grows by thditoh of more vesicles
unit it fuses with the parent cell wall, which coetfes the partition

between the two new cells.

3.1.4 Vacuoles

Vesicles from the ER and the dictyosomes often fagerm larger sacs
called vacuoles. Immature cells of plants and alsinmay contain
several small vacuoles but in most plant cellsse¢h®mall vacuoles fuse
into larger ones as the cell matures. A maturetalhtypically has one
large vacuole that occupy up to 95% of tile celmee (fig 3.40)

! Bt 40T
Mitqqhonqrioq .

The membrane of the central vacuole has its owrerthmtonoplast.
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(Fig. 3.4b)
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Fig 3. 4Vacuoles. (a) transmission electron micrograph froancoleus leaf (Coleus
blumer). The expanding central vacuole compresske tytoplasm into a small
space against the cell wall, x 20,000 (b) schemadimgram of cell growth, showing
how an increase in cellular volume can occur withb@a large increase in the
amount of cytoplasm. The peripheral layer of cytapm may be interconnected
through the vacuole by cytoplasm strands that radiarom the region of the
nucleus.

As plant cells grow, most of their enlargement Itssdrom the
absorption of water by vacuoles which expand arghpbe rest of the
cell's content into a thin larger against the @@ll. Vacuoles that are
filled with water create pressure called turgorsptee, on the cell walls,
which contributes to structural rigidity of the cé&Vhen a plant receives
very little water turgor pressure decreased andptaet wilts. We can
see the effects of tugor pressure by letting carotvegetables dry out.
They become flaccid and we can make them crispdgaputting them
in water. This reacquired crispness (tugor) is edulsy vacuoles that
have been filled with water.

Vacuoles are versatile organelles as indicated H®y diversity of

substances that occur in them. In addition to watacuoles contain
enzymes and other protein water soluble pigmentswip hormones
and ions. Vacuolar enzymes digest strong mateaats components
from other organelles for recycling into the cytiggigments in vacuoles
especially red and blue anthocyanins, impart bragitburs to flowers,

fruits and other plant parts. Some plants may laloxic alkaloids or

other secondary products in their vacuoles. Théssdoads, which are

water soluble at the acidic PH of vacuoles, magdiisects and other
animals from eating the plants that contain them.
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lons such as potassium and chloride are storedaguoles for easy
retrieval to the cytosol when needed for cellulatabolism. In plants
specialized for high cell habitations, such as ¢hal®ng coastlines and
near marine estuaries, vacuole can accumulate idélosalts to
concentrations several thousand times grate tharcywmesol. The
cytoplasm of these plant cells is protected froih teicity, enabling
the plants to thrive in their harsh environment.

3.1.5 Micro Bodies

The smallest membrane — bound organelles in aacellcalled micro
bodies Microbodies, which are bound by a single brame, are usually
spherical. These tiny organelles are often asstwith membranes of
the ER, but they may also be closely associated ghtoroplasts and
mitochondria. Different types of micro bodies hapecific enzymes for
certain metabolic pathways. Two of the most impdrtands of micro

bodies are perioxysomes, which occur primarily ieaves and
glyoxysomes, which are common in germinating ogiloey seeds and
the young seedlings that grow from them.

Perioxysomes are so named because they metabgtiregen peroxide
(H,0,). The enzyme that catalyses this breakdown idassaHowever
perioxysomes also contain oxidases that catalyzeptbduction HO..
The important of having these oxidases and catalaséhe same
organelle is a mystery.

Glyoxysomes also contain enzymes that catalyzértbakdown of fatty
acids into acety-CoA. This acety-CoA is used to enatganic acids that
can be exported from the glyoxysome and used imrothetabolic
pathways, such as respiration and sucrose synthddidike

perioxysomes, glyoxysomes rarely occur in anim&snsequently
plants can convert lipids to carbohydrates, butnals generally cannot.

SELF ASSESSMENT EXERCISE 2

1. What two major roles do the dictyosomes perform?

2. List the major contents of vacuoles.

3. What are the two most important micro bodies| what is their
function.

3.2 Organelles for Energy Conversion

Cells thrive on the energy of ATP. (I hope youl seimember what ATP
means. If you are not too sieve, refer to BIO 106d BIO 123 to refresh
your memory). Two kinds of organelles, chloroplastsl mitochondria,
produce most of the ATP needed for cellular meiabol These
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organelles are similar in several respects. Fomgka both are bounded
by two. membranes and much of their internal memdsas folded and
stacked to form complex compartments. Their interm@embrane
contains the enzyme ATPase, which uses the eléanoical energy of
protons to phosphory late ADP into ATP. Chloropasand
Mitochondria also contain DNA that controls the thasis of many of
the enzymes necessary for their respective metapathways. Finally,
Chloroplasts and Mitochondria are seminautonomaésy grow and
divide in the cell on their own.

The different between chloroplasts and Mitochondnalude their
respective sources or energy for making ATP thgrearance, and their
composition. Chloroplasts use the energy of ligittich mitochondria
use energy of chemical bonds, Chloroplasts corghiorophyll, which
makes them green, while mitochondria are colourl®tosynthesis
occurs in chloroplasts, and most of respirationucgén mitochondria.
Each process requires a different set of enzymédor@plasts have
many shapes and sizes, and are generally larger rthtochondria.
Mitochondria are often cigar-shaped. We will novebly look at these
two organelle.

3.2.1 Chloroplasts

The fluid inside chloroplasts is called the stroffig 3.25a).

(Fig. 3.5a)

Ve e S 3 ol

. ’ [N Bt '

Chloroplast (a) Transmission electron micrograph o chloroplast, showing
strangs. Thytakoids and thytakoid stacks (grang),15,000 the chloroplasts in
figure 18a
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Membranes occurring throughout the stroma are datte/lakoids.
Thylakoids are aggregated into stacks called graamathey form
connections between stacks.

(Fig. 3.5b)

Thylakoids

Fig. 3.5(b) three-dimensional model of chloroplastembranes drawing vessels like
thytakiods in grams and between grams.

Because these connections are so common all thgakom a

chloroplasts are probably, formed by the same,icootis membrane
system. Thylakoids membranes contain a rich ditsersf enzymes
catalyze the reactions of photosynthesis, they daséinct from the

enzymes mitochondria. Pigments in chloroplast idelu the

chlorophylls, which create the green colour of Esand other green
organs, and the carotenoids, which are the yell@mge or red colours
of some leaves, tomatoes and carrot. In additionertaymes and
pigments, chloroplasts often contain starch or oil.

The greenest cells of a leaf may each contain ntben fifty
chloroplasts, However chloroplasts are just one typ plastids. Other
plastids are classified according to the kinds mjm@nts or storage
products they contain; for example, amyloplastsrestetarch, and
elaioplasts store oils. Colored, non-green plastigs chloroplasts and
are usually red, orange or yellow.

3.2.2 Mitochondria

A mitochondria consist of a smooth outer membrar®] an inner
membrane that is folded into tubular or vesiclegsubcristaeb.
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Ouler membrane

———— |nner membrane

—- Matrix

s Cristae )

Fig 3.6 Mitochondria (a) Three-dimensional model of a mitbondrion (b)
transmission electron micrograph of a mitochondripr 20,000.

The internal membrane system of mitochondria arfsas the inner
membrane of the mitochondria envelope, whereasoptiter membrane
of the envelope is smooth. This arrangement of rmands creates two
compartments within the mitochondria; one is thecgpbetween the two
membranes, and the other is enclosed by the inaerbrane.

Many of reactions of aerobic respiration are cadly by enzymes
bound to mitochondria membranes. Other reactiomsiroeither in the
space between the inner and outer membranes &eimatrix that is
enclosed by the inner membrane. A cell may consaweral hundred
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mitochondria, the actual number is dependent orratgiirement for
ATP. Dividing cells and cells that are metaboligadictive need large
amount of ATP and usually have the largest numiberRo (you will
learn more about the structure, and function of A¥iRen you treat
respiration).

SELF ASSESSMENT EXERCISE 3

1. What are the two main organelles for energy eosion?
2. What are the major different/similarities betweleem?

3.3 Cell Movement

Cell prepared for study with microscopes are uguattested in static
positions. It is therefore not possible to see thaly are in constant
motion. When cells are viewed under the light mscapes their internal
movements are easily seen. In addition to intemalements, some
entire cells are motile, that is they can swimplants, only sperm cells
swim and these swimming sperms are only seen mlleseplants and a
few seed plants. The sperm cells of flowering @ar@nnot swim (Refer
to BIO 124).

3.3.1 Internal Movement

Living plant cells as seen under the light micrgezohave then
cytoplasm in constant motion. Organelles and offeticles usually
move 'in a circle around the central vacuole. Hiisaming movement
is called cyclosis.

Chloroplasts and mitochondria move along definieghp that are
associated with actins filaments and microtubuleshe cytoskeleton.
The outermost region of the cytoplasm is more arethand relatively
immobile, whereas the innermost region is more dfluCyclosis
enhanced the exchange of materials among organetlesveen
membranes and organelles and even between cells.

Cell that Swim

Cells that swim have hair like locomotor organelieat protrude into

the medium surrounding the cell. In plant celleese hairs are called
flagella (singular flagellum). Such cells are fdwnly in sperm cells of
some plants. Example, in the mosses, these spelis) ltave two

flagella, and in cycads, the flagella may be upaweral thousands.
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Micrograph of sperm cell from showing, x 250, (bhBto of a that produces sperm
di

Some algae, water molds and animals also havelltigeg: sperm cells.
Certain water molds and algae have other kindst that also swim
by flagella.

All flagella in plants, animals, fungi and protéstve the same internal
structure and the same mechanism of action. Hagkllum consists of
a membrane that surrounds ten pairs of microtub@lee pair occupies
the centre of the flagellum and nine pairs occua inng around centre
pair.
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(Fig. 3.8a)

Cross-sectional
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(Flagella. a) Transmission electron ‘m'icrograph offiﬁgellum in the. reproductive
cell of the green algae. Ulvaria. Longitudinal séah shows that the membrane |
surrounding the flagellum is continuous with the @sma membrane

Each outer pair oficrotubule is connected to its neighbouring phis
sidearm that are evenly spaced along the lengthhef flagellum.

Similarly, spoke like extensions from the outer motabules connect to
the inner microtubules.

(Fig. 3.8b).

Qutir doubilot e

micrafubules 7‘9 -« %

Plasmhg ——
membrihe

Flagella. a) Transmission electron micrograph of feagellum in the. reproductive
cell of the green algae. Ulvaria. Longitudinal séah shows that the membrane |
surrounding the flagellum is continuous with the @sma membrane

The sidearm and spokes are madthefprotein dynein.
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4.0 CONCLUSION

This unit concludes the discussion on the strucamd functions of
plant cells. We had emphasized that dependinghem tomponents,
cells can divide, grow, transport sugar or watbgtpsynthesise, secrete
nectar or resin, or harvest energy from organicecukes. Most types of
cells also contain genetic material that contrisésdctivities of the cell.

Cell components vary among different cell types amibng different

plants. For example, components such as the plasmnarane occur in
all living cells, while chloroplasts occur only ihe cells of green tissue.
Tissues can differ at the cellular level from onatpof a plant to

another.

5.0 SUMMARY

Like the nucleus, chloroplasts and mitochondria@aganelles that are
surrounded by double membranes. Micro bodies haugles
membranes. Dictyosomes and the endoplasmic reticale composed
mostly of membranes that enclose relatively littkernal fluid. Many of
the chemical reactions in a cell are catalyzedrigymes that are in or
on membranes including the plasma membrane.

Sperm cells in plants and animals, as well as diimels of cells in algae
and water molds have flagella that enable themwmions The structure
and mechanism of action of the flagella identicaliese organisms.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Biochemical processes e.g. photosynthesis ahid gynthesis;
produce other membranes.

2. Differentially permeable; alters cell metabwljsaccepts packets
of raw material.

3. Extensive network of internal membranes, ftate tubules and

sacs; continuous with other membranes, of 2 typagh ER
embedded with ribosomes and smooth ER.

ANSWER TO SELF ASSESSMENT EXERCISE 2

la. Cell division-capable of forming glyioproteiasd pinching off.

b. Building new primary cell walls in dividing dsel

2 Water; enzymes, proteins, water-soluble pigsjengrowth
hormones and ions.

3. Peroxisomes-metabolises hydrogen peroxide; xggames =
enzymes that breakdown fatty cell.
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ANSWER TO SELF ASSESSMENT EXERCISE 3

1. Chloroplasts and Mitochondria
2. Similarities (1)  Both are bounded by 2 membranes,
(2) Internal membranes folded
(3) Contain enzyme
(4) Contain DNA
(5) Semiautonomous

Differences (1)  Have different sources of Energy

chloroplasts = light
Midtochondria-chemical Bonds.

(2)  Chloroplasts with chlorophyll therefore
green mitochondria colourless.

(83) Chloroplast for photosynthesimitochondria
for respiration.

(4)  Chloroplasts of varied shape; mitochondria
cigar-shaped.

6.0 TUTOR-MARKED ASSIGNMENT

=

List the major components of a plant cell
2. State 3 similarities and 2 differences of thdowplast and
Mitochondria
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1.0 INTRODUCTION

In unit 2 and 3, you learned that membranes haveusafunctions in

cellular metabolism. Most of the important acte#ti of cells are
associated with membranes. For example, proteistinge for secretion
or for insertion into cell membranes are made lppsomes that are
attached to a membrane system called the endomasti@ulum.

Suggestions about the structure of membranes thaeazed in the
1920's was based on the soap like properties ofspgdtmipids in

artificial membrane. Phospholipids have a dual lsitty. Their long

hydrocarbon 'tails' are non polar and hydropholatér-fearing). In
contact the ionic phosphate 'head’ of phospholiggispolar and
hydrophilic (water loving). In water phospholipidaggregate
spontaneously into a bilayer which is a double meam& with an
interior of hydrophobic hydrocarbons and an extend hydrophilic

phosphates. The above explanations was not enougtptain the great
diversity of membrane functions. The propertiesnémbranes also
depend on proteins, which are their main ingredient

In this unit, we looked at the general structuran@mbranes. We then

listed it various functions and discussed the frse which is movement
of water and solutes.
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2.0 OBJECTIVES

At the end of this unit, you should be able to:

. describe the structure of the cell membrane usiadluid mosaic
model

. list 5 important activities of membranes

. discuss the significance of the following to (aamldiffusion
(b) Potential energy (c) Water potential

. state the biological importance of osmosis

. discuss why plants wilt

. explain the following terms (a) Osmotic pressurg smotic

potential (c) Turgor pressure (d) Plasmolysis.
3.0 MAIN CONTENT

3.1  Structure of Membranes

Early ideas about the structure of phospholipidsylers explained how
some molecules including non-polar molecules oegaiitrogen and
Oxygen) and small polar molecules such as wateldcthiow across
membranes

(Fig 4.1).

LARGE UNCHARGED POLAR MOLECULES  Glusgss ~—

|
1ONST i Nat, HOOy', K, Ca¥, G, Mgl mmmmssmstomsmemtmeremaererer R )
. : I

HYDAOPHOBIGMOLEGULES  Hyaracatbuns, O, =

BMALL UNGHARGED POLAR MOLECULES  H,0, GO, st

Fig. 4.1 Selective permeability of a phospholipidgayer. The bilayer is much
more permeable to hydrophobic molecules and smaltlhianged polar molecules
than it is to and large polar molecules.

However, lipid bilayers could not account for tleady passage of larger
polar molecules such as monosacctarides and aroid®. a

The passage of these molecules through membrandiratasxplained

in the 1930s by H. Davson and J.F. Danielli, whggasted that the
lipid bilayer was coated on both sides with hydibphoroteins that
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were attached to the polar heads of phospholipddsording to this
model, the hydrophilic proteins absorbed polar males and somehow
eased their passage through the non-polar largeeahembrane.

In the 1950s, the first electron micrographs of mEmes seemed to
confirm this modal.

(Fig 4.2)

Fig. 4.2 Transmission electron micrograph of two méranes. Each membrane
appears as two dark lines that are separated byightér region. At first,

micrographs of this sort seemed to contain the Dawvsanielli model of

membrane structure, but this interpretation waséatfound to be incorrect.

These pictures showed membranes to have an eldcamgparent inner
region sandwiched between two electron-dense dayers. The other
layers were assumed to be made of proteins andppblygids heads,
and the inner region was believed to be made ofhgftrocarbons in
phopholipid tails.

Despite the apparent support from electron micnegcdlaws in the
Davson-Danielli model began to accumulate. For etam cell
biologists found that this model could not explastructure and
biochemical variations found among different kinds membranes.
Mitochondria membrane for instance, are thinner nthplasma
membranes and contain a higher proportion of pnot€his and other
findings contradicted the Davson-Danielli model, iethh held that
membrane proteins must be hydrophilic (water loyirand' that all
membranes have the general structure of a pradprotein
"sandwich".
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The current view of membrane structure has seerbtheson-Danielli
model go through a series of modifications. Thessvar version
proposed in 1972 is called the fluid mosaic mottdiolds that proteins
occur as a mosaic in a fluid bilayer of phosphdkpi

(Fig. 4.3)

region of protein J

Hydropﬁo’bic
rogion of protgin

Plant celt

Fig. 4.3 The fluid model of membrane structure. Reins are dispersed in the
phospholipids bilayers according to the model

Visual evidence for the fluid mosaic model comesnfr scanning
electron microscopy of freeze-fractured membraiée. interior of the
membrane is then seen as a dotted plain. The iglarsea of lipids and
the dots are proteins inserted into them.

(Fig. 4.4)

Fig 4.5 Primary structure of a thylakoid protein. Five régns of the protein occur

in the membrane. (boxes A — E); the remaining regs provide either into the

stoma or into the interior of the thylakoid. Thisiembrane protein consists of 352
amino acids, each designated by a one-letter abiatean (see Chapter 2, fig 2.6).
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Primary structure of a thytakoid protein five ragsoof the protein occur
in the membrane (boxes A-E); the remaining regmaside or into the
interior of the thytakoid. This membrane proteimsigt of 352 each
designated by a one-letter (see Chapter 2, fig 2.0)

The name fluid mosaic model implies that the meméraontains
liquid. The lipid bilayer is only its fluidity is @k to the loose packing of
the fatty acid tails of the phospholipids. The mosaf proteins is a
significant feature or the fluid mosaic model. Itcaunts for the
movement and intermingling of proteins that musicto each other to
function.

Another important feature of the membrane strucisiiégs asymmetry,
that is, on side of a membrane is different fromakher. This difference
comes mostly from the carbohydrates that are atthtin proteins on the
outside surface of the membrane proteins with dayth@tes attached to
them are called glyco-proteins, and they do notallgwccur on the
inner surfaces of membranes. You will learn moreualihe roles of
glyco-proteins in Unit 5.

3.2 Functions of Membranes

Proteins control most of the functions of membrafégse may be fifty
or more different kinds of proteins in a plasma rbesmes and perhaps
as many in the tonoplast or other organelles mendsta(Remember
that once you are in doubt about any of these teyms should fillip
back to Units 2 and 3 where they were initiallycdissed). This diversity
of proteins is reflected in the enormous range aiiviies associated
with membranes. Some of the important of thesevities are discussed
in the sections that follow. We will however givesammary of the
activities here.

Movement of water and solutes. The plasma membgyanerally allows

the unrestricted passage of water and certain ldesssubstances into
or out of the cell. Water balance is crucial forimt@ning tugor

pressure, which makes the cell rigid and helpsilellexpansion during
growth.

Differential permeability - Membranes control ootk the passage of
some kinds molecules such membranes are referrad thfferentially
permeable membranes.

lon pumps - certain ions, such as Knd H, are pumped through
membranes. lon pumps in the plasma membranes argyefiom ATP

to move lons from the cell while lon pumps in mhioadria and

chloroplast membranes are important for making ATP.
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Enzyme activity - Enzymes that cooperate in mpgtrocesses such as
ATP synthesis or the absorption of light energgwfoccur together in a
particular spot on a membrane.

Cellular communication - The plasma membrane costaroteins that
bind molecules released from other cells. Once Bawwnan external
molecule, these proteins activate other proteinghér membrane that
cause metabolic changes in the cell.

SELF ASSESSMENT EXERCISE 1

1. What is the basic structure of membranes.
2. List 4 important activities of membranes.

3.3 Movement of Water and other Molecules through
Membranes

The most common kind of molecule in cells is watens and other
polar molecules are dissolved in this water, teahey are solutes and
water is the solvent that dissolves them. Solutetide protons (B,
mineral ions such a potassium'fand magnesium (Mg). And organic
compounds such as sugars and amino acids. Thegpas$athese
substances through membranes is deternlined bdttelghospholipids
bilayer and by the proteins embedded in it. Norapotolecules, such as
hydrocarbons and oxygen pass easily through a narebrlipid core.
Small and uncharged polar molecular, such as veatgcarbon dioxide,
also pass through membrane lipid bilayer. The caoinagons of
different solutes in cells and organelles are ¢tyomegulated, despite the
free passage of water and certain solutes thrdugplasma membranes.
This inhibits substances from leaking freely intaat of the cell.

We will now take a look at some of the terms that eelates to water
and solute movements. These terms are merely lneiragluced now.
Later on in units 17 and 18 we will give a fullezatment of them.

3.3.1 Movement of Solutes

All molecules display random thernlal motion, anekic energy, that is
a solute molecule has a tendency to move aroura solution. One
result of the random movement is that moleculetusi outward from
regions of high concentration to regions of lowesnaentration.
Diffusion by random movement continues until thestalbution of

molecules becomes homogeneous throughout the@aluti
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Activity 1

Place a teaspoon of laundry blue into a basin déwéaet it stand for
sometime and observe it from time to time. You witice that as the
"blue" ponder dissolves, the water in t6he bas&dgally acquires a
blue colour, that is the blue diffuses as it digesl The rate of diffusion
depends on the size of the "blue" molecules (largeecules move
slower) and the temperature of the solution (higkenperatures cause
faster movement). Regardless of this rate, thee"bboncentration will
eventually become uniform throughout the solution.

Because diffusion is based on random movementh, matecule has an
equal change of moving toward or away from theaegf high solute

concentration. However, there are more high salubéecules near the
crystal which means there is a greater chance bhmowement away

from the source. Molecular movement continues dftanogeneity is

reached, even though there is no longer a net ehangoncentration

from one region of the solution to another. Thisamethat, after such a
balance is reached, for every molecule that vacatespot, another
molecules takes its place just by chance.

Diffusion is the net movement of solutes from amaarf greater
concentration to an area of lesser concentratibaf is down a
concentration gradient. We can think of solutesnambles and the
gradient as a hill, marbles rolling down a hill idlbe analogous to
solutes diffusing down a concentration gradienttli@rmore a steeper
hill would be analogous to the steeper gradientseduby a higher
concentration of solutes. Thus, a steeper gradenes a higher net rate
of solute movement. Just as marbles can move upithi¢ there is a
force to push them, so too can solutes move fromedoto higher
concentrations if there is energy to punch them.

Anything that can fall, change, or flow from a hegHevel to a lower
one has the potential to do work, which is calleteptial energy. When
the solute is moving, it has energy of movementghvis called kinetic
energy.

In this unit, we will discuss these forms of enerigyt later on in unit 7
we will look at energy and it uses by plants.

3.3.2 Water Potential
Like solutes, water also has potential energy @av fto where it is less
concentrated, the potential energy of water hapemial name. Water

potential. Water tends to move down a water pategtiadient, that is
from a region of high water potential to a regidricav water potential.
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Also, like solutes, water requires energy to mopeauwater-potential
gradient.

By general agreement the water potential of puréews zero. This

means that the water potential of a solution hasgative value because
the water is less concentrated than pure watero,Als/ general

agreement, water potential is expressed in unitgre$sure instead of
units of energy, because pressure is simple to unea3hus, water

potential may be expressed in bars or in megapaghgpa). One bar

equals atmospheric pressure at sea level and rempetrature, and 1
Mpa is 0.1 bar. The potential of sea water is ab@ttbars, the water
potential in the cells of freshly watered herbsmere than -1 bar

(meaning closer to zero), and the water potemialry seeds is about -
200 bars. Later on in unit 17 we will discuss watetentials again.

SELF ASSESSMENT EXERCISE 2
What is (a) diffusion (b) potential energy (c) Wapetential.
3.3.3 Osmosis

Many substances including water move through aogiohl membranes
as freely as they move through an aqueous soluBanh unrestricted
movement of a substance through a biological mengbria called
passive transport. The energy for passive transpahe kinetic energy
that is inherent in all molecules. That is passikansport does not
require energy from cellular metabolism.

The passive transport of water influences manyvisiets of the cell,
including cell growth, structural rigidity and plosiynthesis. Because of
its roles in so many processes, the diffusion oftewahrough a
selectively permeable membrane has a special n@smosis.

Osmosis is influenced by different water potentiafseither side of a
membrane. Let us look at an example; consider abrame that is
permeable to water but impermeable to glucose. V¥bheh a membrane
separates two halves of a container each havirifeaetht concentration
of glucose, water diffuses by osmosis into the gideing the higher
glucose concentration (i.e. lower water potential)
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Osmosis is demonstrated by the movement of watepudh a differentially
permeable membrane in a U-tube. Glucose, which main pass through the
membrane, is more concentrated in the right-handrpaf the tube than in the left
hand part. Net movement of water into the more centrated glucose solution
causes the volume of the right-hand solution to irase.

The net movement of water will stop either whenhbseides of the
container have the same concentration of glucaseshen the force of
gravity equals the force of water movement, whiekreoccurs first.
Note that the side that began with a higher comagah of glucose
increases in volume.

The foregoing example of osmosis 'also hits at laroteature of this

process immediately before osmosis begins, watén@mhypotonic side
(low solute concentration) of the membrane haghdriwater potential,
which means a greater potential to move. Its movenman be

prevented, however, if a piston is placed on thpehipnic side (high

solute concentration), with just enough downwarespure to keep the
volume constant. A pressure gauge on this pistoasores the force
required to maintain constant volume.
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(Fig 4.7)

Higher water potential in the left-hand solution cses pressure for water to move
into the right-hand solution. The amount of presmaufor it is necessary to maintain
constant volume on the right equals that of wateowement across the membrane.

The potential of pure water to move into a solutonthe other side of a
membrane is called Osmotic pressure

(Fig 4.8)

~ AQUieous
solution .

Pure
water

emipermeabl
“membran
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Osmotic pressure (arrows) is the pressure of puigev to move into a solution on
the other side of a membrane. The osmotic potdriiathe solution is the potential
to cause osmotic pressure.
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Conversely the potential of the solution to causenatic pressure is
called Osmotic potential. Solutions with high camications of solutions
(i.,e. more negative osmotic potential) cause higmatic pressure
Osmotic potential and water potential are expregsdide same units of
measurement and may be easily confused. Howeubnugih osmotic
potential occurs only across a membrane, watempatehas no such
limitation.

3.3.4 Turgor

Most plant cells are surrounded by a hypotonic remvhent. As a
result, cells absorb as much water as they can. hdltie outward
pressure of the plasma membrane against the cid isacalled turgor
pressure because it keeps the cell turgid.

(Fig. 4.9)

Flaccid and turgid cells. The pIu‘mpness of the tudlgcell is maintained by turgor
pressure

Turgor pressure is vital to plants in may ways. riby growth, cell
expansion is caused by turgor pressure on cellswhlit have become
relaxed. Turgor pressure also keeps herbaceousnv@ualy) plants
upright and supports the fleshy stalks and lea¥é®es and shrubs, and
keeps vegetables crisp when they are sprayed vatarw (Think of the
times you or your spouse have gone to buy vegetadhel all the
vegetables are dripping with water. The vegetabkléer has sprinkled
water on it to keep it fresh and crisp). Changesurgor also cause
movements in plants such as the opening and cladistpmata and the
curling of grass leaves.
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(Fig. 4.10)

Electron micrograph of an open stoma, x 640. Storage when guard cells are
guard they are closed when guard cell turgidly (Seleapter 21).

Some movements caused by changes in turgor areaticamxample is
the leaf movement in the sensitive plant.

Cells lose turgor when they are placed in a hypéstgsolution. The
continued loss of turgor causes the cytoplasm tmlstaway from the
cell wall.

(Fig. 4.11)

Light micrograph of (a) turgid cells, x 400, and )bplasmolized cells, x 100,
showing the effects of plasmolysis.

Osmotically induced shrinkage of the cytoplasmatied plasmolysis.

This phenomenon occurs in crop and garden plantnwbalt
accumulates in the soil from extensive use of |fdrak is, mineral rich)
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water. It also occurs when too much fertilizer ppléed. The loss of
turgor in these plants cause their leaves and diemust.

3.3.5 Inducing Osmosis the Control of Turgor

Although water moves freely across biological mesmless, plants can
control osmosis by regulating the concentrationsabdites in their cells.
Loss of turgor causes the uptake of potassium (&3, which are
osmotically active because they change the ceadhsotic potential. As
the concentration of Kincreases, the osmotic potential increases, and
move water enters the cell. Conversely, cells redtleir osmotic
potential by secreting K, this causes water to leave the cell.

The uptake of K occurs against its concentration gradient, thaKis
moves from a region of low concentration outside ¢bkll to a region of
high concentration inside the cell. This processctvhs called active
transport, requires metabolic energy (you will teanore about active
transport in Unit 5).

Plants that live in high-salt environments suclsal$ flats, near ocean
bays or inland where oceans once were, accumwage lamounts of
osmotically active solutes such as the amino acaline and the
carbohydrate mannitol. These organic solutes hiedp glant absorb
water (via osmosis) from dry, salty soil.

SELF ASSESSMENT EXERCISE 3

1. Explain the following terms:
(a) Osmosis (b) Osmotic Pressure (c) Osmotic Piatent

2. What is: (i) Turgor Pressure (ii) Plasmolysis

3. How have plants that live in high salt enviromtseadapted to
enable them get enough water.

4.0 CONCLUSION

Membranes surround cells, connect cells to onehanoform complex
internal networks, and divide cells into distineticompartments. The
abundance of membranes in cells underscores timpiortance, but it
does not begin to show the density of their fumgioMembranes are
active and changeable participants in cellular bwism, everything
that happens in a cell is directly or indirectly associated with a
membrane. In this unit, we began our discussiothefmembrane by
looking at the membrane structure. We saw thahalinbranes have the
same basic structure. We also looked at the movewfewater and
solutes into the plants. We identified other fumics and activities that
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the membrane performs in the life of plant. Theteeloones will be
discussed in Unit 5.

5.0 SUMMARY

Membranes consist of two main components; phospidsli and
proteins. The structure of membranes is best destrby the fluid
mosaic model. The phospholipids form a fluid bilayeith the
hydrophobic tails of fatty acids at its core and ttydrophilic leads of
phosopholipids on both sides. Proteins move irflthd. The lipid layer
allows the unrestricted diffusion of small moleaulgcross the plasma
membrane, but membrane lipid block the diffusionlais and large
polar molecules. This property of membranes isedaltlifferential
permeability. The diffusion of hydrophilic solutas facilitated by
proteins embedded in the membranes.

The diffusion of water through a differentially pggable membrane is
called osmosis. Plants regulate osmosis by comgolhe uptake of ions
or by making osmotically active solutes. In so dpicells maintain
turgor pressureprevents further uptake of water, the water outsine
cell exerts pressure called osmotic pressure.dtsterpart inside the
cell is the osmaotic potential of the cell, whicheispressed as a negative
number.

Osmotic potential results from the potential of evab diffuse down its
concentration gradient.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Membranes are a mosaic of proteins that movenara a fluid
double layer of phospholipids.
2 4 important activities of membranes

0] Movement of water and solutes
(i)  Differential permeability

(i) lon pumps

(iv) Enzymes activity

(v)  Cellular communication.

ANSWER TO SELF ASSESSMENT EXERCISE 2

Diffusion -movement of molecules down a concentratigradient
Potential energy - potential for solutes to movenda gradient
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ANSWER TO SELF ASSESSMENT EXERCISE 3

la. Osmosis-diffusion of water across a differdiytignermeable

membrane

b. Osmotic pressure -the pressure caused by teatpitof water to
continuously move into a cell from outside.

C. Osmotic potential-the counterpart of osmoticsptee from inside
the cell.

2. Turgor pressure - the pressure that causes wassure to push

the plasma membrane against the cell wall.
Plasmolysis - when turgor is lost and cytoplasmng&sr away
from cell wall.

3. By accumulating large amounts of osmoticallijnacsolutes e.g.
praline (amino acid) & mannitol (carbohydrate).

6.0 TUTOR-MARKED ASSIGNMENT

1. List 5 important activities in a cell that aessociated with
membranes.
2. Briefly discuss why plants wilt
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INTRODUCTION

In unit 4, you learnt about the structure of membg you also looked
at one of the functions of membranes. Many funstioh membrane
relate to the general properties of phospholicpioid protein. Different
membranes are made of different proteins and lipiisese have
implications on their functions. In this unit yoteagoing to learn about
the other functions of membranes in relation tortsieucture.

