



[image: cover_image]



Table of Contents

Title Page

Copyright

Dedication

Preface

Acknowledgements

Chapter 1: Origins

1.1 Plants—What are They?

1.2 Back to the Beginning

1.3 Eukaryotes Emerge

1.4 Photosynthetic Eukaryotes—The First ‘Plants’

1.5 The Greening of Earth—Plants Invade the Land

1.6 Embracing the Terrestrial Lifestyle

1.7 Arrival of the Angiosperms

1.8 Sex and the Alternation of Generations

Selected References and Suggestions for Further Reading

Chapter 2: Introduction to Plant Cells

2.1 Plant Cells

2.2 Cell Walls

2.3 The Plasma Membrane

2.4 Cell Compartmentation

2.5 Chloroplasts

2.6 Mitochondria

2.7 The Nucleus

2.8 The Vacuole

2.9 Endomembrane Systems

2.10 Microbodies/Peroxisomes

2.11 Ribosomes

2.12 The Cytoskeleton

2.13 The Mitotic Cell Cycle

2.14 Metabolism

Selected References and Suggestions for Further Reading

Chapter 3: Genes, Gene Expression and Development

3.1 Genes

3.2 Gene Expression

3.3 Chloroplasts and Mitochondria

3.4 Control of Gene Expression—Switching Genes On and Off

3.5 Molecular Aspects of Development

3.6 Plant Hormones

3.7 Light Receptors

3.8 Concluding Comments

Selected References and Suggestions for Further Reading

Chapter 4: From Embryo to Establishment

4.1 Introduction

4.2 Embryogenesis

4.3 Endosperm

4.4 Perisperm

4.5 Late Embryo Growth, Storage Deposition and Desiccation

4.6 Seed Coat

4.7 ‘Recalcitrant’ Seeds

4.8 Apomixis

4.9 Seeds and Fruit

4.10 Fruit Development and Ripening

4.11 Dormancy and Quiescence

4.12 Germination

4.13 Establishment

Selected References and Suggestions for Further Reading

Chapter 5: Roots

5.1 External Morphology of Roots

5.2 Root Anatomy

5.3 Root Growth

5.4 Soil Chemistry and Water Relations

5.5 Plant Mineral Nutrition

5.6 Movement of Nutrients to the Root Surface

5.7 Absorption of Water and Nutrients

5.8 Mycorrhizae

5.9 Root Nodules and Nitrogen Fixation

5.10 Tropisms

5.11 Gravitropism in Roots

Selected References and Suggestions for Further Reading

Chapter 6: Stems

6.1 Structure of the Stem

6.2 The Young Stem

6.3 The Shoot Apical Meristem

6.4 Shoot Organizational Forms

6.5 The Mature Stem

6.6 The Tallest, Largest and Oldest Plants

6.7 Ageing and Senescence

6.8 Long-Distance Xylem Transport

6.9 Translocation in the Phloem

6.10 Biological Clocks in Plants

6.11 Phototropism—How do Stems Curve Towards the Light?

6.12 Gravitropism in Stems

6.13 Thigmotropism

6.14 Nastic Movements

6.15 Bud Dormancy

Selected References and Suggestions for Further Reading

Chapter 7: Leaves

7.1 External Morphology of Leaves

7.2 The Anatomy of the Leaf

7.3 Control of Leaf Growth and Development

7.4 Photosynthesis

7.5 Photorespiration

7.6 The Photosynthesis/Transpiration Dilemma

7.7 C4 Photosynthesis

7.8 Crassulacean Acid Metabolism (CAM)

7.9 Sources and Sinks

7.10 Stomata

7.11 Leaf Senescence and Abscission

Selected References and Suggestions for Further Reading

Chapter 8: Flowers

8.1 Introduction

8.2 What is a Flower?

8.3 Organization of Flowers and Flowering—Inflorescences and Life-Styles

8.4 Formation of Flowers

8.5 Gametogenesis

8.6 Pollination and Fertilization

8.7 Evolution

Selected References and Suggestions for Further Reading

Chapter 9: Environmental Stresses

9.1 Responses to Stress

9.2 Temperature

9.3 Waterlogging

9.4 Drought

9.5 Salinity

9.6 Chemical Stress

9.7 Light and Radiation

Selected References and Suggestions for Further Reading

Chapter 10: Acclimation and Adaptation to Environmental Stresses

10.1 Adaptation and Acclimation Responses

10.2 Temperature

10.3 Resistance and Adaptation to Waterlogging

10.4 Resistance and Adaptation to Drought

10.5 Resistance and Adaptation to Salinity

10.6 Tolerance and Adaptation to Toxic Metals

10.7 Adaptations to Light and Radiation

Selected References and Suggestions for Further Reading

Chapter 11: Biotic Stresses

11.1 Plant/Plant Competition

11.2 Plant/Animal Interactions

11.3 Plant Pathology

Selected References and Suggestions for Further Reading

Chapter 12: Plants and the Future

12.1 Climate Change

12.2 Loss of Plant Biodiversity

12.3 Biomass and Biofuels Derived from Plants

12.4 Genetically Modified Crops

12.5 Conclusion

Selected References and Suggestions for Further Reading

Glossary

Index



[image: Title Page]



This edition first published 2012 © 2012 by John Wiley & Sons, Ltd.

Wiley-Blackwell is an imprint of John Wiley & Sons, formed by the merger of Wiley's global Scientific, Technical and Medical business with Blackwell Publishing.

Registered office: John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial offices: 9600 Garsington Road, Oxford, OX4 2DQ, UK

The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

111 River Street, Hoboken, NJ 07030-5774, USA

For details of our global editorial offices, for customer services and for information about how to apply for permission to reuse the copyright material in this book please see our website at www.wiley.com/wiley-blackwell

The right of the author to be identified as the author of this work has been asserted in accordance with the UK Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior permission of the publisher.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and product names used in this book are trade names, service marks, trademarks or registered trademarks of their respective owners. The publisher is not associated with any product or vendor mentioned in this book. This publication is designed to provide accurate and authoritative information in regard to the subject matter covered. It is sold on the understanding that the publisher is not engaged in rendering professional services. If professional advice or other expert assistance is required, the services of a competent professional should be sought.

The contents of this work are intended to further general scientific research, understanding, and discussion only and are not intended and should not be relied upon as recommending or promoting a specific method, diagnosis, or treatment by physicians for any particular patient. The publisher and the author make no representations or warranties with respect to the accuracy or completeness of the contents of this work and specifically disclaim all warranties, including without limitation any implied warranties of fitness for a particular purpose. In view of ongoing research, equipment modifications, changes in governmental regulations, and the constant flow of information relating to the use of medicines, equipment, and devices, the reader is urged to review and evaluate the information provided in the package insert or instructions for each medicine, equipment, or device for, among other things, any changes in the instructions or indication of usage and for added warnings and precautions. Readers should consult with a specialist where appropriate. The fact that an organization or Website is referred to in this work as a citation and/or a potential source of further information does not mean that the author or the publisher endorses the information the organization or Website may provide or recommendations it may make. Further, readers should be aware that Internet Websites listed in this work may have changed or disappeared between when this work was written and when it is read. No warranty may be created or extended by any promotional statements for this work. Neither the publisher nor the author shall be liable for any damages arising herefrom.

Library of Congress Cataloging-in-Publication Data

Hodson, Martin.

Functional biology of plants / Martin Hodson, John Bryant.

p. cm.

Includes bibliographical references and index.

ISBN 978-0-470-69940-9 (cloth)— ISBN 978-0-470-69939-3 (pbk.)

1.  Plant physiology—Textbooks. 2.  Botany—Textbooks.  I. Bryant, J. A. II. Title.

QK711.2.H63 2012

571.2—dc23

2011047547

A catalogue record for this book is available from the British Library.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in electronic books.



MJH would like to dedicate this book to the three plant biologists who have been most influential in his career:

Dr. Helgi Öpik (Swansea University, Wales), who both taught me as an undergraduate and supervised my doctoral studies.

Dr. Dafydd Wynn Parry (Bangor University, Wales), who first introduced me to the delights of studying silicon in plants.

Prof. Allan Sangster (York University, Toronto, Canada), with whom I had my longest and most successful research collaboration.

Without their guidance and friendship, I would never have got as far as writing this book.

JAB dedicates this book to the memories of two inspirational teachers of Plant Biology:

Dr Cecil Prime (1909–1979) at Whitgift School, Croydon: a firm but caring school teacher whose love and knowledge of plants was infectious. This led me to study plants at university and I was grateful, as a ‘first-generation’ university student, for his continued interest and support during my undergraduate years.

Professor Tom ap Rees (1930–1996), University of Cambridge: a clear and enthusiastic teacher of undergraduates and a supportive, understanding PhD supervisor. His advice led me to pursue a career in plant science, a career that he followed with interest until his untimely death in a road accident.


Preface

As we complete the manuscript of Functional Biology of Plants, many thousands of refugees, driven by drought and famine from the Horn of Africa, have found their way to camps in Kenya. Nowhere is it more obvious that people need feeding, yet it is also true to say that, with appropriate land use, the continent of Africa could become self-sufficient in food production.

This is not the place to discuss the political and economic challenges that will need to be faced; rather, we state that plant growth has never been so important. It may be true in some developed countries that students seem relatively uninterested in botany or plant biology, but it is equally true that we need to know more about plants and how they work, at least partly in order to harness and, indeed, to increase their potential in human nutrition. Thus we hope that this book will engender interest in the functioning plant.

We have not set out here to write a book about plant biochemistry or cell biology or molecular biology or genetics. Instead, after an introduction to plant function at those levels, we have attempted to show how activities at molecular and cellular levels are integrated and coordinated in the functioning of whole organs and of whole organisms—the plants themselves. In the later parts of the book, we place plants into their natural environments as they deal with abiotic and biotic stresses before considering, in the final chapter, the importance of plants in relation to some of the pressing problems facing humankind in the 21st century.
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Chapter 1

Origins

1.1 Plants—What are They?

We might simply define plants as photosynthetic eukaryotes—a description that would certainly include all the types of organisms that find their way into courses in botany or plant biology. However, as will become clear later in this chapter, such a definition brings together some very diverse groups whose common ancestor existed possibly as long ago as 1.6 billion years before the present time. These include glaucophytes (very simple unicellular aquatic organisms), all the different groups loosely known as algae and also the land plants, including the most advanced of these, the angiosperms (flowering plants), on which this book is mainly focused.

Charles Darwin, in a letter to Joseph Hooker, the Director of the Royal Botanic Gardens at Kew, described the origin of flowering plants as an ‘abominable mystery’. They seemed at that time to appear in the fossil record without any obvious immediate precursors. Our understanding today, although somewhat more extensive than it was in Darwin's time, is still far from complete; the mystery is not yet completely solved. To appreciate this, it is necessary to go right back to the origin of cellular life and then of eukaryotes. It is a fascinating story.

1.2 Back to the Beginning

For much of the 20th century, our knowledge of the history of life on Earth went no further back than the dawn of the Cambrian period—‘only’ 550 million years ago. Fossils of quite sophisticated marine eukaryotes have been dated to that time and, during the Cambrian period itself, a very wide range of new lifeforms appeared. This flourishing of diversity in this period is known as the Cambrian explosion. However fascinating this is, it does not actually tell us of the earliest lifeforms.

Intense searches in pre-Cambrian rocks were conducted from the mid-1960s onward, but for many years failed to yield any fossils. However, one of those pivotal moments in science came when the American paleobiologist William Schopf identified fossil micro-organisms dating back 3.5 billion (i.e. 3.5 × 109) years. Whether or not these represent the oldest living things on Earth is still not clear. Some paleogeochemists have suggested that there is chemical evidence of life processes in rocks dating back 3.8 billion years, while others are of the opinion that the chemicals that supposedly indicate some form of metabolism at that time could equally have arisen by non-biogenic processes. Nevertheless, Schopf's discovery unlocked the ‘log-jam’ and, since then, many more fossils have been found in pre-Cambrian rocks. Furthermore, paleogeochemical analyses have given us a good idea of what conditions on Earth were like during this period. To this we can add detailed knowledge of the molecular biology and genetics of organisms living today. All this has enabled scientists to build up a picture of the main features of the evolution of living organisms during the pre-Cambrian.

So, life originated around 3.5 billion years ago (and possibly slightly earlier). The predominant, indeed probably the only, organisms then were similar to modern prokaryotes. Earth's atmosphere contained no free oxygen at that time, so these early bacteria were inevitably all anaerobic. Indeed, study of the properties of amino acids in modern anaerobic and aerobic organisms indicates strongly that the genetic code evolved under anaerobic conditions.

A good case has been made that the earliest cells were similar to today's Gram-positive bacteria and gave rise to two further lineages—the Gram-negative bacteria and the Archaea (or archaebacteria). The origin of the Archaea has thus been dated as occurring very early in the history of life. Fossil evidence indicates that photosynthetic bacteria (like modern cyanobacteria) first appeared about 2.8 billion years ago. The presence of photosynthetic organisms led to the ‘great oxidation event’ (between 2.2 and 2.45 billion years ago), which was bad news for anaerobic organisms because it generated free oxygen, which was (and still is to an extent) toxic to them. This selective pressure led to the evolution of aerobic organisms, capable of using oxygen in energy generation, probably at least two billion years ago.

1.3 Eukaryotes Emerge

The idea that chloroplasts and mitochondria may have been derived from bacteria was first mooted in the 19th century, but it was not until the 1960s that the idea received wider attention. Based on her studies in cell biology, Lynn Margulis proposed specifically that mitochondria were derived in evolution from aerobic bacteria that had been engulfed by anaerobic bacteria, establishing the lineage that led to modern eukaryotes. According to this view, the inner membrane of the mitochondrion represents the original plasma membrane of the engulfed bacterium and the outer mitochondrial membrane represents the plasma membrane of the original host cell (see Figure 1.1). A second engulfment, this time of a photosynthetic (cyano)bacterium, led to the lineage(s) of photosynthetic eukaryotes and eventually to plants.


Figure 1.1 Diagram of ‘engulfment’ events leading to the formation of eukaryotic cells and then of photosynthetic eukaryotic cells. The original engulfing cell (‘ancestral eukaryote’) was almost certainly descended from an archaebacterium. It must have already possessed some features of eukaryotic cells, including a membrane system and possibly a nucleus (see text). Reproduced, with permission, from http://scienceisntfiction.blogspot.com/2011/04/endosymbiotic-origins.html
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It is fair to say that, although some scientists embraced it enthusiastically, the endosymbiotic theory was not widely accepted when Margulis originally proposed it. Nevertheless, there was interest in what was called the ‘autonomy’ of chloroplasts and mitochondria. DNA from these organelles was unequivocally identified, as was the whole range of protein synthesis ‘machinery’. To all intents and purposes, these organelles appeared to be organisms within organisms—except that they had only a fraction of the number of genes needed to support independent life. If the endosymbiont hypothesis was correct, then transfer of genes from the endosymbiont to the host genome must have occurred during subsequent evolution.

Further analysis showed that a wide range of molecular biological features—including gene promoters, ribosome structure, sizes of particular types of RNA and the initiation of protein synthesis in plastids and mitochondria—resembled much more the equivalent features in bacteria than those of the major genetic system in the eukaryotic cells that contain the organelles. Further, the plastids of glaucophytes have a peptidoglycan wall, similar to the cell walls of cyanobacteria. All this is, of course, consistent with the endosymbiotic hypothesis and, by the time Margulis published her book Symbiosis in Cell Evolution in 1981, the hypothesis was accepted by the majority of biologists.

Further research during the past three decades has further confirmed the validity of the hypothesis, and it is now firmly stated that eukaryotes arose by the engulfment of an aerobic α-proteobacterium. Whether the ‘host’ cell was an archaean or a eubacterium is a matter for discussion. However, comparisons of biochemical mechanisms involved in DNA, RNA and protein synthesis, and of the sequences of genes and proteins, suggest a close relationship between the eukaryotic and archaebacterial clades. The authors of this book thus favour an archaebacterial origin for the eukaryotes, as shown in Figure 1.1, but there are some who believe that eukaryotes and archaebacteria are sister clades, having diverged from a common ancestor. Whichever of these two views one holds, there are still further problems to consider, of which we highlight three:

	First, there are some 60 clear differences between the organization, activity and structure of eukaryotic and prokaryotic cells. One of these differences is that prokaryotes are incapable of phagocytosis. However, the engulfment of a proteobacterial cell by an archaebacterial cell, a key part of the endosymbiont theory, would have been achieved by phagocytosis. So, either we envisage that a sub-group of ancient archaebacteria had already acquired some eukaryote-like features, such as phagocytosis, or that merger of two cells occurred by an unknown process.

	The second problem concerns another of these major differences, namely the sequestration of the main genome inside a complex organelle—the nucleus. With this came specific mechanisms for the division and segregation of the genome in the processes of mitosis and meiosis (the latter arising as part of the evolution of sexual reproduction). There has been much speculation on the evolution of the nucleus, but to date no really convincing hypothesis has emerged. The origin of this major feature of all eukaryotic cells remains totally mysterious.

	The third problem is that of the age of the eukaryotic lineage. The ‘molecular clock’ approach uses comparisons of sequences of genes and proteins in diverging lineages. Assumptions about rates of mutation, based on rates in living organisms, give an estimate of when lineages diverged from each other. This method places the origin of the eukaryotes at between 1.9 and 2.0 billion years ago, and there is some support for this dating from the fossil record. Most paleobiologists accept this dating, but there is a small group who contest it vigorously, suggesting that the eukaryotic lineage is much younger, dating back ‘only’ 800–900 million years. The authors of this book accept the majority view.



1.4 Photosynthetic Eukaryotes—The First ‘Plants’

The emergence of photosynthetic organisms and the resulting ‘great oxidation event’ provided the selective pressure for the emergence of aerobic organisms and the establishment of the eukaryotic lineage. However, we can say with some justification that the arrival of photosynthetic eukaryotes was even more significant. This large and now diverse array of autotrophic organisms, ranging from simple single-celled organisms to huge forest trees, has had a greater effect on the world's ecosystems than any other, and thus the engulfment of a photosynthetic cyanobacterium by an early aerobic eukaryote was a key step in the development of life on Earth.

Eukaryotes had split relatively rapidly into two groups: the unikonts (with one flagellumi), which gave rise to animals and fungi; and the bikonts (with two flagella). It was among the latter that photosynthetic ability was acquired, approximately 1.6 billion years ago. The Australian cell biologists Geoffrey McFadden and Giel van Dooren leave us in no doubt about the significance of this event:

‘This fusion of two cell lineages  …  brought the power of autotrophy to eukaryotes and descendants of this partnership have populated the oceans with algae and the land with plants, providing the world with most of its biomass’.

From this foundational step, there arose several of the groups that we included in our earlier loose definition of plants, including the green plants (see Box 1.1).






Box  1.1 : Abundance of green plants

The role of plants in contributing to biomass is clearly seen by considering cellulose (Chapter 2, section 2.2.1). This polysaccharide component of the cell walls of nearly all photosynthetic eukaryotes is the most abundant organic compound on Earth.

Furthermore, the most abundant protein in the world and the most abundant naturally occurring polar lipid in the world are both associated with photosynthesis. The protein is the primary carboxylating enzyme, ribulose bisphosphate carboxylase oxygenase (also known as Rubisco; see Chapter 7, section 7.4.5), while the lipid, monogalactosyl diglyceride (MGDG), is an essential component of the chloroplast thylakoid membrane (see Chapter 2, section 2.5.2). It is ironic that many biologists are unfamiliar with these two important molecules.






