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Preface

The Molecular Life of Plants, a textbook designed to
introduce undergraduate students to contemporary
experimental plant biology, was inspired by Biochemistry
and Molecular Biology of Plants published in 2000 by the
American Society of Plant Biologists. Biochemistry and
Molecular Biology of Plants was written with a graduate
student readership in mind, its 24 chapters covering key
topics at the forefront of plant biochemistry and
molecular biology. In addition to presenting advances in
plant science research, an outstanding feature of
Biochemistry and Molecular Biology of Plants is the quality
and richness of the artwork, many aspects of which have
been emulated by other textbooks. Biochemistry and
Molecular Biology of Plants has been translated into
Chinese, Japanese and Italian and an English language
version of the book has been produced for the Indian
market.

The success of Biochemistry and Molecular Biology of
Plants led the American Society of Plant Biologists to
collaborate with Wiley-Blackwell to produce other
publications in plant biology. The editors of Biochemistry
and Molecular Biology of Plants, Bob Buchanan, Willi
Gruissem and Russell Jones, developed the outline of The
Molecular Life of Plants, an undergraduate textbook
incorporating the strengths of Biochemistry and
Molecular Biology of Plants, especially the outstanding
illustrative material. The goal of this new text is to
include broader aspects of contemporary experimental
plant biology in a typical undergraduate plant physiology
curriculum. Thus The Molecular Life of Plants is
designed to show how the unifying influence of
molecular advances in the fields of biochemistry,
physiology, development, adaptation and evolution is
revolutionizing the teaching of experimental plant
biology.

The Molecular Life of Plants uses the life cycle of a
seed plant as a framework to discuss the key aspects of
plant function from seed to seed. Helen Ougham and Sid
Thomas, both at Aberystwyth University, and Susan
Waaland at the University of Washington, joined Russell
Jones at the University of California at Berkeley to write
this book. Russell Jones, Helen Ougham and Sid Thomas
wrote the elements of the 18 chapters and Susan
Waaland was the scientific editor ensuring that the whole
book read uniformly and was factually accurate.

The teaching of functional plant biology has a long
and illustrious history in Europe and North America.
Many outstanding textbooks have been devoted to this

topic. In the middle to late 19th century this field was
dominated by books written in German by authors such
as Haberlandt, Sachs and Pfeffer, whose texts were
translated into English and were used in
English-speaking countries worldwide. It was only in the
1930s that textbooks dealing with the mechanisms of
plant growth and development written by North
American authors began to be published, the first by
Edwin Miller in 1931. Miller’s Preface to Plant Physiology
stated: “The various texts by European investigators and
teachers, while summarizing the work that has been done
on the continent, have failed to cover adequately the
contributions of American and English plant
physiologists.” From the mid-20th century, authorship of
textbooks covering the field has had a decidedly North
American bias, largely due to the impact that Land Grant
Universities in the USA have had on the teaching of this
subject so essential to agriculture. Publication of Miller’s
book was followed by the now famous text Plant
Physiology by Bernard Meyer and Donald Anderson, first
published in 1938 and surviving in various editions until
the 1970s. Two other textbooks have since dominated
the field, one by Frank Salisbury and Cleon Ross first
published in 1969 and the most recent by Lincoln Taiz
and Eduardo Zeiger, first published in 1991 and now in
its fifth edition.

The Molecular Life of Plants differs from its
predecessors in that it reflects the dramatic changes
made possible in biology by the revolution in molecular
genetics. The complete genome sequences of a large
number of plant species have been published and the
ability to generate mutants with unique phenotypes in
Arabidopsis, in Zea mays and in many other species has
allowed the dissection of biochemical pathways and
cell processes and an enhanced understanding of the
fundaments of plant growth and development.
Following the lead of Biochemistry and Molecular
Biology of Plants, we have incorporated many of these
topics into The Molecular Life of Plants. We have also
introduced ‘Key points’ as a tool to summarize material
and facilitate student learning. Salient aspects within
each section of a chapter are summarized in a ‘Key
points’ text box that condenses the topic to its essence in
100—150 words.

This book is organized into six parts beginning with
Origins which has four chapters, the first providing a
primer on plant structure and reproduction, then
Chapter 2 presenting the basics of cellular chemistry,




followed by Chapter 3 on plant genomes, their
organization and expression, and Chapter 4 on cell
structure. Part IT (Germination) has three chapters.
Chapter 5 describes the cellular events crucial for
germination including membrane transport and
intracellular protein trafficking. The other two chapters
in this part discuss germination and the mobilization of
stored food reserves (Chapter 6), and how these reserves
are metabolized to provide energy and carbon skeletons
for the developing plant (Chapter 7).