2.0

OBJECTIVES

At the end of this unit, you should be able to:
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explain the differential permeability of membranes

explain the following terms (a) facilitated diffosi (b) active
transport (c) bypassing membrane transport

distinguish between exocytosis and endocytosis

define the following terms (a) membrane potential

(b) selectrogentic pump

state the unit of measurement of membrane potential

briefly describe how cells communicate.
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3.0 MAIN CONTENT

3.1 Differential Permeability of Membranes

In unit, 4 you learnt that biological membranes alifferentially
permeable. This is one of their most important props because it
keeps metabolically important substances insidedfeor organelle and
prevents inappropriate or toxic substances inclads and larger polar
molecules, such as sugars, which only pass threpghific membrane
proteins called transport proteins.

There are two types of transport proteins. One tgpkide proteins that
work by actives transport, which requires energymfrATP to move
solutes up a concentration gradient, the otheudes passive transport
proteins, which do not require metabolic energy.passive transport
proteins merely act as channels for the diffusibrcantrast to simple
diffusion through the phospholipids bilayer, passtvansport through
protein channels is called facilitated diffusion iassimple diffusion,
potential energy is also released during facildateéfusion.

Between the two forms. Because of their greaterbminmmolecules on
the hypertonic acid of the membrane would have nr@guent contact
with transport proteins than those on the hypotoside of the
membrane, thus, solutes would move down their aanaon gradient.

Sugars typically move by facilitated diffusion thavolves co-transport
with another solute. For example, sucrose moves aéohducting cells
of leaf veins by hitching ride with hydrogen iong(f5.1). The energy
for sucrose transport comes from the force bdifusion. The force of
H* diffusion can be powerful enough to move sucrogarest its own
concentration gradient.

3.1.1 Facilitated Diffusion
Like simple diffusion, facilitated diffusion is dien by a concentration

gradient Solutes move through transport proteiosnfthe hypertonic
side of the membrane.
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(Fig. 5.1)

Fig. 5.1 A possible mechanism for facilitated difion. The transport protein
(purple) accepts solute molecules (red spheres)ooe side of the membrane and
release them on the other side. The transport pintalternative between two
forms, depending whether it is “open” to one sidétbe membrane or the other.

Each transport proteins from a continuous, hydiaplpathway for
polar molecules. Some proteins allow only one solatdiffuse at a time
whereas other only work when two solutes move atstime time, by
co-transport.

Little is known about how transport protein worlhelbest guess is that
they alternate between, two forms. One form of ghatein accepts a
solute molecule on one side of the membrane, wthemges the protein
to the other form. That second form of the transpootein release the
solute on the other side of the membrane. Accortbntpis model, we
must also assume that "empty" protein flip-flopdamly between the
two forms. Because of their greater number, mo&scubn the
hypertonic acid of the membrane would have morguieat contact with
transport proteins than those on the hypotonic sidéhe membrane,
thus, solutes would move down their concentrati@uignt.

Sugars typically move by facilitated diffusion thavolves co-transport

with another solute. For example, sucrose moves gohducting cells
of leaf veins by hitching ride with hydrogen ion.
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(Fig. 5.2)
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Co transport across membranes uses energy from fivee of diffusion of one

solute (H') to move another solutgsucrose) against its concentration gradient.

The energy for sucrose transport comes from theefof H diffusion.
The force of H diffusion can be powerful enough to move sucrose
against its own concentration gradient.

3.1.2 Active Transport

Many substances move into or out of cells and lhesm against a
concentration gradient without the aid of faciktdiffusion by co-
transport. The uptake of potassium mentioned egairli unit 4, is one
example. Likewise, marue algae secrete sodiunm #weugh the sea
water surrounding then is much saltier than thgioglasm. In both
cases, the transport of solutes requires energy fine cell to overcome
the energy of thermal motion that drives passiaadport.

The energy required for active transport usuallymes from the
hydrolysis of ATP. This reactions is catalysed ragmbrane bound
enzymes called ATP phosphohydrolases (ATPasesgwdre transport
proteins that use the energy of ATP transport ions.
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(Fig. 5.3)
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Active transport uses energy released by the hygrisl of ATP by ATPases in the
membrane. This energy is spent in transporting ion@l") against their
concentration gradient. Phosphate (P) from ATP bmdto ATPases during
hydrolysis.

Many ATPases actively transport ions against thési@oncentration
gradient, thereby creating potential energy for plassive co-transport
of other solutes back across the membranes. Thensport of sucrose
with H, depends on a higher concentration éfddtside the cell. This
gradient is maintained by the active transport 6fadrose the plasma
membrane. This is an example of coupled cotransgystem, so called
because it uses energy from active transport tatera gradient that
drives the passive cotransport of two solutes.

In addition to a concentration gradient, &hd other ions also have an
electrical gradient because they are charged fegti€hus, ion transport
is also influenced by an electrical gradient. Thlembination of the
concentration gradient and the electrical gradiehtions is called
electro- chemical gradient. We will discuss theeef of electro-
chemical gradients on ion transport later in thmg.u

3.1.3 Bypassing Membrane Transport
Simple diffusion, facilitated diffusion, and actiteansport all entail

direct movement through the phospholipid bilayerttoough proteins
embedded in its membrane transport is often bypasg&xocytosis.
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Exocytosis transports large molecules out of celffhis kind of transport involves
membrane bound vesicles that fuse with the plasmenmbrane.

Through proteins embedded in it. Nevertheless, membrane transport is
often bypassed by exocytosis (fig. 5.4).

Plant cells secrete polysaccharides and proteins across the plasma
membrane for assembly into cell walls. Moreover, cells of root tips
secrete a polysaccharide that lubricates their passage through soil as
they grow, and cells covering leaves oxide waxy substances onto their
surfaces to inhibit water loss. Leaves of the Verria flytrap and other
insectivororous plants.

Plant cells secrete polysaccharides and proteimesscthe plasma
membrane for assembly into cell, walls. Moreovegllscof root trip

secrete a slimy polysaccharide that. lubricates fressage through soil
as they grow, and cells converting leaves exudeyvsabstances into
their surface to inhibit water loss leaves of then\s's flytrap and other
insectivorous plants secrete enzymes that digescin (you will get

more details about these from BIO 124). Howevelikarthe exocytosis
of cell, wall make nail which occurs via dictyosorwesicles, the
secretion of digestive enzymes relies on vesiclesved from the

endoplasmic reticulum.

Substances can also bypass membrane transpoithatoytoplasm by
punching of small coated pits in the plasma men#ardinis process,
called endocytosis, is common in animal cells, luts not ready
observed in plants. Plant cells do have coated pilsch is indirect
evidence for endocytosis.

Endocytosis is apparently more difficult in plartts&an in animals,
because; the plasma membrane of plant cells isllyspeocessed
against the cell wall by turgor pressure. This dungressure hinders the
plasma membrane from invaginaling into the cytaplas
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SELF ASSESSMENT EXERCISE 1

1. Differentiate between facilitated diffusion aactive transport.
2. Distinguish between exocytosis and endocytosis.

3.2 Movement of lons Across Membranes

Plasma and organellar membranes have unequal dositomms of

negatively charged ions (anions) and positivelyrgléd ions (actions)
on one side. For example, the cytoplasm has a higtecentration of
anions and a lower concentration of action tharsdbe matrix of the
cell wall. This unequal distribution of ions createn electrical gradient
that is analogous to a concentration gradient. Newebecause an
electrical gradient is based on an electrical obattge diffusion force of
a charge is an electrical potential instead of anubal potential.

Because membranes selectively control the passdgens, this

electrical potential is called the membrane poédntiike any other

electrical potential, membrane potential is measure/olts.

3.2.1 lon Pumps

Membrane potentials are maintained by protons dltively transport
lons. A membrane protein that pumps ions is cadledtrogenic pump
because it generates voltage across a membranieredif ions are
pumped by different proteins but the main electmig@umps of plants
are proton pumps, the'H.

ATPases (fig. 5.3). One function of proton pumpsgntioned earlier, is
to provide energy for the coupled cotransport athanged solutes such
as sucrose. Another function is to regulate pH Gbaihreactions in a
cell often incorporate or release ions that affiset pH of cells, the
uptake of ions fro soil also affects pH. Pumpingtpn our of the cell
keep the cytoplasm at a constant pH of about #lasiy pumping
protons into vacuoles keeps the pH there are ab@utthis low pH is
ideal for enzymes that break down organic compotinaisare dumped
into vacuoles for disposal.

Proton pumps also influence cellular elongation.ewhi=ATPases in
the plasma membrane are stimulated, the outwandgoat of hydrogen
ions decreases the pH in the surrounding cell wiail$, causes certain
enzymes in the cell wall, which are activated atldwer pH, to being to
degrade cellulose micro-fibrils. This degradationdens the cell wall,
thereby allowing the cell to expand because of durgressure.
Loosening of the cell wall can also be induced bplgng auxin, a
plant hormone. Physiologist auspect that auxin dates cellular
elongation by stimulating the proton pump. You vidarn more about
auxins and hormones unit.

68



BIO203 MODULE 1

3.2.2 ATP Synthesis

These are two main types of proton pumps. One bges ATP and
occurs mainly in the plasma-membrane and in theptast, the other
produces ATP-synthesising organelles. ATP is madm fADP and a
phosphate group when the diffusion of ehergy (fig.5.4). This is the
opposite of what happens in a proton pump thatiies by ATP. ATP
is, however, only made when a gradient dfditeady exists, therefore,
energy must be used to maintain this gradient. Hloroplasts, the
energy for such a gradient comes from light enerdiying
photosynthesis. In mitochondria, the energy come&smf the
re-arrangement of chemical bonds during respiration

3.3 Cellular Communication

Cells in a complex organism interact with their ieomment (e.g.
gravity), with one another and with the cells di@torganisms. Cell-to-
cell interactions occur where chemical or electrsignals released from
one cell are received by another where they exahaogne aspect of
metabolism. Auxin is an example of an internal cloahsignal -that is,
a signal that moves from cell to cell in the sarfanp External signals
are those that pass between different organismsxXample, between
plants and bacteria or fungi.

(Fig. 5.5)
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Auxin is an example of an internal signal betweeells. Microbial polysaccharides
may function as a signal from bacteria to roots.
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The reception of chemical signals and the transamssf their messages
are important functions of proteins in membranesidi®s of signal
transudation in plants have focused on the roleatdium ions (C& )
and calmodulin, a protein that is activated whebinids to calcium. In
its active form, the Ca - calmodium complex activates enzymes in
membranes essentially telling them to get to wé&.much as 2% of
the plasma membrane may be calmodulin.

3.3.1 Hormone Receptors

Signal transudation in plant cells begins when amome binds to a
receptor protein on the plasma membrane. Plante makeral different
hormones, each of which must be recognized by ferdiit receptor.
Studies of plant hormone receptor have concenti@eauxin receptors
because auxin has so many effects on plant gromdhdavelopment.
Each auxin receptor causes different metabolic gdsaidepending on
where it occurs in a plant.

Furthermore, the amount of binding varies from tisgue to the next,
for example, auxin receptors in leaf stalks bindenihan one hundred
times more auxin than do receptors on fruits. Thaeiltipie
characteristics of hormone binding mean that tlaeesprobably many
different receptors for auxin as well as for eadhtle other plant
hormones.

3.3.2 Membrane Interactions with other Organisms

Each plant is surrounded by other organisms, imetudnimals, bacteria
fungi and other plants and interactions are comamong plants and
many organisms in their fertilization can occur,tlifey do not fit
together the pollen tubes grow irregularly and mptetely, and
fertilization does not occur. In some cases, theepand stigma within
the same flower do not fit together which makes fiant self-
incompatible.

SELF ASSESSMENT EXERCISE 2

1. What is membrane potential, and what is its ubit
measurement?
2. Briefly describe how cells communicate with atbells.

4.0 CONCLUSION

Membranes are active and changeable participants cefiular
metabolism, everything that happens in a cell rediy or indirectly
associated with a membrane. Membranes are essentitd. They are
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involved in the movement of water and solutes id ant of cells. They
facilitate the movement of ions across cells thgrebsuring that the
cells pH is maintained. They are also involved irllutar
communication. Their role in cellular communicatioas enabled plants
to acquire their own "immune system".

5.0 SUMMARY

Membrane lipids allow the unrestricted movemenswoiall molecules
across the plasma membrane, but block the diffusfaions and large
polar molecules. This property of membranes isedaltifferential
permeability. Membranes also allow the transpatatf solutes. These
energy requiring transport of solutes is calledvadransport. The most
common actively transported solutes are ions, esibetydrogen ion.
Transport proteins for hydrogen ions are called 4343 because they
use energy from the hydrolysis of ATP.

The lipid bilayer and membrane proteins are bymhbgeexocytosis the
process by which proteins and other large molecalessecreted in
vesicles that fuse with the plasma membrane.

lon transport is affected by the concentration gmatdof ions and by the
electrical gradient of their charges. Together ¢gnadient creates an
electrochemical gradient across a-membrane. Tlatriel component
of this gradient is measured in volts and is calttd membrane
potential. lon transport proteins, called electroggoump, maintain the
membrane potential. The most common electrogenmpguare proton
pumps.

In the plasma membrane and tonoplast, proton pws@she energy of
ATP to move protons against an electrochemical igrad In the

membranes of mitochondria and chloroplasts, prggamp produce
ATP. The ATP required to run these pumps comes fspiration (in

mitochondria) or photosynthesis (in chloroplasts).

Membrane proteins are also receptors for hormonésther chemicals
from other cells or organisms. As receptors theséems signal other
parts of the cell to change their metabolism. Ttesages contribute to
cell growth, defence against disease recognitidwden mating cells
and many aspects of plant life.
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ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Facilitated diffusion is the movement of soluti@®ugh transport
proteins. Down a concentration gradient. Activensgzort when
solutes move against a concentration gradient with aid of
ATP.

2. Exocytosis the fusion of membrane bound vesidebe plasma
membrane and the expulsion of their content. Enidsts+where
plasma membrane invaginates to release Vesicles tne
eytoplasm.

ANSWER TO SELF ASSESSMENT EXERCISE 2

1. The electrical potential produced by the ddfdr between
concentration of ions on their side of a cell.

2. Cells communicate by chemical signal througteptor Proteins
that are activated by binding to induce enzymes atiter
proteins to change metabolism of the membrane sesfalso
recognize secretion or cell wall components or etdrganisms.

6.0 TUTOR-MARKED ASSIGNMENT

Explain the following terms:

a. Facilitated diffusion
b. Active Transport

C. Exocytosis

d. Endocytosis

e. Membrane
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1.0 INTRODUCTION

Energy the ability to do work is an important copicef study. Energy
and the control of it has been the root of majonflocts between
nations. Energy is also an essential componentivaigl organisms
began the study of bioenergetics, which is a fadrig discipline that
helps us understand life. In this unit, you withie about what energy is,
how it is measured and how the various forms ofggnare converted.
The laws governing energy use in life termed thevslaof
thermodynamics will also be treated. Examples hallgiven from real
life example to drive home these laws. The unit efid by identifying
how plants transform energy and mention will be enafithe chemical
reactions that transform energy in plants and athganisms.
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2.0 OBJECTIVES

At the end of this unit, you should be able to:

. define energy

. state the basic unit to measure energy

. name the two basic types of energy

. state the first and second laws of thermodynamics

. using the laws of thermodynamics, explain why ybwags have
to refill your petrol tank

. list the two primary energy transformations in p&an

. give the general name for the chemical reactioas titansform

energy in cells.
3.0 MAIN CONTENT
3.1 Energy and How to Measure It

3.1.1 What is Energy?

Energy is the ability to do work, that is, to briagout change or move
matter against an opposing force such gravity atidn. Because
energy is an ability to do work, it is not always @bvious to us as
matter, which has mass and occupies space.

We describe energy according to how if affects ematHumans use
energy for conspicuous activities such as dandualjivating farmlands,

playing football and studying, plants on the otlha@and expend their
energy in subtle, nearly unrecognizable ways. Fzangle the

philodendron plant uses its leaves to gather therggnavailable in

sunlight and use it to fuel its metabolism and glowrhis plant has
large flowers that open for only a couple of da&s.night when air

temperatures are near freezing, these flowers eaohrtemperatures
exceeding*60/1'50 (by comparison, butter melts at 300C/880F).
These furnaces like flowers maintain their high penature for many
hours in the cold night air. Understanding the bergetics of the plant
helps us to understand how they live. Bioenergeiscgshe energy
relationships of living organisms.

3.1.2 Measuring Energy
Energy exists in many forms. It is therefore meaguwvith many units.
Most scientists measure energy in calories (caljoales (j) Calorie

(note the small c) is the amount of energy requitedraise the
temperature of 1 gram of water 8¢. The most common unit for
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measuring the energy content of food and the hegub of organisms
is aCalorie (note the large C) which is the energy requirethtsed the
temperature of liter of water bya.

The Calorie(written with a capital C) used to measure the energy
content of food is equivalent to 1,0000 calorfesitten with c) or 1
Kcal.

A joule (j) is the amount of energy needed to move 1 kdagthrough

1 metre with an acceleration of 1 metre per secgimd) seé, for
comparison purposes 1 cal = 4.12J. To help youtpese units into
better perspective consider that one piece of ipeaprovides enough
energy(1.5 x 10 J or 365 Cal)for a woman to run for an hour or for a
typist to enter about 15 million characters on anuah typewriter
(almost 11,000 typewritten pages).

Others units used in measuring energy include ®Brithermal units
(Btu), watts (w) kilowatts hour (kWH) and horsepaowiep).

Energy Interconversions

1 Btu = .1055J

1 cal = 41) = 000lKcal =  0.001C
1 hp = 746W

1W = 0.00134hp.

SELF ASSESSMENT EXERCISE 1

1. What is Energy?
2. Distinguish between Calorie and calorie.

3.2 Energy Conversions and the Laws of the
Thermodynamics

3.2.1 Energy Conversions

All activities of living organisms such as cellulativision, heat
production by flowers, moving from pace to place. @tvolve the inter
converting of energy from one form to another. &ample, we convert
the energy contained in oil electricity, and themert the electricity to
light energy to illuminate our homes and streets.

Similarly, plants convert sunlight into chemicaleegy that they use to
reproduce, repair their DNA, and now parts. Thisvarsion of light
energy to chemical energyhotosynthesis which sustains almost all
life on earth.

75



BIO203 GENERAL PHYSOLOGY |

Animals stay alive by eating animals and/or plaatsl their stored
energy. All aspects of the lives of organism cerde energy and
energy conversions.

There are two types of energy, Potential energykandtic energy.

(Fig. 6.1)
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Pushing a builder to the top of a hull requires amput of energy because it
increases the potential energy of the builder. Thailder stop the hull has
potential energy because it can do work as it raiswn the hull as the builder roll

down the hull potential energy is.

Potential energyis stored energy, that is, energy available tovdok,
examples of potential energy include a teaspoon sofjar, an
unexploded/unlit knockout, and a rock on top ofila Rotential energy
is determined by the position (e.g. water held ratattitude behind a
dam) or arrangement (e.g. the type of chemical pod matter. In
organisms, potential (i.e. latent) energy is stanechemical bonds such
as those in sugar, starch and fats.

Kinetic energy is energy being used to do work. Examples oftigne
energy include burning sugar, exploding a knockautrock rolling
down a hill or a nut forcing its way through soKinetic energy effects
matter by transferring motion to other matter, jastmoving ball
transfers kinetic energy to other place, if anottian who is running
bumps into the man standing at a place, the sttyoman acquires
some kinetic energy from the running man and tHea some distance,
until the acquired energy is finished before hepsip Similarly, a
flowing water can be used to turn a turbine, (iBisvhat happens in
electricity generation at the Kainji Dam), and awjing root can break a
concrete floor. Kinetic energy moves objects, \ubetthey be
mountains, molehills or molecules.
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Heat is kinetic energy because it involves the mmamt by molecules.
Now, take another look at (Fig. 5.3). The rocki@m of the hill contains
much potential energy the capacity to do work bseanf its position,
but since it is a rest, it has no kinetic energfythe rock were given a
little energy a little push, it would spun tenugusbll down the nhill

transforming its potential energy into kinetic egyerwhich could be
used to do work.

Likewise, winding a watch transformed kinetic enefgrm the person
winding the watch into potential energy stored ine twatch’s
mainspring. Thus under most conditions, poteraiad kinetic energy
are freely inter-convertible.

SELF ASSESSMENT EXERCISE 2

Differentiate between potential energy and kinehergy.

3.2.1 The Laws of Thermodynamics

Life depends on energy transformations. For exasgpteir bodies

transform the chemical energy in food to mecharecalrgy that enables
us to study, play and dance and our appliancesecbelectrical energy
to light for reading and to ban for cooking our dooCombustion

engines convert the chemical energy in petrol taharical energy that
sustains life on earth.

Energy transformations are regulated by laws afntioelynamics. These
laws involve a system and its surroundings. Thdectbn of matter
being studied is called the system, and the réstfniverse is referred
to as the surroundings. A closed system, suchasafiproximated by a
thermos bottle, is isolated from. (i.e. does nathexge energy with) its
surroundings, conversely, an open system exchaegesyy with its
surroundings.

Do not be out off by all these. The laws of thergramics are simple
and based on common sense. They are unbreakalslenatapply to all
energy transformations, whether they be combusifopetrol in a car,
the breakdown of glucose in a cell or the genematid heat by
philodendron flowers. These laws govern the exceasf all organisms.

3.2.2.1 The First Law of Thermodynamics
The first law of thermodynamics is a law of consgion of energy. The

law states that energy cannot be created or destrdoyt only converted
to another formg(If you think back to your secondary school science
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you will remember that you encountered this law inintegrated
science, chemistry or physics)rhis law can be stated in other ways.

. In any process, the total amount of energy in desysand its
surroundings remains constant.

. The total amount of energy in any isolated (i.eset) system is
constant.

. The amount of energy in the universe is constant.

. You can't get something for nothing.

For example the energy used to wind a watch comma the person
winding the watch. Similarly, a power plafgenerator) does not create
energy. It merely transforms energy from one fo@y. petrol) to
another(e.g. Electricity). In the same way, green plants are not energy
producers, they merely trap and convert the enémnggunlight into
chemical bonds. The first law asserts that the ggner sunlight that
warms out plants and drives photosynthesis musedoom somewhere
else in the system. In this case, it comes fronstime

Energy conversions often generate heat, for exgmge you are

studying this unit, your body generates the hea @DOW bulb. Your

temperature is neither decreasing nor increasincause the heat
generated by your body is radiated into your surdings. That is, there
IS no change in the total amount of energy in ty&en. The energy
radiated from your body that heats the room youiraian be traced to
the energy contained in the food you ate. Accordmghe first law of

thermodynamics, the amount of energy released hy Body cannot

exceed the amount of the energy contained in tbd fmu eat. If you

stop eating you will eventually run out of enerdig and stop releasing
heat.

The first law of thermodynamics has tremendous icagibns for

everyday life. For example, it explains why a can only do a limited
distance regardless of its fuel efficiency or nujeaating, the energy
used to move the car cannot exceed that contamtichemical bonds
of its fuel. When the car runs out of petrol, ihcgo no further until

more petrol is added. The addition of more petootite car (energy)
corresponds to a loss of energy from somewhere-dlse storage tank
at the petrol station.

The first law of thermodynamics also dictates thatenergy trapped by
leaves during photosynthesis cannot exceed thaygmérthe absorbed
light. For example, if 100 units of light energyilses of leaf is not more
than 100 units of energy can be trapped in theoteudirates produced
by photosynthesis. No matter how hard you tried) gan't get more
energy out of a system than you put in.
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There are no exceptions to this law.
3.2.2.2 The Second Law of Thermodynamics

The second law of thermodynamics is the law ofagay or disorder.
This law states that all energy transformationsraefficient, that is, that
the amount of concentrated useful energy decreasesll energy
transformed. This law can be expressed in otheggraefollows:

. System tends toward increasing entropy (disorder).

. Any system tends spontaneously to become disorgeniz

. In all energy transformations, some usable enexdpyst as heat.
. Any spontaneous change decreases the amount dé @sedrgy.

The restatements of the second law are based omvadd which is
irrelevant. For instance once the aging processssigou cannot reverse
it, neither can you unscramble an egg. You canaovert the contents
of an egusi soup to its complete parts. Irreveigibiesults from the
message of a second law of thermodynamics, naitieylpss of usable
energy as heat during an energy transformation.

To better understand this, consider a person tmgwaiball or heating a
cup of tea. Both of these processes requires enégpording to the

first law, no energy has been created or destroyéuowing the ball or

heating the tea, the energy used to heat the w®aalply came from

breaking the bonds of natural gas, while that useithrowing the ball

came from energy in food used to contract musdéswever the

energies of the moving ball mid the heating the &ea drastically

different. The moving ball heats the air and anjpecithat it strikes, and
is in coherent motion all of its parts move togetinean orderly way. In

contrast, energy in the heated ten is containgdamandom, incoherent
motion of its molecules. There is no order tothie heat results only
forms of energy; any other form of energy can beveoted completely
to heat, but heat cannot be completely convertedntather forms of
energy.

This again goes back to our everyday experience.tiitown ball heats
the air and the glove that hit is, but applying saene amount of heat,
but heat cannot be completely to heat, but heatatabe completely
converted to another form of energy.

This again goes back to our everyday experiende thrown ball heats

the air and the glove that hit it, but applying #aeme amount of heat of
the air doesn’t move the ball.
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All energy is ultimately converted to heat and hsatot usable energy.

Consider again the example of a combustion engina car. Petrol
(Gasoline) is a concentrated, orderly sources argn its energy
resides in the covalent bonds of octane. Howewben these bonds
breaks and release energy in the car’s engines thas one-forth of the
energy is used to move the car (i.e. combustiorinesgare less than
25% efficient). According to the first law of theoalynamics, no energy
was lost when the car moved, the amount of enesgygl lo move the
car, heat the engine block, (and the air aroundodyver the radio, ad
heat the tyres equals that originally containedhia petrol. However,
applying hear to the car does not move the cart )athe energy
contained in the heated tyres, pavement, air agahesblock cannot be
recycled to run the car, because heat energy sesidandomly moving
molecules and it therefore not a concentrated,uigefm. This heat

represents the inefficiency inherent in any endrggsformation and is
the basis for the second law of thermodynamics.aBee all energy
transformations produce heat (i.e. An unusable fofmenergy), all

things naturally become more disorganized.

The consequences of the second law of thermodyisaan& important
and familiar to everyone. For example, rocks tumibdsvnhill rather
than up hill, and piece of jigsaw puzzle never saoeously fall into
place when poured from a box. This second law @xplavhy disorder
in the massive is increased continually.

Cells derive energy from sugar and fats for growtapair and
reproduction. The chemicals reactions that frees tBnergy are
inefficient and release much heat. The cells oftnonganisms extract
only about half of their fuel's energy for usefubnk (e.g. the energy
used to power your brain while you sleep is eqenato that of a 60W
bulb). Thus, although organisms can channel thastoamation of
energy from one form to another, they can inbodre énergy in
reserves (e.g. Fat or Starch) or use if for repaigvement, or
reproduction-these diversions are only temporariBuentually, all
energy is transformed to heat.

To loss off useful energy as heat energy transfboms increases the
entropy in a system, and only process that dectbasamount of useful

energy occur spontaneously. Therefore, therenataral tendency for

things to become disorganized. Although the entropone system,

such as an organisms or cell, may decrease (eestdm may become
more organized), the entropy of the universe isagnncreasing. Once
a more local level, or rooms and tables quicklydmee messy unless we
periodically straighten then.
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Because organisms are highly ordered it might sélesh they are
exceptions to the law of thermodynamics. The seédaw applies only
to closed isolated) system.

Organism remain organized because they are n@d®gstem, they use
inputs of matter and energy such as food and sunlig reduce

randomness (i.e. Decrease entropy) and stay aliVee energy that
keeps organisms alive comes ultimately from the that is plants

transform sunlight into chemical bond of carbohyesawhich humans
and other organisms use as an energy source. id.iéamly possible

because organisms temporarily store and later ose ©f the energy
flowing through the system. Plants and plant ldtganisms such as
algae are the first and most important part ofsttieeme.

(Fig 6.2)
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Plants are the products, that is, they transformeggy in sunlight into chemical
energy. This energy then frown through and to udeyg other

Energy transformations such as explosions, movimdicles and
electricity which we are all familiar with releasésrge amount of
energy at once. However, energy transformation=eils involve small
amounts of energy. It is the cumulative effect bése many smell
transformation that we see a growth and development

The two primary energy transformations in plant gietosynthesis and
cellular transportation.
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Plants use photo synthesis shown here as an uplg#ction, to make energy rich
sugars and @ from energy pour C®@ and water. Plants and other organisms use
respiration, shown here as a downhill action, toroert sugars to C@Qand water.
Some of the energy released during respiration aserved in chemical bonds of
other molecules, especially ATP.

Photosynthesis uses light energy to convery @ HO (both which
are energy- pore) into sugars. In the process, exxygas, (@ is
released.

Cells extract energy from sugar via cellular resjpoans. Some of this
energy is stored in molecules such as ATP (we sAIl in unit 7). If
all of energy in the chemical bonds of sugars weleased at once (as
in explosion), the energy would be converted mastligeat and produce
literally high temperatures. To avoid these proldeoell extract energy
from glucose and other molecules by slowly oxidizthe molecules in
the series of chemical reactions. During eachti@acthere is a drop in
the potential energy of the molecules. Some ofetiergy is lost as heat
however much of it is trapped in the chemical boofdsther molecules
in the cell.

The chemical reactions that transform energy ifs ¢glcollectively
calledmetabolism. It will form the main topic for unit 7.

82



BIO203 MODULE 1

SELF ASSESSMENT EXERCISE 3

1. What is the first law of thermodynamics

2. State and explain the two Primary energy transition in
plants.

3. Mention the two Primary energy transformatiompliants.

4.0 CONCLUSION

Energy, the ability to do work is an essential atpeof all events.

Everything involves energy including music, gamedgs, seasons and
the orbits of the plants. Plants and animals arexoeptions. All aspect
of their lives, ranging from maintenance and repaitic tasks such as
producing beautiful flowers, require energy. Consedly, we can only

understand and appreciate plants when we know abargy and how
it is used by plant.

5.0 SUMMARY

. Energy is the ability to do work. It is measuredhna variety of
units, the most common of which are calories andleg
Potential energy is energy available to do workjlevikinetic
energy used to do work.

. All of life's activities require that energy bernsiormed from one
form to another. These energy transformations aremed by
the laws of thermodynamics.

The first law of thermodynamics is the law of cans¢ion of
energy, it states that in all chemical and physit@lnges, matter
and energy cannot be created or destroyed, onlyectsd to
other forms.

. The second law of thermodynamics states that a#rggn
transitions are less than 100% efficient. The ioefhcy results
from the loss of usable energy in the form of heBhe
guantitative measure of the disorder created byspontaneous
reaction is entropy. All spontaneous reactionsdase entropy.

The two primary energy transformation in plant ph®tosynthesis are

cellular respiration, while the chemical reactighat transform energy
in plant and other organisms is metabolism.
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ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Energy is the ability to do work, that is, tang change, or move
matter against an opposition force e.g. gravitfriofion.

2. Calorie is the amount of energy needed to nuwe kilogram
through one metre with an acceleration of one madresecond.
It is used to measure the energy level of food)embalorie is the
amount of energy required to raise the temperatti@e gram
of water by 1°C. 1 Cal = 1000 cal

ANSWER TO SELF ASSESSMENT EXERCISE 2

Potential energy is stored energy, that is, enanglable to do work,
while, kinetic energy is energy being used to dokwo

ANSWER TO SELF ASSESSMENT EXERCISE 3

1. The first law of thermodynamics states thatrgpecannot be
created or destroyed. It is the law of conservihgrergy.
2. Te second law of thermodynamics is the law ofpy or

disorder. It states that all energy transformatiares inefficient,

that is, the amount, of concentrated useful endegyeases | all

energy transformations. As you convert energy forma form to

another, some percentage is lost as heat whicteshle energy.
3. Photosynthesis and cellular respiration.

6.0 TUTOR-MARKED ASSIGNMENT
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UNIT 2 ENERGY METABOLISM
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1.0 INTRODUCTION

In unit 6, we started the discussion on energyindses by plans. You
learnt what energy is and the different forms ket (that is energy
conversion). You also learnt the laws of thermodyica and their
relationship with life. We ended that unit by sayithat the chemical
reactions that transform energy in cells are cbllety called

metabolism. Plants harvest energy from the sun,vabnit to

metabolically useful form, and move it in differeiarms within cells

according to energy budget.

Energy is needed for a whole range of things, whidglude: active
transport across membranes, biosynthesis of langalecules from
smaller ones and moving molecules through the oytoso and out of
organelles and cells.

In this unit, you are going to learn how metabolisorks to get all the
energy needed for life's work; the various readidnvolved in
metabolism and also the other compounds involved eirergy
transformation in plants.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. give the meaning of the term metabolism

. state what a metabolic pathway means
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. explain the meaning of the following terms:
(@) Bond energy

(b)  Free energy

(c) Enthalpy

(d)  Endothermic reaction

(e)  Exothermic reaction

. distinguish between oxidation and reduction reastio
. describe the basic structure of ATP

. state the mechanism of action of ATP

. list other compounds.

Metabolism: Energy for Life's Work

Metabolism is a fundamental property of life arggifrom energy
transformations in cells. It is the totality of @alle chemical reactions
that occur in an organism. These reactions do moturorandomly;
rather, they occur in step-by-step sequences calétdbolic pathways.