However, the story does not end there. There are many photosynthetic eukaryotes, some of them loosely classified in the past as algae, in which the plastids do not have the ‘classical’ double membrane but instead have four (or in some groups, three) membranes round them. Where did these complex plastids come from? Detailed sequence analysis of their genes and the genes of ‘conventional’ plastids indicate strongly that all plastids arose from a single ancestral source—the originally engulfed cyanobacterial cell. Study of the extra membranes round these complex plastids shows that they originated when a non-photosynthetic eukaryote engulfed a photosynthetic eukaryote.

The extra membranes round these plastids thus represent the plasma membranes of the engulfed cell and of the host. The major event of this type was the engulfment of a red algal cell, which led to lineages that include cryptophytes (which still carry a relic of the nuclear genome of the engulfed cell, the nucleomorph, with approximately 500 genes in a much reduced genome), the dinoflagellates (which have lost the host-derived outer plastid membrane), the brown algae and the diatoms.

In some of the lineages arising from this secondary symbiosis, the plastid has been lost or is much reduced. The Apicomplexa, a phylum that includes the malaria parasites (Plasmodium species) provide examples of this. Until the evolutionary origin of this group was understood, the possession of plastids by these organisms seemed very bizarre. The organisms are, of course, non-photosynthetic; over the course of evolution, their plastids (known as apicoplasts) have lost all the components of the photosynthetic machinery. However, they still have an important role in fatty acid metabolism and are essential to the life of the organism.

Finally in this section, it is noted that there have certainly been more than one of these secondary symbioses. The current view is that three such events took place in total, the other two involving engulfment not of red but of green algal cells. One of these events gave rise to the euglenoids (e.g. Euglena gracilis), which, like the dinoflagellates, have lost the outermost of the four chloroplast membranes. The other event led to the emergence of the chlorarachniophytes, which, like the cryptophyte lineage arising from the ‘main’ secondary symbiosis, have retained the vestiges of the engulfed cell's genome in the form of a nucleomorph.

1.5 The Greening of Earth—Plants Invade the Land

The evolutionary ‘journey’ from the first living organisms to the emergence and initial diversification of photosynthetic eukaryotes, discussed here in the space of a few paragraphs, covered a period of well over two billion years (the secondary symbioses described above are dated by different authorities at some time between 1.2 and 0.55 billion years ago). All the events described took place in water and, even today, 40–70 per cent of the world's primary production (based on photosynthesis) occurs in marine environments (despite the fact that the total ‘photosynthetic biomass’ of marine photosynthetic organisms is only about 0.33 per cent of the total). Admittedly, photosynthetic prokaryotes—cyanobacteria—are responsible for a large proportion of the CO2 of that fixed in marine environments, but marine algae of various lineages, and especially diatoms, are also very important.

As a habitat, water has one major disadvantage for photosynthetic organisms: the deeper the water, the less light there is. Light may be reflected off the water surface, it may be scattered by particles in the water and it is absorbed by the water. The speed at which the latter happens depends on the wavelength of the light; light at the red end of the spectrum is absorbed before light at the blue end of the spectrum. Thus, in clear water, red light penetrates only to about 15 metres, whereas blue light may reach 100 m. There is therefore a zone—the euphotic zone—in which light penetration is adequate to support photosynthesis. In general, shallow water occurs on the margins of land masses and, in this primal history of photosynthetic eukaryotes, the land represented a major niche (actually, of course, a wide array of niches), endowed with a much better light environment.

Although better access to light was an obvious advantage, there were also obvious disadvantages. The need for water in order to maintain life meant that the possibility of desiccation was a serious problem. Water is also the medium into which algae release their gametes. Sexual reproduction on land would be more difficult. Furthermore, immersion in water made for easy uptake of nutrients and also provided support for the larger organisms.

Successful conquest of the land needed solutions to these problems and, based on fossil evidence, this did not occur until between 450 and 490 million years ago. It was another defining event in the history of planet Earth, albeit an event that unfolded slowly. There are now at least 370,000 species of land plants. Their evolution and diversification led to dramatic changes in Earth's environment, including a reduction in the concentration of carbon dioxide in the atmosphere, which resulted in a lowering of the planet's surface temperature. Linda Graham refers to all this as a ‘quiet but relentless transformation of terrestrial landscapes’ which initiated the development of new ecosystems and the provision of niches for the evolution of other organisms.

In the transition from water to land, we see a major change in the predominant lifestyle. The aquatic ancestors of the land plants, in common with the majority of modern aquatic photosynthetic eukaryotes, were protists. Most protists are single-celled; the relatively few multicellular forms have little in the way of cellular differentiation, even though some (such as kelps) are very large. Some more complex protists, including the kelps and other brown algae, possess a region of dividing cells, equivalent to the meristems of land plants. The organization of these protist meristem-like regions is simpler than it is in land plants, with fewer possible planes of division.

Simpler protists are capable of, and in many circumstances do undergo, asexual reproduction. In those forms that also reproduce sexually (i.e. by the fusion of gametes), a meiotic division is necessary somewhere in the life cycle. In the simplest examples, this occurs in the zygote, straight after fertilization, but in many protists there is an alternation of generations in which a lifeform that produces gametes alternates with a lifeform that produces spores.

In contrast to the protist life style, we see in land plants the embryophyte lifestyle. Embryophytes are multicellular, with clear cellular and tissue specialization. Dividing cells are organized in regions known as meristems; meristematic cells possess more than two cutting planes and can thus generate three-dimensional structures. All embryophytes exhibit alternation of generations and possess antheridia (male gametophyte organs) and archegonia (female gametophyte organs) or the equivalent of these structures. Above all, their embryos are matrotrophic, meaning that for all or part of their period of existence they are closely associated with maternal tissues, from which they draw nutrients and signalling molecules.

The simplest, and probably the most primitive, embryophytes, the mosses and liverworts (Bryophyta) are still extensively reliant on water. They have no obvious means of restricting water loss and there are no specialized water-conducting cells. The plants also require water to enable the male gametes to swim to the female gametes within the archegonia in order to bring about fertilization. Modern bryophytes are desiccation-tolerant (i.e. they can recover from severe dehydration) and it is likely that this was also true of the earliest members of this group.

So how and when did these early land plants arise? Study of the cell biology and ultrastructure of modern green algae and bryophytes shows that the bryophytes resemble more the charophyte algae than the chlorophyte algae. For example, in both charophytes and bryophytes (and indeed in all embryophytes), the mitotic spindle is persistent and mitosis is open. The cell wall between daughter cells is laid down via a structure called the phragmoplast (see Chapter 2, section 2.12.2), involving a cleavage furrow with a microtubule array oriented at 90° to the plane of cell division.

There are also clear biochemical similarities between charophytes and embryophytes, while molecular phylogenetic analysis, based on gene sequences in nuclear, plastid and mitochondrial genomes, places the charophytes as a sister group to all embryophytes. Furthermore, extant charophytes have rudiments of the matrotrophic embryo, in that there are cellular interactions between haploid maternal cells and diploid zygotes that are thought to be involved in nutrient transfer. They also possess cell wall polymers that inhibit fungal degradation. In particular, a polymer laid down in charophyte zygotes resembles strongly the sporopollenin present in the cell walls of seed-plant pollen. All these data suggest that embryophytes and charophytes are descended from a common ancestor which itself had arisen by divergence from the chlorophytes (Figure 1.2).


Figure 1.2 Diagram illustrating the positions of the chlorophytes and charophytes in the ancestry of embryophyte land plants.
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Although the family tree for the earliest embryophytes appears clear enough from the data based on extant species, the fossil record is much less helpful. The main problem is that the earliest fossil evidence (consisting of tetrads of spores) for embryophyte land plants dates back about 450–490 million years, to the mid-Ordovician period (see Table 1.1) whereas the earliest known fossil charophytes occur in rocks from upper Silurian strata, dating back about 414 million years. Thus we have no clear picture of the immediate ancestor of the embryophytes. We do not know whether the embryophyte lifestyle evolved in an aquatic environment, or whether charophytes invaded the land before the origin of embryophytes. The existence today of many species of both chlorophyte and charophyte algae that live in terrestrial habitats (albeit still needing water for sexual reproduction) certainly shows that the latter was possible. Nevertheless, from our point of view as we follow the journey from the earliest living organisms to flowering plants, the main point is clear: the land was invaded.

Table 1.1 The geological periods


	Period
	Years before present



	Quaternary
	1.8 million to present day



	Tertiary
	66.4 million to 1.8 million



	Cretaceous
	144 million to 66.4 million



	Jurassic
	208 million to 144 million



	Triassic
	245 million to 208 million



	Permian
	286 million to 245 million



	Carboniferous
	360 million to 286 million



	Devonian
	408 million to 360 million



	Silurian
	438 million to 408 million



	Ordovician
	505 million to 438 million



	Cambrian
	570 million to 505 million



	Pre-Cambrian
	4.5 billion to 570 million



There is still some discussion about which of the three bryophyte lineages—hornworts, mosses or liverworts—represent the earliest land plants. Although there is some support (mainly from comparative anatomy and morphology) for the view that hornworts were the earliest land plants, studies of genome structure, of gene sequences and of particular biochemical mechanisms in extant plants, point to the liverworts.

For example, in common with charophytes, the immediate progenitors of land plants, the mitochondrial DNA of liverworts lacks a particular type of intronii, the type II intron (see Chapter 3, section 3.2.1). All other bryophytes and all vascular plant groups possess three mitochondrial type II introns, although there have been subsequent losses in some lineages within these plant groups. Indeed, those who use molecular data in constructing phylogenies suggest that such data settle the question beyond doubt, so that is the position we take here: the earliest land plants were liverworts, from which mosses and hornworts diverged. The latter eventually gave rise to vascular plants (see next section).

1.6 Embracing the Terrestrial Lifestyle

While terrestrial habitats may indeed provide a good light environment, they also pose some strong challenges for living organisms. The lifestyle of modern bryophytes almost certainly typifies the way in which the earliest multicellular land plants dealt with those challenges. Such a lifestyle is successful in its own way, in its own ecological niches, but it can hardly be said to have conquered the land. Invasion is different from conquest.

Nevertheless, the popular view of early land plants is one of conquest. We are very accustomed to reconstructions and artistic presentations showing a rich flora of vascular plants. The dominant forms differ according to which geological period is being portrayed, but the common feature is that it is vascular plants which make up these fossil forests. Conquest, rather than just invasion of the land, required a number of adaptations, including mechanisms or structures for prevention of water loss and for movement of water within the plant. Furthermore, the selective pressure to seek the light also led to the need for support as many plants evolved an upright stance.

In modern floras, symbiosis between green plants and soil-dwelling fungi features very strongly, as seen in different types of mycorrhizae (see Chapter 5, section 5.7). It now seems likely that mycorrhizae, and possibly other forms of symbiosis, were important in helping green plants to invade the land. Mycorrhizae identical in form to modern vesicular-arbuscular mycorrhizae have been discovered in association with Aglaophyton major, a very early Devonian land plant, suggesting that nutrient transfer mutualism (symbiosis) may have been in existence when plants invaded the land. This would have aided green plants in exploiting nutrient-poor substrates.

Evidence for the early evolution of vascular plants comes from fossils, from new, less destructive techniques for investigating fossil structure, from comparative anatomy and physiology of extant plants and from molecular phylogenetic studies. These studies provide strong evidence that the hornworts were the immediate ancestors of vascular plants. It is interesting that hornworts can exert some degree of control over water loss and gas uptake because they possess stomata, an important adaptation to life on land and a feature found in all vascular plants (see Chapter 9, section 9.4).

The evidence for a single origin (‘monophyly’) of the vascular plants comes both from comparative morphology and from an increasing array of DNA sequence data. What is not so clear is the position in the evolutionary tree of some fossil plants found in a remarkable assemblage in the Rhynie chert in Scotland. These fossils, which include Aglaophyton, Horneophyton and Rhynia, possess some features of vascular plants but also retain several bryophyte-like characteristics.

The earliest true vascular plants were the lycopsids or lycophytes. These first appeared in the late Silurian period. Modern members of the group include quillworts (Isoëtes), Selaginella and club mosses (Lycopodium; see Figure 1.3). Today they are relatively scarce, but in the Carboniferous period they were a dominant group, with tree lycopods forming extensive forests. The ability to grow as trees reflects the dual function of vascular tissue, both as a means of conducting water and nutrients throughout the plant and as a means of support of large aerial structures (see Chapters 5 and 6). Tree lycopods eventually became extinct in the Permian period, but they left a legacy, providing the bulk of the material from which coal was formed.


Figure 1.3 Lycopodium thyoides.

Photograph by Dr Gordon Beakes  University of Newcastle upon Tyne. Image from Centre for Bioscience (Higher Education Academy) ImageBank. http://www.bioscience.heacademy.ac.uk/imagebank/
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Molecular phylogenetic evidence indicates strongly that lycopods gave rise to a lineage which then diversified into several groups, including the ferns and other fern-like plants, horsetails and eventually the various seed-plant groups. The horsetails, still represented in today's biosphere, are particularly interesting. Like lycopods, they produced dominant forests of tall plants. The ability to grow tall was related to the role of silica in supporting the stems, in contrast to today's tall plants, which are supported by lignin (see Chapter 2, section 2.2.4 and Chapter 6, section 6.5).

In summary then, the invasion of the land that started with bryophytes became a conquest as vascular plants appeared and then diversified. Indeed, the diversification of plant life on land (and its knock-on effects on the evolution of other organisms) known as the Siluro-Devonian primary radiation, is regarded as the terrestrial equivalent of the Cambrian explosion of marine life (as discussed in section 1.2).

Examination of fossil assemblages in strata of different ages reveals a succession of plant groups appearing, some of which became abundant for at least several million years. Many of these groups survive today, but there are some notable exceptions. We have already seen that tree lycopods, dominant in Carboniferous forests, became extinct in the Permian. The fossil record also contains a major phylum, the progymnosperms, that arose in the late Devonian and early Carboniferous and flourished for a time. The name is somewhat misleading, because they produced spores rather than seedsiii and did not give rise to modern gymnosperms. Nevertheless, the late Carboniferous/early Permian periods saw the emergence of gymnosperm groups which are still represented in extant floras. Indeed, gymnosperms were one of the dominant groups in late Triassic and early Jurassic forests—an indication of the selective advantages of the seed-based mode of reproduction  (see Box 1.2).






Box  1.2 : Advantages of seeds

Reproduction via seeds provides distinct advantages for life on land. Fertilization does not require water because the sperm does not have to swim to the egg. The one exception to this amongst seed plants is Ginkgo biloba,* in which the sperm are motile. The seed that develops following fertilization is effectively an embryo held in a state of quiescence or dormancy, usually provided with a food store and surrounded by a. protective coat.

*Maidenhair tree: the sole extant member of a group of gymnosperms that arose in the Permian and were abundant through to the end of the Triassic. Ginkgo is illustrated in Figure 7.1, Chapter 7.



Today, the gymnosperms are represented by just four groups—the Gnetophyta or Gnetales (see below), the Coniferae, Gingko and the cycads (Cycadophyta; Figure 1.4). Except for the conifers, these groups are just relicts in terms of their former abundance and dominance, For example, there are only a few species of cycads, while Ginkgo biloba is the sole living representative of a once more diverse group.


Figure 1.4 The cycad Encephalatos ferox, native to coastal habitats in Mozambique.

Photo: MJH. Used with the permission of Oxford Botanic Gardens.
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1.7 Arrival of the Angiosperms

Modern angiosperms share with each other many features that are not represented at all in other groups (see Box 1.3) and on that basis they have been regarded as a single discrete group arising from one ancestral lineage—i.e. they are monophyletic. This view has been extensively confirmed by modern molecular phylogenetic analysis.






Box  1.3 : Essential features of angiosperms

The term ‘angiosperm’ derives from two Greek words: angeion, meaning ‘vessel’ and sperma, meaning ‘seed’. The angiosperms are those plants whose seeds develop within a surrounding layer of plant tissue, called the carpel, with seeds attached around the margins. This arrangement is easily seen by slicing into a tomato, for example.

Collectively, carpels, together with the style and stigma, are termed the ovary, and these plus associated structures develop into the mature fruit. The enclosed seeds and the presence of carpels distinguish angiosperms from their closest living relatives, the gymnosperms, in which the seed is not enclosed within a fruit but, rather, sits exposed to the environment.

Some defining characteristics of angiosperms include flowers, carpels and the presence of endosperm, a nutritive substance found in seeds, produced via a second fertilisation event. Angiosperms thus exhibit the phenomenon of double fertilisation (see Chapter 8, section 8.6.3).






But from where did the angiosperm lineage arise? What is the sister group to the angiosperms? If these questions could be answered, we would be making progress towards solving Darwin's abominable mystery. Prior to the availability of molecular techniques, morphological comparisons had led to the angiosperms being regarded as sister group to the Gnetales, a varied group of gymnosperms represented today by just three families. The most bizarre of these is the family Welwitschioideae, type genus Welwitschia, which produce flowers that rest on the ground (see Figure 10.9, Chapter 10).

Angiosperms and Gnetales were together known as the anthophytes, but it is now clear from molecular phylogenetic analyses that the anthophyte hypothesis is untenable. However, that is not to say such analyses have solved the problem. When molecular phylogenetic analysis first became available, it was widely thought that its careful application to seed plants would sooner or later lead to an understanding of angiosperm origins. However, this has not proved to be the case. Indeed, some plant scientists believe that the mystery is as deep now as it was in Darwin's day. The problem is that different analyses tell different stories, depending on which genes are used in the analysis and whether DNA or protein sequences form the basis for comparison. Thus, the distinguished evolutionary botanist, James Doyle, at Davis, California, wrote in 2008: ‘Much of what we thought we knew 10 years ago about seed plant phylogeny  …  has been thrown into doubt by molecular analyses.’

Doyle also wrote that: ‘Resolution of these problems requires integration of molecular, morphological and fossil data in a phylogenetic framework.’

The data from fossils include analyses of flowers and flower-like structures in presumed angiosperms such as Archaefructus from the early Cretaceous (currently the earliest known fossils of angiosperm-like flowers date from this period) and in seed ferns. The molecular data include molecular clock estimates that put the origins of angiosperms no earlier than the Jurassic period. This integration of approaches suggests that the divergence from the gymnosperms (and more specifically from the cycads) of the lineage that led to angiosperms happened probably as early as the Carboniferous. In other words, the last common ancestor between the two groups of extant seed plants—gymnosperms and angiosperms—was alive in the Carboniferous period. This divergence established the lineage known variously as the angiophytes or the pan-angiosperms. However, as pointed out by Doyle in a personal communication to JAB, the early members of this lineage: ‘ …  need not have looked any more like modern angiosperms than pelycosaurs (in an early Permian branch from the mammalian stem lineage) look like mammals.’

So, although the gymnosperms (and in particular the cycads) are the nearest living relatives to modern angiosperms, the actual sister-group to angiosperms is to be found among extinct groups within the pan-angiosperms, namely the seed ferns (Figure 1.5). Current views are that the most likely seed-fern group to fulfil this role is that containing the genus Caytonia.