Part I11 (Emergence) deals with the roles of light in
seedling growth and development. Chapter 8 discusses
light perception and the developmental consequences of
this, while Chapter 9 addresses photosynthesis and
photorespiration. Part IV (Growth) covers hormone
synthesis and action (Chapter 10); the cell cycle and
meristems (Chapter 11); and cell elongation,

embryogenesis and vegetative development (Chapter 12).

Maturation (Part V) and Renewal (Part VI) complete
the functional aspects of the plant life cycle. In Part V,
Chapter 13 discusses nutrient acquisition, Chapter 14
covers the topics of long-distance transport with a focus
on the mature plant, and Chapter 15 deals with
interactions of the plant with its environment. In the
final part, Chapter 16 describes the development of
flowers, seeds and fruits, while Chapter 17 discusses the
development of resting structures and dormancy
mechanisms. Events in the plant life cycle are completed
in Chapter 18 with a detailed treatment of senescence,

ripening and death in the final stages in the life of a plant.

A comprehensive list of credits and permissions for
the use of the many figures and tables is provided at the
end of the book. Special thanks are due to several
members of the editorial team at Wiley-Blackwell. Celia

Carden our Development Editor deserves particular
recognition for moving the project forward and for her
good humor under all conditions. In addition to her
deep inside knowledge of the publication business, Celia
demonstrated her broad knowledge of plant biology,
helpful in selecting the anonymous reviewers of the
manuscript in its various stages of development. We are
indebted to these reviewers. Celia was instrumental in
hiring Debbie Maizels as the illustrator for the book.
Debbie is an extraordinarily talented artist with the
bonus of having a sound background in the biological
sciences. We owe Debbie special gratitude for her work
on this book. Fiona Seymour, Senior Project Editor at
Wiley-Blackwell provided excellent support during the
production process. Fiona’s knowledge of the intricacies
of textbook production was invaluable in ensuring the
overall very high quality of The Molecular Life of Plants.
Jane Andrew, Project Manager, has helped immensely
with the details of production including copy-editing,
liaising with the typesetters, proofreading and indexing.
Last, but not least thanks are due to Andy Slade at
Wiley-Blackwell and Nancy Winchester at ASPB
headquarters in Rockville, Maryland. Andy and Nancy
were instrumental in the launching of the joint
ASPB—Wiley publication venture and they were both
very supportive of The Molecular Life of Plants, cheering
from the sidelines when needed and making sure that the
project did indeed come to fruition.

Russell Jones
Helen Ougham
Howard Thomas
Susan Waaland
2012



Brief contents

Preface xxiii

Part | Origins

—

Plant life: a primer 3

2 Molecules, metabolism and energy

3 Genome organization and expression 7
4

Cell architecture 114

Part II Germination
5 Membrane transport and intracellular protein trafficking 1

6 Seed to seedling: germination and mobilization of food
reserves isi

7 Metabolism of reserves: respiration and glucongéggnesis™as

Part 1l Emergence
8 Light perception and transduction 2

9 Photosynthesis and photorespiration 2

Part IV Growth
10 Hormones and other signals 3»
11 The cell cycle and meristems 3»n

12 Growth and development i




- Brief contents

Part V Maturation
13 Mineral nutrient acquisition and assimilation sss
14 Intercellular and long-distance transport sos

15 Environmental interactions s

Part VI Renewal
16 Flowering and sexual reproduction ss
17 Development and dormancy of resting structures s»

18 Senescence, ripening and cell death cs

Acknowledgments, credits and sources 707

Index 713

Companion website

This book is accompanied by a companion website:

www.wiley.com/go/jones/molecularlifeofplants
The website includes:
e Powerpoints of all figures

e PDFs of all tables from the book for downloading
e PDFs of the table of contents and index




Contents

Preface xxiii

Part |

Origins

1 Plant life: a primer 3

11
1.2

1.3

1.4

I

1.6

An introduction to plant biology 3

Plant systematics 3

1.2.1  Each species has a unique scientific
name that reflects its phylogeny 3

1.2.2  Modern classification schemes attempt
to establish evolutionary
relationships 4

The origin of land plants 6

1.3.1  The green plant clade, viridophytes,
includes the green algae and land
plants 6

1.3.2  Unlike their green algal ancestors,
embryophytes have evolved
adaptations to life on land 6

Bryophytes 8

1.4.1  Bryophytes have adapted to a range of
environments and show a limited
degree of differentiation into tissues
and organs 9