In these reactions, the product of one reactiootnes another substrate
(that is the starting point) for another. The various metabolic pathways
in a cell are much like the roads on a map.

(Fig. 7.])

Cellular metabolism. This diagram traces some ofetimetabolic reactions that
occur in a cell. Thus represent molecules, and de represent reaction each
catalysed by special enzyme-that changes them. $tep wise sequences of
reactions called metabolism pathways shown in yelles central to most other
pathways.

Each reaction in a metabolic pathway rearrangesnatinto new
compounds, and each one either absorbs or releasgye The amount
of energy required to break a particular bond isivaient to the amount
of energy required for its formation. This amouhtnergy is called the
bond energy. For example, consider the energiédsedllowing bonds.
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Thus C = O bonds are much stronger than C — C bohlds is
important because metabolism continually breaks weidrms these
bonds to obtain energy for growth movement andirepa

During chemical reactions, the net release or @ptdlenergy equals the
difference of energy released and energy consurkRed.example,
burning a mole (16g) of methane releases 160Kcahefgy.

CH;+20,—» CQ + 2HO

This heat of reaction is the heat that you feeinfthe stove (i.e the net
amount of energy released by the reaction) aneépsesented byAH
(delta H). It is derived from the total potentialeegy of the molecules, a
measure calleénthalpy. Therefore, we say that the heat released into
the surrounding comes from the enthalpy of thetneganolecules. In
the case of burning methane, the productsg@ HO) have 160Kcal
less enthalpy than the reactant (CHSuch heat releasing reactions are
called exothermic reactions and change the molecules so that their
energy content decreases.

Although most exothermic reactions are spontanesuse are not. To
accurately predict whether a reaction will occuorgpneously(that is,
without requiring any physical or chemical assistane. We will have
to study a new concept free energy.

3.1.1 Free Energy

The potential energy of a compound is containeiisichemical bonds.
When these bonds break, the energy that is relezmedbe used to do
work, such as form other bonds. The amount of gnavgilable to form

other bonds is the free energy of the moleculeiardpresented by G
(for its discover, Joshua Gibbs).

Chemical reactions change the amount of free ersrgyable for work.
This change in free energy is call&®b. (deltaAG) and is the most
fundamental property of a chemical reaction. Itegguivalent to the
change in the eat content minus the change in@ntro
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Those relationships are represented by the follgwenmula:
AG = AH - TAs
Where

AG is the change in free energy of the reaction ianthe part of the
potential energy that can do work. The remainingrgyis not available
for work because of entropy.

AH is the change in enthalpy (heat content), whihhie energy in
chemical bonds.

T is the temperature measured on a sca$€ @bove absolute zero
SA is the change in entropy or disorder.

Entropy is amplified at higher temperatures becatemperatures
measure random molecular moti¢ire. the intensity or potential of
heat), which increases disorder. Therefore higher tempesatspeed
reactions and increase disorder. This is also whemevaporates faster
at higher temperatures. Spontaneous reactions el@nyl energies and
release heat. These reactions usually increasepgnand are called
Exergonic (energy outward)reactions. They have/ZsG less than zero
and therefore form products with less free enetf@nttheir reactants.
This energy is potentially available for cellulaonk. All spontaneous
reactions decrease the amount of free energy becsrse energy is
dissipated, thereby increasing entropy. Because ghergy can do no
work. Life is a constant struggle against entroPgou may need to
read this section over again to be able to grasp le®ncept embedded
in it).

Not all reactions are spontaneous. For examplesidenthe formation
of sucrose (table sugar) and water from glucosefratbse.

Glucose + Fructose——»  Sucrose #0H

This reaction has AG of + 5.5Kcal, meaning that its products have
5.5kcal mof more energy than it reactions. This reaction aissor
energy from the surroundings and is not spontaneétwsh reactions are
calledendergonic (energy inward)reactions and will not occur without
a net input of energy{What we referred to earlier on as physical or
chemical assistance)

The free energy of a particular reaction determmasy of a reaction's
properties. Most important, th®&G of a reaction dictates how much
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work a reaction can perform. For example consitlerdxidation of a
mole of glucose to carbon dioxide and water

CsH1206 + 60—+ 6CQO + 6H,0O + energy
AG = 686kcal Mat'.

SinceAG of this reaction is less than zero, this reactgaxergonic and
spontaneous. The carbon dioxide and water it preglgtore 686 fewer
kcal than does glucose.

Free Energy and Chemical Equilibrium

When a chemical reaction reaches equilibriumA@ equals zero.
Similarly AG increase as one moves away from equilibrium. Bezalls
of life's process requires work, cells must renfamfrom equilibrium to
stay alive. They accomplish this by continually aeting the
accumulation of any of the reactants of metabolathways. For
example, the hug difference in free energy betwglkicose and its
oxidation products (carbon dioxide and water) pulls cellular
metabolism quickly in one direction, as soon asteeds form; they are
quickly converted to new compounds by other reastio

SELF ASSESSMENT EXERCISE 1

1. What is metabolism?

2. Define the following terms
(@) Bond energy

(b)  Enthalpy

(c) Exothennic

(d)  Free energy

(e)  Endergonic

() Exergonic

3.1.2 Oxidation, Reduction and Energy Content

Most energy transformations in organisms involveroltal reactions
calledoxidations andreductions.
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(Fig 7.1)
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Oxidation and reduction occur simultaneously, asrmpound. A is oxidized (i.e.
dissolve electron) compound B is released (i.ecttm)

Oxidation is the loss of electrons either alone or with hgem from a
molecule. This is equivalent to adding oxygen beeawxygen is
strongly electronegative and therefore attractsctelas from the
original atom. Oxidation reactions, such as thekdewn of glucose to
carbon dioxide and water degrade molecules int@lsinproducts and
are therefore examples of catabolism. They ardiorscthat breakdown
compounds to release energy.

Reductionis the addition of electrons either alone or wiylliogen to a
molecule. Reduction changes the chemical propesfi@smolecule, not
necessarily in its size. Electrons removed from alegule during
oxidation reduce another molecule. Reduction reastisuch as the
formation of lipids usually involve synthesis of o complex
molecules and are therefore examples of anaboli$ray are reactions
that build up compound and require energy inputid&ion and
reduction reactions always occur simultaneously;sdmething is
reduced something else must be oxidized.

Many energy transformations in living systems imeobxidation and
reduction of carbon. Reduced carbon contains morergy than
oxidized carbon. This explains why reduced molexglech as methane
(CH,) are explosive, while oxidized molecule such ab@a dioxide
(CO,) are not. The same principle applies to other cmmgs, the more
reduced they are, the more energy they containekample
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Substance Energy Content (J kg-1)
Hydrogen 122,000,000
Natural gas 55,000,000
Gasoline 42,000,000
Wood (dry) 17,000,000
Starch 17,000,000

More reduced Sucrose 17,000,000

More oxidized Salad oil (or any fat) 37,00@00
Wheat flour 15,000,000 (mostly
starch)
Potatoes, raw 3,000,000 (80% water)
v Beef, T-bone steak 17,000,000 (37% fat)

Chicken (skinless) 4,000,000 (2% fat)

This example should help you better appreciate thendifferent energy
content of foods affects our lives Most Universtydents require about
3,000 Calories per dgyhat is the energy in one pound of butter).

Organisms extract energy from energy-rich compowwsh as sugar
and fat via catabolic reactions that do work ewglding cell walls, and
replicating genetic information an important substa through which
energy passes during cellular metabolisnadenoisine triposphate,a
compound more commonly known as ATP this will becdssed in the
next section.

SELF ASSESSMENT EXERCISE 2
Differentiate between oxidation and reduction riemst.

When cells need energy, they hydrolyse AdenoisiEhdsphate or
ATP. ATP is a nucleoside triphosphate made of aderia nitrogen
containing base), ribose (a five-carbon sugar) #mege phosphate
(HPO,?) groups (fig 5.9) ATP molecules contain much egetiat is

released when the terminal phosphate group (repexsdy a squiggly
line,) is cleaved from the molecule. Because theakdown of ATP
links energy exchanges in cells, ATP is the enexgyency of the cells.
When cells need energy to do something, they "spektP by

converting it to adenosine diphosphate (ATP), imaig phosphate (Pi),
and energy.

91



BIO203 GENERAL PHYSOLOGY |

(Fig. 7.2).

Structyre of ATP

. Enargy roleased from ATP, S

' Adenosine

ATP + H,0 ———» ADP +Pi + energy ”

AG = -7.3 kcal mol

Several properties of ATP make it ideally suitedhesenergy currency
of cells.

. The amount of energy released by converting ATRE® + Pi
(7.3 kcal mol) is about twice as much as is needed to drive most
cellular reactions. The rest of the energy is get®id as heat.

. Much of its energy is immediately available to seA\lthough fat
and starch also store large amounts of energy, émgrgy must
first be converted to ATP before it can be usedPAE&presents
the readily available energy “cash” of a cell; fated starch are
analogous to energy stocks and bonds.

. Unlike the covalent bonds linking carbon and hye@mgin
molecule such as methane and glucose, the termphwdphate
bond of ATP is unstable, that is why it breaks asilg.

ATP is a common energy currency — All cells of@ljanisms use ATP
for energy transformation. Like all of the diffetesppliances that can
plug into an electrical outlet and do differentids, so too can different
chemical reaction use cell's ATP to do differenhds of work.
Organisms use ATP for virtually all of their workcluding making new
cells and macromolecules, pumping materials and imgownaterials
through cells and throughout the organism. Accoshilig all of this
work requires huge amounts of ATP. For examplgjpecal adult uses
the equivalent of about 200kg (4401b) of ATP pey,daut has only a
few grams of ATP on hand at anyone time. ATP isdftee recycled at
a very furious pace, turning over the entire sugdgry minute or so.

ADP + Pi + energy ATEG = + 7.3 kcal mét
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Since theAG for this reaction is positive, each reaction rsggian input
of energy which comes from molecules that are bwottewn in other
reactions that are coupled to the synthesis of ATP.

Coupled Reactions just as cells couple the breakdoivfood to the

production of ATP, so too do they. Couple the bdeakn of ATP to

other reactions that occur at the same time anceplathe cell. These
coupled reactions drive other reactions that dokwar make other
molecules. (fig 7.3)

(Fig. 7.3)

ADP o Product 2

S:.‘L:»“.i;\“:’ 1_.-‘\\- .

P,

T

et

k Product 1 Substrate 2

Coupled reactions. Energy released by an exergaeiaction can be used to make
ATP from ADP and PL. This ATP can then be used dbive an endergonic
reaction.

For example, consider again the formation of swei@able sugar) and
water from glucose and fructose.

Glucose + fructose—»  sucrose %0H
AG = +5.5Kcal mdl

Because theAG for this reaction exceeds zero, the reaction ds n
spontaneous and will not occur without a net ingfugnergy. This input
of energy is provided by two moles of ATP, eachwbich provide 7.3
Kcal mol-I of energy.

ATP——— ADP + Pi + energy
AG =-7.3 Kcal mot

This changes the equation for sucrose synthesis to:

Glucoses + fructose + 2ATP Sucrose 0 H 2ADP = 2Pi + energy and
makes theAG = 5.5 — 14.6 = -9.1 Kcal mblThanks to the expenditure
of energy by the cell (i.e. as ATP). The reactioacpeds because it's
overall AG is negative. In this reaction, the breakdown dFPAis
coupled to the formation of sucrose.
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ATP accomplishes much of its work by transferritegghosphate group
to another molecule in a process called phosphioypla

Phosphorylation energizes the molecules receiviveg ghosphorylate
group so that they can be used in later reactidhs.original “cost” of

this phosphorylation is returned in subsequenttieas

SELF ASSESSMENT EXERCISE 3

Describe ATP, and its mode of action.

3.2.1 Other Compounds Involved in Energy Metabolism

Several other compounds beside ATP affect enedgstormations in

plant cells . Cofactors are often ions, for exanpg ™ is a cofactor

required to transfer phosphate groups between mielec Organic

cofactors are called co-enzymes angllyscarry protons or
electrons. These are often nucleotides, unlike Am&y energy content
depends on their oxidation state, not on the pmsem absence of a
particular phosphate bond. Co-enzymes are vitaitiias occur in all

cells. Humans and other animals must obtain vitarfnom food, plants

produce their own vitamins.

NAD™ Nicotinamide Adenine Dinucleotide

NAD" is similar to ATP in that it is made of adeninebase and
phosphate groups.

(Fig. 7.4a)
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However, the active part of NADs a nitrogen containing ring, called
nicotinamide, which is a derivative of nicotinicidgniacin, or vitamin
B3, one of the compounds added to products suchraflaies to make
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them "vitamin fortified"). NAD is reduced when it accepts two electron
and a proton from the active site of an enzymeanfa substrate.

NAD"+2n2>___ |, NADH+H'

AG = -52.6 Kcal mof

NADH + H" is fully reduced and is therefore energy richisltised to
make ATP

land to reduce other compounds in cells.

NADP™: Nicotinamide Adenine Dinucleotide Phosphate
NAD™ has a structure similar to NARvith an added phosphate group

(Fig. 7.4b)
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NADPH supplies the hydrogen that reduces @0carbohydrate during
photosynthesis. NADPH also supplies the hydrogseduto reduce
nitrate to ammonia.

FAD: Flavin Adenine Dinucleotide
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FAD is one of the coenzyme forms of rigo-flavinté@min B,)

(Fig. 7.4c)

FAD, like NAD, carries two electrons, however 'FA&xcepts both
protons to become F ADH2 functions in cellular reson.

Other Nucleoside Triphosphates.

Seven other nucleoside triphosphate function iluleglmetabolism.

For example uridine triphosphate (UTP) is involvied making cell
walls, guanosine triphosphate (GTP) is involvedpmotein synthesis,
and cytidine triphosphate (CTP) is involved in meam production.
Cytochromes like chlorophyll and haemoglobin, citames are a

group of metal- containing molecules that partitgp@ metabolism by
transferring electrons.

(Fig. 7.4 &e)
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Structures of electron carriers in plant cell (a) AD (nicotinamide adenine
dinucleotide). The nicotinic acid ring is the padf NAD

SELF ASSESSMENT EXERCISE 4

List other compounds involved in energy metaboliddescribe the
function of any one of them.

4.0 CONCLUSION

Metabolism which represents the totality of cheriozactions that
occur in an organism is a fundamental propertylidifa form. The total
idea of metabolism involves the release or uptdlenergy to transform
energy into other forms. The two basic processeslved are
catabolism which is a breakdown reaction that sseaenergy, and
anabolism, a build up reaction that takes in eneftpgse two processes
could otherwise be seen as oxidation and reduciaction. The process
of metabolism is aided by ATP as the main energyecey, while other
co factors and coenzymes also assist.

5.0 SUMMARY

Metabolism is the sum of the vast array of energy anatter
transformation in cells. It occurs in step-by-stepquences called
metabolic pathways rearranges atoms into new congsouChemical
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reactions change the amount of free energy aveil& work. This
change in free energy is the amount of energy aviailto form other
bonds.

Many energy transformations in organisms involveraltal reactions
called oxidations and reductions. Oxidation isltes of electron from a
molecule, reduction is the addition of electrons tmolecule. Oxidation
and reduction reactions always occurs simultangousl

Adenosine triphosphate, or ATP is the energy cuayest cells, which
use it to do work. ATP is suited for this functibacause (1) most of its
energy is available immediately to cells and (2¢ieases about twice as
much energy as is needed to drive most cellulaticees.

ATP is used by all cells for energy transformatioMany of these
transformations involve coupled reaction in whitle &nergy released
by ATP is used to drive other reactions.

Other compounds involved in cellular metabolismude NAD, NADP,
FAD, and cytochromes.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Metabolism is the totality of the chemical andery
transformations in a cell. It occurs in a stepwssguence called
metabolic pathways.

2(a) Bond energy - the amount of energy requiogaréak or form
particular bond.

(b)  Enthalpy - the total potential energy of a emnlle, designated
AG

(c) Exothermic reaction - heat releasing reaction

(d)  Free energy - the amount of energy availablether bonds.

(e) Endergonic - reaction that absorbs energy filmensurroundings
and is not spontaneous (energy outwards).

) Excergonic reaction - usually increase theramt and release
heat to the surroun4ing outward).

ANSWER TO SELF ASSESSMENT EXERCISE 2

Oxidation reaction involves the loss of electromtbex alone or with
hydrogen e.g. the breakdown of glucose to wateduBton reaction
involves the addition of electrons either alone with hydrogen.
Example, the synthesis (build up) of complex molesu

ANSWER TO SELF ASSESSMENT EXERCISE 3
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Adenosine triphosphate, ATP is the energy curreri@ells that is, cells
use ATP to do work. ATP releases about twice Ashmerergy as is
needed to drive most cellular reactions. ATP iduse cells for energy
transformations which may involve coupled reaction which the
energy released by ATP is used for other reactions.

ANSWER TO SELF ASSESSMENT EXERCISE 4

Cofactors or coenzymes and include NADNADP’, FAD" and
eytochromes.

6.0 TUTOR-MARKED ASSIGNMENT

la. Whatis ATP
b. What three properties of ATP makes it ideal femergy
production
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1.0 INTRODUCTION

In unit 7, you learnt about metabolism of particutmte was the two
major types of reactions, one of which is the saoabus or exergonic
reactions. In the unit you are going to learn thatspontaneous reaction
do not just happen. They still need a little “push'take off. This little
push is what is known as energy of activation anchust be present
before any reaction can occur. You will also ledtat heat provides
energy of activation in some reactions, but in tieas occurring in
plants heat will not do. Other things now take oead these other
things are enzymes. The unit will end by introdgcyiou to the two vital
energy transformation activities in plants. These eespiration and
photosynthesis.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. say what enzymes are

. explain the mechanism of enzyme action

. define energy of activation

. mention the two energy transformation activitieplants.
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3.0 MAIN CONTENT
3.1 Enzymes and Energy

In unit 7, you learned that exergonic reactiong.(the combustion of
methane) are spontaneous. | am sure you may hareveendering, if

this is true, than why haven't all these reactiainsady occurred? You
are right to wonder. The truth is that these reasti even though they
are spontaneous require an energy input to start.

To understand this, go to unit 6, and see the elaofghe rock on top
of a hill. This rock contains potential energy, but tsrest. If given a
little nudge, the rock will roll down the hill antelease its kinetic
energy. That little nudge is the energy input resplito start the
reaction. Once started the roll to the bottontre hill spontaneously.
(i.e. its own).

Many chemicals reactions are similar to the rockamofthe hill, they
proceed only when activated by an energy inputedaknergy of
activation (E act). In photosynthesis, the energgativation is provided

by sunlight and the net gain of energy is trappegroducts such a
wood.

(Fig.8.1a).

i

s

Ené!gyl.c,er':?éfﬂ'f of m#iecu?e

Although this wood contains much energy, the waedwo stable to
bum spontaneously. That is although it containpdtential energy, it
will not bum unless it is first heated.
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(Fig. 8.1b).

" High

Nt enargy releas
during reastlon,

Energy content of molecules

o Lewx

Energy of activation. (a) Plants use photosynthefis make sugars that are, in
turn, used to make products such as wood. The ggeto do this that is, the
activation energy for a photosynthesis — comes fraunlight. (b) The energy
captured in wood is released when wood burns. Tartsthis reaction, activation
energy must be provided to ignite the wood.

The heat necessary to ignite the wood is the enafrggtivation. Once
ignited, the wood will continue to bum and releasergy.

Although heat is generally an effective catalydt,is usually not
effective for cells. Indeed the heat needed tovatgi most metabolic
reaction would kill most cells. Thus cells rely twocatalyst called
enzymes to start their reactions.

Enzymes are globular proteins that speed reactigndecreasing the
energy of activation of reaction.

(Fig. 8.2)
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Enzymes speed the rate of chemical reaction by'kim‘zpthe energy of activation of
the reaction. From P. and H. Nature of Life"2 ed. Copyright @ 1992 McCraw
Ltd. Inc., New York, Reproduced with permissionMtC.
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This they do by binding the substrate so that gaetion can occur. For
example, the energy of activation to degrade caseprotein in milk) is
20,600kcal mé! without the reactions enzyme, but only 12,600kcal
mol ™ in presence of enzyme. Decreasing the energytiviation greatly
speeds the reaction. For example, consider theufiation of HCO;
form CGO, and HO, a reaction involves in gas exchange and catdlyze
by carbonic anhydrase.

CO, + HO > HCO;,
Carbonic anhydrase

Without carbonic anhydrase, only about 1 molecolens per second.
This is far too slow to be useful to organisms. Idwer, in the presence
of carbonic andydrase,,80; form at a rate of about 600,000 molecules
per second, an increase of more tharl. IDhis emphasizes the
importance of enzymes, they are critical to lifecdngse they speed
spontaneous reactions to a biological useful rate.

Higher temperatures typically increase enzymatiwigg. Up to a point

enzymatic activity typically - doubles for everycmease of 10°C.
However, beyond 60°C, entropy wins out as the protedenatured and
the reactions stops. Although a few organisms aalerdte high

temperatures (e.g. some bacteria thrive at a teatyerof 70°c), most
enzymes work best at lower temperatures. For exanmpbst enzymes
in our bodies function best near body temperatsireq/98.6F)

3.1.1 Regulating Metabolism

Enzymes regulate energy transformations by comgplimetabolic

reactions. If metabolism is linked to a series mteiconnected roads
(remember we stated this in unit 7), then enzymesldvfunction as

traffic lights that control the flow of energy ielts. How do enzymes do
this?

Some hypothesis were postulated as an explanairoenzymes action.
We will look at them before going on to discuss hemzymes really
work.

Hypothesis 1 - Enzymes decrease thi&G of a reaction. (Recall that
in unit 7, we identified AG to be the amount of energy available to
form bonds, also known as free energy)

This hypothesis is not true. Enzymes do not chatigeAG of a
chemical reaction.
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Hypothesis 2 - Enzymes heat calls to increase resmt rates. This
second hypothesis is also not true. Enzymes ddewit cells. The heat
required to speed most metabolic reactions to usatiels would kill the

cells.
How, Then, Do Enzymes Regulate Metabolic?

The products of a pathway often affect the actioitythe pathway. For
example, plants use a five -step pathway to makéeusine from
threonine when isoleucine accumulates, it inhithes first enzymes of
the (1) pathway, thereby decreasing productionsofeucine until the
current supply is used. This means of slowing éwway when its
products are not needed is called feed back intiband is common in
plants and animals. Feedback inhibition balanceplguand demand in
cells, thereby averting unnecessary excesses dictedeies.

(Fig. 5.13)
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Feedback inhibition. The metabolic conversion direéonine to isolecutine consists
of five steps, each controlled by an enzyme (En, En,...). An accumulation of

isolucine inhibits the first enzyme of the pathwdgn,), therchy preventing an
unnecessary building of isoleucine.

One means of feedback inhibition involvafiosteric regulation in

which the product binds weakly to a receptor sitetloe enzyme that
differs from the active site. Allosteric regulatiemcommon in enzymes
having more than one subunit. The binding of a owdketo an allosteric

site (usually located where their subunits join) changes the enzymes
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activity, thereby affecting the cell's metabolidaor example, isoleucine
allesterically inhibits the first enzyme of its $lyatic (2) pathway, and
thus prevents the unnecessary buildup of isoleucine

Many enzymes are also inhibited by other molecthas complete for
the enzyme's active site. These competitive intiibitmimic the

substrate and can be overcome by increasing theentmtion of

substrate (i.e. diluting the concentration of thiibitor). Drugs such as
sulfanilamide competitively inhibit enzymes.

Other compounds inactive enzymes by binding tospafrtthe enzymes
that are different from the active site, therebgventing the enzymes
from binding the substrate at its active site. Compuls that do this,
such as lead as nerve gas, called non-competiivibiior. Although
many non-competitive inhibitors bind reversibleato enzyme, many do
not. For example, penicillin is noncompetitive ipitors. Although
many competitive inhibitors hat binds irreversibbyan enzyme (3) may
do not for example, penicillin in a non-competitivdibitor than binds
irreversibly to any enzyme that makes cell walls bacteria. This
blockage of cell wall synthesis ultimately Kills ethbacteria, thus
accounting for the antibiotic effect or penicillin.

SELF ASSESSMENT EXERCISE 1

1. What is energy of activation?
2. What is an enzyme and how do enzymes work?

3.2 The Major Energy Transformations in Plants
Photosynthesis and Respiration

The energy transformations that sustain life ocsimilarly in all
organisms. The most important energy transformatiomplants are
photosynthesis and respiration.

Starting from unit 9, we will treat these two topitully. To appreciate
these reactions, go to unit 6 and look at (fig).5The energy-requiring
uphill stage of the process, is cellular respiratiburing this process,
light energy absorbed by chloroplasts is used tease oxygen and
reduce dioxide(a low energy compound) to carbohydrate (a high
energy compound).

Carbon dioxide + water + light

l

Carbohydrate + oxygen
Carbohydrate fuels the activities of plants anekptirganisms.
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The energy-releasing (i.e. exergonic), downhilgst@af the process is
cellular respiration. During this process, enenggh- molecules such as
sugars are oxidized to carbon dioxide and water.

Carbohydrate + oxygen

Carbon dioxide + water + energy
Respiration drives the cellular economy of mosaoigms.
3.2.1 The Flow of Energy

Examine the equations for photosynthesis and rasmir again. Each
process involves oxidation or reduction of carbgntibe addition or
removal of hydrogen. Photosynthesis removes hydrdgen water and
adds it to carbon, thus, carbon is reduced durimagsynthesis. Cellular
respiration removes hydrogen from carbon and addsoxygen to form
water, thus carbon is oxidized during respiration.

Now examine

(Fig. 5.14)

" Respiratign by’
consumers and:’

The major transformations of energy by organismdiqiosynthesis and respiration.
Photosynthesis provides food for virtually all org@ms, on earth. Organisms use
cellular respiration to extract energy from foodAlthough nutrients cycle in an
ecosystem, energy flows through an ecosystem. #drgy is eventually converted to
heat.
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Although one equation is the reverse of the otlieey proceed by
different mechanisms which shows how photosynthasd respiration
are integrated in nature. This diagram illustraaasimportant concept
about energy. Energy flows through a system andultsnately
converted to heat. For example, sunlight is thegnmput that sustains
life on earth. This is possible only because plaotsvert sunlight into
chemicals energy (e.g. sugars). Animals stay dliweating plants (or
by eating other animals that ate plants) and ugieg stored energy to
power their activities. These animals are thenrehteanother animals
to fuel their activities. Ultimately, the organismdie and are
decomposed by bacteria and fungi.

In the process, the energy stored temporarily l[gamisms in this so-
called "food chain" is released by heat. Organisnas/ temporarily
store various amounts of the energy, but the rfecefs that it flows
through the system and is ultimately transformekeat.

According to the second law of thermodynamics, ddllithe energy

transformations at every step in the food chain lass than 100%

efficient. Indeed, there is a 90% loss of usabkrgyat each stage. This
has tremendous implications. For example, condltecorn crop, most
of the energy that strikes the plants' leaves fieaed or converted to
heat. Only a small amount of the energy is tragpe@hotosynthesis in

sugars. When these sugars are converted to stacch,of the energy is
lost. When this starch is feed to cattle, only dabt@f6 of the usable

energy is stored by the cow, the rest is lost a@. iy the time we eat
beef made from the cow, another 90% of the useaméegy has been
lost. Thus, the amount of usable energy in theksteanly about 1 % of

that contained in the starch of the corn.

100 Units——— 10 units of » 1 unit of energy
energy in corn energy in a herbivore In a camavo

The inefficiency of these transformations, as pedi by the second
law of thermodynamics, makes this an inefficierdgass because much
of the energy is converted to heat. By inserting exttra energy

transformation between the corn plant and oursefvesthe cow), we

lose much of the usable energy.

Look again at (fig 5.14), notice that although gyemoves through the
system in the one way flow (i.e. toward heat), ieatis are cycled. That
is photosynthesis produces sugars and oxygen fesbon dioxide and
water during cellular respiration. Thus nutriengsles in an ecosystem.
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SELF ASSESSMENT EXERCISE 2

1. What are the major energy transformation adtiwitin
organisms?
2. Distinguish between photosynthesis and respirati

4.0 CONCLUSION

Extergonic reactions are spontaneous, yet thdynstdd a little "push”
to start. This little push is known as energy ofivation. In some
reactions, e.g. burring of wood heat provides thergy of activation.
Living cells, however derive their energy of actigsa from biocatalysts
known as enzymes. Enzymes regulate energy tranafams by
controlling metabolic reaction, and they do thisltwering the energy
of activation of reactions. The two major energwynsformation
reactions in plants are photosynthesis and regpuat

5.0 SUMMARY

Enzymes catalyze biological reactions by lowerirge tenergy of

activation of the reaction. Enzymes are criticdiflobecause they speed
spontaneous reactions to the biologically usefué.r&Enzymes, are
controlled by feedback inhibition, competitive ihhion, and non-

competitive inhibition.

Photosynthesis and respiration ate the major enéaysformed in
organisms. Photosynthesis uses light energy toceedarbon dioxide to
carbohydrate, while respiration converts carbohiyta ATP. Together,
photosynthesis and respiration comprise a systemwhigh energy
flows through an ecosystem and is ultimately cot@geto heat. Unlike
energy, nutrients cycle in an ecosystem.

ANSWER TO SELF ASSESSMENT EXERCISE 1
1. It is the energy required to start up a reaction

2. Enzymes are globular proteins that spree @atby decreasing
the energy of activation of a reaction

ANSWER TO SELF ASSESSMENT EXERCISE 2
1. Respiration and photosynthesis
2. Photosynthesis uses light energy to reduceonadioxide and

water to carbohydrate, while respiration oxidizesbohydrate,
producing ATP in the process.
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6.0 TUTOR-MARKED ASSIGNMENT
These will be given at the end of subsequent sinise they are linked.
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1.0 INTRODUCTION

In units 6-8, you learned about energy and thaamegms convert
energy from one form to another. Plants convertestachemical to
energy by respiration. The ATP harvested from enestpred in

carbohydrates and other organic molecules fuelsetiergy-requiring

activities of the cell, including the movement afanelles and small
particles within a cell, active transport acrossmbenes, and the
transport of organic compounds from one part oflantpto another.
Beginning with glucose respiration harvests enémgiiree stages.

In the unit, you will learn about the first two g&s. The first stage is
glycolysis in which glucose is split into smallepi@cules in the cytosol.
The second state, Krebs cycle completely metalsolise products of
glycolysis.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. list the sources from which sugar substrate araiobtd for
cellular respiration

. name the form of sugar that enters into respiration

. list the enzymes that assist in retrieving gludosm sucrose and
starch

. differentiate between substrate-level phosphoytati and

oxidative phosphorylation
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. define chemiosmosis

. state where glycolysis occur in the plant cell.

. list the products of glycolsis

. state the link between glycolsis and Krebs cycle.
. discuss the 8-steps of the Krebs cycle

. list the end products of the Krebs cycle.

3.0 MAIN CONTENT

3.1 Retrieving Glucose from other Molecules

Most discussions of respiration focus on what happ® glucose,
probably because glucose metabolism is similar linoeganisms.
However, glucose is usually not abundant in c8sspiration begins by
converting storage compounds vary from one orgamgsanother, or in
plant from one organ to another. For example, hwmand other
vertebrates, store the polysaccharide glycogematpes and bananas
store starch, and onions store polymers of fructesghermore, sucrose
is the common starter molecule for respiratioreigvks, but in the same
plant, respiration may begin with starch in nonegrestorage organs
such as roots and stems.

3.1.1 Retrieval from Sucrose

Sucrose, abundant in sugarcane stems and sugarobégtis common
in plants and is commercially important because o@rsume so much
of it as table sugar. Besides being a common enemyrce in

photosynthesis cells, sucrose is the carbohydrasd imoves most
readily through conducting cells to growing tissues

The transfer of phosphate is catalysed by an enziyrak binds the
substrate and ADP.

The energy of substrate-level phosphorylation coniesm the
phosphate containing substrate. Regardless of wdublstrate is used,
the removal of a phosphate fructose must releases ranergy then
necessary for making ATP from ADP. For example remhoof a
phosphate from phosphoendpyruvic acid (PEP) retebdd4e8 kcal mol4
(fig 6.3) this is more than enough energy to phosghate ADP, which
requires 7.3 kcal ma(l hope you still remember this from unit 77?).
The remaining energf7.8kcal mof) is lost as heat.

The second way that ATP is made involves couplingrgy from an

electron donor to an electrochemical gradient thadéns the inner
mitochondria membrane. The electron donor is uguBlARDH, (a
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molecule that you learned about in Unit). (I am sue heat at this
stage you would have seen the need to constantlyffeeto earlier
units to refresh your memory about any concept youmay have
forgotten. This will assist you in understanding wiht is being
discussed.) Electrons from NADH are passed through a chain of
electron carriers by a series of oxidation reducteactions. The energy
from this movement of electrons is used by protomps to generate a
proton electrochemical gradient that fuels the phosylation of ADP

to ATP. The overall process is callexidative phosphorylation.

Membranes play an important role in coupling enebgyween the
electron transport chain and the phosphorylatioADP. This energy-
coupling is usually referred to as chemoismosisabse it involves
chemical reactions and transport across membra&iesmoismosisis
also used to make ATP in chloroplasts during phettheesis(This will
be discussed in later units).