Figure 1.5 Diagram illustrating a simplified version of current views on ancestry of the angiosperms. The divergence between the gymnosperm and the angiophyte (or pan-angiosperm) lineages took place in the Carboniferous period, while the final separation between seed-ferns and true angiosperms occurred in the late Jurassic or early Cretaceous period (also see Figure 1.7). The seed ferns themselves became extinct in the late Cretaceous. For the sake of clarity, the diversification of gymnosperms (which occurred mainly in the Permian period) is not shown.
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In summary then, angiosperms arose as the crown group of the pan-angiosperms in the late Jurassic (based on molecular clock data), or slightly later in the early Cretaceous (based on fossil evidence). Their evolution as a distinct group, after divergence from seed-ferns, involved the adaptation and development of pre-existing structures to form, among other things, the characteristic angiosperm flower. The double fertilization involved in endosperm formation (see Chapter 4, section 4.3 and Chapter 8, section 8.6.3) also evolved at this time (double fertilization also occurs in the Gnetales, mentioned above, but in that group it leads to the formation of two embryos).

Until relatively recently, the Nymphaeales (including present-day water lilies and probably also the fossil Archaefructus) were regarded as the most primitive angiosperms. However, based on extensive phylogenetic analysis, Amborella trichopoda (Figure 1.6), a semi-climbing shrub only found in the rain forests of New Caledonia, is now regarded as sister to all extant angiosperms and is therefore at the base of the angiosperm phylogenetic tree (Figure 1.7)iv.


Figure 1.6 Flowers of Amborella trichopoda, the most primitive living angiosperm.

Photo: Scott Zona, Florida International University.
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Figure 1.7 Simplified diagram illustrating the divergence of angiosperm groups.
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Thus Amborella is at the base of the very diverse taxon, extant angiosperms. Early divergence brought into existence two other primitive groups, the Nymphaeales (water lilies) and Austrobaileyales; these groups, together with Amborella are often known as the ANITA grade, based on the genera Amborella, Nymphaea, Illicium, Trimenia and Austrobaileya. All other angiosperm groups are often termed the mesangiospermae. The more primitive mesangiosperms include the magnolids (see Figure 1.7), but the most obvious indications of the extensive radiation of the angiosperms are the monocots (monocotyledones) and eudicots (eudicotyledones). The latter term, meaning effectively ‘good dicots’ or ‘true dicots’ distinguishes these from the ‘paleodicots’ represented by the ANITA grade and by the magnolids and other more primitive groups.

The ecology of Amborella and of other primitive angiosperms suggests that the group first arose in shady, damp or wet and possibly disturbed habitats. The subsequent radiation of the angiosperms occurred mainly between 100 and 65 million years ago, and a large proportion of currently living groups had appeared by the end of the Cretaceous period.

This very rapid radiation is certainly worthy of comment. It was one of the features that caught Darwin's attention; flowering plants seemed to him to appear from nowhere (although we are now beginning to understand something of their origins). The rapidity and extent of the angiosperm radiation is indeed astonishing, such that we are justified in speaking of a ‘Cretaceous explosion’. This radiation has seen angiosperms progress from being a relatively minor component of the biosphere to becoming the major vascular plant group, totalling between 250,000 and 300,000 speciesv, occupying the widest possible range of ecological niches and dominating the vegetation in many terrestrial and some aquatic ecosystems. In attaining such dominance they ousted the gymnosperms from their previously dominant position, and although angiosperm distribution over the Earth has changed with the changing form and climate of the planet, they have remained the dominant plant group for the past 65 million years.

In morphology and growth form, the angiosperms vary between the tiny Wolffia, a genus in the duckweed family (Figure 1.8a) to very large and long-lived trees (Figure 1.8b) (although, admittedly, the tallest, the largest and the longest-lived trees are all gymnosperms: see Chapter 6, section 6.6). As a group, angiosperms exhibit a wide range of interactions with other members of the biosphere, of which arguably the most famous is that many species rely on insects for pollination. Indeed, several authorities regard co-existence and co-evolution with insect pollinators as being one of the factors that contributed to the angiosperm rise to dominance. This relationship is discussed further in Chapter 8, section 8.6.2, but at this point we discuss a more basic aspect of reproduction.


Figure 1.8 (a) Individual plants of Wolffia arrhiza (Watermeal) are 1–2 mm wide, and it is the smallest vascular plant. Photo: Aaron Woods. (b) Oak trees (Quercus robur) coming into leaf in spring. Fallow deer grazing under the trees. Photograph taken by JAB at Ripley, Yorkshire, UK.
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1.8 Sex and the Alternation of Generations

The evolutionary history of the angiosperms, traced back to the origins of life, incorporates another story, namely the evolution of reproductive mechanisms. Indeed, the angiosperms are named for one aspect of their reproduction, namely the enclosure of the developing seeds in the carpel. It is therefore appropriate at this point to consider another facet of sexual reproduction—namely the need to alternate between the haploid and the diploid states.

In section 1.1 we noted the emergence of eukaryotic cells as cells with defined sub-cellular organelles, including a nucleus that harbours the genetic material, DNA. Among the 60 or so differences between prokaryotes and eukaryotes is the existence in the latter of complex cell division mechanisms to ensure the segregation of the genetic material between daughter nuclei and, hence, between daughter cells. One of these cell division mechanisms is meiosis, the division that produces haploid cells from diploid cells (i.e. halves the number of genome copies in a cell). This is an absolute requirement for sexual reproduction, without which the number of copies of the genome per cell would double with each generation.

Although it is not entirely clear, it is likely that both mitosis and meiosis evolved before the endosymbiont engulfment that produced the first true eukaryote. The acquisition of these activities was part of a process known as eukaryogenesis. What is clear is that sex is a eukaryotic activity. Prokaryotes cannot undertake a reduction division and therefore cannot indulge in sexual reproduction.vi The evolutionary significance of sex is enormous. Not only can genetic variation be generated by mutation and horizontal gene transfer, but also by the mixing of the genetic variation of the two sexual parents.

Sexual reproduction has been incorporated into eukaryotic lifestyles in a number of different ways but all inevitably involve an alternation between a haploid and a diploid phase. Eukaryotic organisms exhibit several basic types of sexual life cycles, differing in the ploidy of adult organisms and in the site of meiosis. The simplest sexual lifestyle we can envisage would involve the meiotic reduction division occurring immediately after the sexual fusion of two haploid cells. This is seen in the single-celled green alga Chlamydomonas, in which the haploid vegetative cells produce haploid gametes. Gametes fuse to form diploid zygotes, which undergo meiosis to form new haploid vegetative cells. The zygote is therefore the only diploid cell in the lifecycle.

Animals provide a complete contrast. They exist as diploid organisms and the only haploid cells are the gametes; meiosis occurs during gametogenesis. The fusion of the two gametes restores the diploid state, thus initiating the next generation. Admittedly there are many variants of this basic pattern. For example, some animals have larval stages and attainment of the adult form may involve quite a dramatic metamorphosis. At the other end of the scale, in reptiles, birds and mammals, the young that hatch from the egg, or that are born, grow and develop ‘seamlessly’ into the adult. Nevertheless, among all this variety of animal life progressions, it remains true that the only haploid cells are the gametes.

Land plants (and some non-vascular aquatic plants), however, have adopted a completely different pattern, in which there are two different multicellular generations, one haploid and one diploid. In other words, there is an alternation of generations (also known as a diplobiontic life cycle; see Figure 1.9). The diploid phase is the sporophyte or spore-producing generation. Spores are produced by meiosis; the haploid spores germinate, undergo cell division, differentiation and morphogenesis to produce the mature gametophytes. As the name implies, the gametophyte phase produces gametes which fuse to produce a diploid zygote which is the start of the new sporophyte generation. In land plants, the two generations differ in appearance; the two generations are heteromorphic. However, in the green alga Ulva which exhibits alternation of generations, the two life cycle phases look the same; they are thus isomorphic.


Figure 1.9 Diagram illustrating the basic features of alternation of generations. Note that some organisms are heterosporous (the spores germinate to form single-sex gametophytes); male gametophytes release sperm, while female gametophytes carry the egg cells. In homosporous organisms, the spores germinate to give only one type of gametophyte, which produces both sperm and egg cells.
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In the simpler land plants, bryophytes, the dominant generation (the one that we see and recognize as a moss or liverwort) is the gametophyte generation. The sporophyte generation is short-lived and generally dependent on the gametophyte. In vascular plants, by contrast, the sporophyte is the dominant generation. Gametophytes of vascular plants are much smaller than their sporophytes and are either free-living or retained within sporophytic tissues. For example, in ferns, spores develop within clusters of sporangia on the sporophyte plant; spores germinate to produce gametophytes that are, like the sporophyte, photosynthetic and free-living but small and inconspicuous. The gametophytes produce sperm cells and egg cells within specialized structures called antheridia and archegonia; the gametes fuse to produce a diploid zygote which develops into the new sporophyte.

In gymnosperms and angiosperms, it is again the sporophyte generation that we recognize as the plant. The gametophytes are very small, non-free-living and non-photosynthetic. The female gametophyte is retained on the parent plant within an ovule. Pollen grains are immature male gametophytes which produce sperm cells. The details of sperm cell generation and of fertilization mechanisms differ between gymnosperms and angiosperms but, essentially, fertilization of the egg cell occurs within the female gametophyte, as do the early stages of growth of the new sporophyte generation, namely embryogenesis and seed development. These processes in angiosperms are discussed more fully in Chapters 4 and 8.

iThe Greek word kontos actually means ‘barge-pole’ or ‘punt-pole’ and gave rise to the English word quant.

iiAn intron is a sequence of DNA that interrupts the coding sequence of a gene (see Chapter 3, section 3.2.1).

iiiThe name gymnosperm means ‘naked seed’, in contrast to angiosperms, in which seeds are enclosed in a structure called the carpel.

ivInterestingly Amborella (or any plant similar to it) has not been found in fossil form — an indication of the incompleteness of the fossil record.

vThe current estimate for the total number of species of all land plants is 370,000 (see Chapter 12, section 12.2.1).

viProkaryotes are able to exchange genetic material in processes such as conjugation, but these processes are not equivalent to sexual reproduction.
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Chapter 2

Introduction to Plant Cells

The previous chapter described the emergence in evolution of the angiosperms, the flowering plants. Much of the rest of this book deals with angiosperm function at the levels of organ and whole organism; we discuss the integration of growth and development, the angiosperm life cycle and the inter-organism interactions involved in various angiosperm lifestyles.

However, in order to understand the plant as a functioning organism, it is necessary to have some knowledge of plant biology at the cellular and sub-cellular levels. Therefore, in this chapter and the next, we provide introductions to plant cells and to the major molecular activities in which the cells participate.

2.1 Plant Cells

There is a sense in which there is no such thing as a ‘typical’ plant cell. Cell structure varies extensively according to the function of the cell in question. Nevertheless, it is helpful at this point to consider the main features of plant cells before looking at those features in more detail in subsequent sections. The features are illustrated diagrammatically in Figure 2.1.


Figure 2.1 Diagram of a plant cell.

Author: Mariana Ruiz. http://en.wikipedia.org/wiki/File:Plant_cell_structure_svg.svg
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First, plant cells are characterized by being contained within a cell wall (section 2.2), composed mostly of polysaccharides and whose structure varies according to cell age and function. Inside the cell wall is the cell's outer membrane, the plasma membrane (section 2.3). In older cells, the next most obvious feature is the cell vacuole (section 2.8), a large aqueous space bounded by another membrane, the tonoplast. The vacuole's main functions are storage of particular solutes and the sequestration of hydrolytic enzymes. In vacuolated cells, the cytosol or cytoplasm is confined to a narrow zone between the vacuole and the plasma membrane (Figure 2.1) but, in non-vacuolated cells, the cytosol occupies much of the space bounded by the plasma membrane.

Within the cytosol, three membrane-bound organelles are very apparent. The first is the nucleus (section 2.7), a feature of all eukaryotic cells (although some cells, such as red blood cells in mammals and phloem sieve tubes in plants, lose their nuclei during cell differentiation). Most of the genetic material, DNA, is located in the form of chromosomes within the nucleus, and all of the biochemical activities associated with gene expression and DNA replication occur there (sections 2.7 and 2.13.3 and Chapter 3, section 3.1.2).

The other two obvious organelles are the chloroplasts/plastids (section 2.5) and the mitochondria (section 2.6). The former are primarily associated with photosynthesis and starch storage and the latter with energy conservation (as ATP and NADH) during respiration, although chloroplasts actually carry out a much wider range of biochemical reactions. Microbodies (Section 2.10) are often located in the vicinity of chloroplasts and mitochondria. These organelles, which are sometimes known as peroxisomes, participate in photorespiration (Chapter 7, section 7.5). A particular class of microbody, the glyoxysome, is involved in the mobilization of the lipid reserves during germination of fat-storing seeds (Chapter 4, section 4.11.2).

The cytosol is permeated by an extensive endomembrane system, the endoplasmic reticulum or ER (section 2.9), which is involved in transport within and out of cells, in the sequestration of calcium ions and in the synthesis of (among other things) proteins that are destined for export. The ER is continuous with the outer envelope of the nucleus and also interacts with the Golgi apparatus, also known as Golgi bodies or dictyosomes (section 2.9). The Golgi bodies appear as stacks of flattened sacs with vesicles located around them. These flattened sacs are the sites of synthesis of cell wall polysaccharides; ‘shuttle vesicles’ are budded off from the Golgi bodies for transport of the polysaccharides to the cell wall. Vesicles budded off the ER and carrying proteins for export merge with the Golgi bodies, which then transfer the proteins to shuttle vesicles for further movement.

The cytosol also contains millions of ribosomes (section 2.11), some of them located on the surface of the ER (regions of ER with associated ribosomes are known as ‘rough ER’). These particles, consisting of RNA and protein, are the sites of protein synthesis. Finally, there is the cytoskeleton (section 2.12), a network of microtubules (made of the protein tubulin) and actin filaments (consisting, as the name implies of the protein actin). Among other things, the cytoskeleton is involved in the organization of the plane of cell division, the orientation of cellulose microfibrils (section 2.2.2), the channelling of Golgi vesicles to the plasma membrane (section 2.2.2) and the organization and orientation of chromosomes during cell division (section 2.13).

2.2 Cell Walls

2.2.1 General Structural Features

As was noted in Box 1.1 in Chapter 1, cellulose (Figure 2.2) is the most abundant organic compound in the world, because it is a major component of the cell walls of nearly all photosynthetic eukaryotes. In primary cell walls (see section 2.2.3), it makes up between 15 and 30 per cent of the dry mass of the wall. In secondary but unlignified walls (see below), the proportion is even greater.


Figure 2.2 Structure of part of a cellulose molecule. Cellulose is a polymer of glucose units joined by β1 → 4 linkages. In the cell wall, the polymers are aligned in large parallel arrays called microfibrils.
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However, cellulose is only one of several different types of molecule that make up the cell wall: the cellulose, organized as microfibrils (see below) is embedded in a matrix of other polysaccharides. In order to understand this, it is necessary to go back to the earliest phase in the deposition of the plant cell, namely synthesis of the new wall immediately after cell division.

The first cell wall that separates the two daughter cells after cell division (see section 2.13) is known as the cell plate. It can be seen in more mature cells as the middle lamella between adjacent cells. The cell plate/middle lamella consists almost entirely of a group of polysaccharides known collectively as pectins (Figure 2.3). These are gel-forming polysaccharides (as is well-known by anyone who makes jam) made up of acidic sugars (especially galacturonic acid) and neutral sugars such as arabinose, galactose and rhamnose. Some of the polysaccharides are relatively simple, such as polygalacturonic acid, which is a polymer of α-D-galacturonic acid joined by 1 → 4 glycosidic linkages. It is often methyl-esterified (i.e. in the form of methyl-galacturonic acid), as shown in Figure 2.3.


Figure 2.3 Diagram showing structures of the main pectic polysaccharides.

Based on Figure 1 of Fry, SC et al. (2011) The Biochemist 33, 14-19. http://www.biochemist.org/bio/03302/0014/033020014.pdf
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Some molecules incorporate an occasional rhamnose residue which kinks the chain at that point. However, the bulk of pectic polysaccharides are more complex, as is typified by the rhamnogalacturonans—large polymers whose ‘backbone’ consists of alternating galacturonic acid and rhamnose residues. Particular regions of these molecules carry complex oligo/polysaccharide side-chains, which are joined to the backbone via the rhamnose units. The most abundant side chains are branched arabinans (oligosaccharides consisting of arabinose units), galactans and arabinogalactans. In the latter, the backbone of the side chain consists of galactose units, some of which themselves carry a short side chain of a single arabinose unit. The presence of side chains limits the extent to which individual polysaccharide chains can align with each other, and thus extensive branching makes for a very open structure. Conversely, adjacent pectin molecules may be cross-linked by Ca2+ ions bridging between two carboxyl groups. This bridging is inhibited if the carboxyl groups are esterified with a methyl group (see above).

Onto this middle lamella the primary wall is deposited, with cellulose now embedded into the background matrix of firstly pectins (as described above) and then hemicelluloses (see below and Figure 2.4). Cellulose is a β-glucan, a polymer of β-D-glucose units joined via 1 → 4 glycosidic linkages (Figure 2.2). The linear cellulose molecules, each consisting of several thousand individual glucose units, can hydrogen-bond with each other to make microfibrils comprising many molecules lying parallel to each other. These are the main strengthening components of the unlignified wall.


Figure 2.4 Diagram showing structures of some of the commoner polysaccharides in the hemicellulose fraction.

Based on Figure 1 of Fry, SC et al. (2011) The Biochemist 33, 14-19. http://www.biochemist.org/bio/03302/0014/033020014.pdf
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There are on average, 36 cellulose molecules at any one place in a microfibril, all lying in the same ‘chemical orientation’. However, there are many more than 36 cellulose chains in a typical microfibril. Chains do not all start and finish in the same place, but instead overlap with each other. Thus an individual microfibril may contain several thousand individual cellulose chains and may be several hundred μm in length.

The presence of cellulose and its organization into microfibrils is a very important feature of plant cell walls, contributing very significantly to plant cell form and function. Indeed, Canadian plant scientists Luc Duchesne and Doug Larson suggest that: ‘The presence of cellulose microfibrils in cell walls may be one of the most critical factors in the evolution of modern plant life.’

As well as hydrogen-bonding with each other, cellulose molecules can form hydrogen bonds and other non-covalent linkages with the polymers that form the hemicellulose component of the matrix in which the microfibrils are embedded. The major polysaccharides of the hemicellulose fraction, some of which are shown in Figure 2.4, are xylans (polymers of xylose), xyloglucans (with a backbone of β-D-glucose units joined via 1 → 4 glycosidic linkages and carrying individual xylose molecules as side groups), arabinoxylans (polymers of xylose with arabinose side chains) glucomannans (mixed polymers of glucose and mannose units), galactomannans (β-D-mannose unit joined via 1 → 4 glycosidic linkages and carrying individual galactose units as side-groups) and mixed-linkage glucans (β-D glucose units joined by either 1 → 3 or 1 → 4 linkages). These polymers coat the cellulose microfibrils (Figure 2.5) and hydrogen-bond both with themselves and with the cellulose.


Figure 2.5 Cellulose in the cell wall. Cellulose microfibrils are embedded in a matrix of pectic polysaccharides and cross-linked (mainly via H-bonds) in a network of hemicelluloses polymers and of the arabino-galactan proteins, the extensins (the latter are shown in purple).