1.42  Gametophytes dominate the bryophyte
life cycle 9

1.4.3  Many features of bryophytes suggest a
link to the vascular plants 11

Vascular plants 11

1.5.1  Lycophytes were among the first
tracheophytes to evolve 11

1.5.2  Ferns, horsetails and whisk ferns
constitute a single monophyletic clade,
the monilophytes 12

1.5.3  Although adapted to land, ferns require
water for reproduction 12

1.5.4  Seed plants are successful conquerors
ofland 13

1.5.5  Seeds encase the embryo and its food,
facilitating dispersal of the new
sporophyte generation 13

Gymnosperm phylogeny and

reproduction 15

1.6.1  Gymnosperm phylogeny reveals five
lineages 15

1.7

1.8

1.9

1.6.2  Conifers constitute an important
natural resource 15

1.6.3  Sporangia and gametophytes of pines
and other conifers are produced in
cones 15

1.64  Pine reproduction is characterized by a
long delay between pollination and
fertilization 16

1.6.5  Pine seeds contain both diploid and
haploid tissues 17

Angiosperm phylogeny and

reproduction 18

1.7.1  The flower is the defining feature of
angiosperms 19

1.7.2  Gametophytes of angiosperms are
much smaller than those of
gymnosperms 20

1.7.3  Double fertilization in angiosperms
leads to the formation of a diploid
embryo and polyploid
endosperm 20

1.7.4  Inangiosperms, fruits promote seed
dispersal 23

The seed plant body plan I. Epidermis,

ground tissue and vascular system 23

1.8.1  Epidermal tissue covers the outside of a
plant while ground tissue makes up the
bulk of a plant 24

1.8.2  Vascular tissues are specialized for
long-distance transport 27

1.8.3  Long-distance transport of water
occurs in tracheary elements 27

1.8.4  Long-distance transport of organic
solutes occurs in sieve tubes 27

The seed plant body plan II. Form and

function of organ systems 27

1.9.1  The root system acquires water and
minerals 28

1.9.2  Primary tissues of the root consist of
the central stele surrounded by the
cortex and epidermis 30

1.9.3  The shoot system is organized into
repeating modules 31

1.9.4  The tissues of an angiosperm leaf
consist of an epidermis with stomata,
photosynthetic mesophyll cells and
veins 31

1.9.5  Primary tissues of the stem are
organized differently in monocots and
eudicots 32




1.10 The seed plant body plan III. Growth and

development of new organs 33

2.3.6  Synthesis of ATP occurs by two distinct
mechanisms 64

1.10.1  Apical meristems produce the primary 24  Enzymes 64 )
plant body 34 2.4.1  Enzymes often require cofactors 64
1.10.2  The root apex consists of the meristem 2.4.2  Catalysis greatly increases the rates of
covered by the root cap, and lateral thermo-dynamically feasible reactions
roots originate as primordia in the by reducing energy barriers 67
pericycle 35 2.4.3 A number of factors determine the rate
1.10.3 The shoot apical bud is the source of of enzyme-catalyzed reactions 68
|eaves' axﬂlary buds and floral 244 Enzy'me activity is under tlght
organs 35 regulation 70
1.10.4  Secondary growth is for the long haul,
up to thousands of years 35
1.10.5 iI;]a;ei:tlln;t;nstems allow for expansion 3 Genome organization and
1.10.6 Wood morphology is influenced by expression 74
environmental and endogenous
factors 38 3.1  Introduction to genes and genomes 74
3.2 Organization of plant genomes I. Plastid,
) mitochondrial and nuclear genomes 74
2 Molecu Ies, metabolism 3.2.1  Plastid genomes do not contain all the
v genes required for plastid function 74
and energy « 3.2.2  Plant mitochondrial genomes vary
i i . \ greatly in size between different plant
2.1  Introduction to biological chemistry and species 75
energetics 42 3.2.3  Some plant nuclear genomes are much
22 Biological molecules 42 larger than the human genome, others
lecul ist of linked b are much smaller 78
s I\l/.I‘o iy Ie 's)cm;sxst figtas e, p 3.24  Repetitive DNA makes up much of the
o - ;mlFaal onds 42‘ di genome in many plants 79
222G Ty ?tructure: BEscpresenied I 3.2.5  Related plant species show conserved
g 4 . organization of gene content and
2.2.3  Water is an essential constituent of order 81
living cells 44 L B
2.2.4  Biological molecules have 3.3  Organization of plant genon.les IL.
carbon—carbon backbones 46 Chromosomes and chromatin 82
2.2.5 Monomers are linked to form 3.3.1  Chromosome arms are gene-rich 83
macromolecules 46 3.3.2  Each chromosome arm terminates in a
2.2.6  Carbohydrates include simple sugars telomere 84
and complex polysaccharides 47 3.3.3  The centromere is a complex structure
2.2.7  Lipids include oils, fats, waxes and visible as a constriction in the
sterols 50 chromosome 85
2.2.8  Proteins function as catalysts, 3.3.4  Chromosomes have other distinctive
structural and mechanical entities, and structural features 86
signaling molecules 54 3.3.5 DNA in the nucleus is packaged with
2.29  Nucleic acids contain the genetic histones to form chromatin 87
information of an organism 57 3.3.6  Each species has a characteristic
2.3 Energy 59 chromosome number 88
S 3.3.7  Polyploidy and genome duplication are
2.3.1  Biological systems obey the laws of ¢
; common in plants 89
thermodynamics 60 i . £ the plan I
2.3.2  Change in free energy can be used to 3. Exp MEEREe RS t genome 1,
predict the direction of a chemical Transcription of DNA to RNA 91
reaction 60 3.4.1  Plant nuclear genes have complex
2.3.3  Electrons are transferred in structures 91
oxidation/reduction reactions 61 3.42  Histones and chromatin organization
2.34  Energy in cells flows through play important roles in gene
phosphorylated intermediates 62 expression 92
2.3.5  ATP is the central player in cellular 3.4.3  Higher-order chromatin structure also