Of the two ways that ATP is made during respiratisabstrate-level
phosphorylation is the simpler, but it accounts fumly a small
percentage of ATP synthesis. Most ATP is made froxdative
phosphorylation.

SELF ASSESSMENT EXERCISE 1

What is (a) Oxidation phosphorylation?
(b)  Chemiosmosis

3.3 Glycolysis

3.3.1 Potential Energy of Glucose

In unit 7, you learned that glucose contain$ &l mof. This means
that with the addition of some heat (i.e. the epafgactivation -0 Eact)
to get it going one mole of glucose will yield 6880 calories when it is
completely oxidized to COand HO. However, all cells recover only a
small amount of this energy during glycolysis, tlest is lost as heat.
Because the energy is released in small increntfemexcess heat does
not damage the cells.

3.3.2 Breakdown of Glucose to Pyruvic Acid

During glycolysis, glucose is split into two threarbon compounds.
The entire process requires ten steps, all of wbedhur in the cytosol.
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(Fig. 9.2)
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phosphate and dihyuroxyacetone
phiosphate, which are isamaers of
each-other, - . - .
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3.4 The Krebs Cycle

Pyruvic acid that is transported into the mitochwomlis not used in the
Krebs cycle directly. Instead, pyruvic acid firgisés a molecule of
carbon dioxide. The remaining acetyl group is &tacto a coenzyme to
form acetylcoenzyme A (acetyl 2-CoA)outlines the conversion of
pyruvic acid to acetyl-CoA in the mitochondrion, tddahat when carbon
dioxide is released from pyruvic acid, NAD is redddo NADH.

(Fig 9.3)

Conversion of pyruvic and to acetyl-CoA, (1) COrésnoved from pyruvic and that
has been transported into the mitichiondrion. (2he remaining two-cortion
fragment is oxidized to an acetyl group, while NAI¥ reduced to NADH. (3) the
acetyl group is attached to the sulfur atom of enms A(CA).

Glycolysis and the Krebs cycle are linked by thevawsion of pyruvic
acid to acetyl CoA. Pyruvic acid is the final pratwf glycolysis, and
acety-CoA is the compound that enters the Krebkcyc

3.4.1 Step in the Krebs Cycle

The Krebs cycle named in honour of Sir Hans Krébs, cycle because
the last segment regenerates the started cherfocale first step.
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Step 1. The acelyl oroup
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. I
. Step 8. Malic acld is oxitized to CH,
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. 8 COOH '
{Wpiquinol; ® o gooH @ H
Ublguinene ? cH, NAD'

Slep 8. Succinic acid j§ ouldlm
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Step 4. Alpha-ketoglutaric acld loses

]
CH,
| & malecule of CO,, and its

NADH +H

1o 'unaric aoid as ubiqui H
o 2 umqm.mu. quinone | . Succime ncid c|,u-o decurboxylaied product is oxidized
ced §~Coa ¢0, -and altached to cosnzyme A,
N‘Mf,\ CoA—8H Bueon Y thereby forming auccinyl-CoA,
ADP uccinyl-GoA Oxidation is again coupled
ATP . 10 the raduction of NAD' to NADH.
A ,.,{{ - : .

Step 8. The cosnzyino s repiaced on

succinyt-CoA by a phosphale group,
which Is then transferred by m%:m:o-leval
- phosphorylation to AN,

In all, there are eight steps, seven of which odouhe mitochondria
matrix. Step 6 occurs, in the mitochondria membrane

In the first step, coenzyme A is cleaved from ale€yA and the acetyl
group is attached to oxaloacetic acid, which has fcarbons. The
resulting six carbon compound is citric acid. (THKeebs cycle is also
known as the citric-acid cycle because it begind witric acid; or the
tricarboxylic acid cycle because citric acid hase¢ghcarboxyl groups).
Citric acid is then rearranged to isocitric acidegs2), which is the
beginning substrate for two-oxidative steps thatiérihe removal of
two molecules of carbon dioxide. These steps adaage two molecules
of NAD" to NADH.

In the first oxidative step, to form isocitric aqistep 3) the removal of
carbon dioxide yieldsalpha-keto and glutaric acid. In the second
oxidative step (step 4), carbon dioxide is removdrbm
alphaketoglutaric acid, and the product is bound tooenzyme A to
make succinyl -CoA Each step also reduces a molecule of NAD to
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NADH. Coenzyme A is then cleaved from succinyl -Cahereby
producing succinic acid and providing energy foe tubstrate level
phosphorylation of ADP to ATP (step 5JAs pointed out for

Glycolysis, it is important that you study fig 9.4as you read the
Krebs cycle; otherwise you will be totally confusegd

Following the formation of succinic acid, three mooxidative steps
occur (step 6-8) succinic acid is oxidisedumaric acid, fumaric acid
to malic acid, and malic acid tooxaloacetic acid The oxidation of
succinic acid also reduces the electron caui@quinone to ubiquinol
the oxidation of malic acid to oxaloacetic aciduegls NAD to NADH.
Thus for each acetyl-CoA that enters the Krebse;yahly one ATP is
made by substrate level phosphorylation. Most ef ¢émergy derived
from the oxidative steps of the Krebs cycle is etioin the high-energy
derived from the oxidative steps of the Krebs cyslstored in the high-
energy electrons of NADH and ubiquinol. The energy these
molecules is harvested in the third phase of raspm, oxidative
phosphorylation.

(Fig 9.5)
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Reversible conversions between ubiquinose and uliqal. Then in each formula
stands for the number of times the 5-carbon sidearhis repeated. Naturally
occurring ubiquinones have 6-10 of these 5-carbonits (30-50 carbons in the side
chain)

SELF ASSESSMENT EXERCISE 3

1. What is the link between glycolysis and Krebgsley
2. What are the end products of Kreb cycle?

4.0 CONCLUSION
All organisms including plants harvest energy fretoared chemicals in

much the same way. The metabolic pathways by wioidanisms
liberate stored energy are referred to as celltdanspiration. This
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process breaks down complex molecule into simplemitals and
harvests the energy stored in them.

The products of the complete oxidation of glucasethe same whether
the glucose is burned in the laboratory or respired cell. CQ, H,O
and energy. When it is burned, a mole of gluco$® (@rams) makes a
small fire that lasts for several minutes. In d,eekpiration controls this
process, so the heat does not destroy the tiseawad, some of the
energy from glucose is trapped in ATP. The hedtdasing respiration
never causes smoke on fire because it is reledssdysby many
chemical reactions. The first of these is glycdyshis is followed by
Krebs cycle. At the end of Krebs cycle, respirai®not yet complete.

5.0 SUMMARY

Respiration harvests energy from organic moleculégre are several
kinds of respiration, but the most common kind esodic respiration,
which requires oxygen and produces ATP. Respirabiccurs in three
stages.

The first stage, glycolysis, entails the breakd@miglucose into smaller
organic compounds, it occurs exclusively in theosgt and converts
some of the energy stored in glucose to ATP and NADuring
glycolysis, ATP is made by substrate level phosplation. The
remainder of the energy from glucose is either &ssheat or remains in
pyruvic acid which is shunted into the mitochondrién the
motochondria, pyruvic acid is converted to acetyAGn a reaction that
also reduces NADto NADH.

Acetyl-CoA enters the second stage of respiratibe, Krebs cycle
which is a series of oxidation-reduction reactiahat produce ATP,
NADH, ubiquinol, and CQ As in glycolysis, ATP is made in the Krebs
cycle by substrate - level phosphorylation.

ANSWER TO SELF ASSESSMENT EXERCISE 1

(@) Sucrases
(b)  Amylase, starch phosphorylase and debrandmagme

ANSWER TO SELF ASSESSMENT EXERCISE 2
2(a) The process whereby electrons from NADH assed through a
chain of electron carriers by a series of oxidateduction

reactions to generate proton electron gradient thadls
phosphorylation of ADP to ATP.
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(b)  The process of coupling energy between thetrele transport
chain and the phosphorylation of ADP. It involvelsemical
reactions and transport across membranes.

ANSWER TO SELF ASSESSMENT EXERCISE 3

3. During glycolysis, glucose is split into threarbon compounds,
the entire process requires 10 steps. During tisetalf, glucose
is phosphorylated twice and split into two threeboa
compounds. The first half uses ATP. The three aarbo
compounds are oxidised to make pyruvic acid dutiregsecond
half of glycolysis, which also makes ATP and NADH.

4. The conversion of pyruvic acic to acetyl-CoArurgc acid is the
final product of glycolysts and acetyl-CoA is compd that
enters the Kreb cycle.

5. One mol of ATP, one mol of ubiquinol, 3rhiof NADH and CQ

6.0 TUTOR-MARKED ASSIGNMENT
Briefly outline the step involved in the Krebs aycl
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UNIT 5 RESPIRATION I
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1.0 INTRODUCTION

In unit 9, we started the discussion of respiratiBespiration as you
will recall is one of the energy transformationiaties of plants. In unit

9, you learned that beginning with glucose, resipnaharvests energy
in three stages. The first stage is glycolysidpfeéd by Krebs cycle. In
this unit, you will learn about the third stage whiis the electron
transport chain. This stage involves the harvestihgnergy from the
movement of electrons. This process like the Ki®lzde, occurs in the
mitochondria. You will also learn about other typef respiration

namely anaerobic respiration. Because the onlyag®iproduct is not
starch, you will also learn about the respiratibhpds.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. describe the series of events in the electron p@mshain

. explain how ATP is produced in the electron tramspmcess

. mention two other types of respiration

. list the 2 products of pyruvic acid breakdown dgrianaerobic
respiration

. state three economic importance of anaerobic rasqmir

. describe how lipids are respired.
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3.0 MAIN CONTENT

3.1 Electron Transport and Oxidative Phosphorylaton

When compared with glycolysis and the Krebs cyabjdative
phosphorylation is a bonanza ATP synthesis. Endogyoxidative
phosphorylation comes from NADH and ubiquinol, whare produced
by j the first two phases of respiration (Refeutot 9). The high energy
electrons of NADH and ubiquinol are not used disedor ATP
synthesis, instead, they start a series of oxidatouction reaction that
move electrons through several carriers. The semguesf electron
carriers is known as the electron transport chain.

Energy from electron flow through these carriersintaans a proton
gradient across the inner mitochondrial membraneichw drives the
synthesis of ATP. Oxidative phosphorylation referdhe combination
of the oxidative - reduction reactions of electtaansport that enable a
cell to use the energy in NADH and ubiquinol to gpioorylate.

3.1.1 Electron Transport

The electron transport chain is like a seriesrmof,tsuccessively stronger
magnets, that is, each has a higher potential tisapredecessor. This
means that each component of the chain pulls elextaway from a

weaker neighbour and gives them up to a stronger dimus the

strongest acceptor in the chain is the terminaépior, oxygen, which

has potentials of 0.8blts.

There are at least nine electron carriers in thesemost of which are
proteins. Some of these carriers also accept potnd release them
into the inter-membrane space. Although scientistsnot quite certain

how these components work together for electron @otbn transport

shows a widely accepted model for the sequencteps sn the chain.
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(Fig. 10.1)
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Model for the sequence of steps in the electron transport chain. Two mobile electron
carrier ubiquuinene (Ubt) and eytochrome (Cyt c), transfer electrons between three
electrons-carrier complexes that are embedded in the membrane the NADH
dehydrogenese complex, the cytochrome oxidase complex. and the cytochm uphase
complex, electron flow along the chain cause protein pumping from the mitochondrial
matrix into the intermembrane space. This model shows that one NADH fuels the
transport of six protons, although the number of protonsis arable and can be as high
as eleven.

According to the model, in the first step of eleatrtransportFlavin
mononucleotide (FMN) takes electrons from NADH in the
mitochondrial matrix. FMN also takes 2 protons)(tbne from NADH
and one from the aqueous matrix

(Fig. 10.2)
Mo~ SI‘.’ Mgt P
LA T

"o R .

BMN %

The first step of the electron transport chain, flen mononucleotided is reduced in
a riverable reaction to FMNH by NADH and FP the mitochondrial matrix. (FMN
is also called riboflavin or vitamin B
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In the second step an iron and sulphur-containiogep is reduces as
FMNH, is oxidized back to FMNi.e. the iron-sulphur protein pulls
electrons from FMNH,. Meanwhile the protons from FMNHare
released into the inter-membrane space. The neit ifsthese first two
steps is that energy from oxidation reduction rieast drives the
transport of protons from one side of the innermgthibndrial membrane
to the other. The carriers responsible for thespsstare called the
NADH dehydrogenase complexnamed after the enzyme that removes
hydrogen from NADH.

In the third step of electron transport, electr@me pulled from the
NADH dehydrogenase complex by ubiquindiadso called coenzyme
Q), which shuttles the electrons to a complex of tytbchromesand
another iron sulphur protein. This complex is ahllbecytochrome b-
c; complex Protons are again transported from the matrie sifithe
inner membrane to the inter-membrane space usiegetiergy of
electron flow from ubiquinone through the cytocheoio-G complex.
This ubiquinone acts as a second proton pump irelé&ron transport
system and the cytochrome p-@omplex acts as a third proton pump.
Ubiquinone can also accept electrons directly frapquinone in the
matrix.

Finally, electrons from the cytochrome peomplex are pulled away by
a mobile cytochrome, cytochromeand shuttled to the terminal carriers
complex. The terminal carrier complex consists a¥ot more
cytochromes, cytochrome,; aand chtochrome at which form the
cytochrome oxidase complex. Cytochromgdanates its electrons to
oxygen, which is the terminal electron acceptothim electron transport
chain. The reduced oxygen then combines with pmsotam the
mitochondria matrix producing water.

One of the key features of the electron transpmatrcis that it involves
iron. This element occurs not only in the iron $wipproteins but also
in cytochromes. Thus oxidation and reduction olséhelectron carrier
entails interchanges between the reduced*(fend the oxidised (Bp

forms of iron. In cytochromes, this change occursaicomplex ring
group, called demethat is attached to the protein.
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(Fig. 10.3)

Structural masks of cytochrome, Ghowing the iron-containing heme
group. The heme group is blue and the iron is [&aking electron
transport, each iron accepts one electron andliscesl from Fg'to S’

Note that the transport of protons from one side tloé inner
mitochondrial membrane to the other requires enestpch is provided
by the movement of electrons through the electmamsport chain.
Electron movement yields energy because each rddeleetion carrier
has Jess free energy than does the donor immediageébre it in the
series. The lowest level of free energy in the mlacurs in the water
that forms when oxygen is reduced in the last betpeen the NADH at
the start of electron transport and the oxygemeatend, the total change
in free energy is -53Kcalmbl The energy change between ubiquinol
and oxygen is about one-third less because ubibaimers the chain at
a lower energy level.
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(Fig. 10.4)
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Free energy scale of the electron transport chaifhe energy drop for electrons

from NADH to oxygen is 53 kcal mdl The energy drop from obi is about the third
less.

SELF ASSESSMENT EXERCISE 1

Briefly describe the series of event in the elattransport chain.

3.1.2 Chemiosmosis and ATP Synthesis

The chemiosmosis theory of ATP synthesis was foatedl by a British
scientist peter Mitchel based on a series of erparts he carried out

towards the understanding of ATP synthesis in tleeten transport
chain. His theory states that:

Carriers of the electron transport chain are eméedld the inner
mitochondrial membrane. The flow of electrons tlylouthis
series of carriers is used to pump protons actussrtembrane.
Because the membrane is not very permeable to nmmoto
relatively few protons leak back across the memdaran
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. Continued electron transport pumps more and mareops into

space between the inner and outer membranes of the

mitochondria. This creates a gradient of protonsosx the
membrane.

. The proton gradient serves as a battery to wodkyding making
ATP.

According to Mitchel's model, the interaction begéneslectron transport
and ATP synthesis is indirect electron transpoxdpces a proton
gradient, and that gradient drives the synthesi&STd?.

The inner membrane of the mitochondria is foldechyntimes, so that
much surface area is available for membrane depéndetabolism.
Thousands of copiers of ATP synthase complex arebedded
throughout the membrane, making the inner mitochahchembrane a
power house for making ATP.

SELF ASSESSMENT EXERCISE 2
Briefly summarize ATP synthesis in the electrom$ort process.
3.2 Other Types of Respiration

So far, we have limited our discussions on one tfp@spiration called
aerobic respiration. It is the main type of resjra prevalent in many
organisms. It is called aerobic respiration becausequires oxygen as
the terminal electron acceptor. When oxygen is aailable, other
electron acceptors can be used in a process calgerobic respiration.
This is going to be the subject of discussion ie thmext section.
Following it will be a discussion of Respirationlapids.

3.2.1 Anaerobic Respiration

Although oxygen is required only at the end of &l@t transport during
aerobic respiration, electron transport and thebKreycle are both
inhibited when oxygen is not available. Glycolysigrks normally in an
oxygen free environment, but energy stored in tlextens of the
NADH from glycolysis can become a problem if the DIA cannot be
used fast enough elsewhere in the cell, or if tmeply of NAD' is
depleted. In both cases, there would be no NARailable to oxidize
glyceraldehydes-3 phosphate, consequently, glysolysuld stop.

In animals, certain fungi and bacteria, pyruvicdaisi reduced to lactic
acid by excess NADH. In other fungi and in plarite abundance of
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NADH is relieved when pyruvic acid is converted doetaldehyde,
which is then reduced by NADH to ethanol.

(Fig. 10.5)
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Anasro respiration usually produces in plants andrtain fungi (a), in other fungi
and in bacteria and animals it produces and (b)

Together, these anaerobic reactions are calledefaation. Unless they
have adaptations (such as aerenchyma) to facitiiéfiesion of oxygen
to their roots many plants ferment when they grqwimu mud or in
oxygen-poor water, this is why most house plargsahen they are over
watered. Anaerobic respiration is inefficient besmit produces little or
no ATP.

Anaerobic respiration is economically important. r Fexample,
fermentation by bacteria and fungi is important fiawvouring cheese
and yoghurt. Similarly, fermentation by yeast igortant for making
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alcoholic beverages and bread; wine, beer and basadmade by
different strains of brewer's yea(Saccharomyces cerevisiae)This
carbon dioxide produced during fermentation makesd rise, but the
alcohol from fermentation evaporates when the bredzhked. Wine is
usually made by yeast that grows on grapes, althéeignented honey,
applies(cider) and other carbohydrates rich substrates are @ks0 10
make wine or wine like beverages. Likewise, altfolger is usually
made from barley, rice beer is common in China, @ beer is made
in Mexico.

3.2.2 Respiration of Lipids

Lipids that include fatty acids are important sggacompounds in oil
containing seeds. When such seeds geminate they &aids are
metabolized in glyoxysomes to recover the energgestin them. Fatty
acids are first removed from glycerol in storagaclylglycerides, and
then snipped into two carbon pieces that are reteas acetyl-CoA.

(Fig. 10.6)
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Respiration of lipids. Triacylglycerides are hydms#d into glycerol and
carry ackiss. Forty acids are degraded by betaativid into acertyl
groups that are attached to coenzyme. A, which lbanused in
respiration or for carbohydrate synthesis. FAD awdD are also
reduced during into oxidation.

This reaction, calledbeta-oxidation is repeated for every part of

carbons until all of the fatty acid is convertedtoinacetyl-CoA
molecules. Thus, a molecule of stearic acid, whiaé eighteen carbons,
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yields nine molecules of acetyl-CoA. Beta-oxidataturs either in the
cytosol or in glyoxysomes. The release of acetyhCdrives the
reduction of NAD and FAD to NADH and FADKrespectively.
Acetyl-CoA from beta-oxidation can be used in theels cycle for
further recovery of the energy stored in fatty acior it can be routed to
other metabolic pathways NADH and FABRkhay be transported to
mitochondria where their electrons can be usetienelectron transport
chain.

SELF ASSESSMENT EXERCISE 3

To what economic use can anaerobic respirationui@ p. How are
lipids respired?

4.0 CONCLUSION

Electron transport, which is the last stage of lieraespiration is
regarded as ATP bonanza. This is because a lofT&f gynthesis takes
place here. The high energy electrons of NADH abhmjuwinol start a
series of oxidation- reduction reaction that movecteons through
several carriers. This electron transport prodacesoton gradient, and
the gradient drives the synthesis of ATP.

Apart from aerobic respiration which occurs in firesence of oxygen,
when oxygen is not present, anaerobic respiratcmurs. Anaerobic is
not efficient because it does not produce ATP, ibubtas a lot of
economic uses for humans, example include flavgudheeses and
making bread.

5.0 SUMMARY

Energy rich electrons from NADH and ubiquinol fuile electron
transport chain, which is the third stage of restjon. Electronics move
through a series of carriers that release energgdt step. The terminal
electron acceptor is oxygen, which is reduced tmfwater. The energy
of electron transport is used to pump protons ftbe mitochondrial
matrix into the inter-membrane space.

As protons diffuse by chemiosmosis back into therimmahrough ATP
synthase complexes, their energy is coupled toptiesphorylation of
ADP to ATP. This synthesis of ATP from the enerdly edectron
transport is called oxidative phosphorylation.

There are several kinds respiration. Anaerobiciraspn occurs in the
absence of oxygen. It is not efficient becauseoésdnot produce ATP.
Lipids are respired by beta-oxidation to yield gtemits that enter the
Krebs cycle.
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ANSWER TO SELF ASSESSMENT EXERCISE 1

First, FMN takes electron and 2 protons from NADFhe FMN
becomes FMNKwhile NADH becomes NAD

Second, FMNH is converted to FMN by NADH dehydrogss
complex.

Third, ubiquinol pulls electron from NADH dehhydegase to
cytochrome b-¢

Finally, electron from cytochrome Qh-are pulled by cytochrome c to
terminal carriers complexes which are cytochromana, cytochromesa
the cytochrome athe donates then electron to oxygen which is the
terminal electron acceptor.

ANSWER TO SELF ASSESSMENT EXERCISE 2

The proton gradient that is maintained by electransport provides the
energy necessary for making ATP .Protons diffuserdtheir electron-

chemical gradient through enzyme complexes thatdsarthe energy of
proton flow for the phosphorylation of ADP.

ANSWER TO SELF ASSESSMENT EXERCISE 3

1. Flavouring cheese, making alcoholic beveragdsiasad.
2. By beta-oxidation to yield acetyl unit that arttee Krebs cycle

6.0 TUTOR-MARKED ASSIGNMENT

1. Briefly describe how electron transport lead&1d° synthesis
2. What are the two products of pyruvic acid breatd in
anaerobic respiration?
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UNIT 1 PHOTOSYNTHESIS: BASIC ISSUES
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1.0 INTRODUCTION

Photosynthesis is a light-driven reaction that ewts/ energy — poor
compounds such as carbon dioxide and water to enerch
carbohydrates. Our knowledge of photosynthesis kiewstarted from
the inquisitiveness and experimentation of earlgrdests. In this unit,
we are going to begin a series of units that walat the subject matter of
photosynthesis. This unit will be mostly historigal nature. We will
look at the early experiments carried out by pioseand how one thing
led to the other until we got to the level we arday in the knowledge
of photosynthesis.

A good understanding of photosynthesis will hingean understanding
of the nature of light. We will also look at theopeering efforts of Isaac
Newton and Einstein that led to an understandinthefnature of light.

We will reserve other issues on photosynthesisiisequent units.
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2.0 OBJECTIVES
At the end this unit, you should be able to:

. name the early scientists that pioneered effortsatds the
understanding of photosynthesis

. describe the findings of Jean Senebier regardirsggyéQ and
C0O,), light and photosynthesis

. summarize the findings of the experiment of thesenger
scientists

. describe the nature of light

. name the scientist who pioneered efforts toward$erstanding
the nature of light

. list the constituents of sunlight.

3.0 MAIN CONTENT

3.1 History of the Elucidation of Photosynthesis

Early scientists had no idea that the sun supgtiesarth with virtually
all its energy or that green plants trap energy nodiuce the invisible
gases that we breathe. Ancient Greeks rather, dedgplants as “soill
eater” because they noted that fertilizing the dodreases plants
growth. This concept went unchallenged until 1648emw the Dutch
physician — Jan Baptista van Helmont reported plgirexperiment.

When van Helmont did was to plant a young willoeetweighing 5 1bs
in 200 1bs of soil inside a pot. He covered the gmwthat no dust can
settle in it thereby increase its weigh, and leftjenough opening to
water it when necessary. After 5 years, he weighedolant and found
that it weighed 199 1bs. He then dried the soilaedyhed it again and
found that it weighed 199 1bs. It has lost aboudbl He noted that he
did not weigh the leaves hat were shed fro thetpar years.

He concluded that the 164 1bs of wood, bark and mad arisen from
the water alone and that plants were not soil-seatAithough Van
Helmont conclusion would later be proved wrong, cié show that
plants are not soil eaters. His careful measuresraab set the stage for
similar studies of how plants grow.

Near the same time, other scientists were studgombustion. One of
these people, Joseph Priestly showed from his estuithiat combustion
somehow “injured” the air. If a candle were burned a closed
container, it would go out. If a mouse were thehipuhe container, the
mouse would die. He later reported in 1771, thahdw accidentally hit
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upon a method of restoring air which had been @gury the burning of
candles.

What he did was to put a plant under the contaniesre the candle was
burned. He found that after some time, the airrgetored and candles
could once again turn in them, and mouse breathérem.

Today, we explain Priestley’s results by sayingt thlants use C®
produced by combustion or exhaled by animals aatlahimals inhale
and use the ©Oreleased by plants.

Priestley's experiments offered the first logicaplanation of how air
remained "pure" and able to support a mouse dedipeburning of

candles and the breathing of animals. Although igendt realize it.

Priestley's experiments were the first demonsinati@t plants produce
oxygen. Nor did Priestly realize that light was essary for

photosynthesis.

A serious problem appeared, others could not rePaastley's work,
nor could Priestly himself repeat his experimefiée had probably
moved the experimental apparatus to a dark part ohis lab). Seven
years later, a Dutch Physician, Jean Ingenhousfirewmd Priestley's
work and made an important addition by showing gt is necessary
for plants to release oxygdalthough, like Priestly, he know nothing
about oxygen at the time and explained itin other terms).
Ingenhousz reported that plants in the dark "comtata the air" and
make it “harmful to animals”. He: also made a beldd accurate
statement "The sun by itself has no power to mendvahout the
concurrence oplants". Based on his experiments, he publishedak b
in which he reported that only the green panfsa plant could
photosynthesize and that plant too "injure” air whept in darkness.
Ingenhousz must have been alarmed by his findimgxause he
recommended that plants be removed from housesght to avoid
poisoning the occupants.

In 1872, a Swiss preacher and part time sciensistad Jean Senebier
showed that photosynthesis depended on a partikmdrof gas, which
he called fixed air(and we call CQ). Senebier also claimed that this
air (COG) produced by animals and plants in darkness-sétadl
production ofpurified air (Q) by plants in light.

Thus by the late 1700s, biologists know that atstiemvo gases
participate in photosynthesis. Work done by Lawsisind other showed
that these gases were £@nd Q. Ingenhousz adapted the ideas of
Lavoisier and suggested that plants do not jushaxge “good air" for
"bad air" rather; he suggested that plants absarbon from carbon
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dioxide. "Throwing out at the time the oxygen alaared keeping the
carbon to itself as nourishment." Ingenhousz's wwds extended in
1804 by the Swiss botanist and physician NichokasSdussure, who
noted that approximately equal volumes of ,GdDd Q are exchanged
during photosynthesis. He added the final comporénthe overall

photosynthesis reaction when he showed that photiosyis requires
water.

Carbon dioxide + water + light

Organic material + oxygen

By this time, many botanists were studying phottsgsis. Among the
most clever was T.W. Engelmann, who is 1883 desigmeexperiment
that of water containing an oxygen requiring baatarand used a prism
to illuminate different parts of the chloroplasttvdifferent colours of
light. When Engelmann viewed tlspirogyra through a microscope, he
saw that the bacteria clustered around parts of ¢hiroplast
illuminated by red and blue light. He concludedtttedd and blue light
are most effective for producing oxygen during plsghthesis.

Other biologists began to follow up Ingelhouszglings that light was
required for the release ohbQlulius Sachs reported that chlorophyll, the
photosynthesis pigment occurs in chloroplast arat ghotosynthesis
forms carbohydrates only in light. This Sachs redishe overall
reaction of photosynthesis as

nCO, + nH,O + light
Chlorophyll
(CH,O)n + nQ

In this reaction CKO is an abbreviation for starch or other
carbohydrates. Further research showed that Sachslusion was
correct. There is no known exception to his linkafgchlorophyll with
oxygen production.

By the turn of the twentieth century, most biolegisaccepted
Ingenhousz's suggestion that the oxygen releaseagdphotosynthesis
came from carbon dioxide. Others however questidhisdassumption.
In the 1920's a Stanford University graduate studemed C.B. Van
Niel began a study that would resolve this questiod which became a
milestone in biological research. Van Niel studi@dphotosynthesis
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bacterium that uses,8 as an electron source and deposits sulphur as a
by-product. Photosynthesis in these bacteria oeduas follows:

CO, + 2H,S —» light——» CHO + HO +2S
Van Niel's work did not attract much attention umie made a bold
extrapolation, he asserted that the oxygen reledisendg photosynthesis
came from water not carbon dioxide. His reasonings vibased on

analogies between the roles of3-and HO and of @ and sulphur.

Sulphur bacteria

CO, + 2H,S light—— CH,O + H,O + 2S
General equation

CO, + 2Hx light — H,O H,0O + 2X
Green Plants

CO, + 2H,G light —— CHO + H,O + O,

Van Niel's conclusion that Oreleased by plants comes from water
rather than C@ was tested in 1941 by Samuel Ruben and Martin
Kamen, who exposed cultures of chlore(a green algae) to 0@
labeled with*®0,, a non-radio active isotope of oxygen hat coultcte
with a mass spectrometer. Ruben and Kamen readbaédf oxygen
released during photosynthesis came from watem, e oxygen would

be tagged with'®0,. Conversely, if the oxygen were derived from
carbon dioxide, it would not be labeled witfD,. Their results were
striking, the oxygen, not the carbohydrates, wabeled with'°0,.

CO, + 2H, 1*0,——light —— CH,0 + H,0 + %0,

These results confirmed Van Niel's claim that oxygeleased during
photosynthesis comes from water not carbon dioxide.

Further evidence for this conclusion was providgddRiobin hill and his
coworkers, who discovered that isolated chloroplasuld release ©in
the absence of COf given a suitable election acceptor for the glats
removed from water. This light driven splitting whter in the absence
of CO, became known as thll reaction and showed that:

1. Whole cells are unnecessary for some of thectiomes of
photosynthesis
2. The light-driven release of,during photosynthesis is not linked

directly to the fixation of CQ

In 1951, botanists discovered that the electroetoe in chloroplasts is
NADP, a co-enzyme that can accept electrons. Isaitelies showed that
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NADP reduced during photosynthesis was reduced @ Q@uring
photosynthesis. Similarly, the reduction of NADRIiigzen by light.

SELF ASSESSMENT EXERCISE 1

la. Name the first scientist to carry out a studdfated to
photosynthesis.

b. Which scientists implicated light in photosyrgis®

C. Which scientists introduced the chlorophyll @act in
photosynthesis?

2. Summarize the findings of these earlier sciegs it relates to
photosynthesis.

3.2 The Nature of Light

An understanding of the nature of light will enahie understand
photosynthesis. It is for this reason that you wplend the next 30
minutes or more reading about light and the nabfifgght. Light is the

part of the electromagnetic spectrum having wagtlevisible to the
human eye. Virtually all life depends on light. Oumderstanding of
light began about 300 years ago when Isaac Newtowed that White
light that passed through a prism, droplet of waiesoap bubble would
separate into a band of colours that if passedugircanother prism,
could be recombined to form white light. Based battexperiment,
Newton proposed that white light is actually a $pen of colours

ranging from violet to red.

(Fig 11.1).

’}4‘;_1.;1-'_‘?"- C .4 Wavelength
Lo T 660 nm
“Red Light 4~ —

Wavelength
450 nm
Blue Light

Properties of light (a) The wave nature of light)Wisible light a small part of the

electromagnetic spectrum. Visible light consists afrainbow of colors ranging

from violet to red light. Based on that experimeiiewton proposed that white light
is actually a spectrum of colors ranging from vialeo red. (fig 7.4b). two hundred
years later, in the 1860s, a Scotish mathematicisamed James Maxwell showed
that the visible light that Newton separated intaspectrum of colors is only a small
part of a much larger spectrum of radiation (fig.111 b)
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Two hundred years later, in the 1860s, a Scottisthimatician named
James Maxwell showed that the visible light thatvitéen separated into
a spectrum of colours is only a small part of a Imlazger spectrum of
radiation.

(Fig 11.Ib).
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be: .| Green . |Yellow Otanga!_'r
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In 1905, Einstein linked the ideas of Newton andkieall by proposing
that light consists of packets of energy calf@btons. The intensity
(i.e. brightness) of light depends on the number of photons (i.e th
amount of energy) absorbed per unit of time. Edadtqgn carries a fixed
amount of energy that is determined by how the @hatibrates: the
slower the vibration, the less energy carried leyghoton. The distance
moved by the photon during a complete vibratiomeiferred to as the
photon'swavelength.(fig 11.1a). Stated another way, the wavelength is
the distance between vibrational crests of a phofbe wavelengths of
visible light are measured in nanometers (nm) diohth (10°%) of a
metre.