From Buchanan, B. et al. (2002) Biochemistry and Molecular Biology of Plants. ASPB, Rockville, MD, p 81. http://www.aspb.org/publications/biotext/
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In addition to polysaccharides, the cell wall also contains proteins. The protein component changes as the wall is built up from the middle lamella, but in general these proteins are rich in proline or hydroxyproline or glycine. Some of the hydroxyproline-rich proteins are glycosylated, i.e. they carry carbohydrate side-chains, consisting in this instance of arabinose and galactose. They are thus known as arabinogalactan proteins or AGPs.

The specific roles of all these proteins at different stages of plant cell development have not been established. However, it is likely that the hydoxyproline-rich extensin (which was the first to be discovered) is involved in cross-linking cellulose microfibrils after cell wall extension and that expansins actually participate in the expansion process (see section 2.2.3).

As well as these structural proteins, the cell wall also contains enzymes. They are mostly hydrolases of various types, possibly involved in defence and in the recycling or scavenging of nutrients. The enzymes involved in polymerization of lignin precursors are also located in the wall.

It must be noted that the proportion of these different polymers varies during the development of an individual cell (as already noted) and between species. Thus, the grasses, including the economically important cereals, have low proportions of pectic polysaccharides and of xyloglucans. The latter are replaced by mixed-linkage glucans (polymers of β-D-glucose units joined via either 1 → 4 or 1 → 3 glycosidic linkages).

The cell wall is often referred to as ‘rigid’. However, this is not true of the primary cell wall. Cell walls are hydrated dynamic structures (the matrix component contains up to 75 per cent water).

As Stephen Fry and his colleagues at Edinburgh University put it so clearly:

‘Although it is true that they are often strong (resisting breakage) and may be inextensible (resisting stretching and thus limiting cell expansion), most primary walls are highly flexible … The phrase “rigid cell wall” should be expunged except in discussions of secondary walls.’

2.2.2 Cell Wall Synthesis

Discussion of cell wall expansion is deferred until the next chapter. Here we briefly consider the synthesis of the cell wall polysaccharides. Cell wall polysaccharides are no exception to the general rule that the donors for building up polymers of monosaccharides are nucleotide-sugars, as shown in these general equations:

[image: images/c02_I0001.gif]

Key: M  =  monosaccharide unit; NTP  =  nucleoside tri-phosphate; NDP-M  =  nucleoside di-phosphate linked to monosaccharide; PPi = inorganic pyrophosphate; Mn = growing polymer

The range of sugar interconversions and sugar-nucleotide syntheses required for pectin and hemicellulose synthesis is shown in Figure 2.6. It should be noted that some sugar interconversions occur when the monosaccharide unit has already been complexed with a nucleoside diphosphate. Nearly all of these reactions, including the formation of the polymers themselves, take place in the Golgi apparatus. The polymers are then transferred to the cell wall via vesicles budded off from the Golgi (sometimes called the trans-Golgi network–TGN) which discharge their contents by fusion with the plasma membrane in a process called exocytosis. Prior to formation of these vesicles, the sites from which they will be budded off become coated temporarily with a protein known as coat protein (COP Ii).


Figure 2.6 Biochemical pathways for synthesis of the monosaccharides needed for cell wall polymers. The numbered enzymes are: 1. UDP-glucose dehydrogenase; 2. myo-inositol oxygenase; 3. GDP-glucose-2-epimerase; 4. GDP-mannose pyrophosphorylase.

Based on a diagram in Sharples SC, Fry SC (2007) Plant Journal 52, 252-262. http://onlinelibrary.wiley.com/doi/10.1111/j.1365-313X.2007.03225.x/pdf
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Cellulose, however, is not synthesized in the Golgi. The cellulose synthesis complex, consisting of many individual cellulose synthase enzymes, is located on the plasma membrane and is visible as a rosette-like structure in electron micrographs. It is currently thought that polymerization of the glucose units involves first the synthesis of sterol glucosides (three glucose units joined to a sterol molecule), which act as the initial acceptors in order to start chain growth. As each chain nears completion, the sterol is removed and the chain is extruded through the plasma membrane, where it associates with other newly synthesized chains to form the microfibrils. The orientation of the microfibrils is guided by microtubules that are aligned adjacent to the plasma membrane.

The glucose donor for cellulose synthesis is UDP-glucose and there is some evidence that this is derived from sucrose via the enzyme sucrose synthaseii associated with the cytosolic side of the cellulose synthase. The reaction pathway is thus:

[image: images/c02_I0002.gif]

Key: G-F  =  sucrose; G  =  glucose; F  =  fructose

Note that much of the energy from the hydrolysis of sucrose is conserved in the direct synthesis of UDP-G (compare this with the general reaction shown earlier).

2.2.3 Cell Extension

Although the cell wall is not rigid, it does resist elongation because of the orientation of the cellulose microfibrils and the cross-linking between cellulose and other cell wall components. Nevertheless, cells elongate dramatically as part of normal plant growth. How can this happen?

First, the vacuole increases in size, generating increased turgor pressure (section 2.3.4), which pushes against the cell wall, similar to what would happen if a balloon were blown up inside a cardboard box. The resistance of the cell wall to the turgor pressure is reduced markedly, mainly because of the action of the plant hormone auxin (Chapter 3, section 3.6.2). Auxin stimulates a proton-pumping ATPase, which is located in the plasma membrane; hydrolysis of ATP is linked to the pumping of protons from the cytosol to the cell wall, which thus becomes acidic (see Chapter 5, section 5.7.3).

In the more acid environment, expansin proteins are able to loosen the hydrogen bonding between cellulose and the hemicellulose polysaccharides. Further, enzymes that can break and rejoin hemicellulose chains, such as xyloglucan endotransglycosylase (XET), are active at acid pH. Both of these features mean that cross-linking between cellulose and other cell wall components is very much reduced. Turgor pressure is thus able to push the microfibrils apart (Figure 2.7) and, eventually, new microfibrils are inserted between the older ones.


Figure 2.7 Cell wall extension. Starting at the top, the acidification of the cell wall (see text) leads to weakening of H-bonds (this process is aided by expansin proteins) and activation of XET. The cross-linked network of hemicelluloses and extensin proteins (the latter not shown in this diagram) is loosened, and cell turgor pressure causes the cellulose microfibrils to move apart (bottom panel). Later, more cellulose is synthesized to fill the gaps.

Diagram from Buchanan, B et al. (2002) Biochemistry and Molecular Biology of Plants. ASPB, Rockville, MD, p 96. http://www.aspb.org/publications/biotext/
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There is also a very interesting link with anti-oxidant metabolism here in that ascorbate oxidase, which converts ascorbate (see section 2.14.7) to dehydro-ascorbate, increases cell extension by up-regulating a gene or genes encoding one or more expansins.

2.2.4 Thickening, Lignification and Silicification

As is discussed above and in other chapters, cell expansion leads to a very large increase in cell volume. However, growth eventually stops and, at this time, the cell wall does become rigid, firstly because cellulose microfibrils become more firmly cross-linked by extensins (see above) and secondly because the proportion of cellulose deposited into the wall is increased. The wall is now a secondary wall, much thicker than the cell wall that characterizes the growing cell.

It may be helpful to visualize the cell as now having a three-layered wall. The first layer is the pectin-rich middle lamella; the second layer is the primary wall, containing pectins, increasing amounts of hemicelluloses and up to 30 per cent (by dry weight) cellulose; and the third layer is the secondary wall with very little pectin and increasing amounts of cellulose.

Many cells remain in this state for the rest of their lives. However, others—in particular the water-conducting and strengthening cells of the xylem—undergo further modification in the form of lignification. Lignin is a very hydrophobic mixed polymer of monolignol alcohols (Figure 2.8) and, once formed, it is highly insoluble.


Figure 2.8 Lignol alcohols—lignin precursors.
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This obviously presents problems in relation to its synthesis. Currently it thought that, after their synthesis from the amino acid phenylalanine, the soluble monolignol alcohols are deposited into the cell wall, where they are oxidized by peroxidases located in the wall, thus generating reactive free radicals that can couple with each other. The polymerization process usually starts in the region of the wall that is furthest from the plasma membrane, i.e. in what was the primary walliii, and then works back towards the plasma membrane. This ensures that the whole wall becomes lignified, with the polysaccharides and other components completely locked up in the thickened wall. There is no set pattern for the polymerization of the different monolignols; each can join to any other. Indeed, it is quite conceivable that all the monomers involved in lignification of an individual cell are linked—the cell is thus effectively enclosed in one large insoluble molecule!

In some plants, including the grasses and cereals, silicon in the form of amorphous silica (SiO2) is incorporated into the cell wall, often in large amounts. The deposited silica takes the shape of the cell wall and the deposits are known as phytoliths. These phytoliths have uses in plant taxonomy and, increasingly, as markers in archaeological and palaeoecological research, where they are used to determine past agricultural practices, human diet and environment. Deposited silica also increases the strength of cell walls, giving plants mechanical support (Chapter 1, section 1.5), and in Chapter 11 we discuss its role in defence against herbivory (section 11.2.1) and plant pathogens (section 11.3.7).

2.3 The Plasma Membrane

2.3.1 Introduction

Immediately internal to the cell wall is the cell's bounding membrane, the plasma membrane. Its basic structure is a lipid bi-layer with the hydrophilic ‘heads’ facing outwards and the hydrophobic ‘tails’ facing inwards (Figure 2.9). Individual lipid molecules are not linked with each other, so lateral movement is possible, giving the membrane a degree of fluidity.


Figure 2.9 The fluid mosaic model for membrane structure.

From Lea, P and Leegood, R (1999) Plant Biochemistry and Molecular Biology, Wiley-Blackwell, Chichester, UK, p 133. http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471976830.html
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Proteins and protein complexes of various types are embedded in the bi-layer, and the overall lipid-protein array is often referred to as a fluid mosaic. Many of the proteins form interfaces with the cytosol on one side and the cell wall on the other. The cellulose synthase complex, discussed above, is one example of this, but there are many others, including pumps, carriers and channel proteins of various types, and proteins that bind signalling molecules such as hormones. Others, however, may be embedded in or attached to one side of the lipid bi-layer.

The plasma membrane also contains carbohydrates, mostly as oligosaccharides attached to proteins. Thus, several plasma membrane proteins are glycoproteins, including several AGPs (see section 2.2.1) which appear to have at least a minor role in the regulation of plant development. In addition, there are proteins attached by glycosidic linkages to sterols (section 2.3.2).

This overall structure (Figure 2.9) enables the plasma membrane to fulfil six important roles. First, it is the outer boundary of the cytosol, and that role defines the other five, namely:

	initial detection and transduction of some hormonal and environmental signals (see Chapter 3, section 3.5);

	regulation of transport in and out of the cytosol (section 2.3.3 and Chapter 5, section 5.7.3);

	synthesis of cellulose (and in cooperation with microtubules, assembly of the microfibrils—section 2.2.2);

	formation of inter-cellular cytoplasmic connections known as plasmodesmata;

	interaction with and attachment to the cell wall via Hechtian strandsiv.



2.3.2 Plasma Membrane Lipids

The overall composition of plant membranes is 40 per cent lipids, 40 per cent proteins and 20 per cent carbohydrates. The lipid fraction is comprised of phospholipids, glycolipids and sterols so in general resembles the lipid fraction of animal cell membranes. However, the actual composition of each fraction is different from that in animals. Unlike animals, it also differs between species and, within a particular species, between the different organs (Table 2.1). Thus, plant plasma membrane proteins are able to function effectively in a range of lipid environments.

Table 2.1 Fatty acid composition of plasma membrane phospholipids
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In most plant cells, the majority of the plasma membrane lipids are phospholipids, although there are exceptions (Table 2.1). Free sterols, mainly campesterol, sitosterol and stigmasterol but with very little cholesterol, are also present in significant amounts. Other components may include, in different organs or in different species, steryl glycosides (a sterol linked to a glucose residue), acylated steryl glycosides (steryl glycosides linked to a fatty acid molecule) and glucocerebrosides (glucose linked to sphingosine, to which is attached a fatty acid molecule). The fatty acid component of plant plasma membrane lipids (Table 2.1) mainly consists of palmitic acid (16:0), linoleic acid (18:2) and linolenic acid (18:3)v. There is thus a high level of unsaturation, imparting extra fluidity to the membrane, in contrast to the membranes of animal cells.

2.3.3 Transport Across the Plasma Membrane

This topic is dealt with in detail in Chapter 5, section 5.7.2. Here we simply note firstly that, in addition to any chemical gradients that may exist at any time across the plasma membrane, there is also a charge difference or electrical potential of about −80 to −100 mV. This affects the entry of negatively-charged ions into the cell.

Secondly, according to the substance in question, there are various ways in which a solute may enter or leave a cell, some of which involve specific carrier proteins or specific channel proteins.

Thirdly, some large molecules, such as pectic and hemi-cellulosic polysaccharides, are delivered to the cell wall by exocytosis or vesicle-mediated export. In this process, the membrane of the Golgi-derived vesicle merges with the plasma membrane, thus extending it. The reverse—endocytosis—can also occur, with uptake from outside of the plasma membrane mediated by invagination of the membrane, leading to vesicle formation. Indeed, it appears that there is traffic in both directions between the Golgi and the plasma membrane.

Fourthly, for delivery of proteins into and through the plasma membrane, there is a specific pathway of synthesis, transport and delivery. This is discussed in section 2.8.2 and in Chapter 3.

2.3.4 Cellular Water Relations

Water movement into cells occurs via diffusion across the plasma membrane and via water-specific gated channels, the aquaporins. Water enters the cell down an osmotic gradient because solute concentrations inside the cell are greater than outside the cell. In order to understand this, some terminology is necessary.

The water potential (φ) of pure water is 0 MPa (megaPascals—pressure units). The presence of solutes decreases the osmotic potential. In formal terms, the water potential becomes negative and is equal to the osmotic potential (φs). The presence of solutes inside the cell therefore creates a gradient, allowing water to move from a zone of less negative water potential (outside) to more negative water potential (inside). However, there comes a point at which the pressure exerted by the cell wall, turgor pressure (P), cancels out the decrease in water potential caused by solutes. The water potentials inside and outside the cell are now the same, and there is no longer any net water uptake.

As mentioned in section 2.2.3, turgor pressure is the driving force for cell expansion and, if expansion does indeed occur, water uptake will continue. Further discussion of plant water relations will be found in Chapters 5, 6, 9 and 10.

2.4 Cell Compartmentation

In common with all eukaryotic organisms, plant cells are compartmented. The evolutionary origin of several of the sub-cellular compartments is still a matter for discussion. However, as we have seen in Chapter 1 (section 1.3), the evolutionary origins of two compartments are very clear: mitochondria and chloroplasts were derived from cells engulfed by other cells, as delineated in the endosymbiont hypothesis. The first engulfment of an aerobic proteobacterium by an archaebacterium led to the evolution of the mitochondrion and the establishment of the various eukaryotic lineages. The second engulfment, of a cyanobacterium, led to the establishment, within the eukaryotes, of the photosynthetic lineages, to the formation of chloroplasts and, thus, to plants as we know them today. So it is the chloroplast that is the special organelle of plants, and it is with the chloroplast that we start our discussion of the internal structure of plant cells.

2.5 Chloroplasts

2.5.1 Introduction

The greening of the land that we noted in Chapter 1 is entirely down to chloroplasts. They effectively provide the background pigment, chlorophyll, against which many (although not all) land animals lead their lives. Indeed, without those chloroplasts, biodiversity as we now know it would not have evolved. The existence of a mechanism for converting light energy from the sun into chemical energy for CO2 fixation made possible the evolution of many lifeforms that are directly or indirectly dependent on that mechanism.

However, it is equally clear that chloroplasts themselves have evolved since that primary engulfment event. Modern chloroplasts differ significantly from their cyanobacterial ancestors. One of the most obvious changes is the transfer of genes from the original symbiont to the nucleus of the host. Thus, while a chloroplast retains many of the metabolic activities of the cyanobacterial cell, many of the enzymes that mediate those activities are encoded in the nucleus. An angiosperm chloroplast has about 120 genes but contains at least 2,200 proteins (some recent proteomic analyses have suggested that the true number may be as high as 5,000). This has implications for the genetic control of chloroplast development and activity, as discussed in the next chapter.

2.5.2 Chloroplast Membranes

Another change that has occurred in chloroplast evolution is the elaboration of the photosynthetic membrane system in which the light reactions occur. Extensive folding of the membranes has produced structures called thylakoids, simpler versions of which may be seen in the photosynthetic lamellae (sometimes also called thylakoids) of some modern cyanobacteria. Thylakoids are in places stacked like piles of pennies (Figure 2.10) to form grana (singular, granum)—although, unlike a pile of pennies, the thylakoids are inter-connected.


Figure 2.10 (a) Electron micrograph of chloroplast. From Lea, P and Leegood, R (1999), Plant Biochemistry and Molecular Biology, Wiley-Blackwell, Chichester, p 249. (b) Diagram of chloroplast structure. http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471976830.html
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The space inside the thylakoid membranes is known as the lumen, and many of the thylakoid-located proteins span the membrane so as to protrude into the lumen. External to the thylakoids is the stroma, the chloroplast equivalent of the cytosol.

The lipids of thylakoid membranes are very different from those of non-photosynthetic organelles but have several striking similarities to the composition of cyanobacterial thylakoids. About 55 per cent of the lipids are monogalactosyl diglyceridesvi (MGDG: diacylglycerols with a galactose residue in the third position on the glycerol backbone); about 28 per cent are digalactosyl diglycerides (DGDG); and nearly 10 per cent are sulfolipids (especially sulfoquinovosyl acyl glycerol).

The fatty acids themselves are also very unusual. The highly unsaturated 18:3Δ9, 12, 15 and 16:3Δ7, 10, 13 fatty acidsvii make up about 70 per cent of the fatty acid component of thylakoid lipids in general and 90 per cent of the MGDG fraction. As noted in Chapter 1, MGDG is the most abundant class of lipid in the world (and is often known as ‘the plant lipid’)—another indication of the central role of chloroplasts in the biosphere. The high level of unsaturation implies that the membranes are fluid, a feature that is regarded as aiding membrane function at low temperatures (see also Chapter 10, section 10.2.1). Indeed, studies of Arabidopsis mutants show that the presence of fatty acids with fewer double bonds (i.e. less unsaturation) impairs thylakoid function at low temperature. However, it is puzzling that the same mutants show impaired function at temperatures above the normal range experienced by the plant.

In angiosperms, the chloroplast envelope has two layers, each consisting of a lipid bi-layer. The inner envelope is thought to have been derived from the cell membrane of the engulfed cyanobacterial cell (see Chapter 1, section 1.3) and the outer envelope from the plasma membrane of the engulfing cell. Certainly, the lipids of the inner envelope support this view. The overall lipid content and the fatty acid components of those lipids are similar to those of the thylakoids, with one exception—namely that the 16:3 fatty acid is present in the envelope at only a very low level. This is at least consistent with the idea that the thylakoid membranes have originated in evolution from the cyanobacterially-derived inner envelope. Indeed, as with the thylakoids, there is a strong similarity to cyanobacterial membranes.

However, the outer envelope presents more of a puzzle in that it seems to be a ‘hybrid’ between a cyanobacterial type membrane and a ‘normal’ plant membrane. Although the outer envelope contains both MGDG and DGDG, there is very much less of the former (as a percentage of total lipids) than in the inner membrane or in the thylakoids. The total sulfo-lipid content is also very much lower, whereas the phospholipid content is much higher. The amount of 18:3 fatty acid (linolenic acid) is lower than in thylakoids or than in the inner envelope, but it is still much higher than, for example, in the plasma membrane.