energy flow 63

regulates gene expression 92



3.5

3.6

3.7

344

3.4.5

3.4.6

34.7

348

349

3.4.10

3.4.11

3.4.12

Promoters and other regulatory
elements control the timing and extent
of gene transcription 93

RNA polymerases catalyze
transcription 93

Transcription factors bind to DNA
regulatory sequences 96

Homeobox proteins are important in
regulating development and
determining cell fate 96

The MADS-box family includes
homeotic genes and regulators of
flowering time 97

Many genes are named after mutant
phenotypes 98

Transcription proceeds via initiation,
elongation and termination 98
Messenger RNA molecules undergo
post-transcriptional modifications 99
Micro RNAs are regulators of gene
expression at the post-transcriptional
level 100

Expression of the plant genome II.
Epigenetic regulation of gene
expression 100

35.1

35.2

3.5.3

3.5.4

DNA methylation is an important
mediator of epigenetic regulation of
gene expression 100

Epigenetic changes through
paramutation can be passed on from
one generation to the next 100
Transgenes can silence a plant’s own
genes by cosuppression 101

Imprinting occurs only at certain stages
in plant development 101

Expression of the plant genome III.
Translation of RNA to protein 101

3.6.1

3.6.2

3.6.3

3.64

3.6.5

3.6.6

Transfer RNAs are the link between
mRNA codons and amino acids 103
Protein biosynthesis takes place on
ribosomes 104

Protein synthesis is initiated from the
5" end of the mRNA 105

Polypeptide chain elongation occurs by
the sequential addition of amino acid
residues to the growing polypeptide
chain 106

Protein synthesis terminates when a
stop codon is reached 109

Most proteins undergo
post-transcriptional modifications 109

Expression of organellar genes 111

7.1

3.7.2

The machinery of chloroplast gene
expression resembles that of bacteria
more than that of nuclear genes 111
Transcripts encoded by the plastid
genome are often polycistronic and are
translated by prokaryotic-type
mechanisms 112

4.1
4.2

4.3

4.4
4.5

4.6

4 Cell architecture 114

Introduction to cell structure 114

The cell wall 114

4.2.1  Cellulose is a major component of the
fundamental framework of primary cell
walls 116

4.2.2  Cross-linking glycans interlock the
cellulosic scaffold 116

4.2.3  Pectin matrix polymers can form a
second network in primary cell
walls 117

4.24  Non-polysaccharide constituents form
a third structural network in primary
cell walls 118

4.2.5  Biosynthesis and assembly of primary
cell walls occurs during cell
expansion 120

42,6  Secondary walls are produced after
growth of the primary wall has
stopped 120

Membranes of the cell 122

43.1  Biological membranes have common
structural and functional
properties 122

4.3.2  The plasma membrane is the boundary
between living protoplast and the
external environment 124

The nucleus 125

The endomembrane system 125

4.5.1  The endoplasmic reticulum is a
membrane system that is continuous
with the nuclear envelope 126

4.5.2  Many proteins are synthesized on the
rough endoplasmic reticulum 126

453  Smooth endoplasmic reticulum
participates in fatty acid modification,
lipid synthesis and the production of
oil bodies 128