We perceive the different wavelength, as diffei@iburs. For example,
violet light has a wavelength of about 400nm, whishabout one-
fortieth the thickness of the page. The energy pheaton is ajuantum

and is inversely proportional to the wavelengthhd light. The longer
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the wavelength (i.e. the longer the distance texveluring a vibration),
the less energy per photon.

Table 11.1

Radiant Energies of Different Wavelengths of Light

Wavelength Color Energy
(nm) (joulesumol™®)
100 0.399

400 0.299

450 violet 0.277

500 green 0.239

600 orange 0.199

700 red 0.171

Table 11.2

Photosynthetic Characteristics of €, and CAM Plants

Characteristic C, C CAM
Leaf anatomy Bundle wheat Bundle sheath Large
vacuoles
without cells with dense
dense arrangement arrangement of
of chloroplasts chloroplasts, no
distinctive palisade
cells
Primary Robulose PEP carboxylase  PEP
carboxylase
carboxylating bisphosphate at night
carboxylase/oxygenase
Grans of water 4050 to 95- 250 to 350 50 to 55

required to produce
19 of dry matter

Required Sodium  No Yes Probably
as micronutrient

Minimum 0.0196-0.07% 0%-0.01% 0%-0.05%
atmosphere Go

concentration

required for
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photosynthesis
Photorespiration  Yes Only in isolated No
detectable bundle sheath
cells
Optimum 15" — 25"C 30— 40C About
25°C
temperature for
photosynthesis
Approximate fons 20— 25 35-40 Usually
low and
of dry matter variable

produced per
hectare per year.

Sunlight consists of about 4% ultraviolet radiatiob2% infrared
radiation and 44% visible light. Each of these ki light has different
energy and affects organisms differently.

Ultraviolet radiation (UV) contains too much energy for most
biological systems. Indeed, its light energy phetofien drive electrons
from molecules, this explaining why UV is also edllionizing
radiation. UV breaks weak bonds and causes sunburn. It is alasbybe
O,, ozone (@), and glass. You won't get a fan by sitting innfrof a
glass window.

Infrared radiation (R) does not contain enough energy per photon to
be a useful to living systems. Cells absorb IRatain but this energy is
insufficient to excite electrons. Consequently, tafsthe energy of IR

is converted immediately to heat. IR is absorbedmvayer and carbon
dioxide, but goes through glass thus, althoughwon't tan in front of a
window, you will warm up.

Visible light contains just the right amount of energy for biotad)
reactions such as photosynthesis. To have an dféetver, light must
first be absorbed. Light is absorbed by pigments.

SELF ASSESSMENT EXERCISE 2

1. Briefly describe the nature of light
2. What are the constituents of sunlight?
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4.0 CONCLUSION

Scientists started many years ago to unravel th&tany of how plants
obtain their food. The simple/basic experimenttsthiby Jan-Baptista
van Helmont in 1648 led to a series of experiméms discovered that
plants manufacture food in their leaves by tapgnmogn the abundant
energy resident in sunlight using water and carloboxide, and

releasing oxygen in the process. A study of sublajso revealed that
not all part of sunlight is involved in photosynsiee It is rather the blue
and red colours of light that are most effectivphotosynthesis.

5.0 SUMMARY

Botanists have studied photosynthesis for severaitsy The pioneering
efforts of Jan-Baptista van Helmont led to the ustading that plants
are not soil eaters. This encouraged other scisrit® Joseph Priestley,
Jean Senebier, Ingenhousz and many more. The Wahlege scientists
let to the understanding that, photosynthesis usabon dioxide,

requires light and water and releases oxygen fighphotosynthesis in
plants is absorbed by chlorophyll, and that oxygeleased during
photosynthesis comes from water.

An understanding of the nature of light is impottan trying to
understand photosynthesis. Light is the part of ¢fectromagnetic
spectrum having wavelength visible to the human. ég@ac Newton
pioneered efforts towards understanding the natllight. Later studies
let to a knowledge that light consists of packefseonergy called
photons.

Sunlight consists of 4% ultraviolet radiation. 5#frared radiation and
44% visible light.

Light occurs in a spectrum of colour Red and bligethe most effective
for photosynthesis.

ANSWER TO SELF ASSESSMENT EXERCISE 1

la. Jan-Baptista van Helmont
b. Jan-Ingenhousz
C. Julius Sachs

21. Photosynthesis uses €0

. Requires light and water and releases O

iii.  Light for photosynthesis is absorbed by chiangll

Iv. O, released during photosynthesis comes from water
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ANSWER TO SELF ASSESSMENT EXERCISE 2

1. Virtually all of life depends on light which wpers
photosynthesis. Light moves in waves, and its gnergontained
in packets called photons. The energy of a phasomversely
proportional to the wavelength of the light, thender the
wavelength, the less energy per photon. Sunlighsists of a
spectrum of colours of light. Red light and blwghli are the most
effective for photosynthesis.

2. Sunlight consists of about 4% ultraviolet réidia, 52% infrared
radiation, and 44% visible light.

6.0 TUTOR-MARKED ASSIGNMENT

These will be given at the end of the next two syngince what is
discussed here are just some basic concept
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1.0 INTRODUCTION

Photosynthetic organism use light energy to makgmc compounds
from inorganic compounds such as water and carboxidg. Their
ability to package light energy into chemical erespon supported
almost all other forms of life on the planet. Moren these autotrophs
radically changed the planet and its remaining misgas by decreasing
the atmospheric concentrations of carbon dioxidajrdshing the green
house effect, and filling of the atmosphere withvaste product that
some of the other organisms ultimately found esslefdr life oxygen.
All of the oxygen in air that we breath has beenley through plants
via photosynthesis. But all these can only be essif light is
absorbed.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. identify the pigments that are available in grelamis

. discuss the properties of photosynthesis

. identify the reaction centers in chlorophyll

. distinguish between chemiosmosis in mitochondriad an
chloroplast.
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3.0 MAIN CONTENT

3.1 Pigments

Light striking an object is either reflected, tramded, or absorbed.
Only light that is absorbed have an effect. Lighattis absorbed by
molecules callecpigment, which are coloured because they transmit
particular colours of light. Black pigments absalb wavelengths of
light, while white pigments absorb no wavelengthigift.

3.1.1 Pigments in Plants

Chlorophylls are fat soluble pigments that occuplants, algae and all
but one primitive group of photosynthetic bacterignlike the colour or
haemoglobin, which is insignificant for the mole’sl function as an
oxygen carrier, the colour of chlorophyll is sigo&nt, chlorophyll

absorb maximally at wavelengths of 400-500fvolet-blue) and 600-

700nm(Orange red).

(fig. 12.2)

The synthesis of chlorophyll and of several othgnyents in plants is
stimulated by light, which explains why plants growm the dark, (i.e.
etiolated plants) contain no chlorophyll. Similarthe light stimulated
synthesis of anthocyanin, another plant pigmenplagxs why apples
are always redder on the sunny side of an appdethr

There are several types of chlorophyll, the mogidartant of which is
chlorophyll, the primary photosynthetic pigment. Chlorophwyll
(CssH7,05N4MQ) is a grass-green pigment whose structure inclages
atom of magnesium (Mg). (Fig. 12.1)
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(Fig. 12.1)

Teirapyrrolic ing _'f‘._':. o

-' L Phytol chain

MG . CH, ) Chiorophylt a
Chlorophyll a, the primary pigment of photosynthess

It occurs in all photosynthetic organism excepttphgnthetic bacteria,
and absorbs maximally at 430 and 662nm.
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(Fig. 12.3)
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The absorption of light by chlorophyll a and b. @hrophyll absorb maximally at
wavelength of 400-500nm (violet-blue) and 600-70)(orange-red).

The relationship of light absorption by chlorophglversus wavelength
is shown in

(Fig. 12.4)
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The absorption spectrum of chlorophyll a vs waveaigm Chlorophyll a absorbs maximally
at 410nm and 662nm and is the primary photosyntlsgsigment.

This absorption spectrum shows that chlorophyltrangly absorbs all
visible light accept green light, it reflects amdrnismits green light, and
therefore appears green. This absorption spectannchlorophyll a
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closely matches the graph showing how photosyrghearies with
different wavelength of light.

(Fig. 12.5)
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The rate of photosynthe5|s in different wavelengtdnfsllght is similar to the ability
of chlorophyll a to absorb those wavelengths. Thimilarity of the action and
absorption spectrum of chlorophyll a suggest thaht absorbed by chlorophyll a
drives photosynthesis.

This so calledaction spectrumshows that the pattern of photosynthesis
closely follows that of chlorophyll a suggestingtlthlorophyll a is the
primary pigment in photosynthesis. However, theoaptive spectrum
of chlorophyll a does not perfectly match the attispectrum of
photosynthesis. Therefore, we conclude that ofiigments must be
involved in photosynthesis. Those pigments ardedakccessory
pigments.

3.1.2 Accessory Pigments

Plant also contain other pigments. Those pigmexitisnd the range of
light useful for photosynthesis by absorbing phetoot absorbed by
chlorophyll a.

The most common of these accessory pigments irispéaa chlorophyll
b and carotenoids.

Chlorophyll b (CssH7c0OsN4MQ): This is a bluish-green pigment that
absorbs maximally at 453 and 642nm. It occurslirplants, green
algae, and some prokaryotes. Plants usually coataout half as much
chlorophyll b as chlorophyll a.
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Carotenoids: These are accessory pigments that occur in all
photosynthetic organisms. They occur in all phgttisetic organisms.
They contain forty carbons, are fat-soluble anérmftontain no oxygen.

(Fig. 12.5)

H : g HE oo ;
CoprCHa L g M ot H H N H H 3\0"'h Mok

: . b | |
T NN ¢ ; ' ! | A
c c S "t NP NG ¢ < ¢
| ; 3 E ﬁ ,(l:, \_‘_./ \?/ AV /c\o _G-H
\ﬂ’-—/c\m B on b, TR

f-carplone.

CH, H

H
HyC . CH. | . OH .
H~- <N ~C 0 LC Ny HaC_CHy
Can e Ve
: cH, H H H ! P . ¢ ¢ —H
° ' H o H CH, H C'H:’ o ,!|
. Lycopene HC

Renoids (a) Beta-carotene, a reddish-yellow car@woid, (b) Lyeopene, a
carorenoid that colors tomatoes. Beta carotene amtk each have the empirical
formula of CygHse

Carotenoids absorb maximally at wavelength betwdh and 550nm,
therefore they are red, orange and yellow. Caradsnare chemically
unrelated to chlorophylls and consist of carborgsiriinked by long
carbon chains having alternating single and dobbitels.

Like all accessory pigments such as chlorophyltdrptenoids extend
the range of photosynthesis by absorbing light thatot absorbed by
chlorophyll a. Carotenoids also protect plantsirsjgphoto-oxidation,

which occurs when excited chlorophyll transformsygen into light

energy radicals. These radicals can attract hyafrofyjom nearby
molecules, thereby destroying the molecules antngilthe cells.

Mutants that lack carotenoid are susceptible tchstadicals, which
explains why they are bleach-white when grown gitj and soon die.
Many herbicides kill plants by blocking the syntisesef carotenoids,
thereby causing the plant to photo-oxidize itself.

The most common carotenoid is beta-carotene agieddillow pigment
consisting of two six-carbon rings connected by eaghteen-carbon
chain.

(Fig.12.5). Beta-carotene absorbs maximally at \eagth between 400
and 500nm. When split in half, beta-carotene besome molecules of
vitamin A which is a precursor of retinal, a pigrhessential for human
vision. Carotenoids occur throughout the plant &g and produce the
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colours of tomatoes, carrots, squash, bananas,adescand some
colourful leaves.

Unlike chlorophyll, carotenoids also occur in anisnanimals cannot
make carotenoids, but they can metabolize and asgtenoids from
plants. For example, carotenoids colour egg-yoiksect wings, the
black ink released by squids, and the bodies of esdish and
amphibians. The dazzling array of colours of caroigs includes blue,
green, red, violet, gray, chocolate and black; thesult largely from
proteins that are attached to the carotenoids. Wieaed, this protein
breaks off and frees the carotenoids (this acco@mtsthe yellow
pigment released when e boil carrot.

Oxidizing carotenes produces Xanthophylls, which wd and yellow
pigments in tomatoes, carrots, leaves, algae Ficgxanthin in brown
algae), and photo-autotrophic bacteria.

(Fig 12.6).
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Xanthophyll. Xanthophyll are abundant in carrot, é/es and many algae.

Xanthophylls are less efficient at transferring rgye during
photosynthesis than beta-carotene.

Other accessory pigments include chlorophylls c@nghycoerythrin, a
red pigment and phycocyanin, a blue pigment.
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Phycoeyania and phycoerythrin are accessory piggmened algae and
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cyanobacteria. Phycoerythrin is obtained by exghmanthe highlighted

group.

Different forms of phycoerythrin and phycocynin acdin red algae and

cyanobacteria.

SELF ASSESSMENT EXERCISE 1

PONPE

3.2 Chloroplasts

What absorbs light in plants?

What is the primary pigment for photosynthesis?

Name three accessory pigments?

What roles do accessory pigments play duringgdymthesis?

The green colour of leaves is due to solar chenfaedories called
Chloroplasts, the site of photosynthesis in eukaryotes.
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(Fig. 12.8)

Other accessory pigments include chlorophylls c@nghycoerythrin, a
red pigment and phycocyanin, a blue pigment
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In plants, photosynthesis occurs by in chloropladigght is absorbed
and converted to chemical energy in thylaloid armhg; this chemical
energy is then used in the stroma to make sugars.

Chloroplasts in plants are usually shaped like -fmdls. Most

photosynthesic cells have 40-200 chloroplasts whittounts to about
500,000 chloroplasts per square millimeter of & é&gaa. To help you
put the size of a chloroplast in perspective, abersthat it would take
about 2,000 chloroplasts to stretch across younkmail.

3.2.1 Complexes of Pigments in Chloroplasts

In the early 1950s Robert Emerson at the Univerditylinois made an
unusual observation, he noted that red light havimgvelength
exceeding 690nm was ineffective for photosynthdespite the fact that
it was absorbed by chlorophyll. However, when thight was
supplemented by light having a shorter wavelengtiotgsynthesis
occurred faster than it did in either light alon&his effect become
known as theEmerson enhancement effecand it showed that plants
contain two light-harvesting system.
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N s o

(Fig. 12.9)
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The light harvesting system in chloroplasts funati® like a funnel; it collects
photons and passes their energy to the reactionteen

In all but the most primitive bacteria, light isptared by a network of
chloroplast pigments arranged in aggregates onakbids. These
aggregates, calleahtennae complexeare anchored in a protein matrix
and consist of proteins about three hundred madscof chlorophyll a,
and about fifty molecules of carotenoids and ot@@ressory pigments
that gather light. Energy absorbed by antennaeptotes flow
energetically “downhill” to a special pair of engrgollecting molecules
of chlorophyll a and associated proteins calletkaction center fig.
12.9. Although reaction centers comprise less th&n of the
chlorophyll in plants, chlorophyll a in threaction centeris the electron
acceptor that participates directly in photosynthesall other
photosynthetic pigments function as antennae.

There are two kinds of reaction center chlorophydach having light
harvesters in their antennae. One of these chigtlsp absorbs
maximally at 700nm and is called p700 (for pigme&a0) (fig. 7.16).

The complex containing p700nm and is callglotosystem | and

consists of eleven polypeptides, six of which avded in the nucleus,
and five of which are coded in the chloroplast.

The chlorophyll a molecule in photosystem li resesafrom energy
transmitted by about one hundred molecules of oployll a and b
bound to nuclear-coded proteins in the antennadreerl peripheral
plypeptieds bind calcium and chlorine which exphaimy these nutrients
are essential for photosynthesis. The chlorophytha@ecule in photo
system Il is identical to that of photo systemuf ki is associated with
different proteins, in photo system I, the reacte@mmter is bound to a
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large protein(Molecular weight 110,000) While that in photosystem Il
is bound to a smaller proteitMolecular weight 47,000) The
associated protein in photo system Il shifts thximal absorption to
about 680nm. Consequently, the reaction centerhwtgsystem Il is
called P680 (fig 12.11). P680 resonates from energy transmitted by
about 250 molecules of chlorophyll a and b.

3.2.2 What Happens when Pigments absorb Light?

Light must be absorbed by a pigment before it Gareran effect. When
light is absorbed, the energy of its photons istw&a by the pigment
and is used to boost the energy of electrons, ihait changes the
configuration of electrons by boosting then to leiglenergy orbitals.
These excited electrons can have several fates.

(Fig. 12.10)
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(@) Release of energy as heat.

(b) Isolated chlorophyll: electrons that had besisad fall to original
energylevel; light energy absorbed is releasetiea and light
(fluorescence).

(©) Intact chloroplast: energy passes to electomeators.

. The energy can be released as lfeat Molecular motion, fig
7.15a).This is what is happening to the electrons ingilggnent
(i.e the link) that you are looking at now.

. That energy can be released as an after glow luif Vig a process
called fluorescence. Light released during fluoeese has a
longer wavelength (and therefore less energy) tharight that
excited the pigment. Chlorophyll fluoresces deeg. solated
chlorophyll fluoresces because no molecules arebgeda accept
the energized electron.

. The energy can be passed to a neigbouring moleChlerophyli
in thylakoids is surrounded by other molecules thrap the
energy of the excited electrons.

The light driven reactions of photosynthesis, whoass the energy of
photons to other molecules, occur on photosynthet@nbranes. In
plants and algae. These photosynthetic membrareserelosed in
chloroplast. In these organisms, chlorophyll is orembranes, in
vesicles, or as in cyanobacteria in parallel sta¢Kkattened sacs.

3.2.3 Photophosphorylation: Chemiosmosis in Chloplasts

Photons absorbed by pigments energize electroraitsPlpass that
energy through a series of molecules called antBled ransport Chain.
This transfer of electrons involves reduction anadation or redox,
reactions. The electron donor is oxidized as thextedn acceptor is
reduced. For electrons to flow down this chain eadeiver must attract
the electrons more strongly than does the donor.

The potential energy of the electrons drops at a&eh of the electron
transport chain plants couple this exergonic flofvetectrons to an

endergonic reaction that makes ATP. This light-@nivproduction of

ATP from electron transport is called phosphorglatand depends upon
a proton gradient.
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(Fig. 12.11)

"Lipid bitayer-; )
‘of thylakoid.

The light-driven transport of electrons during photynthesis creates a proton
gradient across the thylakoid membrane. This protgradient drives the formation
of ATP and reduced NADP

Photons captured by pigments excite electrons, iwdie shuttled along
carriers embedded in the thylakoid membrane. Whese electrons
reach transmembrane H+ - pumps, their arrival ieducansport of H+
across the membrane, thereby creating the protudiagrt that drives the
synthesis of ATP.

Chemiosmosis in chloroplast§Photophossphorylation resemble
chemiosmosis in mitochondria (oxidative phosphoryl@gon). (We
studied this in Unit 10)their areas of resemblance are as follows:

1. Protons are pumped through a series of carribed are
progressively more electronegative.
2. The free energy released by electron transpenemates and

maintains a proton gradient across a membrane.

However, there are some difference, for example mitochondria
energized electron moving through the electron sppart chain are
extracted by the oxidation for food in chloropladight energizes the
electrons and no food is necessary.

In mitochondria, the inner membrane pumps protoms the matrix out

to the intermembrane space, this is the resernfgawratons that powers
the synthesis of ATP. In chloroplasts, electrorriess in the thylakoid
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pump protons from the stroma into the lumgm, thylakoid space)
which is the proton reservoir.

This light-driven pumping of protons into the lumdacreases the pH
there to about 5 while the pH of the stroma inasa® 8(i.e, a
thousand fold difference in the concentration of potons) light is
required to generate this proton gradient, theetkifice in pH across the
thylakoid membrane disappears quickly in the dahe pH gradient is
discharged during the synthesis of ATP as prottow into the stroma
across channels whose catalytic heads protrude Kitabs into the
stroma (fig 7.16). Coupling factor proteins in theshannels include
ATP-synthase, an enzyme that harnesses the flopraibns to make
ATP. The ATP produced by the ATP synthase complesagleased
into the stroma, where it is used to make carbadtedr

SELF ASSESSMENT EXERCISE 2

1. Describe the structure of chloroplasts

2. How many reaction centers are in chlorophyll,atvare they
called?

3. What happens when pigment absorb light?

4. What can happen to the electrons

5. What process occurs both during respiration @mmtosynthesis,
and in which organs.

6. Name one similarity between them

7 Name one difference between them

4.0 CONCLUSION

Pigments are an essential component or factor otoglgnthesis. The
major photosynthetic pigment is chlorophyll, which a fat soluble
pigment. The primary one being chlorophyll a. Otheccessory
pigments which help the photosynthetic processe<lalorophyll b and
carotenoid. Other pigments present in plant cefls xanthophylls,
chlorophyll ¢ and d, phycoerythrin, and phycocyanin

Chloroplast are the solar chemical factories iregrieaf and the site of
all photoshynthesis. Like in mitochondria during spiation,
chemiosmosis takes place in the chloroplast. The pnocesses are
related, but also differ in some areas.
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5.0 SUMMARY

Light is absorbed by pigments that are presentantp. Only light that
is absorbed can have an effect. Chlorophyll aespitimary pigment for
photosynthesis and occurs in all photosyntheticamiggns except
photosynthetic bacteria. Accessory pigments sucltaastenoids and
chlorophyll b absorb light that chlorophyll cannabsorb, thereby
extending the range of light used for photosynthesi

Photosynthesis is eukaryotes occurs only in chlastg, which consist
of a gelationous matrix calledtroma and stacks of membranes
(thylakoid) calledgrana.

Aggregates of pigments in grana absorb light amuhél its energy to
special pairs of chlorophyll and proteins caltedction centers.

The energy of the light energies electrons which ased to pump
protons from the stroma into the thylakoid spacke Tesulting pH
gradient is discharged during the synthesis of ASkrotons flow back
into the stroma.

ANSWER TO SELF ASSESSMENT EXERCISE 1

Pigments

Chlorophyl

Carotenoid, Chlorophyll b and chlorophyll ¢ ahd

They absorb light that chlorophyll a cannot aabsthereby
extending the range of light useful for photosystbe

PONPE

ANSWER TO SELF ASSESSMENT EXERCISE 2

1. Chloroplasts are football shaped, surroundetiMoymembranes
that enclose a gelatinous matrix-stroma. The stramatain
ribosomes, DNA and sugar in stroma are thylakoitsclv are
stacked into grana. These contain chlorophyll

2. 2 kinds - P 700 - Photosystem |

- P 680 - Photosystem I

3. The energy of the light (photon) is capturedh®sy pigment and is

used to boost the energy of the electrons.

4. Energy in the electron can be released as again after glow of
light (fluorescence), and can be passed to a neigiry
molecule.

5. Chemiosmosis in mitochondria (respiration) acidoroplast
(Photosynthesis)

6. Proton are pumped through a series of carribest are

progressively more electro magnetic in both system.
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7. In mitochondria, energized electrons are etddhcby the
oxidation of food, while in chloroplast, they areeegized by
light (no food is necessary).

6.0 TUTOR-MARKED ASSIGNMENT
Distinguish between chemiosmosis in mitochondrid emloroplast.
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1.0 INTRODUCTION

Photosynthesis packages light into chemical bohds. estimated that
each year, photosynthesis produces about 1.4%dL6f carbohydrates.
(This estimate means that enough sugar to fill trucs that will go
from here to the moon and back fifty times is beingrroduced every
year). Packaging light into carbohydrates involves two anagactions
— Photochemical reactions and biochemical reactions

The Photochemical reactions are the processesdhaert light energy
into chemical energy from where photosynthesis dakdf. The
biochemical reactions now use the products of thetqgchemical
reactions to go into biosynthesis. In this Unituyare going to learn
how plants use the light energy they have attradiedproduce
carbohydrate. You will also learn that plants ds th two ways leading
to the classification of plants ag @d G plants.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. name the two types of reactions involved in phattisgsis

. summaries the sequence of events at the photochleraaction
of photosynthesis

. explain the biochemical reaction

. name the product(s) of the photochemical and bivoted
reactions of photosynthesis
. distinguish between{and G plants.
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3.0 MAIN CONTENT

3.1 The Photochemical and Biochemical Reactions of
Photosynthesis

Having studied some basic issues relating to plyatbssis namely it
history and the nature of light; and having studhezlpigments involved
in photosynthesis, it is now time to study the riesting but complex
subject. As you study this unit, you should remeinibealways refer to
Units 11 and 12 to clear any doubts about any qusce

In 1905, F. F. Blackman reported an interesting cfeexperiments

showing that photosynthesis was more complex thast fotanists' had
realized. Blackman reported that in dim light, e&sing the intensity of
light increased the rate of photosynthesis, bupegature did not. Thus,
these reactions were light-dependent but temperamgependent.

However, in bright light, increasing the temperatuncreased the rate of
photosynthesis, while further increase in lighiemdity did not. Thus,

these reactions were temperature-dependent aridridgpendent.

(Fig. 13.1)
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Photosynthesis consist of photochemlcal and bioclhmah reactions. The
photochemical reactions convert light-energy to chieal energy ATP and
NADPH. The biochemical reactions use the ATP andADPH produced by the
photochemical reactions to reduce CO2 to sugarsheTphotochemical reactions
occurs on thylakoid membranes, whereas the biocheahireactions occur in the
stroma.
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Blackman's experiment provided the first eviderna photosynthesis is

a two-stage process the light dependent photossistheactions become
known as thephotochemical or (Light) reactions of photosynthesis;
these reactions are insensitive to changes in tane. The
temperature — dependent reactions become knowheasdchemical

(or dark) reactions of photosynthesis because of their insensitive to
light. However, these enzymatic reactions occuy am light — dark
only means that light is not directly involved ihet reactionglt is
important that you understand this now — these reamons do not
occur at night). Further studies showed that the photochemical
reactions oxidize water, release oxygen, producd® Aahd reduced
NADO" that are used in the biochemical reactions, whicluce carbon
dioxide to carbohydrate.

3.1.1 The Photochemical Reactions

Cycle Electron Flow

Photosynthetic prokaryotes use only cyclic photgphorylation, a
process geared to energy production rather tharbitsynthesis.
Photophosphorylation is relatively simple and imesl only photo
system |.(Refer to Unit 12). Electrons energized by light are recycled
through the electron transport chain and returrth® same reaction
centre from which they originated. Electron cagierove the electrons
only in the company of hydrogen ions. Which ar@sported across the
membrane as the elections move to the next menilibe @hain. In the
process the energy-releasing flow of electron®igpted from ADP and
Pi.

The coupling mechanism is chemiosmosis, as in imdodria. At each
step of the electron transport chain, electron® Ipsetential energy,
finally returning to their ground-state energy i@0B. Absorption of
more light excites the reaction centre again, rasta the cycle.
Electrons that return to P700 have only about dfaihe energy they had
when they left the remainder of the energy is thetpsynthesis pay-off.

Cyclic phosphorylation short-circuits -productioaduced NADP by
shuttling the energized electrons from P700 toofdskin and then to
plastoguinone. As the electron again moves dowrebbetron transport
chain, ATP forms. These processes generate no oxgpgereduce
NADP".

Noncyclic Electron Flow

Cyclic photophosphorylaton alone occurred for ntben a billion years
and is geared to energy production, not biosynshdsisuffices for
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prokaryoler that use molecules such agSHas an electron source.
However, plants strip electrons from water. Thiguiees a huge change
in biochemistry, because the voltage from one {gtgrgized reaction
centre of P700 doesn't have enough energy toagirons from water
and give them to carbon dioxide. Plants overcoms pinoblem by
grafting onto tile bacterial system a second, npawerful photo system
that enabled a linear noncyclic electron flow.

(Fig. 13.2)
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(@ Summary of noncyclic flow of electrons. Whehgiosystems | and Il are
illuminated, electrons flow from water to NADP’ ettrons ejected from
P680 are replaced by electrons from water, and gobgduct of this process
is O2. The energized electrons from P680 flow thgbuan electron
transport chain to P700, generating an ATP in theggess. lllumination of
P700 energised the electrons actions: these elexdrare used to reduce
NADP’

(b) Photosystems | and Il are linked in series the thylakoid membrane.
Noncyclic flow of electrons produces ATP, reducedDP’ and O..
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These two pumps are connected in series, much asevevo batteries
to increase the voltage in a flashlight. The seqmuaip is photo system
II, whose unique arrangement of pigments allowoithirvest shorter
wavelength light. This new photo system acts firsivhat is now called
theZ scheme, model for noncyclic flow of electrons (&nergy) during

the photochemical reactions of photosynthesis {ige3.2). Noncyclic

photophosphorylation occurs in green plants, algad, photosynthetic
bacteria, and involves two photosystem that:

1. Make ATP in the electron transport chain linkptgpto system |
and Il: and
2. Reduce NADP

Summary of the Photochemical Reactions

. The photochemical reactions of photosynthesis staR680 and
end at NADP these reactions are linear rather thafic, and
produce ATP and NADPH. (While you are reading gusmary,
look at fig 7.19 and try to follow each stage foettbr
understanding of how they occur).

. A photon hits the end of the reaction centre nedtes inner
surface of the membrane, exciting an electron. Télectron
carries it energy to the other end of the reactientre(the end
nearest the other surface of the membrane).

. Three more photons cause other electrons to deahe thing.
Thus, four photons strike P680 of photosystem Ihick
functions like a tiny capacitor by creating a sagian of charge.
Although the reaction centre captures 98% -99%hefghotons
that it absorbs, only about half of their energystsred in the
change separation, thus, photo system Il is onyutlhalf as
efficient as a battery.

. Like all energy rich substances, the excited ebastrare unstable
and release much of their energy as heat. Therehscejected
from P680 leave "holes" that are filled by electoinom Z
protein, a manganese -containing protein thattggectron from
water, release oxygen, and uses the electronsplacee those
ejected by photons absorbégl the reaction centre. All these
occur in less than one billionth (fpof a second.

. Splitting two molecules of water releases a mokeafl O, and
few electrons, all that one. However, only one tetecat a time
can be accepted by P680. The electrons stripped ¥ater are
managed by manganese, whose stable oxidation ,stateging
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from + to + suit it ideally for its function as a charge
accumulator. At saturating intensities of light,eomolecule of
oxygen is released per about 2,500 molecules ofaphyll.

. Within a few trillionth of a second, the electroegcted from
P680 of photo system Il reduce phaeophyton, a pignieat
accepts electrons from chlorophyll. The resultiegpasation of
charge widen as the electron moves across the kthgla
membrane and are accepted by plastoquinone (Pgthwh
embedded on the outer, stromal side of the membrane

. The electrons then descend an electron trallSpaoaincof
molecule (such as cytochromes) in thylakoids ligkiphoto
system Il and photosytem |, which are connecteddres in
thylakoids membranes. As the electrons move dowsdhain,
they form a proton gradient that generates ATP.

. The final electron acceptor in the electron tramsplain is P700,
the reaction centre of photo system I. There, thet®ns have a
higher energy than when they left P680 in splipselcearlier. At
P700, four more photons absorbed by antennae éraniséir
energy to the reaction centre, where the energysésl to eject
electrons from P700, electron donor, located on tthdakoid
space side of the membrane. These energized elsatross the
membrane and reduce ferrodoxin. A small, iron-Cioiig
protein that is the electron acceptor of photoeayst Ferrodoxin
then reduce NADPto NADPH.

. Because the ferrodoxin is on the outer, stromaé sifl the
membrane, NADP forms on the stroma, where it is used in
biochemical reactions t to reduce carbon to carbdtigs.

. The light protons used in the photochemical reastimake three
molecules of ATP and reduce two molecules of NADP

2H,0+2NADF + 3ADP + 3Pi
8 photons
O, + 2NADPH + 3ATP + 4e + 2H

. These ATPs and NADPs are used to reduce, @D the
biochemical reactions of photosynthesis.

The evolution of photosystem | changed life on learnt made
photosynthetic organisms independent of H2S fromagag organic

162



BIO203 MODULE 1

compounds as sources of electrons. It liberatedgexyinto the
atmosphere, thereby allowing the evolution of aerodspiration.

SELF ASSESSMENT EXERCISE 1

1. What are the two phases of reactions involvgehimtosynthesis?
2. Summarize what happens during the photochenpbake of
photosynthesis.

3.1.2 The Biochemical Reactions

The biochemical reactions of photosynthesis rediar®on dioxide to
carbohydrate, a storage depot of chemical energytimmary of what
happens during this stage is summarized below. Readyou look at it,
to understand how they occur.

(Fig. 13.3)
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. CGO, diffuses into the chloroplast stroma and is fixéudit is it is
incorporated into an organic compound. This occoys the
covalent bonding of COto RuBP ribolose 1.5-phosphate aided
by the enzyme RUBP carboxylase/Oxygendgdso called
rubisco).
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. Rubisco occurs in all autotrophs except a few gseaf bacterial,
and is the most abundant protein on earth.

. The reaction of C®and RuBP produces an unstable six-carbon
compound that immediately breaks into two molecudés3-
phosphoglyceric and (3-PGA) fig 13.4. This 3bcm
molecules is the first stable product of photosgsif, which
explains why botanists refer to this series of tieas as the ¢
cycle or Calvin cycle.