2.5.3 Organization for Biochemical Function

The light reactions of photosynthesis are described in detail in Chapter 7, section 7.4. Here we note that the thylakoid proteins involved in the light reactions are organized as several different groups (Figure 2.11).


Figure 2.11 Organisation of proteins in the thylakoid membranes.

Key: LHC - light-harvesting complex; PSI - photosystem 1; PSII - photosystem II. From Taiz, L and Zeiger, E (2002), Plant Physiology, Sinauer, Sunderland, MA, p122. www.sinauer.com;
www.coursesmart.com/9780878938667
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Firstly, there are the light-harvesting or antennae proteins. They are complexed with carotenoids and with chlorophylls a and b. Different light-harvesting proteins are associated with photosystem I and photosystem II. Light energy is transferred from carotenoids to chlorophyll b to chlorophyll a and thence to the second group of proteins, those of the reaction centres (including the oxygen-evolving complex of photosystem II).

Then there are the proteins of the two electron transport chains associated respectively with photosystem II and photosystem I (and including the cytochrome b6f complex of photosystem II).

Finally, there is the ATP synthase complex (the chloroplast F0F1 ATP synthase: see section 2.6). The proton gradient between the thylakoid lumen and the stroma, generated by the electron transport chains (see Chapter 7, section 7.4) is dissipated via the ATP synthase, leading to the synthesis of ATP which discharged on the stromal side of the membrane.

It is in the stroma that the carbon reduction phases (‘dark reactions’) of photosynthesis take place (Chapter 7, section 7.4), leading eventually to the export of triose phosphate from the chloroplast and the temporary deposition of starch within the chloroplast. The starch is degraded during the night and the carbon is transported as sucrose (synthesized in the cytosol) to other parts of the plant. Starch biosynthesis and the flow of carbon from starch to sucrose are shown diagrammatically in Figure 2.12.


Figure 2.12 Carbon flow between chloroplast and cytosol. The export of triose phosphate from the chloroplast is partly regulated by the availability of inorganic phosphate (Pi) in the cytosol. This is because triose phosphate is exported from the chloroplast in a one-for-one swap with import of Pi.

From Taiz, L. and Zeiger, E (2002) Plant Physiology, Sinauer, Sunderland, MA, p163. www.sinauer.com;
www.coursesmart.com/9780878938667
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However, the reduction of carbon dioxide with the associated sugar interconversions and the biosynthesis of starch are far from being the only metabolic pathways located in the stroma. Other metabolic activities include part of the photorespiration pathway (Chapter 7, section 7.5); the synthesis of fatty acids (described in more detail in section  2.14.5), the synthesis of chlorophyll (and its breakdown during leaf senescence), synthesis of carotenoids and terpenoids (including abscisic acid precursors of the gibberellins), synthesis of purines and pyrimidines, reduction of nitirite ions (section 2.14.8), synthesis of several amino acids and all of the activities associated with genes and gene expression—DNA replication, RNA synthesis and protein synthesis (Chapter 3).

2.5.4 Other Plastids

Chloroplasts are the most obvious examples of a class of organelle called plastids. The different members of the class are, to varying extents, interconvertible, and in an individual plant all are derived from the plastids present in the egg cell prior to fertilization. Those egg-borne plastids are, of course, not photosynthetic, and neither are those present in the embryo; they are actually proplastids. After germination, proplastids located in the aerial organs of the plant develop into chloroplasts. If seeds are germinated in the dark, these proplastids only develop part of the way to chloroplasts and become etioplasts.

Proplastids are located throughout the plant and, in some types of cell, may remain in this state throughout life. However, in many cells, non-photosynthetic plastids become specialized for starch synthesis and deposition; these are called amyloplasts. They function as storage organelles in storage organs such as potatoes and in the nutrient reserves of seeds.

The amyloplasts of the root cap are sedimentable under gravity. They are called statoliths and are involved in gravity perception (Chapter 5, section 5.11.1). In many ripening fruit, exemplified by tomatoes, chloroplasts that were previously photosynthetic lose their chlorophyll and synthesize the pigments associated with ripening. These plastids are called chromoplasts. This transition also occurs during the senescence of many types of leaves (Chapter 7, section 7.11). Finally, there are non-pigmented plastids known as leucoplasts, which seem to be specialized for synthesis of particular terpenoids. The various forms of plastid and their interconversions are shown diagrammatically in Figure 2.13.


Figure 2.13 Plastid interconversions.

From Buchanan, B. et al. (2002) Biochemistry and Molecular Biology of Plants, ASPB, Rockville, MD, p38. http://www.aspb.org/publications/biotext/
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2.6 Mitochondria

The organelle derived from the initial endosymbiotic process that led to the emergence of eukaryotes is the mitochondrion, the site of the major energy conservation pathways in respiration. As with chloroplasts, mitochondria are bounded by two membranes: the inner membrane (derived from the outer membrane of the engulfed cell) and the outer membrane (derived from the outer membrane of the original host cell). However, unlike chloroplasts, mitochondria do not have an extensive internal membrane system equivalent to the thylakoids. Instead, the inner membrane is extensively folded so as to produce cristae which protrude into the mitochondrial matrix (Figure 2.14).


Figure 2.14 Diagram of mitochondrial structure.
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The mitochondrial matrix contains the enzymes of the tri-carboxylic acid cycle (TCA cycle) or Krebs cycle, while the proteins of the electron transport chain are embedded in or actually span the inner membrane. As described in more detail in section 2.14, the passage of electrons along the electron transport chain leads to the build-up of a proton gradient across the inner membrane, i.e. from the inter-membrane space to the matrix. The gradient is dissipated by passage of protons through the membrane-spanning ATP synthase complex (the mitochondrial F0F1 ATP synthase) leading to the formation of ATP. This chemi-osmotic mechanism for ATP synthesis is thus directly equivalent to that in the chloroplast, depending on a charge separation process that delivers protons to one side of a membrane (section 2.5.3 and Chapter 7, section 7.4).

The extensive folding and, hence, much increased surface area of the cristae, mean that the inner mitochondrial membrane contains about 90 per cent of the mitochondrion's membrane lipids and membrane-embedded proteins. Among the lipids is the rather unusual cardiolipin (given this name because it was first isolated from animal hearts) or diphosphatidyl glycerol (see Glossary). The configuration of cardiolipin changes according to the ionic and pH environment, and it is suggested that this helps it to maintain within the membrane the right conditions for function of the membrane proteins. It is also suggested that it acts as a proton trap at its inner face, thus helping to ensure that protons remain in the inter-membrane space until they return to the matrix through the ATP synthase complex. Interestingly, cardiolipin is confined to the mitochondrial inner membrane; it is also found in the cell membranes of bacteria, again supporting the endosymbiont hypothesis.

Mitochondrial membranes, in contrast to chloroplast membranes, are rich in phospholipids, with phosphatidylcholine being the most abundant. There is a marked difference in the level of fatty acid unsaturation between the inner and outer membranes. The inner membrane is rich in 18:3 while the outer membrane is rich in 16:0 (see Table 2.2). The outer mitochondrial membrane lipids are thus less unsaturated than the lipids of most other plant membranes. It is probable that this is related to maintenance of the proton gradient generated by passage of electrons down the respiratory chain, and recent work with Arabidopsis mutants suggests that inserting more 18:3 into the outer membrane promotes the leakage of protons and thus ‘uncouples’ respiration (see section 2.14.2).

Table 2.2 Percentage fatty acid composition of the lipids in plant mitochondrial membranes
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Mitochondria are primarily associated with respiration and, in plants, do not house any other major metabolic pathwayviii. Thus, fatty acid oxidation, which in animals takes place in the mitochondria, takes place in plants within the peroxisomes/glyoxysomes (section 2.10). Mitochondria participate with chloroplasts and peroxisomes in photorespiration (Chapter 7, section 7.5).

Intriguingly, the final step in ascorbate biosynthesis takes place in the mitochondrial inter-membrane space, mediated by an enzyme located in the inner membrane (see section 2.14.7). Mitochondria also export metabolites from the TCA (Krebs) cycle for use in other metabolic pathways. In addition, they possess all the biochemical machinery associated with DNA replication, gene expression and protein synthesis.

As with chloroplasts, mitochondrial genomes are much smaller than those of their endosymbiotic ancestors; extensive transfer of genes from the mitochondrion to the nucleus has occurred during evolution. Current estimates suggests that angiosperm mitochondrial DNA contains genes for about 35 proteins, plus ribosomal and transfer RNAs. A fully functional mitochondrion needs several hundred proteins, implying that, as with chloroplasts, products of nuclear-located genes must be transferred into the organelle (Chapter 3, section 3.3.3).

2.7 The Nucleus

Although the evolutionary origin of the nucleus remains a mystery, as was noted in Chapter 1 (section 1.3), its presence is one of the hallmarks of eukaryotic cells. Indeed, it may have evolved, along with other essentially eukaryotic features, before the first engulfment event. It is undoubtedly a complex organelle and its envelope alone has been the subject of scientific conferences and books. As shown diagrammatically in Figure 2.15, the nuclear envelope (NE) may be thought of as consisting of three membranous components. The first of these is the outer envelope, which is connected to the ER and, especially, to the rough ER (section 2.9.1). Indeed, like the rough ER, there may be ribosomes on the surface of the outer NE. As expected from this arrangement, the proteins and lipids of the outer envelope are similar to those of the rough ER. The outer NE is thus linked to or part of the cell's endomembrane system.


Figure 2.15 Diagram of the nuclear envelope.

From Evans, DE et al. (2004) The Nuclear Envelope, BIOS, Oxford, p2. http://www.garlandscience.com/product/isbn/9780415346450
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The inner NE is separated from the outer NE by the lumen, which is about 30 nm across. On its inner surface, the inner NE is closely associated with the filamentous proteins that make up the nuclear lamina. The latter is the main component of the nuclear cage or matrix that is obtained when the envelope membranes are gently removed with detergents (see below).

The third membrane component, the pore membrane, links the inner and outer NEs. It is part of the nuclear pore complex (NPC), through which any macromolecule that enters or leaves the nucleus must pass.

The nuclear pore complex is itself a complicated structure, but many biologists also find it very beautiful (Figure 2.16).


Figure 2.16 Nuclear pore complexes in tobacco cell nuclei.

From Figure 2 in Fiserova, J et al. (2009) Plant Journal 59, 243-255. http://onlinelibrary.wiley.com/doi/10.1111/j.1365-313X.2009.03865.x/pdf
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Electron microscopy reveals a clear eight-fold symmetry in a structure that has one side protruding into the nucleoplasm and the other into the cytosol. On the cytosolic side, the eight-fold symmetry takes different overall shapes, including stars and various types of rings (Figure 2.16), according to the age and function of the cell. The cytosolic side is characterized by outward-extending rod-like filaments, while the nucleoplasmic side is a basket-like structure. About 30 different nucleoporin proteins, many of them glycosylated by attachment of up to five N-acetylglucosamine residues, make up the pore complex, through which all entry to and exit from the nucleus must occur. This is discussed more fully in Chapter 3; here we emphasize the dynamic nature of the process. It has been estimated that an average of ten import and ten export events occur at each pore complex per second; for example, in pea root meristem cells, about 15,000 ribosomes leave the nucleus every minute (see section 2.11).

The nature of the lamina that underlies the inner NE and to which the inner NE is attached is still a matter of debate. In animals, it consists of a specific class of filamentous proteins—the lamins—but lamins have not been detected in plants at either protein or gene level. Nevertheless, plants do have a filamentous network of proteins underlying the inner NE, and this network serves the same functions as the animal cell nuclear lamina. Martin Goldberg at Durham University has coined the term plamina to distinguish this plant-specific structure from its functional homologue in animals.

As recently as 2009, we had no information on the identity of plamina proteins. However, two candidates have now been tentatively identified. These are the Nuclear Matrix Constituent Proteins (NMCP), also known as LINC proteins (based on Little Nuclei mutants in Arabidopsis).

Inside the nucleus, the most obvious component is chromatin, consisting mainly of DNA and histones, which is attached via scaffold-associated regions (SARs) to the nuclear matrix or scaffold. Within chromatin, denser regions—the nucleoli—are apparent. These are the sites of transcription of the ribosomal RNA genes, which actually takes place in the fibrillar centre of each nucleolus (with the genes themselves looped out from the backbone of chromosome). Around the fibrillar centre is a denser region in which the newly synthesized ribosomal RNA is processed (see Chapter 3, section 3.2.2). In the outer granular region of the nucleolus, the RNA is packaged with proteins to form ribosomal subunits for export via the nuclear pore complexes.

2.8 The Vacuole

Another very obvious feature of most plant cells is the vacuole. It is not apparent in meristematic cells, nor in cells that have not started to expand. However, meristematic cells do contain several small vacuoles that merge as the cell starts to expand. The resulting single vacuole, bound by a membrane called the tonoplast, continues to expand as the cell grows and, in mature cells, it may occupy as much as 90 per cent of the cell volume. Indeed, enlarging the vacuole has been described as a ‘cheap way’ of achieving cell enlargement. There is some debate as to the origin of the pro-vacuoles; they arise either from the ER or from the Golgi, although, in view of the relationship between these two membrane systems (section 2.9), in practice it makes little difference as to which is the primary source. Indeed, it is possible that both routes are operative, according to cell type and specific vacuole function.

Vacuoles serve several functions, again according to the type of cell under consideration. Almost universally, they store water and water-soluble metabolites, including sugars, various ions and organic acids. An example of the latter is the transport, via a specific carrier, of malate into the vacuole during the night in CAM plants and its movement back into the cytosol during the next morning (Chapter 7, section 7.8).

Some vacuoles store defence chemicals which are released if the cell is damaged, and the same is true of hydrolytic enzymes (usually with an acid pH optimum) that are pushed into the vacuole from ER/Golgi-derived vesicles in a process similar to exocytosis. The hydrolytic enzymes may also function in the turnover of cell components, even as large as chloroplasts and mitochondria, that are deposited in the vacuole. In this way, the vacuole acts as a lytic compartment, similar to animal cell lysosomes. Vacuoles may also store pigments, especially anthocyanins; also, as described in detail in Chapter 4 (sections 4.5.1 and 4.5.2), protein reserves in seeds are stored in modified vacuoles. Finally, vacuoles have a role in salt tolerance, as potentially cytotoxic sodium and chloride ions are stored there in halophytes (Chapter 10, section 10.5.2).

The vacuolar membrane, the tonoplast, is similar in lipid composition to other major cellular membranes and also carries a range of proteins, including channel proteins and specific transporters. Movement of water in and out of the vacuole is involved in controlling turgor pressure, while transport of some solutes is integrated into particular metabolic pathways. (see above, re CAM).

2.9 Endomembrane Systems

2.9.1 Endoplasmic Reticulum

We have already encountered the endoplasmic reticulum (ER) in discussing cell wall biogenesis and in consideration of the nucleus. It is effectively a membranous reticulum that permeates the cytosol. Structurally, it consists of two membranes separated by a lumen, and it is continuous with the outer envelope of the nucleus. Parts of it are coated with ribosomes (rough ER), and proteins synthesized on those ribosomes are destined for export outside the cytosol or to other membrane-bound compartments, including the Golgi and the vacuole (but not chloroplasts, mitochondria or microbodies/peroxisomes). The proteins accumulate in the lumen of the ER (as described in more detail in Chapter 3, section 3.2.4) and the ER buds off vesicles which merge with Golgi vesicles; these are channelled by the cytoskeleton to the appropriate membrane (see section 2.8.2).

The ER is also used for the storage and release of calcium ions. Some aspects of cell signalling involve rapid changes in cytosolic calcium concentrations, and the ability to move calcium ions quickly in and out of the ER is important for this.

In addition to these functions, the ER is involved in lipid biosynthesis (sections 2.14.5). Fatty acids synthesized in the chloroplast are transferred to the ER for further metabolism, including combination with glycerol to form triacylglycerols (also known as triglycerides: one glycerol molecule carrying three fatty acid chains). These are deposited in the cytosol as oil bodies or oleosomesix, bounded not by a lipid bi-layer but by a single layer of lipid with its hydrophilic heads on the outside. Proteins called oleosins are embedded in the monolayer. Small oil bodies occur in nearly all plant cells, but they are very abundant in the storage tissues of lipid-storing seeds (as described in Chapter 4, section 4.5.1).

Finally, very recent research has shown that ER can traverse plasmodesmata, the cytoplasmic connections between cells. This means that the ER of adjacent cells may be continuous and this provides another means of transport of, for example, proteins between cells.

2.9.2 The Golgi Apparatus

The relationship between Golgi and ER becomes very obvious as we look at the pathways for protein sorting and onward transport. Most of the proteins which are imported into the lumen of the ER are actually destined for another cell compartment or membrane component. In the Golgi, the proteins are sorted and glycosylated (i.e. are modified by the addition of carbohydrates) and are then either retained in the Golgi or transferred to another compartment or membrane via shuttle vesicles (trans-Golgi network), as shown diagrammatically in Figure 2.17.


Figure 2.17 Protein sorting and delivery in the cell's endomembrane system.

From Buchanan, B. et al. (2002) Biochemistry and Molecular Biology of Plants, ASPB, Rockville, MD, p 176. http://www.aspb.org/publications/biotext/
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There is evidence that vesicles destined for particular locations are marked by specific proteins. Thus, clathrin-coated vesicles are targeted to the tonoplast for discharge into the vacuole. This sorting and glycosylation also involves proteins that end up in the lumen of the ER, including, for example, the enzymes involved in lipid synthesis. In the course of their synthesis and processing, these proteins thus shuttle from the ER to the Golgi and then back again.

In addition to glycosylation of proteins, the Golgi also transfers carbohydrate residues to particular lipids, thus making glycolipids (see section 2.8). Further, as already discussed, most of the cell wall polysaccharides are made in the Golgi. The sugar nucleotide donors for all these carbohydrate syntheses and transfers are delivered to the Golgi via specific carrier proteins that span the Golgi membrane.

The cell's endomembrane system is thus not a static set of separate entities. ER and Golgi are dynamically interrelated. The ER is also continuous with the outer nuclear envelope; the Golgi bodies' export system leads to merging between Golgi membranes and plasma membrane and also between Golgi membranes and tonoplast. The picture that emerges is one of interconnection and dynamic flux.

2.10 Microbodies/Peroxisomes

Small, more or less spherical organelles were first observed in electron micrographs of plant cells in the 1960s. Similar structures had previously been seen in animal cells, and for both plants and animals the term ‘microbody’ was coined. However, it is now known that they contain a very active catalase and participate in the detoxification of H2O2 (for example, during photorespiration—see Chapter 7, section 7.5). For this reason, the term ‘peroxisome’ is now more widely used.

The organelle itself is bounded by a single membrane (a conventional lipid bi-layer) and ranges in diameter from 0.2μm to about 1.7μm. Although they do not possess DNA, nor any protein-synthesizing machinery, new peroxisomes arise by division of pre-existing peroxisomes. Elongated peroxisomes divide in the G2 phase of the cell cycle (section 2.13), and subsequent expansion requires the accumulation of lipids, proteins and other molecules synthesized elsewhere in the cell (see Chapter 3, section 3.2.6).