454  The Golgi apparatus processes and
packages newly synthesized
macromolecules 129

4.5.5  Transport through the Golgi is
directional 131

4.5.6  Vesicles exchange materials with the
cell exterior by exocytosis and
endocytosis 131

4.5.7  Vacuoles are multifunctional
compartments 131

Plastids 132

4.6.1  Plastids are bounded by two
membranes and possess
prokaryotic-type genomes and protein
synthesis machineries 132

4.6.2  Different types of plastids are
developmentally related to one
another 133



4.6.3  Plastids reproduce by division of
existing plastids and are inherited
differently in angiosperms and
gymnosperms 135

4.7  Mitochondria and peroxisomes 136

4.8  The cytoskeleton 137

4.8.1  The cytoskeleton consists of a network
of fibrous proteins 137

4.8.2  Microtubules and actin filaments have
an intrinsic polarity 139

4.8.3  Spontaneous assembly of cytoskeletal
components occurs in three steps 139

4.8.4  Accessory proteins regulate the
assembly and function of the
cytoskeleton 142

4.8.5  Cytoplasmic streaming and movement
and anchoring of organelles require
actin 142

4.8.6  Actin filaments participate in
secretion 143

4.8.7  Cortical microtubules help orientate
cell expansion by aligning cellulose
microfibrils 145

Part Il
Germination

5 Membrane transport and
intracellular protein
trafficking 14

5 Introduction to the movement of solutes
and macromolecules 149

5.2  Physical principles 151
5.2.1  Diffusion is a spontaneous process and
obeys Fick’s law 151
5.2.2  The chemical potential of a solute is
expressed as free energy per mole 151
5.2.3  Differences in chemical potential drive
solute movement 152
5.2.4  Unequal distributions of charged
solutes across membranes give rise to a
membrane potential 153
5.2.5 The Nernst equation predicts internal
and external ion concentrations for a
given membrane potential 153
5.3  Regulation of solute movement by
membranes and their associated
transporters 154
54  Pumps 157

5.4.1  Plasma membrane H*-ATPase plays a
key role in membrane transport 158

5.5

5.6

5.7

5.8

5.9

5.4.2  Plasma membrane H*-ATPase is
regulated predominantly through
enzyme activity rather than gene
expression 159

5.4.3 A Ca’* pumping ATPase on
endomembranes regulates cytosolic
Ca? concentrations 159

54.4  V-type HT-ATPases in plants are
related to F-type ATPases 160

5.4.5 Two types of H" pumping
pyrophosphatase are found in
plants 161

5.4.6  ABC transporters are P-type
ATPases that facilitate solute
transport 162

Channels 162

5.5.1  Ion channel activity is studied using
patch clamping 163

5.5.2  The movement of ions through
channels results in current flow 164

5.5.3  Opening and closing of channels is
tightly regulated 164

5.5.4  Aquaporins are a class of channels
facilitating water movement 165

5.5.5  Flux of water through aquaporins is
regulated by many factors 166

Carriers and co-transporters, mediators

of diffusion and secondary active

transport 167

Intracellular transport of proteins 168

5.7.1  Protein transport requires peptide
address labels and protein-sorting
machinery 169

5.7.2  Toreach its destination, a protein often
crosses at least one membrane 169

5.7.3  Transport into chloroplasts and
mitochondria involves translocation
through several membrane
barriers 170

5.7.4  Passage across a single membrane is
required for proteins to enter
peroxisomes 172

5.7.5 Proteins enter the nucleus through the
nuclear pore 172

The protein secretory pathway 173

5.8.1  Signal peptides target proteins to the
endoplasmic reticulum 173

5.8.2  Post-translational modification of
proteins begins in the endoplasmic
reticulum 175

5.8.3  Coat proteins govern the shuttling of
vesicles between the endoplasmic
reticulum and Golgi 176

5.8.4  Proteins are transported from the Golgi
to a range of destinations 177

Protein turnover and the role of the

ubiquitin—proteasome system 177



Contents .