. Plants that use only the Calvin cycles to fix carlaioxide are
called G plants. About 85% of plants belong to this catggag
oaks, barley, rice, peanuts, cotton, tobacco, segm@d and most
trees.

. A phosphate group is cleaved from each molecuBGA, and
ATP and electrons from NADPH (produced by the
photochemical reactions) are then used to reduce
diphosphoglycerate (DPGA) to glyceraldehydes-3-phate (G-
3-P), a three-carbon sugar. The sugar, not glucesethe
carbohydrate produced by the Calvin cycle and & gtarting
point for many other metabolic pathways in the plan

. Some of the G-3-P is used to reform RuBP. Thisamamr in' the
dark and requires ATP made in the photochelnicaltiens. The
rest of the G-3-P moves through a series of chémeeations to
form fructose diphosphate which is used to makecags,
sucrose, starch and other compounds needed byathe p

Summary of the Biochemical Reactions

The first step of the Calvin cycle makes precur$orglucose and other
carbohydrates, while the later steps generate R@#ie the Calvin
cycle takes in only one carbon (as £@t a time, it takes six turns to
produce a net gain of six carbons (i.e the two mdks of
glyceraldehydes-3-photosphate, a three-carbon ku@hese six turns
require eighteen ATPs (three per carbon) and twRlkBPHSs (two per
carbon). All of which come from the photochemicaactions of
photosynthesis.
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(Fig. 13.4)

7 . Cpe
. '. . '

Photosystem I <
Electron transport cham
Photwyslem l

A summary of photosynthesis. The photochemicaha®ons, which occur in
thylakoids and grana, produce O2 ATP, and reducedDP. The Calvin cycle (i.e.,
biochemical reactions), which occurs in the stromses the ATP and reduced
NADP, to reduce CP2 to carbohydrate (three key mtediates are shown here).
The by-products ADEFP and NADP’ are returned from the Calvin cycle thd
photochemical reactions.

6CO, + 18ATP + 12 NADP + 1240

CsH1,05 + 18Pi + 18ADP + 12NADP + 6H,0 + 6Q

Although this summary equation is convenient fodenstanding the
basis of photosynthesis, it is imperfect, somehefihtermediates of the
Calvin cycle are siphoned off to make other compisufe.g. amino
acid).

SELF ASSESSMENT EXERCISE 2

1. Briefly explain the biochemical reaction of pb®ynthesis.
2. What is the product of the reaction?
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3.2 C4 Photosynthesis

In some groups of tropical grasser e.g sugar dae,is still fixed via
the Calvin cycle but only after fixing it througimather set of reactions
that take place before the Calvin cycle. An expii@maof what happens
in these plants is presented below:

. Carbon dioxide diffuses into the leaf through sttarend is fixed
in mesophyll cells. These cells lack rubisco;

. Carbon dioxide in mesophyll cells combines with -gaBbon
compound called phosphonenolphyruvic acid (PEPRspiratory
intermediate.

. The four-carbon acid is quickly converted to maad (Malate)
or aspartic acidas partate) which is the movedat the expense
of ATP) through psalmodiesmate to the adjacent bundletishea
cell. There these acids are split into £énd a three-carbon
compound. Thus malic acid and aspartic acid funcéie short-
lived reserviours of CQ

. The pumping by €plants of CQ into bundle sheath cells keeps
the internal concentration of GGn bundle sheath cells 20-120
times greater than normal. This high concentrabb@0O, allows
rubisco to fix CQ at maximal rates. This enableg [@@ants to fix
CO, more efficiently than €plants do.

. The CQ released in the bundle-sheath cells is fixed byGhlvin
cycle. Meanwhile the 3-carbon compound is shuttiadk to the
mesophyll cell (again at the expense of ATP), whgras
converted to PEP, and the initial €QGacceptor in ¢
photosynthesis.

Plants such as sugar cane are callggl&hts because a four-carbon acid
is the first stable product of their photosynthegishough none of the
photosynthesis reactions of, @lant are unique, they produce dramatic
differences in plant growth. The advantage of ttiéea set of reactions
to C; photosynthesis is that PEP carboxylase scarve@@sand does
not react with oxygen. This combined with the pumgpiof CQ by
surrounding mesophyll cells into bundle-sheathsgcelhable €plants to

fix CO, with rubisco that is insulated from high concetimas of
oxygen.
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Summary of G photosynthesis. Mesophyll cells fix G@to four-carbon acids that
move into bundle-sheath cells. There, the acide atecarboxylated; the CO
released by this decarboxylation is fixed via thalwin cycle in the bundle-sheath
cell. The three carbon compound move back to thesaphyll cell, where it is
converted to PEP/the CCacceptor.

C, plants can fix C@until the internal concentration of G@eaches

zero. This allows them to continue to fix €&ven in hot, dry weather
when stomata begin to close.
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(Fig. 7.26)
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C, plants are photo synthetically more efficient tiaplants only in dry
night conditions. Their increased efficiency sk condition is due to

the absent of photorespiration ig @ants.

As a result, they need only about half as much maseG plants for
photosynthesis.

C, plants use nitrogen more efficiently than dg@ fants, largely
because they saturate their rubisco with,Cthereby maximizing its

efficiently.

It is almost impossible to light-saturate, blants, (Fig. 13.6b)
consequently, they usually out-competgplants in hot, dry weather.
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C, photosynthesis evolved in the hot conditions efttlopics. Today £
plants are all angiospemls that are most commonhah open
ecosystem. They occur in at least seventeen famil@ne of which
includes only @ plants. The families are diverse, distantly relaéad
have no common Lancestors. Most are monocosts; with some dicots.
Examples include, com sugarcane, sorghum, milled piginveed
(Amarathus). There are no algae. Table 7.2 summaltiee
characteristics of {plants and compares them with @ant.

SELF ASSESSMENT EXERCISE 3

1. In which group of plants dos@hotosynthesis occurs?
2. Why are ¢plants said to be more efficient thaglants?

4.0 CONCLUSION

The photosynthesis process involves two clear asithdt phases- the
photochemical and biochemical reactions. The pl&otcal react are
light dependent. They oxidize water, release oxygeoduce, ATP and
reduced NADP that are used in the biochemical reaction, wheduce
carbon dioxide to carbohydrate. The biochemicattieas reveal that
plants fix carbon in two form one form is throudte tCalvin cycle and
produces a 3-carbon molecule as the first stabledymt of
photosynthesis. These plants are referred tosgdadt. Another group
of plants first produces a 4-carbon molecule, leeftlie 3-carbon
molecule. Such plants are regarded a®l@nts and are believed to be
more efficient than the {plants.

5.0 SUMMARY

The photochemical reactions in photosynthesis abrigt-energy into
chemical energy | n plants, the photochemical reastoxidize water,
produce ATP, reduce NADP, and involve two photaesyss connected
in series. The ATP and reduced NADP made in thetgohemical
reactions are used in the biochemical reactionphaftosynthesis to
reduce carbon dioxide to carbohydrate.

The biochemical reactions are collectively refertedas the Calvin, or
C,, cycle and begin with the fixation of carbon diiby an enzyme
called ribulose bisphosphate carboxylase/oxygen@agbisio). The

product of the biochemical reactions is glyceradieh$-phosphate, a
sugar that is the starting point for several meiabmathways, fixing

each molecule of carbon dioxide requires three ANR two reduced
NADP"s.

Plants that use only the Calvin cycle are calleg @lants. G
photosynthesis occurs in tropical grasses and wegdixation of carbon
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dioxide into a four-carbon acid in mesophyll cellfie acids then move
to bundle sheath cells, where they are broken dimamarbon dioxide
and a 3-carbon molecule., plants are more efficient during hot
conditions.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Photochemical reaction and Biochemical reaction

2. The photochemical reactions of photosynthesisvert light-
energy into chemical energy. In plants, the phactodbal
reactions oxidize water, produce ATP, reduce NAL#nd
involve two photosystems connected in series.

ANSWER TO SELF ASSESSMENT EXERCISE 2

1. The biochemical reactions of photosynthesisdusdP and
reduced NADP made in the photochemical reactionsetluce
carbon dioxide to carbohydrate Glyceraldehyde-3sphate.

2. Tropical grasses.

ANSWER TO SELF ASSESSMENT EXERCISE 3

1. Fix CQ with rubisco that is insulated in high concentratiof
oxygen
Fix CO, until internal concentration of G@eaches zero
Fix even in hot dry weather when stomata begirideec
2. Need only about half the water of @ants.
Use nitrogen more efficiently.

6.0 TUTOR-MARKED ASSIGNMENT
In what ways is gplants more efficient in respiration thag @ants.
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1.0 INTRODUCTION

Plant growth and development result from compleghlyi organized
events. The involve more than forming masses of wels or the
increase in size of an organism we do know thahtpgrowth and
development are controlled by internal signals. Témves of a corn
plant for example, always have the same basic slapmk seeds
germinate in specific and predictable ways.

Plant growth is also influenced by external signdtem the
environment. The external and internal signals tbgtilate plant growth
are mediated, at least in parts, by plant gromjuleging substances, or
hormones. Plant hormones are organic compoundsatteatmade in
small amounts in one part of the plant and trarispoto another part
where they initiate physiological responses. Howgetleese responses
are not always an "excitation" or stimulation, tregulation of bud
dormancy, for example, results from the inhibitafrgrowth.

Five major classes of plants hormones have beettifiéel and they are
auxins gibberellins, cytokinins, abscisic acid aathylene. These
hormones have several characteristic features: #nieymade by the
plant, are active in small quantities, are trantgubto other parts of the
plant, and can elicit a response in this unit, wk aiscuss two of the
hormones; auxins and gibberellins.
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2.0 OBJECTIVES

At the end of this unit, you should be able to:

. state how auxins and gibberellins were discovered

. name the scientists that pioneered research aifftnts direction
. describe how auxins and gibberellins are transgorte

. list the effect of auxins and gibberellins

. compare the mode of action of auxins and gibbesebin growth.

3.0 MAIN CONTENT
3.1 Auxins

3.1.1 Discovery

The first inkling that there may be a "somethingatt affects growth
cam from the work of Charles Darwin and his sofate 1870s. From a
series of manipulations of the coleoptiles of cgrgnass and oat, they
concluded that the growth of coleoptiles towarchiigvas somehow
controlled by the tip of the coleoptiles. In 188ie¢ Dawins published
their findings, in a book where they suggested fattotropism (that
is, the movement of plant toward light), was dueato “influence"
produced in the tip of a coleoptiles that move lie growing region
where it caused the coleoptiles to grow towardtligh

In 1913, another Danish plant physiologist, Petey€®n-Jensen took up
the study after cutting of the tip of the coleagsil replacing it alone,
replacing it on agar, and replacing it on buttercbncluded that the tips
ofcoleoptiles do not have to be in their normalifias to affect growth,
and the "influence" that controls phototropism oawve through agafl
am sure you must have learned about agar from youpractical
biology and class. Agar is a gelatinous substandeatt keeps water in
a semisolid state at room temperature)

Boysen-Jensen reasoned that this "influence" wasbgly water
soluble chemical since it could move through agater he tested it
with butter and it did not work, he also testediith pieces of platinum
foil to see if it has any electrical signal, anciagt did not work.

In 1918, the Hungarian plant physiologist ArpadIRaak up the effort
Paal's study involved replacing the cut off coldepton other side and
also manipulating light situations. His findinggggested to him that the
tip of the coleoptiles produces a substance thavesadown and
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stimulate growth, and more importantly, that lighust cause it to
accumulate on the shaded side of the coleoptiles.

It was in 1926, that the puzzle was finally unragethrough the studies
of Frits Went. Went separated the "influence" fhottropism from the
plant that produced it. He first cut off the tipk @at coleoptiles and
placed them onto agar so that their cut surfaceshid the agar. After
about an hour, the tips were discarded, and piet#dse agar that they
had touched were placed on the cuts lips of deatapit coleoptiles
grown in the dark. His results were convincing

(Fig. 14.1).
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Darwin's study of phototropism. In the lefthptograph, the celoptile is
curving toward the light of a candle. On the celdptshown in the middle
photograph, the top 2mn of the plant has been cageby light proof foil.

The shoot does not bend even though the growingezofi the celeoptile
toward the light shows that a signal must move frdhe light-sensitive tip
to the growing zone which is farther down.

Went's study of phototropism. These experiseenwere the first
demonstration of a hormone in plants. Went gave theme auxin to the
hormone involved in photo tropism of celeoptiles.

A diagrammatic summary of some of the importaexperiments that
demonstrated the existence of auxins. The Paal &dent experiments were
done in the dark

Decapitated coleoptiles without agar blocks didgrov.

Agar blocks that had not contacted cut tips of aplies elicited
no response when they were placed on decapitatedptites.
When agar blocks that had contacted cut tips wikaeed on the
center of the decapitated. Coleoptiles, they gresrght up. Thus
the coleoptiles tips had produced a chemical thatsgd into the
agar, and this chemical stimulated the growth téaatiles.
When agar blocks hat had contacted cut tips wexeegl on one
side of the decapitated coleoptiles, they curveadyavom the
agar blocks. This growth away from the agar blogks similar
to phototropic curvature even though the plantsewkapt in the
dark, and the tips were absent. These resultsateticthat the
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agar blocks contained a chemical that stimulatedgiowth of
coleoptiles.

Went concluded that phototropic curvature was no¢ tb the mere
presence of coleoptiles tip, but rather due toearabal coming from the
coleoptiles tip that stimulated growth. He named themicalAUXIN
(from the Greek word auxein, meaning "to grow").

Auxin does, infact, influence phototropism; liglitilsng one side of a
coleoptiles causes auxin to migrate to the shatkEddaf the coleoptile,
where it stimulates growth and causes growth towghd.

According to Went's explanation, auxin fit the défon of a hormone,
it was made in one part of the plafihe tip of the coleoptile) and
transported to another part (the growing regionti@d coleoptile),m
where it caused a respor(ggcreased growth).

SELF ASSESSMENT EXERCISE 1

1. Who pioneered the efforts that led to the discpwf auxin
2. Whose study concluded what is known today abouins
Synthesis:

The most active naturally occurring auxin in plargts$ndole-3-acetic
acid, or IAA

(Fig. 14.2)
I R L Bl = =2 T
,i 1' ) E I Lu ‘-M cooH '
N o R : 1 ‘f .
.o s . " ‘ g ‘f , c| o i :' B
S l% 2.4 dlul\!ompmnoryuce(lc el (r! A-L)
T B - cH, cooH

e ek seista sGas -

. ' By
S T
g B -
: 3 [ f !
M i o
S i '
1. 0 . : .
i .
+oma

', 1 uaphum!ene'-cetic ucltuNAI\)

. {

5 ‘
Structure 6f indole-3-acetic acid TAA is the‘molst, active n'aturzilly‘ occurring
(TAAN. o auxin. Severl synthetic ‘compounds have

auxinlike effects. Synthetic auxins such as
2,4-D and NAA have chemlcal structures
similar to that of IAA. -

The most active areas of IAA synthesis are sh@at £mbryos, young
leaves flowers, fruits and pollen.
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There are two other naturally occurring auxins bBaEkRlIAA and
phenylacetic acid. The precise roles of these auxirplant growth and
development are unknown, and they are generallydesve than IAA.

Synthetic Auxins

Although IAA is the most naturally occurring auxisgveral synthetic
compound have auxin-like effects. Synthetic auxike 2, 4-D (2,4-

dichlorophen-oxyacetic acid) and NANaphthalene acetic acidhave

structures that resemble 1AA (fig 14.4).

Synthetic auxins such as 2,4-D are used extensigslyherbicides

because they are inexpensive, relatively non-ttxitumans and have a
elective effect, they kill broadleaf dicots but mabnocots. The exact
mechanism for this electivity is unknown. Synthefixins are also used
to prevent preharvest dropping of fruit, to produsets on cuttings, and
to inhibit sprouting of lateral buds ("eyes") orslr potatoes.

Unfortunately, the effects @&fynthetic auxins on human physiology have
not all been positive. Agent Oran@gl:1 mixture of 2,4,5-T and 2, 4-
D) that was used during the Vietham war destroyeckstsr and
thousands of pilots and Vietnamese citizen who vesgeosed to it had
increased occurrence of miscarriages, birth defémigemia, and other
types of cancer.

3.1.2 Transport

IAA moves primarily through parenchyma cells of ttmtex, pith and
vascular tissues it moves slowly. It moves polarlyoots and stems

(Fig 14.3).
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(@ When the coleoptile section remains right-sidp auxin moves through to
the acceptor block below.
(b) No auxin moves through an inveried coleoptgection.

Polar transport requires energy; thus inhibitordA®P synthesis block

the transport of IAA. In stems, IAA is transporteasicpetally, meaning
that it moves towards the base. Basipetal trangpostem continues
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even if the stem is inverted so that the apex iatimg down wards in
roots, IAA is transported acropetally, meaning thatoves towards the
tip. IAA made in mature leaves moves non-polarlyhie@ phoem.

3.1.3 Effects of Auxin

Auxins affect plants in many ways, we will now loaksome of them.
1. Cellular Elongation in Grass Seedlings and Herbs

This will be looked at from two perspectives.
(@) Short-term Effects

There are two requirements for cellular elongat{dnyou have not
studied this in BIO 124, you will. You may lookup)

1. Positive Tugor Pressure:

2. Increased plasticity (stretch-ability) of thesllcwall. Tugor
pressure in cell result primarily from the presentedissolved
solutes and is not significantly affected by IAAowever, IAA
does increase the plasticity of the, cell wall. |Alses this in
several ways:

I IAA stimulates H+ pumps in the plasmalemma

. Once activated, these pumps secret iHto the cell wall
decreasing its pH to 5.0

iii.  This acidification of the cell wall' activate pH dependent
enzymes that break bonds between cellulose mibribsfi

\2 When these bonds break, the wall "loosens" wgwr pressure
causes the cell to expand.

b. Long-Term Effects

Growth induced by acid stops after 1-3 hours, whiewth induced by
IAA continues much longer. Therefore, acid-growtlaymaccount for
only the early stages of IAA induced growth, whetethe long term
growth continues. This suggests that IAA may acthat gene level
possibly by activating a gene required for makingatein necessary for
growth.

2. Apical Dominance:(Please refer to BIO 124)

IAA stimulates the production of ethylene, anothlmt hormone. IAA
coming from the shoot tip stimulates cells arousigtdal buds to make
ethylene and this ethylene made in response t@rii@ptings of 1AA
inhibits bud growth. Cytokinins (another plant homs) coming from
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rot also influence apical dominance Cytokinins Wil discussed in unit
15.

These observation emphasize another generalizagocan make about
plant hormones namely, a single aspect of growthdavelopment can
be influenced by several hormones, a particulapaese probably
results from changing ratios of hormones rathen tilham the presence
or absence of an individual hormone.

3. Abscission

Another example of the interaction of IAA and otlpdant hormones is
abscission which is the shedding of leaves ordrioyt a plant.

Abscission occurs like this

I Actively growing leaves and fruit produce largmount of IAA
which is transported to the stem. This IAA alonghagytokinin
and gibberellins from the roots retard the onsetesfescence and
abscission.

. Environmental stimuli drought, wounds or natrt deficiency
may cause decreased production of IAA. This begarescence
(aging).

lii.  Some signals stimulated cells in the absoisszone to expand,
suberize and produce cellulose and pectinase.

V. Cellulose and pectinase digest the middle lEmehich usually
cements cells of the abscission zone together.

V. As a result of the wall digestion and concutrallular
expansion, the cells.

4, Differentiation of Vascular Tissues

The vascular cambium is activated in the springlA% produced by
young developing leaves. Gibberellin is also ineolv A high
auxin/gibberellin ratio promotes the differentiatiof xylem, while a
low ratio favours differentiation of phloem.

Non-hormonal factors such as sugars produced ire¢ealso influence
the effect of IAA on celluar differentiation for ample:

. Auxin plus small amounts (2%) of sucrose favoufedéntiation
of xylem

. Auxin plus moderate amounts 93%) of sucrose favour
differentiation of xylem and phloem.

. Auxin plus large amounts (4%) of sucrose favoufed@ntiation
of phloem.
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Theseobservations illustrate our next generalinatiabout plant
hormones.

Physiological responses elicited by hormones aongly influenced by
non hormonal factors.

5. Fruit Development

The sources of auxin that stimulate fruit developimeare seeds in fruit.
For example fruits of strawberry are dispersed sra swollen
receptacle, IAA from the seed in each fruit triggdevelopment of the
adjacent portion of the receptacle. Thus strawegrdo not develop
when the fruits (i.e the sources of IAA are remavéimilarly when

fruits are removed from the half of the strawbeogly the remaining
half develops normally.

6. Formation of Adventitious Roots

Nureries and amateur gardeners exploit the alafitguxin to stimulate
the formation of adventitious roots to propagasnfd. The procedure is
simple cut surfaces of pieces of parent plantcipped in a solution
of synthetic auxin. The auxin stimulates the foioratof adventitious
roots at the cut surface.

SELF ASSESSMENT EXERCISE 2

a. List the 3 naturally occurring auxins

Which is the most active

To what most common use is synthetic auxin put.
How is auxin transported in (a) shoot (b) root

List 6 effect of auxins.

PONDT R

3.1.4 Auxins and Calcium

The Responses elicited by IAA depend on presencanother non-
hormonal factor calcium ion (8. For example, G -is required for
the polar transport of IAA, and €a- deficient plants are usually not
responsive to IAA. The most recent model accourfiinghe interaction
of IAA and C&" is as follows:

I IAA stimulates release of &afrom the vacuole and endoplasmic
reticulum of a cell.

i. This release of A increases the concentration of’Can the
cytoplasm
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ii.  This increase in internal Ga activates Calmodulin a &a-
activated protein that regulates many processpfairts, animals
and microbes.

\2 H" pumps, and thereby produce the physiological respo

3.2 Gibberellins
3.2.1 Discovery

Ewiti Kurosawa, a Japanese, scientist pioneereartefin this regard
when he isolated the hormone gibberllins from ptant infected with
the "Foolish seedling” disease - Gibberella fujdur

3.2.2 Synthesis and Transport

Gibberelin is made through the mevalonic acid pathw

(Fig 14.4).

Gibberellin is made via the mevalonic acid pathway
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More than eighty gibberellins have been isolatedhfvarious fungi and
plants. Each of the gibberellins has an inter logkiing structure and
one or more carboxyl groups that impart acidic props to the
molecule.

‘ o i
. 0 3
P ‘ , HO\/7 ‘(/\/ i
@. , éo_\
OH CO HO VN i
Ho >~ A W
CHy

* CH:  GOOH -G
H CH; : :
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Gibberallic acﬁd (GAg) GAy

Three of the more than 80 gibberellins that haveeeisolated from various fungi
and j plants. All gibberellins have an interlockingtructure and one or more
carboxyl groups that impart acidic properties togimolecules.

Gibberellins are abbreviated GA (for gibberelliciddcand assigned
subscripts; that distinguish them from each otker. example. GAis
isolated from Gibberella fujikuroi and is the mastensively studied
gibberellin. Several commercial compounds inhillie tsynthesis of
gibberellins. These inhibitors are called growttaréants and include
phosphon D, Cycocel (CCC) and Ancymidol. Growtlraréants inhibit
stem elongation.

Most gibberellins are active and are precursonfi@fe active ones GA,
is probably the only gibberelin that controls stestongation in
angiosperms.

Gibberellins occur in angiosperms, gymnosperms,segsferns, algae
and fungi but are unknown in bacteria in angiosggrthey occur in

Immature seeds, spices of root and polar, it mavedl direction in the

xylem and phoem.

SELF ASSESSMENT EXERCISE 3

1. Who pioneered the effort that led to the diseg\of giberellin.
2. How is gibberellin transported.

3.2.3 Effects of Gibberellins

1. Extensive growth of intact plants

Many dwarf mutants normally grow if given GA, arieeir sensitivity to
GA is striking. For example, dwarf pea seedlingpanse to as little as
one-billionth of a gram of gibberellin. Dwarfisme®not result from the

absence of GA, but rather from the absence of ec@*. Some dwarf
plants contain a lot of GA but of the inactive edyi
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. GA induces cellular division and cellular elongati®\A induces
cellular elongation only.

. GA - stimulated elongation does not involve thel-aalll
acidification characteristic of IAA induced elonigat.

Thus we identify another generalization about plammones Different
hormones can elicit similar effects via differergechanisms.

2. Seed Germination

GAS play a critical role in seed germination ineg@rgrasses such as
barley in this way.

I The sequence of events leading to seed genmmbatgins with
imbibition which is the absorption of water by a seed. Intlgibi
causes the embryo to release GA.

. These GA stimulate transcription of genes wfitolytic enzymes
in the seedsileurone layer,a specialized layer of the endosperm
2-4 cells thick located just inside the seed cG#.enhances the
transcription of amylase mRNA.

iii.  The hydrolytic enzymes are secreted by distymes into the
seeds endosperm. One of the hydrolytic enzymesupseatiby the
aleurone layer amylase catalyses the conversiostarich to
sugar, which is used as an energy source for theigg seeding.

3. Juvenility
Many plants have a juvenite stage and an adulestdggrowth. For

example juvenile stages of eucalyptus have leakas @are shaped
differently then those of adult stages.
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(Fig. 14.6)

(a) Juvenile and (b) mature leaves in Eucalyptusollles are shaped differently.
Juvenile leaves are softer and opposite each othéth spirally arranged and have
palisade on both sides.

Gibberllins may help determine whether a particydart of a plat is
juvenile or adult. For example, the buds of aduthnigches, usually
develop only into adult branches but treating tiveith GA causes them
to grow into juvenile branches.
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4. Flowering

During their first year of growth, biennial plardach as cabbage have
short internodes. These plants are called rosbteause their tightly
paced leaves are arranged like the petals of a Téwerapid expansion
of internodes and formation of flower by rosettanté in response to
cold is referred to as bolting. Applying GA to rtseplants also induces
bolting, suggesting that cold temperatures somelstwulates the
synthesis of GA during the following season.

5. Fruit Formation

The most important commercial use of gibberellwoines their ability
to increase the size of seedless grapes. Indemdsthll vines of the
"Thompson seedless grape grown in California araysa with GA
each year. As a result the grapes increase | biresathree fold and are
more loosely paced making them less susceptilfienigal infections.

SELF ASSESSMENT EXERCISE 4

1. List 5 effects of Giberellins
2. Distinguish between the mode of action of GA dAd on
growth.

4.0 CONCLUSION

Plant growth and development are strongly influenlog plant-growth
regulating substances, which are organic compomatke in one part of
a plant and transported to another part, where #leyt a response.
These growth regulating substances have beenidraliy referred to
as hormones. There are five major classes of plamhones. The two
treated here are auxins and gibberellins. Thesentioes may elicit
many responses and interact in complex ways toudte or inhibit
growth.

5.0 SUMMARY

Plant hormones are organic compound made in orteopar plant and
transported to another part of the plant where thiggit a response.
Plant hormones are active at small concentratiBtemt hormones and
the responses they elicit have the following chiarastics.

. Although a hormone may have some characteristectsf it may

also has many other effects. That is, a single baarcan elicit
many different responses.
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. The responses elicited by an hormone depend on (fizenyrs,
including the presence of other hormones, the ainafn
hormone present, non hormonal factors, and thatsetysof the
tissues to the hormone.

. Hormonal responses change under different conditiamd in
different plants.

The five major classes of hormones are auxin, gdllxes, cytokinins,
ethylene and abscisic acid.

Auxins stimulate cellular elongation, differentati of vascular tissue,
fruit development, formation of adventitious ro@sd production of
ethylene. The most active naturally occurring augimdoleacetic acid
(IAA), which is transported polarly in root and ste. Synthetic auxins
are used extensively in modem agriculture.

Gibberellins stimulate extensive growth of intatants, the transition
from juvenile to adult growth, bolting of biennialsuit formation and
germination and germination of some cereal grains.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Charles Darwin
2. Frits Went

ANSWER TO SELF ASSESSMENT EXERCISE 2

1i. IAA

. 4-chloro-1AA

iii. Phenylacetic acid
1b. IAA

2. Herbicides
3(a) Shoot -basipetally
(b)  Root-acropetally

4i. Cellular elongation

. Apical dominance

ii. Abscission

\V2 Differentiation of vascular bindles
V. Fruit formation

Vi. Formation of adventitious root
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ANSWER TO SELF ASSESSMENT EXERCISE 3

1. Ewiti Kurosawa
2. Non-polar

ANSWER TO SELF ASSESSMENT EXERCISE 4

1(a) Extensive growth of intact plats.
(b)  Seed Germination

(c) Flowering

(d)  Juvenility

(e)  Fruit formation.

2.

. GA controls internodes elongation, while IAA cortetongation
in seedlings and herbs.

. GA controls cellular elongation and division whikA controls
cellular elongation only.

. GA leads to non acidification of cell wall while Mleads to cell

wall acidification.
6.0 TUTOR-MARKED ASSIGNMENT

(This will come at the end of unit 15, since itaicontinuation of this
unit)
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1.0 INTRODUCTION

Plant hormones as discussed in the last unit aganar compounds
made in small amounts in one part of the plant &adsported to

another part where they initiate physiological mesg®e. The five major
classes of hormones are auzin, gibberellins, cytogj abscisic acid,

and ethylene. These hormones have several chasticefeatures: they
are made by the plant, are active in small quastitare transported to
other parts of the plant, and can elicit a response

In this unit, we will conclude our discussion ofapt hormones by
looking at cytokinins, ethylene and Abscisic AcidBA). From our
discussions, you will notice some generalizatioawlplant hormones.
We will try to fit in the characteristics/effect &ie hormones that we
study into these general characteristics as welgoaAt the end we
will come across oligosaccharins that effect plantsvth but do not fit
into the general characteristics of hormones.
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2.0 OBJECTIVES

At the end of this unit, you should be able to:

. state how cytokinins, ethylene and ABA were discede

. name and scientists that pioneered research efftris direction

. describe how cytokinins, ethylene ABA are transgort

. list the effect of cytokinins ethylene and ABA

. compare the mode of action of cytokinins, ethyland ABA

. state how ABA counteracts the effects of other lwores

. explain why calcium is regarded as a messengeronmdne
transport?

. explain why botanists find it difficult to accepigmsaccharins as
plant hormone

. illustrate the statement that many hormones worknbaiously
together to produce a single effect

. list other less known plant hormones.

3.0 MAIN CONTENT
3.1 Cytokinins

3.1.1 Discovery

The trail leading to the discovery of cytokiningdae traced to Gottlie
Haberlandt who reported in 1913 that an unknown pmmd in
vascular tissue stimulated cellular division. Ire th940s, botanists
Johannes Van Overbeek observed that plant embingos faster when
supplied with coconut milk. Later in the 1950s. keoBEkoog and Carlos
Miller started another set of studies at the Ursitgrof Wisconsin After
a series of attempt. They were able to isolate ghewth factor
responsible for cellular division from a DNA prepaion. They named
this substance Kinetin. And they named the classvitach Kinetin
belong cytoinins because these substance stimulaeakinesis, or
cellular division.

The first naturally occurring cytokinins was is@dtin 1964 from com
(Zean mays) and was named zeatin.
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(Fig 15.1)
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Cytokines. All cytokines are structurally related the prune adenine

Soon thereafter, the influence of coconut milk efutar division was
explained when it was shown to contain zeatin aedtia riboside,
another cytoinins. Since then, botanists have tisdlather naturally
occurring cytoinns (e.g. kinetina and 6-benzylampurine). All of
these cytoinins have structures similar to adeninat is, they have a
side chain rich in carbon and hydrogen attacheqittogen protruding
from the top of the purine ring. Cytokinins areesftminor components
of RNA but we do not know if these cytokinins amdated to free
cytokinins in cells.
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3.1.2 Synthesis and Transport

Contrary to what was believed, cytokinins are naakdown products
of DNA rather, they are made via mevalonate pathwhg same
pathway used to make gibberellins. Cytokinins ardegpread, if not
universal, in plants: they have been isolated fr@ngiospers.
Gymnosperms. Mosses, and ferns. In angiospermscyiotnins are
made in rots, and also occur in seed, fruit anchgdeaves. Cytokinins
move non-polarly in xylem, phloem, and parenchymiésc

3.1.3 Effects of Cytokinins

Although cytokinins have relatively few uses in iaglture, they do
strongly affect plant growth and development.

I Cellular Division

Cytokinins stimulate cellular division by hastenithg transition of cells
from the G2 phase (the growth phase following DNlication) to the
M phase (mitosis) of the cell cycle. (Refer to Bi@&3). This effect
depends on the presence of auxin. For examplekioyts alone have
no effect on cultured tobacco cells; cellular dimsbegins only when
auxin is added to the culture medium.

The discovery that cytokinins promote cellular dign raised another
interesting question: could cytokinins be respdesibr animal cancers,
which result from uncontrolled cellular division. egearch has
demonstrated repeatedly that cytokinins have necteffon animal cells
and that here is not direct link between animateasmand cytokinins.

. Effect on Cotyledons

Cytokinins promote cellular division and expansion cotyledons.