Although the enzyme catalase is a particular marker for peroxisomes, they may, in specific types of cell, exhibit other metabolic activities. Thus, during the mobilization of lipids in germination of fat-storing seeds, the glyoxylate cycle takes place in peroxisomes which, at this stage, actually lack catalase. The organelles are thus known as glyoxysomes (Chapter 4, section 4.11.2). After lipid mobilization has been completed, the enzymes of the glyoxylate cycle are lost and the organelle regains its typical peroxisome enzyme complement. Furthermore, in the root nodules of some leguminous plants (section 2.14.8 and Chapter 5, section 5.2), peroxisomes participate in the ‘down-stream’ metabolism of fixed nitrogen, leading to export of N-containing compounds from the nodules.

2.11 Ribosomes

Electron micrographs of plant cells reveal that they contain several million ribosomes, the ribonucleoprotein particles on which proteins are synthesized. Estimates of the actual numbers vary according to the type of cell being studied. In general, cells with high metabolic activity and cells that make abundant protein (e.g. during the development of seeds—see Chapter 4, sections 4.5.1 and 4.5.2) have more ribosomes than less metabolically active cells.

Each ribosome consists of two sub-units, often defined by their sedimentation rate, in Svedberg units, when subjected to ultra-centrifugation. Thus, the 80S ribosomes of plant cells (with the exception of those in chloroplasts and mitochondria—see Chapter 3, sections 3.3.2 and 3.3.3) are composed of 60S and 40S sub-units (Figure 2.18). These values are typical for the ribosomes that occur in the cytosol of eukaryotic cells. Each contains a specific subset of ribosomal RNA molecules (Chapter 3, sections 3.2.2 and 3.2.3) and ribosomal proteins.


Figure 2.18 Diagram of ribosome subunits. The 80S ribosomes of plant cells are made up of two subunits—the 40S subunit and the 60S subunit. The mRNA binding site (indicated by m) is on the small subunit; the two subunits do not associate together until after the mRNA is bound.
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There are about 20 proteins in the small (40S) sub-unit and about 30 in the large sub-unit. The two sub-units are assembled separately in the nucleus and they also exit the nucleus separately. Indeed, they do not associate together until after the initiation complex for protein synthesis has been assembled on the small sub-unit (see Chapter 3, section 3.2.1). The rates of assembly of each sub-unit in rapidly dividing cells are remarkable: 15,000 per minute is not unusual.x

In the cytosol, there are two populations of ribosomes, namely those that are ‘free’ and those that are on the surface of the ER. The two populations of ribosomes synthesize different sets of proteins (see section 2.9). The mechanism by which ribosomes making particular proteins become associated with the ER is discussed in Chapter 3, section 3.2.4.

2.12 The Cytoskeleton

2.12.1 Introduction

Plant cells, like the cells of all eukaryotic organisms, possess an internal network of proteinaceous filaments that extends throughout the cytosol. This network is involved in an a range of important cellular processes, including channelling of vesicles (see sections 2.2.2, 2.8.1 and  2.8.2, controlling the plane of cell division, separation of chromosomes, intra-cellular movement of organelles and directional organization of cellulose microfibrils. There are two main components of the cytoskeleton: microtubules and actin filaments.

Animal cells contain a third type of cytoskeletal element—intermediate filaments. Different types are made up of different proteins (e.g. keratin and, in the nucleus, lamins). There have been claims over the last ten years or so that plants also possess intermediate filaments—claims usually based on the presence of proteins recognized by antibodies raised against animal intermediate filament proteins. Intermediate filaments themselves have not been unequivocally identified in plant cells and, in the one structure that is known, the plant nuclear lamina (‘plamina’—see section 2.7), the proteins are different from those in the equivalent structure in animals.

2.12.2 Microtubules

Microtubules are hollow tubes made from tubulin. Each tubulin unit is actually a heterodimer of α- and β-tubulin, very similar proteins each with a molecular weight of about 55 kDa. The tube is built as a shallow helix with 13 tubulin units per turn (Figure 2.19), giving an external tube diameter of 24 nm. A ‘vertical’ row of tubulin units (looking along the axis of a vertically arranged microtubule) is called a protofilament.


Figure 2.19 Structure of microtubules and microfilaments.
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An individual microtubule consists of hundreds of thousands of tubulin units, all oriented in the same direction. During formation, which takes place at specific cellular locations called microtubule organizing centres, one end of a microtubule grows faster than the other, giving plus and minus ends.

Microtubules exhibit dynamic instability in that, once formed, they can be disassembled and re-assembled. The rate of assembly and disassembly is at least partially regulated by the ratio of polymerized to unpolymerized tubulin. Assembly requires the binding of GTP (energetically equivalent to ATP) to the tubulin dimer; the polymerization of the dimers is driven by GTP hydrolysis. The resulting GDP remains bound to the tubulin and is released during disassembly.

Associated with microtubules are two types of motor protein which use the energy from the hydrolysis of ATP to ‘walk’ along the microtubules while carrying ‘cargo’ such as membrane-bound vesicles and even organelles. Dyneins transport cargo towards the minus-ends and kinesins towards the plus-ends of microtubules.

Microtubules have several roles in cell division. Prior to the start of mitosis, the main population of microtubules depolymerizes and then re-assembles as the pre-prophase band. This encircles the nucleus in the position at which the new cell plate (section 2.2) will eventually form, and it is thus thought to determine the plane and position of division. As prophase gets under way, two further populations of microtubules are assembled on opposite sides of the nucleus, thus forming the prophase spindle.

During the transition from prophase to metaphase, the pre-prophase band is disassembled, implying that the position at which the new cell plate will form is now ‘remembered’. The nuclear envelope breaks down (plants have an ‘open mitosis’) and the mitotic spindle is formed by assembly of further populations of microtubules radiating out from zones at opposite ends of the cell. Some of these spindle microtubules are involved in pulling the replicated chromosomes apart during anaphase. In order to do this, they become attached to the chromosome centromeres (see section 2.13) at positions known as kinetochores. Finally, the process of cell division is completed by the laying down of the cell plate by the phragmoplast. This is formed from the ER and from microtubules that are re-assembled at that position after disassembly of the spindle (Figure 2.20).


Figure 2.20 Behaviour of microtubules during mitosis of wheat root meristem cells.

From Raven PH et al. (2005) Biology of Plants, 7th edition, Freeman, NY, p 66 http://www.whfreeman.com/
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2.12.3 Actin Filaments

Actin filaments (sometimes known as microfilaments), each consist of two chains of polymerized actin (a protein of molecular weight 42 kDa) wrapped round each other in a tight helix of about 7 nm diameter (Figure 2.20). Polymerization requires hydrolysis of ATP and, as with GDP in microtubules, the ADP remains bound in the polymer. Again, as in microtubules, disassembly readily occurs and, in actin filaments, this can give rise to a process called ‘treadmilling’, in which the rate of assembly at the plus end of the filament is matched by the rate of disassembly at the minus end.

Actin filaments are involved in cytoplasmic streaming and in the movement of organelles during streaming. They have a role in anchoring the nucleus within the cytosol and they participate with microtubules in the positioning of other organelles and in delivering vesicles to the new cell plate and, more generally, to the plasma membrane. They also act specifically in delivering vesicles for exocytosis in cells that exhibit tip growth, i.e. pollen tubes and root hairs. The motor protein associated with actin filaments is myosin. When bound to an actin filament, this is able to hydrolyse ATP to provide energy for propulsion along the filament.

2.13 The Mitotic Cell Cycle

2.13.1 Introduction

Mention of the roles of the cytoskeleton in cell division leads on to consideration of the mitotic cell cycle. Throughout their lives, plants maintain populations of embryonic cells called meristems, as discussed in more detail in Chapters 4, 5, 6 and 7. Furthermore, many non-dividing cells retain the capacity to re-enter the cell division cycle in response to wounding or to pathogen attack. As this pattern of regulation of cell division is a key aspect of plant morphogenesis, it is surprising that, for several decades of the 20th century, the plant cell division cycle received relatively little research attention. For example, in the late 1970s there were only about five research groups worldwide working on the biochemistry of plant DNA replication. However, the situation changed dramatically in the late 1980s, following very significant discoveries on cell cycle control in other organisms, coupled with increased interest in plant molecular biology in general and increased sophistication of available techniques. Our knowledge of the mitotic cell cycle is now very extensive, and thus we present here an overview that covers the key features.

2.13.2 Phases of the Cell Cycle

Early microscopic studies of cell division revealed the intricate movements of chromosomes during mitosis. They became visible as they condensed during prophase, then disappeared again after mitosis was complete. The process of cell division was thus divided into mitosisxi and interphase, the latter being the gap between successive cell divisions in which chromosomes were not visible.

However, the advent of radioactive labelling as an investigative tool in biology in the 1950s led to the discovery that DNA replication (as detected by the incorporation into DNA of radioactive thymidine) occurs during a specific period within interphase. This is now known as the S-phase (S standing for synthesis of DNA). Based on this finding, the cell cycle was divided into four phases: G1, S, G2, M (G stands for gap and M for mitosis). Obviously, the term gap does not do justice to the array of cellular activities that go on throughout the cell cycle but, nevertheless, this terminology does cover the key events: the replication of the genetic material and then its distribution into two daughter cells (Figure 2.21). Further, it has turned out that this essentially intuitive division of the cell division cycle is actually reflected in the major control mechanisms.


Figure 2.21 The plant cell cycle. The middle panel shows the phases of the cell cycle; the upper panel shows tobacco cells going through mitosis; the bottom panel shows replicating DNA visualised by fibre autoradiography.

From Francis, D (2007) New Phytologist 174, 261-268. http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2007.02038.x/pdf
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2.13.3 Regulation of the Cell Cycle

An overall picture of cell cycle regulation requires attention at three levels. First, there is the level of regulation involving organ and cell identity—in particular, meristem identity and patterning. In other words, this is the specification of the cell populations in which cell division occurs and which ensures that the genes necessary for the cell cycle are active. This is discussed in Chapters 4, 5, 6 and 7.

Second, in a dividing cell, there is regulation of the entry into, and subsequent progress through, the cell cycle. We might call this the internal regulation of the cell cycle, but this level of regulation clearly links both upwards to higher level regulation and downwards to the third level, which is the regulation of the enzymes and other proteins that mediate each step in the cycle. In fact, the second and third levels are so intertwined that we deal with them together.

It was Jack Van't Hof, working at the Brookhaven Laboratory on Long Island, New York, who first showed that the plant cell cycle has two major control points, leading him to propose the principal control point hypothesis. Thus, meristematic cells that are deprived of sucrose arrest either at the G1-S transition or at the G2-M transition. Similarly, cells that cease to divide prior to differentiation may arrest in G1 or G2.

Subsequent research has shown that the major cell cycle events are controlled by reversible protein phosphorylations involving protein kinases and phosphatases. At the heart of these mechanisms are pairs of proteins: cyclin-dependent kinases (CDKs) and cyclins. In simple organisms such as fission yeast (Schizosaccharomyces pombe), one CDK, the product of the CDC2 gene (the homologous gene in budding yeast, Saccharomyces cerevisiae, is CDC28) is involved in both control points (Figure 2.22). Indeed, the G1-S control point, sometimes known as START, is the major control point in these organisms: arrest at G2-M is extremely rare. However, association of the CDK with different cyclins confers some specificity on the activity of the CDK.


Figure 2.22 Diagram showing the basic control mechanisms in the fission yeast (Schizosaccharomyces pombe) cell division cycle. The same cyclin-dependent kinase, CDC2, is involved both in entry into S-phase (‘Start’) and in the G2-M transition. At Start, CDC2 associates with cyclin cig1. The complex is inhibited by rum1 but the inhibition is lifted when rum1 is inactivated by phosphorylation. At G2-M, the cyclin partner of CDC2 is CDC13. The complex is regulated by the balance between the inhibitory protein kinase, WEE1, and the activating protein phosphatase, CDC25, which compete for the same two phosphorylatable sites on CDC2.
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How does this work in plants? The first point to note is that plants have a range of CDKs, grouped into seven families, and an even wider range of cyclins, more than 60 in all, grouped into six families. This gives rise to a bewildering array of possible CDK-cyclin interactions. Nevertheless, it remains true that the cyclin-dependent kinase activity of the CDKs plays a key role in the regulation of the plant cell division cycle.

We focus first on cells not in the cell cycle but, nevertheless, capable of proliferation. These cells are referred to as being in G0 and, if they enter the cell cycle, they will progress from G0 to G1 to S-phase (Figure 2.23).


Figure 2.23 Control of the G1-S transition in plants. The key regulatory factors in the G1-S transition are the E2F-DP transcription factor complexes. These are inactive in G1 because they are bound by the Rb (retinoblastoma) protein. The CYCD-CDKA cyclin-kinase pair phosphorylates Rb. This releases E2F-DP, enabling the transcription of genes required to move from G1 to S. The process is controlled by several higher level factors including hormones and sucrose, as indicated in the diagram.

From Bryant, J. and Francis, D (2007) The Eukaryotic Cell Cycle, Taylor and Francis, Abingdon, p15. http://www.garlandscience.com/product/isbn/9780415407816?f
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In G0, genes whose activity is required for the G1-S transition are down-regulated because of the inhibition by Rb (retinoblastoma) protein of the transcription factors in the E2F family. Movement into G1 is initiated when CDKD, in combination with a member of the cyclin-D family, phosphorylates CDKA, enabling it to bind to its activating cyclin, cyclin D3;1. CDKA can then phosphorylate the Rb protein causing it to release the E2F transcription factor; this in turn, in a complex with DP (‘dimerization protein’), up-regulates the genes involved in S-phase, thus facilitating the G1-S transition (Figure 2.23)

The G1-S transition itself is complexxii. First we need to note that plant chromatin, in common with that of all eukaryotes, is composed of multiple replication units called replicons. Replicons are organized as ‘time-groups’, or families, and different families are active at different times during the S-phase (see Figure 2.24). It is not yet clear as to whether all replicons are ‘prepared’ for replication together at the G1-S transition, or whether the replicons that ‘fire’ later in S-phase are only partially prepared at the beginning of S-phase.


Figure 2.24 Replicating DNA in root meristem cells revealed by fibre autoradiography after labelling with radioactive thymidine. In the left-hand panel (a), it is clear that some tracts of DNA have been replicated during the labelling period, while others have not. This is also clear in the right-hand panel (b), where, halfway through the labelling period, the specific activity of the radioactive thymidine was changed from high to low. This ‘step-down’ technique reveals the outward movement of the replication forks from the replication origin within each replicon.

Autoradiographs supplied by Dr Jack Vant Hof, formerly of the Brookhaven National Laboratory, USA
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Replication in any one replicon starts in a zone called the origin of replication, and origins are marked by the binding of a group of six proteins called the origin-recognition complex (ORC). During G1, the pre-replicative complex (pre-RC) is assembled at each ORC-marked origin. The pre-RC consists of several proteins and its assembly is dependent on at least two phosphorylation events. One of these is mediated by a kinase called CDC7, in concert with its partner DBF4, and the second by an S-phase-specific CDK in partnership with cyclinA3.

At the end of this process, strand separation has been started by the helicase consisting of the six proteins of the MCM2-7 complex, and the replication origin is said to be ‘licensed’ (Figure 2.25). Re-licensing within one cell cycle is made impossible because some of the proteins, including CDC6 and CDT1, involved in setting up the pre-RC are destroyed at this stage via the ubiquitin-proteasome system (see Chapter 3, section 3.4.5).

Figure 2.25 (a) Licensing of the replication origins. 1, The origin-recognition complex, ORC, is bound to a replication origin. 2, CDC6 and CDT1 are recruited to the origin followed by (in 3) two copies of the MCM2-7 helicase complex. 4, CDC6 and the ORC are phosphorylated by the CDC7-DBF4 protein kinase. 5, CDC6 and CDT1 are displaced from the origin (and are degraded). The origin is now licensed for replication. Re-licensing cannot occur within the same S-phase because the key regulator CDC6 has been broken down and is not renewed until transcription of its gene is initiated late in the next G1-phase.  Only the main steps are shown. For further details see Bryant J (2010) Progress in Botany 71: 25–60. (b) Transcription pattern (assayed by the amount of mRNA, arbitrary units) of CDC6 in the cell cycle of tobacco BY2 cells.

From Dambrauskas G et al. (2003) Journal of Experimental Botany 54: 699–706. doi: 10.1093/jxb/erg079
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Following S-phase, the cell goes through G2. Some events that are part of DNA replication, such as the final joining of long tracts of newly replicated DNA, may be delayed until this phase of the cycle. As soon as this is complete, the cell will be able to pass the DNA replication checkpoint and, provided it has attained an appropriate size for division, it will be able to move through the G2-M transition.

It is at this transition that we again encounter the range of CDKs and cyclins present in plants. In the simplest model, as developed for fission yeast, one CDK, working with an M-specific cyclin, is involved in this transition. In plants, however, at least two CDKs, one from the CDKA family and one from the CDKB family, together with three (or possibly four) cyclins—CYCB1;3, CYCA1, CYCA2 (and possibly CYCD4)—appear to participate in controlling the G2-M transition. However, it has proved difficult to assign specific roles to all of these.

Returning to the simplest model, as shown in Figure 2.22, the Cyclin-CDC2 complex (remember that CDC2 is the CDK in fission yeast) is regulated by phosphorylation/dephosphorylation of the CDC2 kinase. WEE1 protein kinase phosphorylates CDC2 at adjacent threonine and tyrosine residues. This inactivates CDC2 as part of the overall size controller that prevents cells entering mitosis at too small a size. By contrast, CDC25 phosphatase removes the phosphate groups from the threonine and tyrosine residues, thus activating CDC2 and enabling it to phosphorylate, among other things, histone H1, which is involved in chromosome condensation.

However, it is not at all clear that the transition works in the same way in plants. Plants certainly possess a WEE1 homologue that acts as a size controller when inserted into fission yeast cells. They also possess a truncated form of CDC25, but it is unable to rescue CDC25 mutants in fission yeast. Furthermore, mutagenesis of both the WEE1 and CDC25-like genes of Arabidopsis does not have any effect on the growth and development of the plants, suggesting that these genes have no role in cell division, at least under normal conditions.

This has led to the proposal by Dennis Francis at Cardiff University of a different model (see Figure 2.26) based on one of the proteins called Interactors with CDKs (ICKs)xiii. It is suggested that ICK1 binds to the CDKA-cyclin complex, thus inhibiting it (the CDKA is already dephosphorylated—see above). In order to initiate mitosis, CDKB (with its cyclin partner) phosphorylates ICK1, causing it to release CDKA-Cyclin and hence become available to phosphorylate its target proteins. This is certainly consistent with our current knowledge, although further evidence is needed to confirm this model.


Figure 2.26 (a) The conventional model for regulation of the G2-M transition. (b) An alternative model for regulation of the G2-M transition in plants.

From Francis, D (2011). Annals of Botany, 107, 10651070. doi:10.1093/aob/mcr055
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At the beginning of mitosis itself, the cell possesses a full set of replicated chromosomes, each now consisting of two chromatids. As the chromosomes condense during prophase, and thus become visible in light microscopy, it appears that the two chromatids in each chromosome are held closely together for much of their length; indeed, they are held together by cohesin, which is a complex of several proteins.

During metaphase, spindle microtubules become attached to the centromeres of each chromatid at the kinetochores, as mentioned in section 2.12.2. This is dependent on another protein kinase, the quaintly named AURORA kinase. At the same time, separase is released from its chaperone protein securin. The latter is degraded and separase is able to separate the chromatids, thus leading to anaphase when the two chromatids of each replicated chromosome are pulled to opposite poles of the cell (Figure 2.27).