5.9.1  Ubiquitin targets proteins for
degradation 178

5.9.2  The 26S proteasome is a molecular
machine that breaks down
ubiquitinated proteins 178

5.9.3 Cytosolic and endoplasmic reticulum
localized proteins are degraded by the
UbPS 179

Seed to seedling:
germination and
mobilization of food
reserves isi

6.1

6.2

6.3

6.4

Introduction to seeds and their

germination 181

Seed structure 182

6.2.1  Seeds contain an embryonic plant 182

6.2.2  Seed coats, made of layers of dead cells,
protect the embryo 183

6.2.3  Endosperm, a tissue unique to
angiosperms, contains stored food 184

Use of seed storage reserves by the

germinating embryo 186

6.3.1  Starch is the major carbohydrate
reserve of plants 188

6.3.2  Cell walls are also an important store of
polysaccharides in many seeds 191

6.3.3  Storage proteins in eudicot seeds
include globulins and albumins 192

6.3.4  Storage proteins in cereal grains differ
from those found in eudicot seeds 193

6.3.5  Theamino acid content of seed
proteins affects their nutritional value
for humans and livestock 194

6.3.6  Seed storage proteins may act as
antinutrients 195

6.3.7  Unlike most plant tissues, seeds often
contain storage lipids 196

6.3.8  The fatty acid content of seed oil is
important for human uses 197

6.3.9  Seeds store the bulk of mineral
elements in a complexed form 200

6.3.10 Phytate is another antinutrient in
seeds 201

6.3.11 Seed maturation produces seeds that
can survive for long periods 202

Germination and early seedling

growth 202

6.4.1  Imbibition of water is necessary for
seed germination 203

6.4.2  Dormant seeds do not germinate after
imbibition 203

6.4.3  Environmental signals may trigger the
breaking of dormancy 205

6.4.4

6.4.5

Light can be an important trigger for
germination 205

Plant hormones play important roles in
the maintenance and breaking of seed
dormancy 207

6.5  Mobilization of stored reserves to support
seedling growth 209

6.5.1

6.5.2

6.5.3

6.5.5

6.5.6

6.5.7

Mobilization of protein involves the
enzymatic breakdown of proteins to
amino acids 209

Stored protein mobilization in eudicots
takes place in living cells 210
Mobilization of stored starch may be
catalyzed by phosphorolytic

enzymes 211

Amylases also play a role in starch
breakdown 212

Cell walls are another source of
carbohydrates 213

Mobilization of stored lipids involves
breakdown of triacylglycerols 213
Stored minerals are mobilized by
breaking down phytic acid 215

Metabolism of reserves:
respiration and
gluconeogenesis s

7.1  Introduction to catabolism and
anabolism 218

7.2 Anaerobic phase of carbohydrate
breakdown 219

7251

7.2.2

Glycolysis converts glucose to
pyruvate 220

Alcoholic fermentation allows
glycolysis to continue in the absence of
oxygen 222

7.3 The tricarboxylic acid cycle 223

7.34

732

7.3.3

7.3.4

Pyruvate is converted to acetyl-CoA in
preparation for entry to the TCA
cycle 223

The TCA cycle completes the break-
down of pyruvate to carbon dioxide
and reduced electron carriers 224
Amino acids and acylglycerols are
oxidized by glycolysis and the TCA
cycle 226

The TCA cycle and glycolysis provide
carbon skeletons for biosynthesis 227

7.4  Mitochondrial electron transport and ATP
synthesis 228

7.4.1

Mitochondrial electron transport and
oxidative phosphorylation generate
ATP 228



7.4.2  The electron transport chain moves
electrons from reduced electron
carriers to oxygen 228

7.4.3  Proton pumping at Complex III occurs
via the Q cycle 231

7.4.4  The F;F -ATP synthase complex

Part Il

8

couples proton gradient to ATP 8.2
formation 233
7.4.5  An overall energy balance sheet for
oxidative phosphorylation can be
worked out from moles of NADH in
and ATP out 233
7.4.6  Bypass dehydrogenases are
associated with mitochondrial
Complex 1 234
7.4.7  Plant mitochondria have an alternative
oxidase that transfers electrons to 8.3
oxygen 236
7.5  The oxidative pentose phosphate
pathway 237
7.5.1  The pentose phosphate pathway has
oxidative and regenerative phases 237
7.5.2  The pentose phosphate pathway is a
source of intermediates for a number of
biosynthetic pathways 237
7.6 Lipid breakdown linked to carbohydrate
biosynthesis 239
7.6.1  The glyoxylate cycle converts
acetyl-CoA to succinate 239
7.6.2  Mitochondria convert succinate to
malate, a precursor of
carbohydrates 239
7.6.3  Gluconeogenesis converts
phosphoenolpyruvate to hexoses 241
7.7 Control and integration of respiratory
carbon metabolism 242
7.7.1  Fine control of respiration is exercised 84
through metabolic regulation of
enzyme activities 243
7.7.2  Respiration interacts with other carbon
and redox pathways 244
7.7.3  Coarse control of respiratory activity is
exerted through regulation of gene
expression 245
Emergence
Light perception and
transduction 2 8.5