Cellular expansion result from cytokinin-inducedcrease in wall

plasticity that do not involve wall acidificatio@ytokinins also increase
the amount of sugars (especially glucose and fsegtn cells, which

may account for the osmotic influx of water and tesulting expansion
of cytokinins-treated cells in cotyledons.

iii.  Organogenesis

Cytokinis and IAA affect organogenesis, which i® tformation of
organs shows the influence of changing amountytkmins and 1AA
on the formation of shoots and roots. Culturedscghow only in the
presence of cytokinin and IAA. High cytokinin/auxiatio favour the
formation of shoots while low ratios favor the fation of roots. Thus,
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a plant can be completely regenerated from singlis by varying the
amounts of cytokines and IAA. This hormonally cofied means of
pant regeneration has been used to propagate pieattare resistant to
pathogens, drought and other stresses.

(Fig 15.2)
No g}ow(h Callys Roots ' Shoots
o f‘ (Eai®y fadh
i | A
| w
AN i
1
_ | l E ! v ; t‘:"
Initial , : n i /
explant -t~ R %g Vil
Nutrient [ | ' ' o
medium —H- ,Qﬁ o
' . ) ;I |
IAA : : ﬁ
l(ir&?)per none 2 2 (high) ~ - 0.02 (low)
Kinetin '
(mg per 0.2 0.2 0.02(low) © 1 (high)

liter)

The responses of plant tissue culture to kinetindaauxin. The initial explant is a
small piece of sterile tissue cut from the path @ftobacco plant. High ratios of
auxin/cytokinia favor the formation of roots, whilédow ratios of auxin/cytokinin
favor the formation of shoots.

\2 Senescence

Cytokines delay the breakdown of chlorophyll in abdéted leaves,
apparently by preventing genes that stimulate oployll formation

form being turned off. Cytokines treated areasealves remain healthy
as the remaining plants of the leaf senesce. Tfasteof cytokines may
be due to its ability to establish a "sink" to whiautrients move.
However, the cytokine induced delay in leaf seneseeoccur only in
detached leaves. Leaf senescence is also delayd¢debfprmation of
adventitious roots. Roots you will recall, are richcytokines; and the
transport of these cytokines to leaves could adcéomnthe delayed
senescence.

Cytokinins are sometimes used commercially to naainthe greenness
of excised plant parts, such as cut flowers. Thee& on edible crops is
banned because it could be a potential carcinogen.
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SELF ASSESSMENT EXERCISE 1

1(a) Which scientist pioneered research effect dnytokinins
discovery
(b)  Who eventually led a breakthrough?

2. How is cytokinins transported
3. What are the effects of cytokinins (Name/Linstrn)

3.1.4 Cytokinins and Calcium

Small amounts of cytokines do not stimulate celldiaision in cultured
cells. Which merely enlarge due to the presencawdn. However,
addition calcium switches the growth pattern frosiudar enlargement
to cellular division. Therefore, the presence d€ican increases a cell’s
sensitivity to cytokinin. Cytokinins also stimulateud formation in
mosses; substance that increase cells permeatuliy&® mimic the
effect of cytokinins, and cytokinin-induced forn@ti of buds can be
inhibited by applying inhibitors of clamodulin. Siarly, the addition of
calcium enhances the cytokinin- induced delay af $2nescence. These
effects may be mediated by cytokinin-induced change the
concentration of Ca

3.2 Ethylene

3.2.1 Discovery

During the 1800s, the city streets of Germany vilemminated by lamps

that burned "illuminating gas" soon after thesegdarwere installed, city
residence made a curious observation, plants ggowear the lamps
had short, thick steams. Furthermore, the leaVésffeof most of these

plants. Where these effects caused by the lamps hgat or some other
factors?

This question was answered in 1901 when Soviett giuysiologist
Dimitry Neljubow identified ethylene as the combast product of
“illumination gas" that was responsible for defohg and inhibiting the
elongation of plants growing near the lamps.

In 1910 an annual report to the Japanese DepartofeAgriculture
recommended that oranges not be stored with banamas
"something" was not identified until 1934, when ®ane showed that
ethylene is made by plants and that it causesrfagtening of many
fruits, including bananas. Substances researcheshdivat ethylene met
the requirements of plant hormone; it is made ia part of a plant and
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transported to another, where it induces a phygicéb response. Thus,
was discovered the first gaseous plant hormonglesta.

3.2.2 Synthesis and Transport
Enthylene is made from methionine, and amino acid

(Fig. 15.3)
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Photosynthesis of ethylene from Methronm e, whicknges as a precursor of

ethylene in a pi-higher plant tissues. I-amino cggropane-I-carboxylic acid is the
immediate precursor of ethylene.

Its synthesis is inhibited by G@nd requires oxygen. When plants are
placed in pure CO© or O, free air, ethylene synthesis decreases
dramatically.

All parts of angiospenns make ethylene but esdgdaige amounts are
released into the air by roots, the shoot apicaligteans, nodes,
senescing flowers and ripening fruits (e.g the dle&ks on a ripening
banana peel are concentrated pockets of ethyldBegause most
ethylene induced effects result from ethylene i #ir, the effects of
ethylene can be contagious. Ethylene made by oad""@.e, overripe)
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apple can "spoil" (i.e induce rapid ripening of) antire bushel of
apples.

3.2.3 Effects of Ethylene
I Fruit Ripening

The ancient Chinese knew that fruit would ripentda$ placed rooms
containing burning incense. The factor responsible this hastened
ripening was not heat" but ethylene released asmttemse burned. This
stimulation of fruit ripening by ethylene is mu#tdfeted and includes the
breakdown of chlorophyll and synthesis of othemmpants.(i.e apples
changing from green to red during ripening). Fruit softening due to
the breakdown of cell walls by cellulose and pexd# production of
volatile compounds associated with the scent af,famd conversion of
starches and acids to sugar. Ethylene stimulaids @&athese aspects of
fruit ripening.

In fruits such as tomatoes and apples, there mapicuous increase in
respiration immediately before fruit ripening. Thigcrease in
respiration is called alimacteric, and fruits that display it are referred
to asclimacteric fruits (e.g Apples). The climacteric begins after a huge
increase in ethylene production. Thus the climact@nd fruit ripening
are triggered by ethylene.

Not all fruit can be ripened by exposure to ethglehowever. Such
fruits (e.g grapes) are called Non-climacterictiwand are insensive to
ethylene.

. Flowering

Ethylene inhibits flowering in most specier but mates it in few plants
including mangoes, pineapples and some ornamelatadsp This effect
was known long ago by Puerto Rican pineapple grevaexd Filipino,
mango growers who set bonfire near their crops. fites produced
ethylene, which initiated and synchronized flowgraf their plants.

Ethylene also promotes senescence of flowers. \dbbens germinate,
the stigmas of flowers produce large amounts oflette that trigger
senescence of floral part.

lii.  Abscission

The increased production of ethylene at the aliscisne triggers the
breakdown of the middle lamella, and thereby itesaabscission. Fruits
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such as, thereby allowing growers to harvest tloeaps in shorter
periods of time.

\Y2 Sex Expression

The sex of flowers on monoecious plant (i.e plahtds have male and
female flowers on the same individual) is determimgy ethylene and
gibberellins. For example, cucumber buds treated athylene become
carpellate flowers whereas those treated with gddlbes become
staminate flowers. Correspondingly, buds that w@tety become
carpellate flowers produced more ethylene than ddskthat become
staminate flowers.

V. Stem Elongation

Mechanical disturbances such as shaking decreaseation. This

effect called thigmomorphogenesis is mediated hylehe. Mechanical
disturbances increase ethylene production sevetdl Wwhich causes
cells to arrange their cellulose micro-fibrils intmgitudinal hoops. This
lengthwise reinforcement inhibits cellular elongati causing cells to
expand radically and form short, thick stems. Tffect is the opposite
of that of auxins which causes cells to orient rthmicrofibrils more

transversely, thereby accounting for cellular ebtan.

Vi. Water Logging

Ethylene synthesis is greatly reduced in water éolgglants, because
these plants do not have access to enough oxygen wehrequired in
ethylene production. The small amount of ethyldra is made in these
roots is trapped where it accumulates and evemtusimulates the
activity of cellulose and pectirose. These enzymeak down, the cell
wall and inso doing, form the many intercellular spaces charatterof
hydrophytes. Meanwhile ethylene precursors in tit@sare converted
to ethylene, which causes parenchyma cells on pperuside of the
petiole to expand and point the leaf down, a respaallecepisnasty.

3.2.4 Ethylene and Auxin

IAA as stated in unit 14 stimulates ethylene praug thereby linking
the responses of these two hormones. But ethyleaes ot account for
all of the effect elicited by applying IAA. Sevenra@sponses of plants to
IAA are unrelated to ethylene. For example, IAAwmslation of
cellular elongation occurs independently of ethgle@onversely, leaf
epinasty and decreased elongation of roots areomesp to ethylene
rather than 1AA.
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SELF ASSESSMENT EXERCISE 2

1. When was ethylene identified as an agent of fipening? And
by who?

2. What are the effects of ethylene?

3. Ethylene and IAA are related but do not necegsaat together.
Discuss this statement.

3.3 Abscisic Acid

3.3.1 Discovery

By the 1940s botanists suspected that some aspiegtant growth and
development resulted from inhibition rather thamstation of growth.
Near the end of that century, Torsten Hemberg oéd®m confirmed
that dormant buds of ash and potato contained itolngbthat blocked the
effects of IAA. When the binds germinated the amooh these
inhibitors decreased. Hemberg named these inhdiltormins.

In the early 1960's, Philip Wareing confirmed Hengle finding and
reported that applying dormin to a bud induced doray. At about the
same time, F. T. Addicott discovered a compound #tanulated

abscission of cotton fruit. He named this substaizsrisin Botanists

later were surprised to discover that domin anctialsswas the same
compound. This compound was naturgdscisic acid or ABA and

unfortunately name, because subsequent researchsh@asn that
ethylene rather than ABA controls abscission.

3.3.2 Synthesis and Transport

ABA (Fig 15.4) in Plants is made from caratenoidis.occurs in
angiosperms gymnosperm, and mosses, but apparettip liveworts.
Once synthesized ABA moves throughout a plant itemy phaloem
and parenthyma. Like grbberellims and cytokinin AB#oves non
polarly. There are no synthetic abscisis acid.
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(Fig. 15.4)

The structure of abscisic (ABA)

ABA fig. 15.4 in plants is made from carotenoids. dccurs in
angiosperms, gymnosperms, and mosses, but appareotl in
liverworts. Once synthesized ABA moves throughoyiant in xylem,
phloem and parenchyma. Like gibberellins and cytiokiABA moves
non polarly. There are no synthetic abscisic acid.

3.3.3 Effects of Abscisic Acid
1. Closure of Stomata

During drought, leaves make large amounts of ABAicWwhcauses
stomata to close. Thus ABA functions as a messahgéenables plants
to conserve water during drought. Because ABA dagemata within
1-2 minutes, this effect probably occurs indepetigienf protein
synthesis.

A plants tolerance to drought may, related to liifitg to make ABA. In
some species the levels of ABA increases by as raactD-fold within
minutes after wilting occurs.

2. Bud Dormancy

ABA was initially thought to control bud dormandyyt recent evidence
guestions this conclusion, for example.

. Affect leaves are treated with radioactive ABA, radlioactivity
can be detected in buds.

. In several plants, the induction and breaking afrdocy do not
correlate with changes in endorgenous amounts & AB

. Treatments that induce dormancy do not alter theusts of
ABA in buds.
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These results suggest that dormancy is not coetrdl ABA alone, but
is probably influenced by cytokinins and IAA inddceynthesis of
ethylene.

3. Seed Dormancy

Applying ABA delays seed germination in many spscfimilarly, the
amount of ABA in the seeds of many plants decreasesn seeds
germinate. Thus, ABA may control seed dormancy ertan species.
This condition may not apply to all plans, howegnce germination of
many seeds occurs without any changes in the anod ABA.

4. ABA Counteracts Stimulatory Effects of Other Homones

ABA usually inhibits the stimulatory effects of ethhormones. For
example ABA

I Inhibits amylase produced by seeds treated giliberellins
. Promotes chlorosis that is inhibited by cyiam
iii. Inhibits wall elasticity and cell growth prooted by IAA.

ABA is a C&" antagonist, thus its inhibition of the stimulateffects of
IAA and cytokinin may be due to its interferencettwiCA 2*
metabolism.

SELF ASSESSMENT EXERCISE 3

1. How is ABA transported?
2. In what areas do ABA counteracts the effectstbér hormones?
How does it do this?

3.4 Other Plant Hormones

Investigations have identified other compounds thamction as
hormones in various groups of plants. These include

(@) Oligosaccharins

Oligosccharins control plant growth, differentiatjoreproduction and
defense against disease. To this extent they fumeis plant hormones.
But unlike hormones they elicit specific effectsrir different species.
For example oligosaccharins that inhibit flowerirapnd promote
vegetative growth in one species have the sametsfémother species.
Also they are released from cell walls by enzymé&sfferent
oligosaccharins are released by different enzymed aach one
transmits a message that regulates a specificifumcthis specificity
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has prompted several botanist to suggest that thayneffect of
hormones like IAA and gibberellins may be due te #ctivation of
enzymes that release specific oligosaccharins.

(b) Batasins

This is contained in yam and induces dormancy dbilsu(vegetative
reproductive structures) that form from lateral ud

(c) Brassosteroids

Are plant hormones in tea, bean and rice plantsdtiraulate growth of
stems.

3.5 Hormonal Interactions

Hormones seldom, if ever, function alone, rathdanp growth and
development usually result from interactions onplaormones.

(Fig. 15.5)
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Numerous hormonal interactions influence plant gratv and
development.

But what controls the amounts of hormones, ancethetheir ratios and
resulting interactions? These are controlled in wagys.

I Regulation of the rate of synthesis severatdiacinfluence the
rate of hormone production. For example, dayligin trigger the
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synthesis of IAA and the synthesis of gibberelimbiennials is
stimulated by cold temperatures.

. Regulation of the rate of breakdown or inaatien. Inactivation
of hormones usually Occurs either by oxidizing ttwemone or
by conjugating (i.e. combining) it with another cooond.
Coordinated synthesis and inactivation could cdritre amount
of hormone present and therefore control the graesponse.

SELF ASSESSMENT EXERCISE 4

1. What are the less known plant hormones? Or hoerfike
substances.
2. Discuss any 3 effects where hormones interact.

4.0 CONCLUSION

The other 3 major hormones that regulate plant tir@amd development
cytokinins. Ethylene and abscisic acid. Each os¢hleormones is made
in several parts of the plant and has several wstféthe effects of
hormones are governed by many factors includingotiesence of other
hormones, non-hormonal factors such as calcium amusthe varying
sensitivity of different tissues to hormones.

Oligosaccharins are hormone like substances whaske rof action is
different. They elicit specific effects. Oligosharins that inhibit
flowering in one specie will always inhibit floweg in one specie in
other species. This is very much unlike the wayepfplant hormones
work. Other compounds that function like hormomnedude batasins
and brssosteriods.

5.0 SUMMARY

This unit concludes the series on plant hormonasunit 14, we

summarized three characteristics of hormones. Wereypeat them her
and add more for emphasis.

Plant hormones are organic compounds that are inadee part of a
plant and transported to another part were theyt eliresponse. Their
general characteristics are as follows:

. Although a hormone may have some characteristectdf it also
has many other effects. That is, a single hormameaticit many
responses.

. The responses elicited by a hormone depend on rfeigrs

including the presence of other hormones, the ainafn
hormone present, non-hormonal factors, and thatsatysof the
tissues to the hormone.

200



BIO203 MODULE 1

. Hormonal responses change under different conditiamd in
different plants

. A single aspect of growth and development can beie@nced
several hormones.

. Response elicited by plant hormones probably resdm
changing ratios of hormones rather than from thesgmce or
absence of any one hormone.

The five major classes of plant hormones are augibperellins,
cytokinins, ethylene and absicsic acid: Auxins ayioberellins were
treated in Unit 14.

. Cytokinins stimulate cellular division, expansioh antyledons
and growth of lateral buds. Cytoinins also delageseence of
detached leaves and is combination with 1AA, mafjuence
formation of roots and shoots.

. Ethylene is a gaseous hormone that influence frpiéning,
abscission, sex expression and the radial expaosicells.

. Abscisic Acid (ABA) is an inhibitor that cause stata to close,
affects dormancy of some seeds, and in generahtexacts the
stimulatory effects of other hormones. These effesay occur
because ABA is a calcium antagonist.

Oligosaccharins are fragments of cell wall thautate plant growth and
development. Unlike other plant hormones, OligoBadas have
specific effects.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1(a) Gottlieb Haberland
(b)  Miller, Skoog & Associates

2. Non polarly in xylem, phloem and parenchyma cel
3a. Cellular division

b. Effects on cotyledon

C. Organogenesis

d. Senescence
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ANSWER TO SELF ASSESSMENT EXERCISE 2

1. 1934 by R. Gane

2a.  Fruit ripening

b. Flowering

C. Abscission

d. Sex expression

e. Stem elongation

3. IAA stimulates ethylene production but eachsantiependently

e.g IAA stimulated cellular elongation and prodantiof lateral
buds. While ethylene decreases elongation of shodt roots
with the aid of 1AA.

ANSWER TO SELF ASSESSMENT EXERCISE 3
1. Non polarly through xylem, phloem and parencaymlls.
I Inhibtis amylase produced by seeds created gvitherellin.

. Promotes chlorosis that is inhibited by cytuks.
Iii. Inhibits wall elasticity and well growth prooted by IAA.

ANSWER TO SELF ASSESSMENT EXERCISE 4

1.  ABA is a C&" antagonist it interferes with &aantagonist. It
interferes with C& metabolism.

I Oligosaccharins
il Batasin
ii. Brassosteriods.

2. Development of abscission zone: ethylene aBA A
. Control of stem: auxin and gibberellins.
iii. Fruit growth and ripening: Cytokinin and etbye.

6.0 TUTOR-MARKED ASSIGNMENT
1. Many hormones work together to produce a siegflect. Give
three examples of areas where more than one hormorkes for

a single effect.
2. How is the transport of IAA different from thatt other hormone.
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MODULE 4
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UNIT 1 PLANTS RESPONSIVE TO ENVIRONMENTAL
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1.0 INTRODUCTION

Plants have evolved an intricate and elaborateogeintricate and
dramatic responses to the environment. These resp@ilow plants not
only to survive adverse conditions that would kilbst animals, but also
to coordinate their growth and development with rappate
environmental conditions.

Responses of plants to environmental stimuli sichght, gravity and
touch occur in many ways and include such divevents as flowering
and the growth of stems towards light. Some of éhleshaviours are
short-term responses e.g. the closing of the |éali;moso puechica
when touched takes about a second or less, anétauevof a stem
towards light is usually completed within a few hmuOther behaviour
such as flowering takes longer and are usuallycessal with changing
seasons. Environmental signals trigger all of treesmmingly unrelated
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responses. The key element in these responseswahgrThe growth
produces a variety of responses, among the mosvwdbwf which are
tropisms. All these and more will be discussedaunit.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. state what tropism is

. distinguish between phototropism, gravitropis, loydrpism and
thymotropism

. describe naetic movements

. differentiate between seismonasty and nyctinasty.

. describe what photoperiodism is

. mention one of the responses controlled by photogism

3.0 MAIN CONTENT

3.1 Tropism

Plant growth toward or away from a stimulus sucligtg or gravity is
called tropism.There are several kinds of tropisms, each of wisch
named for the stimulus that causes the response. example,
phototropism is the growth of a stem or coleoptdevard light, and
gravitropism is growth towards or away from gravifyopisms result
from differential growthMeaning that one side of the responding organ
elongates faster than the other side. This causedive of the organ
toward or away from the stimulus. Growth of an orgaward a
stimulus is called positive tropisnthus, stems that grow toward light
are positively phototropic. Conversely, growth af@gan away from a
stimulus is called a negative tropism. Roots, whighw away from
light, are negatively phototropic.

3.1.1 Phototropism

Phototropisim is a tropic response to uni-diredaidight (light coming
from one direction, see (fig. 16.7)
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(Fig 16.1)

I

Phototropic curvature of corn shoots toward lightinilateral light causes IAA to
move the shaded side of the stem. This IAA stimegagrowth on the shaded side,
causing the shoot to curve toward the light.

From Unit 14, you learnt Frits Went, He determindtht during

phototropism, the rapid elongation of cells alohg shaded side of
coleoptiles is controlled by IAA coming from theeap Went formulated
his hypothesis jointly with Russian plant physiogidNicolai Cholodny,

and this work became known as the Cholodny-Wentotigsis.

Although this hypothesis was a major step in oudemstanding of
phototropism, the mechanism by which IAA controllpdototropism

remained a mystery. Either of two hypothesis cddde accounted for
the increased activity of IAA on the shade sidéhefcoleopitile.

Hypothesis |
Light destroys IAA along the lighted side of thdemptile.

Such a mechanism could result in more IAA alongsth@ded side of the
coleoptile, which would account for the phototropicvative.

The Evidence: In the 1950s Winelow Briggs and his colleagues

determined that the amount of IAA produced by cptdes grown in
light is the same as that made by coleoptiles grovihe dark.

206



BIO203 MODULE 1

(Fig. 16.2)

o, 24.4¢

Brigg's experiment. A and B (done in the dark) sled that splitting the tip
celeoptile did not significantly affect the totalnzount of auxin that was diffusing
from the tip into the agar block. The degree curua¢ produced when the agar
block is applied to the side at a decapitated cptile is directly related to amount
of auxin produced, and is shown by the numbers beline agar blocks. Comparing
A and B with C and D shows that auxin production mon-dependent on light. If a
barrier is partially into the tip auxin is displaakfrom the lighted (a) to the dark (b)
side as shown in E experiment shows that it wagpllisement that had occurred
and the results in light E do not reflect differerate of auxin production on the
lighted and dark sides.

Thus, light does not destroy IAA.
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Hypothesis 2

Light causes IAA to move t the shaded side of tleaptile. According
to this hypothesis, the difference in IAA concetitia between the
lighted and shaded sides of the coleoptile wouldultefrom the
movement of |A rather than its destruction.

The Evidence: Briggs and his colleagues collectedemiAA from the
shaded side of coleoptiles than from the lightetbsi suggesting that
light causes IAA to move to shaded side of the st€hms conclusion
was confirmed by inserting impermeable barriersveen the split tips
of coleoptiles. These barriers blocked the moven@ntAA to the
shaded side of the coleoptiles (fig 19.2). As alliethe coleoptiles did
not curve towards the light. More recent experirsarging IAA labeled
with radioactive carbon (14C) have confirmed thaiduectional light
causes IAA to move to the shaded side of coleaptilehere its
increased concentration causes cells there to alengore rapidly than
cells on the lighted side of the coleoptiles. Aseault, the coleoptile
curves toward the light.

Although the Cholodny-Went hypothesis adequately plars
phototropism in coleoptiles, it often fails to aaab for phototropism by
stems, which contain more chlorophyll than do cptdes. In stems,
unidirectional light triggers production of an ibiior that shows
cellular elongation on the illuminated side of #tem. Because cellular
elongation does not change on the shaded sideeoftdm, the stem
curves toward the light.

SELF ASSESSMENT EXERCISE 1

What is phototropism; and what drives it.

3.1.2 Gravistropism

This was foffilerly referred to as geotropisihis kind of tropism
causes stems to grow upward and roots down-ward&h Bf these
responses are of adaptive significance. Stemsgtiost upward are apt
to receive more light than those that do not réloés grows down-ward
are more likely to encounter a favourable environtriean those roots
that do not.

The phenomena is now called gravitropism becausis itlearly a
response to gravity and not to the earth (prefeo™ as such.

In shoots that are placed horizontally, differeniceguxin concentration
soon develop between the upper and lower sides \gidater
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concentrations on the lower side. Auxin is a powleirihibitor of root
growth, and very small concentration induce a tooturve toward the
side where the auxin concentration is greater. dlthSerences cause
the growth responses that are responsible for theots growing
upwards against the force gravity - negative gragism.In roots, such
gradiention hoffilone concentration have not begemvall documented.
Nevertheless, in some -what horizontally growingtsp the upper sides
grow more rapidly then the lower sides, causingrt@ ultimately to
grow down-wards- this phenomenon is know as pasiravitropism.

One of the earliest experiment done to learn gm@i$sm was by
Charles Darwine. The experiment involved the resperof roots when
caps had been surgically removed. These rootsmgdi to grow but
did not respond to gravity. The experiments shothad the root cap is
necessary for root gravitropism.

Other researchers followed the Darwine lead. Thegnsmade an

exciting discovery cells in the centre of the captain numerous starch-
laden amyloplasts which, under the influence o¥lyasediment to the

lower side of the cells.

(a) Longitudinal section of a root cap of corn delin the center of the cap
contain numerous starch-laden amyloplasts locatedte lower part of the
cells.

(b) Magnified view of (a) arrows indicate amyyl@st that have sedimented to
the bottom of the cell.

© These atinyloplasts (arrows in lower photo)ickly sediment to the sides of

cells when roots are oriented horizontally. This démentation of
amyloplasts has long been thought to be the basisHow roots perceive
gravity (upper photo).

Could this gravity - dependent sedimentation of laplasts be how
plants sense gravity? Several subsequent expesmaggested that this
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was true, which further intensified the study ofyéoplasts are gravity-
sensors in plant roots.

More recent research by Randy Wayne and his caleeag Cornell
University suggest that roots respond to gravitysegsing gravitational
pressures exerted by the photoplast, not the sedthten of
amyloplasts.

Although we do not understand full, how roots paregravity, we are
beginning to understand how they respond to gravifien roots are
oriented horizontally, growth slows along the lowside of the
elongating zone, thereby causing the root to cdoxenward. One of the
first events that ultimately cause the differentiglowth is the
accumulation, not of hormones, but of calcium i¢@8°"). C&£* moves
to the lower side of the cap and elongating zonkooizontally oriented
roots. This accumulation of €zalong the lower side of the root triggers
an accumulation of IAA along the lower side of tet tip. Such IAA
inhibite cellular elongation in roots, the lowedsiof roots grow lower
than the upper side of the root and the roots cdoven-ward.

(Fig. 16.4)

Gravitropism by horizontally oriented roots of caribownward curvature begins
within 30 minutes and is completed within a few hsucurvature results from
faster elongation of the upper side of the root thaf the lower sides.

When the root reaches a vertical position, therdatasymmetries of
Ca2+ and IAA disappear, and straight growth resumes

IAA and C&" also direct the negative gravitropism of shoofsA |
accumulates along the lower side and®Calong the upper side of
horizontally oriented stems. Concumently, auxin uced MRNA
disappear from the cortex and epidermis of the ugpe , the more
slowly growing) side and accumulate on the lowee (nore rapidly
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growing) side of horizontally oriented hypocotylBhese mRNAs, or
encoded proteins, stimulate cellular elongatiomglthe lower side of
the stem, thereby producing upward curvative.

(Fig. 16.5)
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Negative gravitropism, by a stem of this plant wadaced on inside 24 hours before
this picture was taken.

SELF ASSESSMENT EXERCISE 2

1. What is gravitropism, how is it controlled?
2. And what is its mechanism of action.

3.1.3 Hydrotropism

The growth of roots toward soil moisture is calledirotropism.Roots
whose caps have been removed are not responsmeisture gradients,
which suggest that the root cap is the site of moesperception by
roots. Interactions between light, gravity and soibisture could
therefore account for the occasional mending grositinoots through
soil.

3.1.4 Thigmotropism
This is a growth response of plants to touch. Tlhstmmommon example

Is the coiling of tendrils or an entire stem of i such as morning
glory. Before touching an object, tendrils and twinstems often grow
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in a spiral pattern called Circumulation that irages their chances of
contacting an object to which it can cling. Contagth an object is
perceived by specialized epidermal cells, whichuged differential
growth in the tendril. Such growth can be extrenralyid; a tendril can
encircle an object with 5 - 10 minutes.

Furthermore, thigmotropism is often long lastingroking a tendril of

garden pea for only a couple of minutes can indwiedrling response
that lasts for several days. Thigmotropism,is pbbpanfluenced by

IAA and ethylene, these hormones induce thigmotrtige curvature of

tendril even in the absence of touch tendrils dao store the "memory"
of touch. Tendrils that are touched while growimgthe dark do not
respond until they are illuminated. Thus, althotgidrils can store the
sensory information received in the dark, lightdquired for the growth
response to proceed. This light-induced expressiothigmotropism

may be due to a requirement for ATP, since ATP sulstitute for light

inducing thighmotropism of desk-stimulated tendsarious degrees of
thigmotropism are exhibited not only by tendrilait lalso by leaves,
stems, petioles and roots.

SELF ASSESSMENT EXERCISE 3

What is (a) Hydrotropism?
(b)  Thigmotropism?

3.2 Nastic Movements

These are movements that also occur in responsentoonmental
stimuli. Unlike tropisms, nestic movements are peledent of the
direction of the stimulus. They occur in an atorthcaredetermined
direction, rather than toward r away from the stusu Nastic
movements include some of the most unusual plawgtdam.

3.2.1 Seismonasty

This is a nestic movement resulting from contact neechanical

disturbances such as shaking. Seismonastic moveraeatbased on a
plant's ability to rapidly transmit a stimulus frdouch-sensitive cells in
one part of the plant to responding cells locatedvehere. Among the
most dramatic of these responses are those exhibitethe sensitive
plant (Mimosa pindica) touching a leaf causes dadléts to fold and the
petiole to drop.
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(Fig. 16.6)

KR

Seismstic movement of leaves and leaflets of thessgiwe plant (Mimosal). In
undisturbed plants

(a)
(b)
(€)

Leaves are erect. Touching a leaf
causes leaflets to fold and the petiole tgpdro
The response occur in the following ways:

Touching a leaf generates an electrical sighat moves along
the petiols

This electrical signal is translated into aedafical signal that
causes cell membranes to become more permeabl€ &ndk
other ions. The cell that are affected are calletomcells, which
are large, thin- walled parenchyma cells located ijoint-like

structure called a pulvinus. In the sensitive planpulvinus is
located at the base of each leaflet petiols.
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(Fig 16.7).

Hssue

Pulvinus

Cells losing
turgor

Seismonasty in the sensitive plant is due to turgbranges in pulvint, which are
swollen structures located at the bases of leaflatsl petioles. Turgor changes on

one side of the pulvinus cause cells there to skrithereby producing movement

ii. ~ The movement of ions out of motor-cells dexses the water
potential in the surrounding extra cellular spasbjch causes
water to move out of motor cells via osmosis.

\2 The loss of water causes the motor cells tankh thereby
producing the seismonastic movement.

The unfolding of leaves take 15-30 minutes and dsompanied by
reversing the process. Motor cells take up K = atiger ions, causing
water to enter the cells via osmosis. This inflixwater inflates the
cells to their original size, thereby unfolding tleaves to their original
position.

3.2.2 Nyctinasty

This is a naetic response caused by daily rhythinigltt and dark. One
of the most common nyctinactic responses occuthé grayer plant
(Maranto species), and ornamental houseplant. Quhie day, leaves of
the prayer plant are horizontal, thereby maximizimgr interception of
light. At night, the leaves fold vertically intoshape resembling a pair
of praying hands. This movement of leaves in respda light and dark
results from changes in the tugor of motor cells ipulvinus located at
the base of each leaf. In the darKk, ikns are transported from cells of
the upper side of the pulvinus to cells along isvdr side. This
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movement of ions causes water to move via osmogiscells along the
lower side of the pulvinus. Thus, in turn causelésadong the lower
side of the pulvinus to lose water and shrink a&scills along the lower
side gain water and expand. Taken together, thiearges in cellular
volume, over the leaf to a vertical position. Ainsse, the process is
reversed and the leaf again assumes its horizposition.

SELF ASSESSMENT EXERCISE 4
Distinguish between Seismonesty and nyctinasty.
3.3 Photoperiodism

All eulcaryotic organisms are affected by the cyamiaight and day and
many features of plant growth and development agged to the
changes in the proportions of light and dark in dlagdy 24-hour cycle.
Such responses constitute photoperiodism, a mesthaiwhereby
organisms measures seasonal changes in relativarghpight length.
One of the most obvious of these photoperiodicti@as concerns the
production of flowers by angiosperms.

3.3.1 Flowering Responses

Day length changes with the seasons; the fartber the equator one is,
the greater the variation. The flowering resportdgglants fall into two
basic categories in relations to day length. SHaxt-plants being to
form flowers when the days become shorter then réicat length.
Long-day plants on the other hand, initiate whendhys become longer
then a critical length. In both kinds of plantsisitactually the length of
darkness (night) that is significant, and not gmegth of day.

In addition to the long-day and short-day plantjumnber of plants are
described as day neutral. These plants produceeffwvhenever

environmental conditions are suitable, without refee to day length.
Day- neutral plants include roses and tomatoes.

SELF ASSESSMENT EXERCISE 5

1. What is photoperiodism?
2. What event in plants is most affected by it?

4.0 CONCLUSION
Plant growth and development are strongly influencey the
environment. Some responses of plants to stimeh ss light, gravity,

and touch are rapid. Most responses of plants voa@mimental signals
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are due to growth and are controlled partly by hwres. These
hormones stimulate or inhibit growth in responsernweironmental cues
such as light, day length, temperature touch, aadity and thus allow
plants to respond efficiently is environmental deds by growing ins
specific directions, producing flowers, and dispgyother responses
appropriate to their survival in a particular habit

5.0 SUMMARY

Plants adjust their growth and development in raspo to
environmental signals and rhythms. Tropisms arertdkon growth
responses determined by the direction of an enmesmal stimuli.
Tropisms result from differential growth and argorntant because they
increase a plants chances of intercepting mord fghphotosynthesis
and encountering water and minerals in the soil.