Figure 2.27 Diagram illustrating the behaviour of chromatids during mitosis. DNA is replicated during S-phase. The replicated molecules condense as chromatids during the prophase of mitosis. They are still held together at the centromeres. At metaphase, the chromatid pairs line up along the ‘equator’, and at anaphase the chromatid pairs separate and are pulled apart. At telophase, the nuclear envelope is reformed, completing the segregation of the replicated chromosomes into two daughter nuclei.

Based on a diagram in Brown, TA (2006) Genomes 2, BIOS, Oxford, p137, by permission of the publisher. http://www.garlandscience.com/product/isbn/9780815341383?
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However, progress into anaphase is dependent on the anaphase-promoting complex (APC, sometimes known as the cyclosome). This is a ubiquitin ligase and thus marks proteins for degradation by the 26S proteasome (see Chapter 3, section 3.4.5). The APC itself is tightly regulated so that it only comes into play at this point in mitosis. Its specific roles here are to initiate the destruction of securin (see above) and of the cyclin partners of mitotic CDKs, thus removing CDK activity. This loss of CDK activity is necessary for the completion of the cell cycle; in mutants in which the mitotic cyclins are not destroyed, anaphase is not completed and this, in turn, also affects telophase (the phase at which the nuclear envelope reforms and the chromosomes decondense) and cytokinesis.

Cytokinesis itself, the division of the cell to make two daughter cells, each with its own nucleus, starts with formation of the phragmoplast, as already described in section 2.12.2. The new cell plate is built up by the deposition of pectic polysaccharides from Golgi vesicles and the plasma membrane grows across the division plane as the membranes of the Golgi vesicles merge together. Cell division is complete.

2.13.4 Hormonal Control of Cell Division

Plant hormones play key roles in controlling major developmental processes, in integrating those processes into the plant's developmental programme and in coordinating the activities of plant's organs. It is thus not surprising to know that hormones are implicated in the regulation of the cell division cycle. In relation to S-phase, cytokinins can increase and abscisic acid can decrease the number of replicon origins that are activated. At the G1-S transition, cytokinins and brassinosteroids (and possibly auxin) up-regulate the expression of the CYCD3;1 gene, while sucrose up-regulates both the CYCD2;1 and CYCD3;1 genes. Expression of these cyclin genes is essential for the release of the E2F transcription factor from Rb protein, as described in the previous section.

Auxin and cytokinin are also involved in regulation of the G2-M transition and of mitosis itself. The details have yet to be fully worked out, but there are some pointers. Auxin seems to be necessary for the synthesis of M-phase CDKs, while cytokinins are required for the activity of these kinases. Auxin is also involved in the regulation of the anaphase promoting complex, possibly via control of gene expression. Finally, abscisic acid up-regulates the expression of ICK1, leading to an over-abundance of this protein and hence an inhibition of mitosis (see previous section). Since ABA is involved in several stress responses (Chapters 9 and 10), it has been suggested that this is mechanism for preventing entry into mitosis under stress conditions.

2.13.5 Incomplete Cell Cycles

In many of the types of organism that have been studied, passing ‘Start’ and initiating DNA replication normally leads to completion of the entire mitotic cycle. However, in plants, incomplete cell cycles are not unusual. Indeed, they occur as part of normal development and differentiation as discussed for example in Chapter 4.

Although there are several types of truncated cell cycle, by far the commonest are those in which mitosis is by-passed and S-phase is re-initiated, leading to extra rounds of DNA replication. This process is known as DNA endoreduplication. In cell suspension cultures, it can often be induced by changing the ratio of auxin to cytokinin in the growth medium (e.g. in tobacco BY2 cells by omitting auxinxiv). It is thus probable that in whole plants, endoreduplication is at least partly controlled by the concentration ratio of these two hormones.

The function of endoreduplication within the plant remains a matter for conjecture. It certainly leads to the formation of large cells, although in the tobacco BY2 cells mentioned above, the cell size increases in auxin-depleted cells before endoreduplication is initiated. There is also recent evidence that some plants initiate endoreduplication after being damaged by herbivores (Chapter 11, section 11.2.1); it is thought that the increased cell size may be an aid to re-establishment of biomass. However, it is not known how widespread this response is among plants. Therefore, we focus here not on its function (see Chapter 4, sections 4.2, 4.5 and 4.8 for further discussion), but instead need to draw attention to particular features of its regulation.

In order for endoreduplication to occur, first, mitosis must not occur. Failure to enter mitosis occurs because of failure to synthesize mitotic cyclins, thus preventing the activity of the relevant CDKs. But the lack of mitosis is not enough. Normally this would lead to cell arrest in G2, as is seen in a range of differentiated cells (see earlier). What must happen is that the cell bypasses the checkpoint which normally ensures that DNA cannot be ‘re-licensed’ for replication until mitosis has occurred.

Two of the proteins involved in setting up the pre-replicative complex (section 2.13.3)—CDC6 and CDT1—are implicated here. Over-expression of either, but especially of CDC6, in genetically modified cells leads to endoreduplication. Up-regulation of CDC6 is one of the first indications that cultured cells of tobacco will shortly initiate endoreduplication. This implicates, in turn, the regulation of the E2F-DP transcription factors (the involvement of cytokinin in this has already been noted). Furthermore, in cells undergoing successive rounds of endoreduplication, CDC6 protein is more stable than in cells undergoing ‘normal’ DNA replication: the protein is not degraded by the ubiquitin-proteasome system (see Chapter 3, section 3.4.5). This ensures that this protein, and probably others involved in setting up the pre-replicative complex, remain available whether or not mitosis has occurred.

2.14 Metabolism

2.14.1 Introduction

This is not a book that is primarily about plant biochemistry. Indeed, detailed consideration of plant biochemistry could not be achieved in one bookxv. However, in order to understand the plant as a functional unit, some knowledge of metabolism is necessary. Some aspects of this are dealt with in particular places. In this chapter for example, we have already discussed polysaccharide synthesis in the context of the cell wall; in Chapter 5, section 5.8, we discuss the mechanisms of nitrogen fixation in the Rhizobium-legume symbiosis, and in Chapter 7, sections 7.4 and 7.5, we describe photosynthesis and photorespiration. In this chapter, we deal with the important features of respiration, lipid metabolism, ascorbate synthesis and nitrogen metabolism.

2.14.2 Respiratory Metabolism

Respiratory pathways have two main functions: first to transfer the chemical energy ‘locked up’ in respiratory substrates (hexose sugars) into forms in which it may be used in cellular syntheses; and second to produce initial substrates for synthesis of more complex molecules. The main energy-carrying molecule produced in respiration is ATP, and small amounts of NADPH are also produced (in the pentose phosphate pathway). In some plants, there is a third function of respiration, namely to produce heat (for example in Arum flowers).

Three main groups of reactions constitute the conventional respiratory pathway. First, there is the EMP (Embden-Meyerhof-Parnas) pathway, often known as glycolysis, in which the initial hexose substrates are converted to pyruvate. This takes place in the cytosol. Further metabolism of pyruvate involves a decarboxylation and then entry into the TCA (tri-carboxylic acid) cycle (also known as the Krebs cycle or the citric acid cycle), which takes place in the mitochondria. Also in the mitochondria, the NADH produced by the stepwise oxidation of respiratory substrate is itself re-oxidized in a series of reactions—the electron transport chain—that take place in the inner mitochondrial membrane, leading eventually to the reduction of oxygen to form water, linked to the synthesis of ATP. In the absence of oxygen, the electron transport chain cannot function, and the pyruvate produced in the EMP pathway does not enter the mitochondrion but is instead further metabolized to form ethyl alcohol in a process called fermentation.

Finally, some of the hexose respiratory substrate does not initially enter the EMP pathway. Instead, it is metabolized via the pentose phosphate pathway (PPP), in which it undergoes two reductions and one decarboxylation before entering a series of sugar interconversions (similar to those in the reductive pentose phosphate pathway in photosynthesis—see Chapter 7, section 7.4), after which it may re-enter the EMP pathway.

One of the functions of the PPP is the generation of different monosaccharide sugars for use in various biosynthetic pathways—e.g. the five-carbon sugar ribose is used in synthesis of nucleotides, while the four-carbon sugar erythrose is involved in the synthesis of phenolic compounds via the shikimic acid pathway.

Another function is the generation of NADPH. NADP (nicotinamide adenine dinucleotide phosphate), rather than NAD (nicotinamide adenine dinucleotide), is the co-factor for the oxidations in the PPP. In general, NADPH is used to provide reduction potential in biosynthetic reactions rather than being used to generate ATP (depending on the cell's metabolic needs, a small proportion may be re-oxidized by the electron transport chain, thus generating some ATP). Between 5 and 15 per cent of the hexose substrate is metabolized by the PPP and, as shown by the British biochemist Tom ap Rees, the actual amount depends on the cell's biosynthetic needs, with differentiating cells showing greatest throughput.

The substrate for entry into the cytosolic phase of respiration is, as already stated, a hexose monosaccharide, namely glucose. The actual mode of entry varies according to whether the glucose is derived from sucrose or from breakdown of stored starch (Figure 2.28a).


Figure 2.28 (a) The EMP pathway or glycolysis. Note that G-6-P can be shunted from glycolysis into the pentose phosphate pathway (PPP; not shown), as described in the text. F-6-P or triose-P may re-enter glycolysis from the PPP. (b) Recycling of NADH by fermentation under anaerobic conditions.

Taken from  Lea, P and Leegood, R (1999) Plant Biochemistry and Molecular Biology, Wiley, Chichester, page 84. http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471976830.html
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Breakdown of sucrose by invertase produces free glucose and free fructose, both of which may be phosphorylated by hexokinase to form G6P and F6P respectively. Breakdown of sucrose by sucrose synthase again produces free fructose and also UDP-glucose (see section 2.2.2), which is readily converted to G1P and then to G6P. Starch breakdown by amylase and glucosidase produces free glucose, which is phosphorylated to form G6P; starch breakdown by starch phosphorylase produces G1P, which is again converted to G6P. Thus, at the start of the pathway there are both G6P and F6P and, depending on the source of these hexose phosphates, some ATP may have already been expended in producing them. The G6P may enter the pentose phosphate pathway, or it may be converted to F6P to enter the EMP pathway (Figure 2.28a).

The next step is important in the regulation of the pathway. It is a second phosphorylation of F6P by phosphofructokinase (PFK); in the ‘conventional’ (and by far the better known) reaction, the source of the phosphate group is ATP. However, plants also contain a form of PFK that uses pyrophosphate as the phosphate donor (Figure 2.28a). Whatever the source of the phosphate group, this step effectively gives a hexose with a phosphate at both ends, and in this form it is split into two triose molecules, each phosphorylated. It is at this stage that, when necessary, photosynthetic product may directly enter the respiratory pathways, in the form of triose phosphate exported from the chloroplast.

The remaining steps of the EMP pathway convert triose phosphate to pyruvate (via phosphoenolpyruvate). These steps are the energy-conserving steps of the pathway; two oxidations occur, giving two NADH molecules per triose, and two ATP molecules are also generated for each triose molecule (Figure 2.28a). However, the bulk of the energy available in the original hexose molecule is still ‘locked up’ in pyruvate. Under aerobic conditions (which are normal conditions for most plant tissues), the pyruvate is transferred to the mitochondrion for entry into the TCA cycle (Figure 2.28b).

However, as indicated in Chapter 9 (section 9.3), plant cells may be exposed to low oxygen tension. Under such circumstances, the oxidative steps of the TCA cycle cannot occur; the NADH generated in the oxidative reactions cannot be re-oxidized in the electron transport chain for which the final step is the reduction of oxygen by cytochrome oxidase. Thus, under these conditions, pyruvate and NADH would accumulate. In the absence of NAD, the oxidation further ‘upstream’ in the EMP pathway would not occur and the pathway would come to a halt.

However, this situation is remedied by operation of the fermentation pathway. Pyruvate is decarboxylated to form acetaldehyde, which is then reduced by NADH to form ethanol (ethyl alcohol). The NAD can then be recycled for use in the glyceraldehyde-P dehydrogenase reaction. The EMP pathway and fermentation conserve only a small fraction of the energy available from hexose oxidation and, in general, we should regard this is as a temporary survival mechanism. Indeed, both acetaldehyde and ethanol are toxic and the plant cannot tolerate a build-up of either. However, some organisms, such as the yeast (Saccharomyces cerevisiae), are able to thrive under anaerobic conditions. They do so by metabolizing very large quantities of hexose and excreting the resulting ethanol (to the delight of all those who enjoy alcoholic beverages!).

Returning now to normality, i.e. to aerobic conditions, several oxidative steps take place in the TCA (Krebs) cycle (Figure 2.29), and these play a central role in energy conservation.


Figure 2.29 The Tricarboxylic acid (TCA) or Krebs cycle.
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The first oxidation is a complex one, catalysed by pyrsuvate dehydrogenase, which is actually formed of several proteins. The oxidation is a three-step reaction. First, the pyruvate is decarboxylated and then it is oxidized (with linked reduction of NAD to NADH). The resultant two-carbon acid acetate is then joined to coenzyme-A (CoA) via a thiol-ester linkage to form acetyl-CoA. The energy conserved in the thiol ester linkage is used to drive the combination of the acetate with the four-carbon acid oxaloacetate to form six-carbon citrate and thus enter the cycle. Two more combined decarboxylation-oxidation steps lead to the restoration of the four-carbon state in the form of succinate.

The enzyme responsible for the second decarboxylation-oxiation—2-oxogluarate dehydrogenase—is similar to pyruvate dehydrogenase. Thus it catalyses the formation of a thiol ester linkage between succinate and CoA to form succinyl-CoA. In this instance, the energy released by breaking the thiol ester linkage is conserved in the formation of ATPxvi. Two more oxidations lead to the formation of oxaloacetate, which is available to start the cycle again. The first of the oxidations, catalysed by succinate dehydrogenase, is linked to the reduction of FAD (flavin adenine dinucleotide) rather than NAD.

Up to this point, the respiratory pathways have generated a small excess of ATP molecules, plus large amounts of reduced coenzymes and, in particular, NADH. This leads to our brief consideration of the electron transport chain. The proteins of the chain are embedded in the inner mitochondrial membrane in a series (Figure 2.30).


Figure 2.30 The mitochondrial electron transport chain, illustrating the creation of a proton gradient (chemiosmosis) to provide the energy to synthesise ATP. Inset: The cyanide-resistant pathway. 1: an alternative NADH oxidase, situated on the inner side of the inner mitochondrial membrane directly reduces ubiquinone (CoQ). 2: the alternative terminal oxidase (a 33 kDa protein situated in the inner mitochondrial membrane) then uses the reduced ubiquinone to reduce oxygen, thereby forming water. No ATP is synthesized.

Figure from Raven PH et al. (2005) Biology of Plants, 7th edition, Freeman, NY, p 111. http://www.whfreeman.com/
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The proteins are arranged so that the passage of electrons from NADH dehydrogenase to the final electron acceptor, cytochrome oxidase, is accompanied by passage of protons across the membrane into the inter-membrane space, thus building a proton gradient across the membrane (just as happens in photosynthesis—see Chapter 7, section 7.4). The membrane, unless it is damaged, does not permit re-entry of the protons, which can only return to the mitochondrial matrix by passage through the F0F1 ATP synthase complex. As shown by the elegant work of John Walker and his research team at Cambridge, the subunits in the centre of the ATP synthase form a tiny turbine (Figure 2.31) that is driven by the passage of the protons to generate the energy to form ATP from ADP and Pi. The energy initially conserved in the form of reduced coenzymes is now conserved as ATP.


Figure 2.31 The mitochondrial ATP synthase.
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Two further brief points need to be made. First, NADH (and NADPH) generated in the cytosol and FADH arising from succinate dehydrogenase donate their electrons to ubiquinone, thus bypassing one of the proton-transfer steps. In the cell's energy budget, less ATP is generated from these re-oxidations than from NADH that enters the chain via the major NADH dehydrogenase.

Second, as in all aerobic organisms, plant cytochrome oxidase is inhibited by cyanide. However, plant cells exhibit significant oxygen uptake in the presence of cyanide, although conservation of energy in the form of ATP is very inefficient. This is because plants possess an alternative oxidase, through which electrons may be diverted, thus bypassing the cytochromes and cytochrome oxidase (Figure 2.30). Much of the energy initially conserved in reduced coenzymes is dissipated as heat.

It is this alternative oxidase pathway that is responsible for elevating the temperature of flowers in the Arum family (see Chapter 8, section 8.6.2 and Chapter 9, section 9.2), but it may also function under certain stress conditions. Plants also possess another method for uncoupling electron transport from ATP synthesis in the form of an uncoupling protein that makes the inner mitochondrial membrane leaky to protons. Whether this works alongside the alternative oxidase, or is involved in separate stress responses, is not clear.

2.14.3 Linkage of Respiration to Other Metabolic Pathways

As has already been mentioned, another important function of respiratory metabolism is the synthesis of metabolites that can be ‘tapped off’ for use in a range of biosynthetic reactions. Some examples are given in Table 2.3. It is clear that, through the various phases of respiratory metabolism, there are branch points, with the ‘choice’ of which route to follow being regulated by metabolic needs. 

Table 2.3 Examples of the use of respiratory metabolites in other areas of metabolism


	
	Metabolite
	Examples of use



	EMP/PPP
	G-6-P/G-1-P
	Cellulose synthesis



	
	
	Synthesis of other cell wall polysaccharides



	
	
	Ascorbate synthesis



	PPP
	NADPH
	Reductive biosynthesis



	
	Ribose-5-P
	Nucleotide synthesis



	
	Erythrose-4-P
	Shikimic acid pathway for synthesis of phenolics



	EMP
	Phosphoenolpyruvate
	Shikimic acid pathway for synthesis of phenolics



	
	Pyruvate
	Alanine synthesis



	
	Acetyl-CoA
	Lipid synthesis



	
	
	Terpenoid synthesis (including GA and ABA)



	TCA cycle
	2-Oxoglutarate
	NH3 uptake into glutamate (and then to chlorophyll, cytochromes and to other amino acids)



	
	Oxaloacetate
	Aspartate




One of the problems caused by this inter-linkage of metabolic pathways is at that at times of high demand, particular respiratory intermediates may become limiting and thus slow down the rate of respiration. This problem is countered by the operation of subsidiary pathways which top up the main pathways and thus ‘re-balance’ respiratory metabolism. These are termed anaplerotic reactions. Examples include:

	Synthesis of malate from PEP by PEP carboxylase. The malate can be used to top up the TCA cycle or can be converted to pyruvate by NAD-linked malic enzyme.

	Uptake of citrate from the cytosol, with subsequent metabolism of the resulting ‘extra’ malate by malic enzyme to give pyruvate.



2.14.4 Regulation of Respiration

In plants, as in animals, the enzyme phosphofructokinase (PFK) is a major player in the control of respiration. However, unlike animal PFK, the plant PFK is not strongly up-regulated by AMP nor strongly down-regulated by ATP; these compounds have only minor effects on the enzyme. The main negative regulator of plant PFK is phosphoenolpyruvate (PEP). Further, the inhibition of PFK by PEP is strongly ameliorated by inorganic phosphate (Pi) which means that the PEP:Pi ratio is important. PEP itself is converted in the EMP pathway to pyruvate by pyruvate kinase, or is diverted out of the EMP pathway in an anaplerotic reaction catalysed by PEP carboxylase (as mentioned above). Both of these enzymes are subject to feedback inhibition by metabolites from the TCA cycle, especially citrate, malate and 2-oxoglutarate. Thus the rate at which the TCA cycle operates has an effect on the concentration of PEP, which in turn affects throughput via PFK.