8.1

Introduction to light and life 251

8.1.1

Visible light is part of the
electromagnetic spectrum 252

8.1.2  Light interacts with matter in
accordance with the principles of
quantum physics 253

8.1.3  Photobiology is the study of the
interaction of light with living
organisms 255

Phytochrome 256

8.2.1  Light acts through isomerization of the
phytochrome chromophore 256

8.2.2  Phytochrome protein has a complex
multidomain structure 257

8.2.3  Different forms of phytochrome are
encoded by multiple genes 259

8.2.4  Phytochrome regulates gene expression
by interacting with a number of
proteins 261

Physiological responses to blue and

ultraviolet light 263

8.3.1  Cryptochromes are responsible for
regulating several blue light responses,
including photomorphogenesis and
flowering 264

8.3.2  Phototropins are blue light receptors
that contribute to optimizing growth,
tropic responses and plastid
orientation 266

8.3.3  Other phototropin-like LOV receptor
proteins act as photoreceptors in a wide
range of species and plant
processes 267

8.3.4  Wavelengths of light that are reflected
or transmitted by leaves may be used to
detect the presence of neighboring
plants 268

8.3.5  Plants respond to wavelengths of light
in addition to blue, red and far red 269

Biosynthesis of chlorophyll and other

tetrapyrroles 270

8.4.1  Aminolevulinic acid is the precursor of
tetrapyrrole biosynthesis 270

8.4.2  Cyclic intermediates in tetrapyrrole
metabolism are potential
photosensitizers 272

8.4.3  Protoporphyrin stands at the branch
point leading to chlorophyll or
heme 272

8.4.4  The chromophore of phytochrome is
synthesized from heme 273

8.4.5  Conversion of protochlorophyllide to
chlorophyllide in seed plants is
light-dependent 273

8.4.6  Phytol is added to chlorophyllide to
make chlorophylls a and b 275

Circadian and photoperiodic control 275

8.5.1  The circadian rhythm and day—night
cycle must be synchronized in order to
regulate biological functions
correctly 276



Contents

8.5.2  Genetically controlled interlocking
feedback loops underlie the circadian
clock mechanism 277

8.5.3  Plants are classified as long-day,
short-day or day-neutral according to
their developmental responses to
photoperiod 279

8.5.4  The gene FT, which encodes a mobile
floral inducer, is regulated by the
transcription factor CO 281 9.5

8.5.5 The CO-FT system is regulated by the
circadian clock, photoperiod and light
quality 282

Photosynthesis and
photorespiration 2

9.1  Introduction to photosynthesis 284
9.1.1  Photosynthesis in green plants is a
redox process with water as the electron
donor and carbon dioxide as the 9.6
electron acceptor 284
9.1.2  Photosynthesis in green plants takes
place in chloroplasts 285
9.1.3  Thylakoids convert light energy to ATP
and NADPH utilized in the stroma for
carbon reduction 285
9.2  Pigments and photosystems 287
9.2.1  Light energy used in photosynthesis is
captured by chlorophylls, carotenoids
and, in certain algae and cyanobacteria,
phycobilins 288 9.7
9.2.2  Reaction centers are the sites of the
primary photochemical events of
photosynthesis 290
9.2.3  Antenna pigments and their associated
proteins form light-harvesting
complexes in the thylakoid
membrane 292
9.3  Photosystem IT and the oxygen-evolving
complex 292
9.3.1  The PSII reaction center is an integral
membrane multiprotein complex
containing P680 and electron transport
components 293
9.3.2  The light-harvesting antenna complex
of PSII accounts for half of total
thylakoid protein 294
9.3.3  Oxidation of water and reduction of
PSII electron acceptors requires four
photons per molecule of oxygen
released 295
9.3.4  Plastoquinone is the first stable 9.8
acceptor of electrons from PSII 296
9.4  Electron transport through the
cytochrome b, f complex 298

9.4.1  The cytochrome b, f complex
includes three electron carriers
and a quinone-binding protein 298

9.4.2  The cytochrome b,f complex generates
a proton gradient through the
operation of a Q cycle 299

9.4.3  Plastocyanin is a soluble protein that
carries electrons from cytochrome b f
to PSI 299

Photosystem I and the formation of

NADPH 300

9.5.1  PSlreaction center subunits are
associated with plastocyanin docking,
P700 and primary and secondary
electron acceptors 301

9.5.2  The PSI antenna consists of four
light-harvesting chlorophyll-binding
proteins 302

9.5.3  Ferredoxin, the PSI electron acceptor,
is a reductant in photosynthetic
NADPH formation and many other
redox reactions 302