Phototropism, a growth response to uni-directidigit, results from
IAA moving to the shaded side of a coleoptile. Thesulting
accumulation of IAA on the shaded side stimulatebular elongation
these, and causes the coleoptile to curve towartight.

Gravitropism, a growth response to gravity resuftem the
accumulation of IAA along the lower side of rootslastems. In stems,
the accumulation of IAA stimulates cellular elorigat which causes
the stems to curve up.

Thigmotropism is a growth response to touch. kasxmon in tendrils,
which coil around objects that they touch. It isitcolled by IAA and
ethylene.

Naetic movements occur in an anatomically predeatexdh direction.
Seismonaety is a nastic movement resulting frontamror mechanical
disturbances, while nyctinaety is a naetic respaeselt from daily
rythms of light and dark.

Photoperiodism is the ability of plant to sensenges in the relative
length of night and day. One of the responses obetr by

photoperiodism is flowering.

ANSWER TO SELF ASSESSMENT EXERCISE 1

Phototropisms are growth responses of plants tedwectional light.

They are mostly if not entirely, mediated by auxand are very
important in determining the form of a plant.
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ANSWER TO SELF ASSESSMENT EXERCISE 2

1. Gravitropism is a growth response to gravityislcontrolled by
calcium and IAA, and results in stems growing up anots
growing down.

2. Gravitropism is important because it increadae probability
that

I. Roots will encounter water and minerals and
. That stems and leaves intercept light for plsghthesis.

ANSWER TO SELF ASSESSMENT EXERCISE 3

la. Hydrotropism is the growth of roots towardd smisture
b. Thigmotropism is a growth response to touch

ANSWER TO SELF ASSESSMENT EXERCISE 4

Seismonasty is a nastic response resulting frontacommr mechanical
disturbance, while nyctinasty is a naetic respaeselting from daily
rythms of light and dark.

ANSWER TO SELF ASSESSMENT EXERCISE 5

la. Photopenodism is a response to changes irelttese lengths of
night and day.
b. Flowering

6.0 TUTOR-MARKED ASSIGNMENT

What is Photoperiodism
2. Distinguish between phototropism, gravitropisiydiotropism
and thigmotropism.

=
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1.0 INTRODUCTION

The survival of all plants depends on their abitwytransport a variety
of substances into, through and out of their bodM:she cellular levels,
diffusion is usually adequate for this movement.e Tévolution of

multicellularity rendered diffusion inadequate foroving substances
throughout a plant because the time required fifugion is inversely

proportional to the square distance covered. Alantp colonizing the
land were in a race to intercept light for photdbgsis. This means
growing taller and exposing large leaves to the dogtile environment.
The algae-like photosynthetic cells in leaves coahdly function in a

highly humid environment, which was far from thel'savater. In ferns

and other small plants, roots and root hairs weugh to absorb the
water. Because leaves are located far from theeteawverely absorbing
water was not enough. Plants require a systemrémsporting water
from the soil to the leaves. This led to the eviolubf the xylem system
for long distance water transport.

The mechanism of action for the long distance wataisport and the
factors affecting it are discussed in this unit.

218



BIO203 MODULE 1

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. discuss water movement through the xylem

. describe the leaf architecture and how it affecisdpiration

. explain the mechanism of water potential

. identify the hypothesis that best describes watevement up a
tree

. list the environmental factors that affect trangpan

. discuss the structural adaptations that affecspmation.

3.0 MAIN CONTENT

3.1 Moving Water and Mineral in the Xylem

Water is the most abundant compound in plant aéliésscounts for 85%
- 95% of the weight of most plants, and 5%-10%hef weight of seeds.
Water is used to make organic compounds (e.g. sugapport the plant
(via tugor pressure), as a solvent in which impdrtaaction occurs, and
as the medium in which solvents move. Given thecatiroles played
by water in plants, it seems peculiar that moren tB&% of the water
gathered by a plant evaporates back into the atneosp often within
only a few hours after being absorbed. This evamoraf water from
the shoot of a plant is known @gnspiration. Most transpiration from
leaves is through stomata and is a result of ledfiecture.

3.1.1 Leaf Architecture

Leaves are exquisitely adapted for photosyntheBiswever, the
adaptations that enhance photosynthesis also emtmmptants greatest
threat, dehydration for example the rate of gathi@ange depends among
other things on the amount of surface area avail& exchange and
evaporation. The loose internal arrangement o ¢elleaves produces a
large internal surface area for transpiration.

3,
AT e Sponay
mosophyll

Cross section of a lilac leaf (syringe sp.), shogipalisade and spongy regions of
mesophyll. The loose arrangement of mesophyll cadlgposes large amount of
surface area.
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The internal surface area of a leaf may be mone tva hundred times
greater than its external surface area; this armaplifranspiration by
increasing the surface area for evaporation.

The internal surface area of a leaf is linked te #tmosphere by
intercellular spaces that occupy as much as 70&eovolume of a leaf.
The gates that lock the internal surface area thighatmosphere are the
stomata. These gates are abundant; one leaf, Bon@®, may have
more than 80 million stomata. Leaves also havefacient plumbing
system of veins for distributing water to their @mal evaporative
surface: one square centimeter of leaf can haveaas as 6,000 vein
endings. As a result of this leaf architecture, elwatered plant can
lose tremendous amount of water via transpirationgxample, a corn
plant transpires almost 500 litres of water duanfg@w-month growing
season.

Water lost via transpiration is replaced by watesaabed from the soil
by roots. This water moves to the leaves as fagbam min', which is

about the speed of the tip of a second hand swgepiound a wall
clock. Despite their huge requirement for wategnpd have no active
mechanism for acquiring water when they are stresgbus losses of
water via transpiration do not indicate an excebkswater; on the
contrary, water is the primary factor that limitem growth in most
areas.

3.1.2 Structure of the Conducting Cells
Water must move rapidly though plants to replace water lost by

transpiration. Through what tissues does water moMe answer this
guestion, consider the result of two simple expents:

1. Removing the back from a tree does not siganifily alter
transpiration.
2. When roots are exposed to a soluble dye, oylgnx elements in

the stem, contain the dye.

These results suggest that water and dissolvedratsn@ove from roots
to leaves though xylary elements.

In BIO 124, you learnt that there are two kindsxglary elements in
plants: tracheids and vessel elements.
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(Fig. 17.2)

Cross section of wood, showing vessels and tracheissels and tracheids
transport water and dissolved minerals from rootssghoots.

You may also wish to refer to your note in BIO 14refresh your
memory. Both of these types are well designed @ordacting water:
they are hollow and dead at maturity, and therefaaee no cellular
organelles to retard water flow. Furthermore, dudle thick cell walls
and can therefore withstand changes in pressuceiatsd with water
flow caused by transpiration. However, tracheidsusually long (up to
10mm) and thin (10-J%m in diameter), and they overlap each other.
Their walls contain many thin areas calledrdered pits which are
valve like structures that are especially abundapbrtions of the walls
where tracheids overlap. Pits link tracheids imngl water-conducting
chains and allow a slow flow of water through xylem

(Fig. 17.3)

Bordered pits are valvelike structures that are atolant in walls where tracheids
overlap one another-pits link tracheids into longyater-conducting chains and
allows water to flow through xylem. X3, 050

221



BIO203 GENERAL PHYSOLOGY |

Vessel elements are shorter and wider than trasheltkir diameter are
usually between 40 and 8, and may be as large as 500@ Vessels
are stacked end to end and the end walls separatjagent vessel
elements are often either whole or partially digsdlas a result, vessel
element form cellulose pipes called vessels rangintength from a
centimeter to more than a meter. Water can movgelodistances in
vessels than in tracheidefore having to travel a pit. Moreover, their
larger diameter and dissolved end walls allow waienove faster than
in tracheids. The increased flow rate in vessely h&lp explain why
angiospeffils dominate today's landscape. Angiosgecontain both
tracheids and vessels, while gymnosperms contdynt@acheids.

(Fig 17.4)

Scanning electrons micrographs of part of a vessélessel elements are stacked
end to end; the walls separating adjacent vessehednt are often either wholly or
partially or dissolved.

SELF ASSESSMENT EXERCISE 1

1(a) How does water move from roots to leaves
(b)  What is transpiration

3.1.2 Water Potential

The force responsible for water movement. The margnof water
though plant is a physical process that requirentetabolic energy.
Rather, water flows passively from one place totlaeo because of
difference in potential energy. The potential egexf water in a
particular system compared to pure water at atnmergppressure, and at
the same temperature is termed Wager potential and is abbreviated
by the Greek letter psi). Lowering the potential energy of water lowers
the water potential, and increasing the potentiaérgy of water
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increases the water potential. Differences in watgential determine
the direction that water moves: water always flaggvely from areas
of high water potential to areas of lower watergntial. The movement
of water into, through and out of plants is regedaby water potentials.

How does water move in plants?

Any hypothesis for water movement in plants mustbhsed on water
moving from areas of high water potential to aredsower water
potential. It must also account for an even moreials requirement:
movement must reach tops of all trees. The forogslved in lifting

water to treetops are considerable. For examplaimeathe force of
water required to move water to the leaves of hiako tree. Some
hypotheses have been proposed for water movemeidnis.

Hypothesis 1

Water moves up xylary elements via capillarity. apty results from

the adhesion of water to the surfaces of smallsubhkis adhesion pulls
water up the tube, and is visible as the curvedisoar atop the water
column in a glass tube. However in tubes having dizneters of a
xylary element, capillarity raises water less tham. Therefore,

capillarity alone cannot account for the movemdnwater to the top of
trees.

Hypothesis 2

Water is pushed up xylary elements by atmosphergssure. To
understand this hypothesis, imagine filling a lomgllow tube with

closing it at one end, and placing the tube opahdown, in a tub of
water. Movement of the water column is balancedtwy opposing

forces: the weight of the water in the tube puils wvater column down,
while atmospheric pressure pushes water up the . tubeese

counteracting pressures reach equilibrium whenwhager column is

about 10.4m high (fig 17.4). When the length oftillge exceeds 10.4m,
the water column cavitates, meaning that it fornpgudial vacuum filled

with water vapour in the upper closed end of thbetuBecause
atmospheric pressure raises a column of water ablyut 10.4m, it

cannot account for the movement of water to the tgdall trees.

Hypothesis 3
Water is pumped up the xylary elements. Water ifermymoves in
xylary elements which are dead. Furthermore theeen® "pumping

cells" in xylem. Therefore water is not activelynmped through the
xylem.
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Hypothesis 4
Water is pushed up by root pressure.

On many mornings you have probably seen leavestligse shown in
fig 2.1.6 that have water droplets at their edgéss loss of water from
the leaves of intact plants is called guttation @adcommon in
herbaceous plants growing in moist soil on cool plamorning.
Guttation is caused by root pressure that is géeeias follows:

1. Minerals actively absorbed at night are pumipéal the apoplant
surrounding xylary element

2. The influx of solutes decreases the water piaieof the xylary
element, thereby causing water to move into it famrounding
cells.

3. Since there is only negligible transpiratiomaght, the pressure
in the xylem increases as high as +0.2 Mpa.

4. Eventually, this pressure forces liquid watert of the leave

through hydathodes.

Guttation continues as long as the plant is kepdeunconditions

favouring rapid absorption of minerals and minimweamspiration, such
as in wet soils at night. Although most pressune gash water several
meters up a plant, it cannot push water to tres.top

Hypothesis 5

Water is pulled up plants by evaporation.

This hypothesis was formulated more than a cergy, and today is
referred to as the transpiration-cohesion hypoghiesiwater movement.
It is summarized in fig 2.1.7 and describes thegss as follows:

1. Solar-powered transpiration of water dries tel wall of
mesophyll cells.
2. This loss of water from wall lowers the watetgntial of the cell,

thereby causing it to take up water from neighlpriells that
have a higher water potential because they areeiagway from
the air space.

3. Cells farther away from the site of evaporati@ve even larger
water potentials, thus causing water to move fraih © cell
toward the air spaces.

4. Cells bordering tracheids replace their watih water from the
xylem. This loss of water with water from xylaryesients
creates a negative pressure thereby lifting theemedlumn up
the plant.
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5. The negative pressure decreases the watertipbtath the way
down to the tips of roots, even in the tallest $reEhe tension
lowers the water potential in the root xylem so mticat water
flows passively from the soil, across the root exrand into the
stele. Water in the stele is then pulled up theexyto leaves to
replace water lost via transpiration.

SELF ASSESSMENT EXERCISE 2

Which hypothesis best explains water movement iamyDescribe it.
3.2 Factors Affecting Transpiration

3.2.1 Environmental Factors
Atmospheric Humidity

Transpiration occurs as long as the water poteafithe atmosphere is
less (i.e. more negative) than the water potemiialhe leaf. Dry air
increases the gradient and therefore increasespiration. Similarly,
transpiration typically shows in humid air.

Internal concentration of CO,

The concentration of COn the atmosphere rarely deviates much from
the 0O.03%.However the GO concentration in leaves changes
considerably, especially when stomata close andtoghinthesis
removes C@ from the intercellular spaces of the leaf. Low
concentration of C@in leaves cause stomata to open, whereas high
concentrations cause them to close. Thus a redsuggply of CQ for
photosynthesis (i.e. a low internal concentratidiC®,) opens stomata
and as a result, increases transpiration.

Wind

The thin moist layer of air adjacent to a transygrieaf is called a
boundary. A thick boundary layer decreases theausibh gradient and
therefore decreases transpiration. Wind usuallyaogis the boundary
layer with drier air, thereby increasing the watetential gradient and
increasing transpiration.

The leaves of many grasses can temporarily redacesgiration. The
upper epidermis of leaves of many grasses contzcsiolated cells
called bulliform _cells, which are sensitive to water loss. These cell
shrink when they desiccate, thereby rolling thé ieto a cylinder. This
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shape increases the leaf's boundary layer andesdhe amount of light
that reaches the leaf, thereby decreasing tranigpira

Air Temperature

In direct sunlight, the temperature of a leaf mageed that of the air by
as much as 10°C. Increasing the leaf temperatuneases the water
vapour pressure in the leaf, which in turn increase water potential
and leads to faster rates of transpiration. Traagpn is most rapid at
20°C-30°C.

Soll

Any factor that affects water availability also exdfts transpiration;
therefore transpiration is affected the water catst®f soil. Plants can
absorb water from soil as long as their vapour mi@ekis less then that
of the soil.

Plants functions as wicks that evaporate sub-serfaater from soill,

which explains why soils covered by plants loseew#aster than does
bare soil. Almost all water lost below 15cm in thkeil is lost via

transpiration. Weeds therefore compete with cragmfgsl, not only for

light and nutrients, but also decrease the avidiiiabif water to soil.

Light intensity

Light usually causes stomata to open and therefmeeases
transpiration. Although stomata typically open ahrsse and close at
sunset, these are not “all-or-nothing” effects,tead stomata open
gradually in the morning over a period of about doer and gradually
close through out the afternoon. The effect oftligh stomata opening
Is indirect. Light promotes stomata opening by atating
photosynthesis which decreases the internal coratent of CQ in the
leaf. The regulation of transpiration by light isyportant, since it
prevents plants from needlessly losing water wtieis itoo dark for
photosynthesis.

SELF ASSESSMENT EXERCISE 3

List the factors that affect transpiration.

3.2.1 Structural Adaptations

Apart from the environmental factors listed there ather structural

adaptations that affect transpiration by reducintbase are:
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Cuticle: The retention of water and the survival would bent
impossible for plants without a cuticle. The cwgid an effective means
of conserving water: les than 5%of the water lgstlplant evaporates
through the cuticle. In general, thicker cuticleypdes more protection
from desiccation than these ones. The desert plgpitsally have thick
cuticles, while those of aquatic plants are their.

Trichomes: Although trichomes increase the thickness of thendary
layer overlying a leaf the primary means by whighhomes decrease
transpiration i.e. by reflecting light and thus d&sing the temperature
of a leaf.

Sunken Stomata

Sunken Stomata increase the boundary layer surmagirgbiard cells.
Therefore, plants with sunken stomata typicallyh$gare less than do
plants with raised stomata.

Reduced Leaf Area

Many desert plants have greatly reduced leavesslijalecreasing their
evaporative surface. In these plants, succulemhsstihat store large
amounts of water replace leaves as the primaryoglinthetic organs.

SELF ASSESSMENT EXERCISE 4

List four (4) structural factors that affect tramggion. What is their
mode of action?

4.0 CONCLUSION

The biggest challenges that plants faced are thegded land were
obtaining and transporting water in the dry terraktenvironment.
These challenges to survival led to the evolutidnraots and a
specialized vascular system to gather and trangpertwater, and an
epidermis and stomata to conserve it. The xylasnelds of the vascular
twine became highly adapted to moving water up phtents. The
transpiration-cohesion hypothesis i.e. the beatlaggpion for water
movement. The transpiration is affected by cerinironmental and
structural factors.

5.0 SUMMARY
Multicellularity of plants and their colonizatiori the land corresponded
with the evolution of systems for long-distancengij@ort. The vascular

systems responsible for this transport are xylemclvmoves water and
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dissolved minerals from the soil to leaves, andlgshewhich, moves
sugars and other organic compounds throughout at.pl/ater

movement in both of these systems occurs becaushffefences in

water potential, which is a measure of the potéeti@rgy of the water
in the system. Water potential is the sum of thergy attributable to
pressure, solutes and wettable surfaces. Wateyslmaves from areas
of high water potential to areas of lower waterepdial.

Water moves from roots to leaves in tracheds arsbels of xylem.
These conducting cells are dead and hollow at ntytand have thick
walls that can withstand the negative pressuresactexistic of xylary
transport. Leaves expose large evaporative suréameas to the dry
atmosphere. This evaporation of water from shoas called
transpiration.

The movement of water through the xylem is bestlanpd by the
transpiration-cohesion hypothesis. The driving éordor water
movement is the evaporation of water from the waidlleaf cells, which
decreases the water potential of the leaf and pulls replacement
water from the xylem. The water potential gradi¢mat lifts water
through the xylem extends the length of the plamd &to the soill,
thereby pulling water in plants is also promotedtiy strong cohesion
of water molecules. The adhesion of water to tHewls of trachaids
and vessels helps to prevent gravity from draitimegwater columns.

Environmental factors that affect transpiration lide atmospheric
humidity, internal concentration of gan the leaf, air movement, air
temperature, availability of water in the soil, dight.

Structural adaptations that reduce transpiratictude the presence of a
cuticle, trichomes, sunken stomata, and decreasédiea.

ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Water and dissolved mineral move from rootse@vés in dead
conducting cells of the xylem

2. Transpiration is the evaporation of water frome tshoot of a
plant.

ANSWER TO SELF ASSESSMENT EXERCISE 2

1. The transpiration-cohesion hypothesis best expt@w water
moves in xylem. The driving force for the movemehivater is a
water- potential gradient generated by transpinafisanspiration
from leaves lifts water up plants. Cohesion of watem
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breaking, and adhesion of water molecules to callswprevent
gravity from draining the water column.

ANSWER TO SELF ASSESSMENT EXERCISE 3

Factors that affect transpiration are humidity, penature, light, soil,
wind and the internal concentration of Ci® leaves.

ANSWER TO SELF ASSESSMENT EXERCISE 4
Four structural factors that affect transpirati@ans cuticles, trichomes,

sunken stomata, and reduced leaf Area. Their mddaction is by
reducing transpiration.

6.0 TUTOR-MARKED ASSIGNMENT

la. Discuss three {3} environmental factors th&etftranspiration
b. What two structural factors affect transpiration
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1.0 INTRODUCTION

The evolution of multicellularity, in plants ren@er diffusion inadequate
for moving substances throughout a plant, is dsedisn Unit 17. Apart
from requiring a system for transporting water frone soil to that
leaves; multicellularity also require a system ti@nsporting the sugars
made in leaves to distant sites for storage andTis phloem was thus
evolved as the long distance transport systemsnfmring sugars and
other solutes.

The mechanism of action of phloem in moving sugard solutes and
the factors affecting this movement are discussehis unit.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. discuss the movement of organic solutions in phloem
. describe the structure of the conducting cells

. explain how substances move in the phloem

. discuss the models proposed for phloem transport

. explain the munch pressure-flow model
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. describe the system of phloem loading and unloading
. list the environmental factors affecting phloemmsgort
. list the contents of sieve tubes.

3.0 MAIN CONTENT

3.1 Transporting Organic Solutes in the Phloem

The first serious students of how organic solutewenin plants were
done in the 1800s by Theodor Hastig, a German l&ttaHis interest
was in determining how the products of photosynghe®ve in trees. In
1837, he discovered a new cell type in the badkess. He called them
sieve tube membersand suspected that they were the conduits for
moving sugars from leaves to roots. To test hisobygsis, Hastig
reasoned that if sieve tubes of back were the dblisugh which
nutrients moved, then removing a ring of back frtme tree trunk
should cause nutrients to accumulate above thalsdagirdle. This is
exactly what happened.

(Fig. 18.1)

This girdle on a black cherry tree (Prunus serotinalocked the flow of nutrients
through phloem from above, stopping growth below

In the late 1850s Hastig began other experimemtisahentually linked
translocation with sieve tubes. He made a seriehalow cuts into the
sap oozed from these incisions. Hastig concludadl dihganic solutes
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moved in sieve tubes. More recent studies withoactive tracers have
confirmed Hastig's conclusion: sugars and otheramiggy substances
move almost exclusively in sieve tubes of the pimoe

3.1.1 Structure of Conducting Cells

Sieve tube members are cylinders conllected byedike areas called
sieve plates, each of which has numerous sievesp8ieve pores may
occupy more than 50% of the area of sieve platesieSpores were
initially thought to be clogged; but studies plaskésuld that sieve pores
are open in functional sieve tubes.

Sieve tubes in most plants are short-lived; theyallg function only

during the season in which they are formed. Indh@ants, sieve tubes
are eventually replaced by cells denied from thecukar cambium.

During periods of dormancy, sieve pores becomegedgwith callose

and become non-functional. When growth resumes, dhiéose is

hydrolyzed, and the sieve tubes again transpordrsudhe products of
callose hydrolysis are used as substrates foretiewal of growth.

Callose and P-protein are located along the pemypbé functioning
sieve tube members. Callose is rapidly synthesideeh sieve tubes are
wounded. Callose plays the pores of wounded sigvestand prevents
loss of assimilated nutrients through the woundnil@rly, P-protein
rapidly clogs the pores of wounded sieve tubesramimizes the loss
of sugars.

SELF ASSESSMENT EXERCISE 1

1. Where do sugars and other organic compounds mqiants?
2. What is the nature of the phloem’s sieve tubenbexs?

3.1.2 How Substances Move in the Phloem

Several models for phloem transport have been gexhoThe validity
of these models is judged by their ability to ekpland accurately
predict phloem transport such a model must alsdaexghe rate of
phloem transport.

Rates of Phloem Transport
Solutes move surprisingly fact in the phloem pesiks of transport may
exceed 2mh-1. As much as 20litres of sugary sapeanollected per

day from the several stems of sugar palm. At tHellee level, a sieve
element empties and fills every two seconds.
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Models for Phloem Transport
Hypothesis
Solutes move through the phloem via diffusion

Diffusion is much too slow to account for phloerarsport in plants.
Consider a 10% sucrose solution connected to aoppnre water by a
1- metre tube with a cross-sectional area of“.dte diffusion of only
1 mg of sucrose to the pan of pure water would ireqalmost three
years. Therefore, mechanisms more rapid than dffusnust be
involved in solute transport in phloem.

Hypothesis 2
Solutes move through the Phloem via Cytoplasmic S¢taming

Cytoplasmic streaming is too slow to account fotopm transport.
Moreover, streaming apparently does not occur itureasieve tubes.
Therefore, cytoplasm streaming alone cannot acdourihe movement
of solutes in the phloem.

Hypothesis 3
Solutes move through the Phloem via Pressure Flow

This model was proposed by German plant physidiogisist Munch in
1926. The model states that a tugor-pressure gradives the uni-
directional mass flow of solutes and water throsgtve tubes of the
phloem.

According to this model, solutes move through si¢wiees along a
pressure gradient in a manner similar to the mowtrmewater through
a garden hose.

Four requirements must be satisfied for Munch'sehtmwork:

1. There must be an osmotic gradient between thesmometers.

2. Selectively permeable membranes must be préserdtablish a
pressure a gradient.

3. There must be an open channel between the tmorosters to
allow flow

4. The surrounding medium must have a water paterthat
exceeds (i.e. less negative than that of the maegjative
osmometers).
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The pressure-flow model is attractive because ptans source-to-sink
movement in plants.

Sources are the sites where sugars are made by photossidtioe
hydrolysis of starch, they contain large amountssofar, and their
solute concentration is high.

Sinks are sites where sugars are used or stored aréuie starch. They
contain less sugar than do the sources. Their esaabcentration is
relatively low. Roots, active meristems and depwlg fruits are
examples of sinks.

1. Sucrose produced at a source is loaded inteva suibe

2. This loading decreases the water potential, kvbauses water to
enter sieve tubes by osmosis.

3. The influx of water into sieve tube createsespure gradient that
carries sucrose to a sink, where it is unloaded.

4. Removing sucrose at the sink increases the \patential there,
causing water to movement of the sieve tube asitile

5. Sucrose exiting the sieve tube at the sink msttow the xylem and

IS recirculated.
The ability of the pressure-flow model to accouot &ind accurately
predict the characteristic of phloem transport nsakeéhe most widely
accepted model for phloem transport.

SELF ASSESSMENT EXERCISE 2

1. Which hypothesis best explain the transportrgbnic solutes in
plants
2. What are its basis postulates.

3.2 Loading and Unloading the Phloem

3.2.1 Phloem Loading

The Munch pressure-flow model accounts for the muam of solutes
once they are loaded into sieve tubes? How, thesotlstes get from
sources into sieve tubes and from sieve tubesiks i

Consider a chlorenchymes cell (i. e. a source)l@aband a cortical cell
(i.e. a sink) in a root. Most chlorenchymes celis 2-4 layers from a
vein. Thus, sugars made in chlorenchymes cells rhastransported
across several others chlorenchyma dadfsre they can be loaded into
a sieve tube. The movement of solutes between edjahlorenchyma
cells is symplastic and is enhanced by the mamnynpdalesmas that link
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these cells. That is symplastic transport accotortshe movement of
solutes to chlorenchyma cells boarding the veirerétare no symplastic
links between chlorenchyma cells and companion aiede cells.

Sugars, therefore, move through the cell wall ¢he. apoplast) before
being loaded into the sieve tubes.

Sugars in the cell wall are loaded into sieve tumesompanion cells
which many often have many plasmodesmata and iackidictures
similar to those of transfer cells.

(Fig 18:2)

Cross section of a leaf vein from common ground&ehécio eulgoris),
showing sieve elements and transfer cells. The wagtowths of
transfer cells produce large surface areas thatuaesl to enhance
loading and unloading of sieve elements.

The elaborate invaginations of the cells wall amil cnembrane of
transfer cells provide a large surface area famsparting sugars from
the cell wall into the sieve tube. The loading @ve tubes form the
apoplast requires metabolic energy and is driveliractly by a protein
gradient generated at the expense of A TP.
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(Fig. 18.3)
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Model of sucrose loading into phloem. Accordingﬂuﬁe model, IP is pumped out of
the sieve tube, using energy from ATP sucrose msiport into the sieve tube.

Sugars and other solutes are loaded selectivety Sive tubes. Only
those solutes that are transported will be loaBedexample, sucrose is
always present in sieve tubes, which glucose slyaresent. If veins

are bathed in a solution of sucrose and glucosky, sucrose will be

loaded into sieve tubes. This selectively depends specialized

membrane carries in the cell membrane of sievestamel companion
cells.

3.2.2 Phloem Unloading

Unloading of solutes from sieve tube members cammosymplastically

or apoplasticatly. In vegetative sinks that areagng such as roots and
young leaves, unloading is usually symplastic. tlreo sinks, unloading
Is apoplastic. The mechanism underlying phloemashloy may vary in

different species.
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3.2.3 Influence of the Environment on Phloem Transort

Several environmental factors affect phloem trartsgone of them is
light, which promotes photosynthesis and therefore as@e the
production of sucrose. As a result, increased ligtegnsity generally
promotes transport to roots. Similarly, darknegsgates translocation
from roots to shoots.

Mineral deficiencies are also important in phloem transport, which is
strongly affected by the nutritional status of arpl For example,
phloem transport is slow in boron-deficient plarttensport increases
dramatically when these plants are supplied withobo Potassium
deficiencies also decrease phloem transport, prasiynbecause of the
dependence of phloem loading onuptake.

3.2.4 Contents of Sieve Tubes

The most abundant compound in a sieve tube is wathrch is
important because as much as half of the watermany fruits is
delivered in sieve tubes. More than 90% of thetsslin sieve tubes are
carbohydrates. In most plants, these carbohydnatege largely as
entirely as sucrose. The concentration of sucrasghe as high as 30%,
thereby giving phloem sap a syrupy thickness. Hawermot all plants
transport only sucrose; a few plant families alsmsport others sugars
such as raffinose, stachyose, and verbascose. Bogses are similar
and consist of sucrose, attached to one or moral&ctpse units. Like
sucrose, they are all no reducing sugars, whicheasereactive and less
labile to enzymatic breakdown than are reducingassiguch as glucose
and fructose.

Some plants also transport sugar alcohols in gtdoem. For example,
apple and cherry trees transport sosbitol, and it@dnmoves in the
phloem of ash (frxinus). While the Biblical maniat was miraculously
supplied to the Israelites came from heaven, comialemanna (the
source of mannitol) is the dried phloem-exudatenahna ash (frxinus
omus) and related plants. Sieve tubes also co#t@ and nitrogen-
containing compounds such as amino acids, especidliring
senescence of leaves and flowers. Sieve tubedralsgport hormones,
alkaloids, viruses, and inorganic ions, especiglly

SELF ASSESSMENT EXERCISE 3

1. Discuss how solutes are loaded in the phloem.
2. What three environmental factor affect phloeamsport?
3. List the contents of sieve tubes.

237



BIO203 GENERAL PHYSOLOGY |

3.3 Exchange between the Phloem and the Xylem

The contents of xylem and phloem are in aqueoudilegum; that is,
they have a similar water potential. For examplatew entering loaded
sieve tubes comes from the xylem and water leauvinigaded sieve
tubes returns to the xylem and is recirculated. fovement of water
between xylem and phloem is occasionally accomplamyean exchange
of the solutes of these tissues.

4.0 CONCLUSION

In Unit 17, we concluded that the challenge of nitiag lands by plants
led to the evolution of roots and a specializecculs system to gather
and transport water, and an epidemic and stomatarieerve it. The
evolution of multicellularity and tissue speciatibm also produced a
system to move the products of photosynthesissiauli sites of use and
storage. The companion cells and the sieve tubgshlaem are the
structures responsible for this movement. The presBow model
proposed by Ernst Munch is the best possible eapilam for this
transport. This model explains that solutes moveuihph the phloem via
turgors-pressure. This movement is affected by semaronmental
factors which include light, temperature and mihdediciencies.

5.0 SUMMARY

Organic solutes move through the phloem in sielse tnembers, which
are living cells arranged into pipe like structuiealed sieve tubes.
Solutes move under positive pressure in sieve tuldes primary solute
transported in sieve tubes is sucrose.

Phloem transport is best explained by the pressome- model.
According to this model, companion cells load sagato sieve tubes at
sites called sources. These sugars decrease tlee paential of the
sieve tube, so that water enters the cell and &se=®its turgors pressure.

The turgor-pressure in sieve tubes decreases g, siffiiere sugars area
unloaded. As a result, sugars in sieve tubes areesalong a gradient
of turgor pressure generated by an osmoticallyedrimflux of water at
sources and an exit at sinks.

Phloem transport is affected by temperature, ligimd mineral
deficiencies.
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ANSWER TO SELF ASSESSMENT EXERCISE 1

1. Sugars and other organic compounds move inhloem
2. Sieve tube members are cylinders connecteddwe-dike areas
called sieve plates each of which has numeroug fexes.

ANSWER TO SELF ASSESSMENT EXERCISE 2

1. Pressure-flow model

2. Sugars are carried by water along a gradientrgjor pressure
generated by an osmotically driven influx of wadésources and
an exit at sinks.

ANSWER TO SELF ASSESSMENT EXERCISE 3

1. Solutes are loaded in phloem cells symplasticiyd
apoplastically. Symplasticlly, they are moved tlgbuthe
plamodesmates between an chlorenchyma cell antiemdthey
are then moved from the lest chlorenchyma to thesviirough
the cell walls (apoplastic)

2a. Light

b. Temperature

C. Mineral deficiencies
3i. Water

. Carbohydrates and sucrose

iii.  Other sugars e.g. raffinose, stachyose antasose
V. Sugar alcohols e.g. sorbitol and mennitol

V. ATP

Vi. Nitrogen containing compounds e.g. amino acids.

6.0 TUTOR-MARKED ASSIGNMENT

a. Which model best describes the movement ofe®iatplants.
b. Describe this model
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