Photophosphorylation 303

9.6.1  The products of non-cyclic electron
transport are ATP, oxygen and
NADPH 304

9.6.2  ATP is the sole product of cyclic
electron flow around PSI 304

9.6.3  CF,CF, is a multiprotein ATP
synthase complex that uses the proton
gradient across the thylakoid
membrane to phosphorylate
ADP 305

Carbon dioxide fixation and the

photosynthetic carbon reduction

cycle 305

9.7.1  Rubisco catalyzes the first reaction in
the Calvin—Benson cycle 307

9.7.2  Rubisco is a complex enzyme with
subunits encoded in both the nuclear
and the plastid genomes 307

9.7.3  The two-step reduction phase of the
Calvin—Benson cycle uses ATP and
NADPH 310

9.7.4  During the regeneration phase of
the Calvin—Benson cycle, ten enzyme
reactions convert five 3-carbon to
three 5-carbon intermediates 311

9.7.5  Photosynthesis is dependent on the
exchange of metabolites across the
chloroplast envelope 312

9.7.6 The Calvin—Benson cycle provides
the precursors of carbohydrates for
translocation and storage 313

Photorespiration 315

9.8.1  The initial step of photorespiration is
catalyzed by the oxygenase activity of
rubisco 315



L
. Contents

9.8.2  Enzymatic reactions of
photorespiration are distributed
between chloroplasts, peroxisomes and
mitochondria 317

9.8.3  Ammonia produced during
photorespiration is efficiently
reassimilated 319

9.8.4  Energy costs and environmental
sensitivities of photorespiration are
significant for the impact of climate
change on the biosphere 319

9.9  Variations in mechanisms of primary

carbon dioxide fixation 320

9.9.1  C, plants have two distinct carbon
dioxide-fixing enzymes and a
specialized leaf anatomy 320

9.9.2  The C, pathway minimizes
photorespiration 322

9.9.3  In CAM plants, the processes of CO,
capture and photosynthesis are
separated in time 324

9.9.4  The transpiration ratio relates carbon
dioxide fixation to water loss 325

9.9.5  Clues to the evolutionary origins of C,
and CAM photosynthesis come from
studies of the enzyme carbonic
anhydrase 325

Part IV
Growth

10 Hormones and other
signals 329

10.1 Introduction to plant hormones 329

10.2 Auxins 331
10.2.1 Both synthesis and catabolism of IAA
are important in auxin signaling 331
10.2.2  Polar transport of auxins plays an
important role in regulating
development 332
10.2.3 The auxin receptor is a component of
an E3 ubiquitin ligase 334
10.3 Gibberellins 337
10.3.1 The initial steps in gibberellin
biosynthesis are similar to those for
several other groups of hormones 339
10.3.2  Gibberellin concentration in tissues is
subject to feedback and feed-forward
control 339

10.4

10.5

10.6

10.7

10.8

10.9

10.10

10.11

10.3.3 The gibberellin receptor GID1 is a
soluble protein that promotes
ubiquitination of repressor
proteins 340

Cytokinins 342

10.4.1 Cytokinin biosynthesis takes place in
plastids 342

10.4.2 There are two pathways for cytokinin
breakdown 346

10.4.3 The cytokinin receptor is related to
bacterial two-component histidine
kinases 346

Ethylene 348

10.5.1 Ethylene, a simple gas, is synthesized in
three steps from methionine 349

10.5.2 Ethylene receptors have some
characteristics of histidine kinase
response regulators 350

10.5.3 Homologs of MAP kinases transmit the
ethylene signal from the receptor to
target proteins 350

Brassinosteroids 352

10.6.1 Brassinosteroid biosynthesis from
campesterol is controlled by feedback
loops 353

10.6.2 The brassinosteroid receptor is a
plasma membrane-localized
LRR-receptor serine/threonine
kinase 354

Abscisic acid 356

10.7.1 Carotenoids are intermediates in
abscisic acid biosynthesis 356

10.7.2  There are several classes of abscisic acid
receptors 358

Strigolactones 359

10.8.1 Strigolactones were first isolated from
cotton root exudates 360

10.8.2  Strigolactones regulate lateral bud
dormancy 360

Jasmonates 362

10.9.1 Jasmonate biosynthesis begins in the
plastid and moves to the
peroxisome 363

10.9.2  The jasmonate receptor is an F-box
protein that targets a repressor of
jasmonate-responsive genes 363

Polyamines 364

10.10.1 Polyamines are synthesized from
amino acids 364

10.10.2 Polyamines play roles in xylem
differentiation 367

Salicylic acid 367

10.11.1 There are two biosynthetic pathways
of salicylic acid biosynthesis in
plants 367