The first step in the TCA cycle is subject to regulation via protein modification. Pyruvate dehydrogenase is inactivated when it is phosphorylated by pyruvate dehydrogenase kinase and reactivated when the phosphate group is removed by pyruvate dehydrogenase phosphatase. The availability of ATP for the kinase reaction is thus an important controlling factor for slowing down entry of metabolite into the TCA cycle. Pyruvate dehydrogenase is also inhibited by NADH, as are several of the other dehydrogenases in the cycle (succinate dehydrogenase is an exception). The rate at which the electron transport chain is working (which is also partly dependent on the availability of ADP) thus has an effect on the operation of the TCA cycle.

2.14.5 Lipid Synthesis

The term lipid covers a range of hydrophobic, water-insoluble compounds that dissolve in organic solvents. Earlier in this chapter (sections 2.3.2, 2.5.2 and 2.6), we encountered the various types of lipids that make up plant membranes. These are glycerolipids and phospholipids, glycerol molecules which carry two fatty acid chains and have a range of possible moieties at the third position, including galactose, phosphatidylcholine and phosphatidylethanolamine. Triacylglycerols (triglycerides) have also been mentioned (section 2.9.1) and are also discussed in Chapter 4, section 4.5.1. These consist of glycerol molecules carrying three fatty acid chains and are primarily storage compounds, found in oleosomes (oil bodies). Fatty acids are synthesized in chloroplasts/plastids but, as already mentioned, modification and further metabolism takes place in the ER.

The starting point for fatty acid synthesis is acetyl-CoA. In respiratory metabolism, this is produced as the respiratory substrate from the EMP pathway and enters the mitochondrion. We now know that the EMP pathway also operates in chloroplasts (often referred to as chloroplast glycolysis). Although there was initially some controversy over this, it is currently thought that this pathway, including the acetyl-CoA synthase component of the pyruvate dehydrogenase complex, is the source of acetyl-CoA for fatty acid synthesis. In photosynthetic cells, the substrate for the chloroplast EMP pathway is generated in photosynthesis; in non-photosynthetic cells, it is derived from sucrose arriving via the phloem and is imported into the plastids as hexose phosphate or as pyruvate.

Fatty acids are built up two carbons at time, a process that involves two enzymes—acetyl-CoA carboxylasexvii and fatty acid (FA) synthetase. The carboxylase is a tightly regulated enzyme whose activity is a major influence on the rate of FA synthesis. The synthetase is a large complex of six polypeptides, each with a separate role in the process. The reaction sequence is shown in Figure 2.32.


Figure 2.32 Synthesis of fatty acids. Carbons are added two at a time, each pair being donated from malonyl-CoA in the form of acetyl-CoA.

From  Lea, P and Leegood, R (1999) Plant Biochemistry and Molecular Biology, WIley, Chichester, page 125. http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471976830.html

[image: 2.32]

Using the energy derived from hydrolysis of ATP, acetyl-CoA carboxylates biotinxviii. From there, the CO2 is transferred to acetyl-CoA to form malonyl-CoA. The malonyl moiety is then transferred to acyl carrier protein (ACP). Malonyl-ACP donates its original acetate unit to the ‘primer’, acetyl-CoA, releasing both CO2 and CoA and leaving the four-carbon acetoacetate joined to ACP. While still attached to ACP, this four-carbon acid is successively reduced (with NADPH as the hydrogen donor: see section 2.14.2), loses a water molecule and is again reduced by NADPH. The cycle then starts again with the donation of two more carbons from malonyl-ACP.

The main end-product of the synthesis cycle is 18:0-ACP, with some 16:0-ACP. One double bond may be inserted into 16:0-ACP and 18:0-ACP by a chloroplast desaturase enzyme to give 16:1-ACP and 18:1-ACP. Although the four FAs generated so far may contribute to the assembly of chloroplast membrane lipids (see section 2.5.2), the majority of the FAs need further modification before incorporation into any of the cell's membranes or into triacylglycerols. These further modifications can only occur in the ER. Thus, 16:0, 16:1, 18:0 and 18:1 FAs are exported from the chloroplast/plastid after transfer of the FAs from ACP to CoA (Figure 2.33).


Figure 2.33 Further metabolism of newly synthesised fatty acids.

From  Lea, P and Leegood, R (1999) Plant Biochemistry and Molecular Biology, Wiley, Chichester, page 128. http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471976830.html
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In the ER, a combination of desaturase and elongase enzymes produces a range of unsaturated FAs, including 16:3, 18:2, 18:3, 20:1 and 22:1. Some of these are re-exported (as acyl-CoAs) to the chloroplast. The ER also assembles the glycero- and phospholipids for various cell membranes and triacylglycerols for lipid storage (see Figure 2.32). Triacylglycerols are formed in the Kennedy pathway, in which acyl transferase transfers successively two FA molecules to glycerol-3-phosphate. The phosphate is then removed and the third FA is then joined to the glycerol backbone. Acyl transferases exhibit different levels of activity and specificity with different FAs, and thus have a role in determining the FA composition of membrane and storage lipids.

2.14.6 Lipid Oxidation

There are several circumstances in which lipids may be oxidized: membranes are turned over, cells undergo programmed cell death, storage lipids are mobilized and so on. However, the general principles are the same for all of them, so we focus here on the oxidation of triacylglycerols, the lipids used for storage.

The first step is the removal, one by one, of the FAs from the glycerol with which they are combined; this is mediated by lipase, an enzyme that is particularly active during the germination of fat-storing seeds (note that in breakdown of membrane lipids, lipases with a higher degree of specificity are also required, including phospholipases and galactolipases). The glycerol released by the action of lipase may enter the EMP pathway as triose phosphate, or may be re-used in further lipid synthesis (for example, during turnover of membrane components). Free fatty acids, by contrast, are potentially harmful in that they may damage membranes, so as soon as they are released by lipase, they are transferred to coenzyme-A to form acyl-CoAs. In this form, they enter the peroxisomes to be broken down by β-oxidation.

As with FA synthesis, oxidation deals with two carbons at a time, starting at the thiol ester link with CoA (Figure 2.34).


Figure 2.34 β-oxidation of fatty acids. Each passage through the pathway releases two carbons in form of acetyl-CoA.
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The first step is an oxidation mediated by acyl-CoA dehydrogenase, the co-factor of which is FAD. The reduced FAD is re-oxidized in plants by molecular oxygen (O2), giving rise to hydrogen peroxide (H2O2); this is immediately degraded by catalase. The following two steps are an addition of water (compare with FA synthesis, above) and a second oxidation, this one with NAD as the co-factor. Finally, the oxidized portion is removed as acetyl-CoA, while the remainder of the molecule—two carbons shorter—is transferred to another CoA molecule to start the process again.

The acetyl-CoA may be transferred to the mitochondrion for entry into the TCA cycle but, when lipid reserves are being mobilized (e.g. during seed germination), it enters the glyoxylate cycle (see Chapter 4, section 4.11.2 for details). For every two acetate residues that enter this cycle, three out of the four carbons are preserved for conversion into sugars (e.g. sucrose for transport to the growing regions of the seedling).

2.14.7 Biosynthesis of Ascorbate

Ascorbic acid (‘vitamin C’), which is the most abundant anti-oxidant in plants, occupies a very special place in the relationship between humans and plants. Homo sapiens is one of only relatively few species of mammal that is unable to synthesize ascorbic acidxix, but we still need it as an essential co-factor in several biosynthetic reactions and as an important anti-oxidant.

Based on comparative biochemistry, and more recently on proteomic and genomic analysis, it appears that biosynthesis of ascorbic acid is a very ancient metabolic character. Certainly, all living cells require it, which means that organisms that are unable to make it need to obtain it in their diet. Furthermore, because ascorbate cannot be stored or accumulated, dietary intake must be regular.

For humans, one of the best sources of ascorbate is fresh plant material. All plant tissues appear to have the ability to make ascorbate and it is present throughout the plant, although not in dry seeds. However, the highest concentrations are found in photosynthetic tissues: leaves contain between 1 and 5 mM ascorbate, and in the chloroplasts the concentration may be as high as 25 mM.

Despite it being essential in our diets and despite its importance to plants themselves (see Chapters 9, 10 and 11), the metabolic route by which plantsxx make ascorbate remained unknown for many years. Indeed, it was the last of the major plant products to yield the secrets of its biosynthetic pathway. It was not until the late 1990s that very careful biochemical and enzymological analysis by Nicholas Smirnoff and his research team at the University of Exeter, UK, led to elucidation of the main biosynthetic route (Figure 2.35a). Prior to their work, it had been proposed, based on evidence from feeding experiments, that the most efficient precursor for ascorbate synthesis in plants would be L-galactono-1,4-lactone (Figure 2.35b). However, this had not been detected in plants and, in any case, no route for its synthesis had been established.


Figure 2.35 (a) Diagram illustrating the Smirnoff-Wheeler pathway for synthesis of ascorbic acid. (b) L-galactono-1,4-lactone, the immediate precursor of ascorbic acid.

[image: 2.35]

Smirnoff's team showed that supplying leaves with either L-galactose or L-galactono-1,4-lactone led to a significant increase in the concentration of L-ascorbic acid. They went on to show that GDP-L-galactose can be made from GDP-D-mannose; from GDP-L-galactose it is just four steps to L-ascorbic acid via L-galactono-1,4-lactone. The penultimate step in the pathway, the conversion of L-galactose to L-galactono-1,4-lactone, is catalyzed by L-galactose dehydrogenase, an enzyme that had not before been detected in plants.

Overall, therefore, starting with the common metabolite G6P (see section 2.14.2), it takes nine enzymic steps to make ascorbate. All of the enzymes involved in this pathway, known as the Smirnoff-Wheeler pathway, have now been isolated. The genes that encode them have been cloned and sequenced, giving rise to the possibility of using genetic modification techniques to increase ascorbate content.

The location of the enzymes is interesting. Most of them are located in the cytosol, but the final enzyme in the pathway, L-galactono-1,4-lactone dehydrogenase, is located in the inner mitochondrial membrane, facing into the inter-membrane space. L-galactono-1,4-lactone must therefore be imported through the outer mitochondrial membrane, and ascorbate itself must be exported through the same membrane. Finally, GDP-L-galactose phosphorylase occurs in the nucleus as well as the cytosol. Its role there is not known, but it may have a secondary or ‘moonlighting’ function, as has been shown for several other primarily cytosolic enzymes (Chapter 3, section 3.2.5).

2.14.8 Aspects of Nitrogen Metabolism

Space does not allow us to discuss the whole range of nitrogen metabolism in plants. Indeed, it would take another book to complete such a task. The focus here is on the mechanisms involved in the uptake of nitrogen in various forms and its entry into general metabolism. For most plants, nitrogen is available externally as nitrate or as ammonia (in the form of ammonium salts), while some exploit the capability of particular microorganisms to fix atmospheric nitrogen.

Nitrate ([image: images/c02_I0003.gif]) is mainly taken up by roots, and in many species it is also reduced in the roots. However, when nitrate supply is abundant, it is also translocated to the shoots before it is reduced, with different plant species varying in the extent to which nitrate is translocated before reduction. The enzyme that catalyses the reduction is nitrate reductase. The main form of the enzyme, found in both green and non-green tissues, uses NADH as the reductant (Figure 2.36), whereas the minor form of nitrate reductase, located in non-green tissues, can use NADH or NADPH. The enzyme has three tightly bound co-factors: FAD, haem and molybdenum (Mo)—the latter in the form of a complex with a pterin.xxi These co-factors act in effect as a small electron transport chain; electrons are transferred from NADH to nitrate via FAD, haem and Mo (Figure 2.36), and nitrate is thus reduced to nitrite ([image: images/c02_I0004.gif]).


Figure 2.36 Nitrate reductase. The enzyme's three prosthetic groups/co-factors (FAD, haem and Mo) form a short electron transport chain between NAD(P)H and nitrate.

[image: 2.36]

Nitrate reductase is another tightly regulated enzyme. First, it is regulated at the level of gene transcription by nitrate itself. For example, supplying nitrate to plants previously grown without any will lead rapidly to transcription of the nitrate reductase genes and then to the accumulation of the enzyme throughout the plant. In leaves, this induction is dependent on functional chloroplasts and sucrose (this product of photosynthesis may also be involved in transcriptional up-regulation).

The enzyme itself is subject to control by phosphorylation/dephosphorylation. In the dark, and/or when carbohydrate supply is limiting, nitrate reductase is phosphorylated by a calcium-dependent protein kinase. This makes the protein available for a magnesium-dependent binding of an inhibitory protein. The binding event makes the nitrate reductase more liable to degradation but is reversible in the light, when the concentration of free Mg2+ ions is lowered. Light also inhibits the protein kinase, while soluble carbohydrates activate a phosphatase that removes the phosphate groups. All this makes sense when we consider that the final assimilation of nitrogen from nitrate into amino acids requires a good supply of ‘carbon skeletons’.

The product of nitrate reductase, nitrite, is toxic and highly reactive. It is transferred to chloroplasts or to non-photosynthetic plastids where it is reduced to ammonium ([image: images/c02_I0005.gif]) by nitrite reductase. The reduction is a complex one, as shown in Figure 2.37. The electron donor is reduced ferredoxin and, again, there is a short electron chain through the enzyme's prosthetic groups (an iron-sulphur cluster and a haem group) between reduced ferredoxin and the substrate. In chloroplasts, the initial reduction of ferredoxin depends on the light reactions of photosynthesis. In non-green plastids, the ferredoxin is reduced by NADPH from the pentose phosphate pathway (see section 2.14.2).


Figure 2.37 Nitrite reductase. The top half of the diagram shows the short electron transport chain built into the structure of the enzyme by virtue of its prosthetic groups (an iron-sulphur centre and haem). The bottom half shows the stoichiometry of the reaction. Note that the oxidized ferredoxin is re-reduced by NADPH.

Key: Fdx=ferredoxin; red=reduced; ox=oxidized

[image: 2.37]

As with nitrate reductase, nitrite reductase is controlled at the level of gene transcription. Because nitrite is toxic, it is important that, when nitrate reductase is active, there should be enough nitrite reductase to remove the nitrite quickly. Nitrite reductase gene expression is thus controlled by nitrate supply and by light. When nitrate reductase is present in a cell, there is always an excess of nitrite reductase.

The uptake of nitrate thus leads to the formation of ammonium ions and, as stated earlier, these ions can also be taken up from the soil. However, ammonium ions are also toxic and have the potential to damage membranes. They are rapidly incorporated into the amino acid pool by the action of two enzymes working in concert (Figure 2.38). The first of these is glutamine synthetase (GS), which transfers the ammonium ion to glutamate to form glutamine. This is driven by the hydrolysis of ATP.


Figure 2.38 The Glutamine Synthetase-GOGAT cycle.

Based on  Lea, P and Leegood, R (1999) Plant Biochemistry and Molecular Biology, Wiley, Chichester, page 168. http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471976830.html

[image: 2.38]

The second enzyme is known either as glutamate synthase or as glutamine:2-oxoglutarate aminotransferase (GOGAT, discovered independently by two UK research groups in the mid-1970s). The longer name describes exactly what it does: 2-oxoglutarate (from the TCA cycle) is aminated by the transfer of the amide (i.e. secondary amino) group from glutamine. This results in the formation of two glutamate molecules, one of which remains in the GS-GOGAT cycle and the other of which enters into the amino acid pool and hence into the large range of processes involving organic nitrogen. There are two forms of GOGAT: in non-green plastids, the main form uses NADH as an electron donor, while the enzyme in chloroplasts (which is also present as minor form in non-green plastids) uses reduced ferredoxin. As with nitrite reductase, this requirement links nitrate assimilation with photosynthesis, and we note that the same GS-GOGAT cycle is also involved in photorespiratory ammonium assimilation (Chapter 7, section 7.5.1).

Overall, there is a strong linkage between nitrogen assimilation and carbohydrate supply because of the need for a respiratory intermediate (2-oxoglutarate) as an amino group acceptor. Thus, the GS-GOGAT cycle is activated under conditions of high light and ample soluble carbohydrates.

Atmospheric nitrogen can be fixed by a range of micro-organisms, some which live in mutualistic associations with plants. The best known of these associations is symbiosis between plants in the family Leguminosae and bacteria in the genus Rhizobium. This symbiosis, involving the formation of root nodules, and the biochemistry of nitrogen fixation are discussed in Chapter 5, section 5.8. Here we note that the product of N-fixation is ammonia (NH3). This is toxic and must be rapidly incorporated into organic compounds before export from the root.

In many legumes, mostly those living in temperate or cool-temperate regions, the ammonia is exported in the form of the secondary amino or amide group of asparagine or glutamine. The enzymes of the GS-GOGAT cycle are again involved, but the cycle operates in a slightly different way in that glutamine itself may be exported from the root nodule or it may transfer its amide group to aspartate, thus generating asparagine, which is exported (Figure 2.38).

Alternatively, the fixed nitrogen may be exported in the form of ureides, especially allantoin and allantoic acid (see Glossary), as occurs especially in legumes of warmer regions. In a complicated pathway that occurs in the plastid, glutamate and/or glutamine participate in the synthesis of purines. One of these purines, xanthine, exits the plastid and is converted to uric acid, which is transferred to non-infected root cells. In those cells, uric acid is converted in the peroxisomes to allantoin, which is exported to the phloem for transport to the leaves. Alternatively, the allantoin may be converted in the ER to allantoic acid, which is also translocated via the phloem to the leaves. In the leaves, the ureides are degraded, thus releasing ammonia, which is re-assimilated by the GS-GOGAT cycle.





iConfusingly, COP is also the abbreviation by which one of the proteins in the phytochrome signalling pathway is known (Chapter 3, sections 3.7.3 and 3.7.4).

iiNote that, despite its name, this enzyme generally participates in sucrose breakdown in reactions that transfer the glucose unit direct to UDP to form UDPG.

iiiSome primary walls, especially in wood, may become lignified without the deposition of a secondary wall.

ivThe attachment appears to be mediated by a specific arabinogalactan protein (AGP—see section 2.2.2) that is located on the outer surface of the plasma membrane.

vWe are using standard notation for fatty acids: the number before the colon is the number of carbon atoms; the number after the colon is the number of double bonds (i.e. ‘unsaturated’ linkages).

viSee Chapter 1, Box 1.1.

viiThe superscript numbers show the positions of the first of the two carbons involved in each unsaturated linkage. The positions of the double bonds in the chloroplast 16:3 fatty acid, namely 7, 10 and 13, are very unusual.

viiiOne small puzzle is that some of the enzymes involved in fatty acid synthesis—which occurs in chloroplasts—have been found in plant mitochondria. Their specific function is unknown.

ixThese have been also been known as spherosomes and this term still occurs in some texts.

xReaders should beware of those plant science/botany websites that give the total number of ribosomes per plant cell as 15,000.

xiStrictly speaking, mitosis refers to the events of nuclear division which are followed by cytokinesis, division of the cell itself. However, in general usage, mitosis is usually taken to include cytokinesis.

xiiOne of us (JAB) has written in detail about this—see Further Reading list at the end of the chapter.

xiiiThese proteins have several names. Sometimes they are known as Inhibitors of CDKs; there are also several abbreviations: ICKs, KRPs (and for animals, CKIs).

xivThese cells are unusual in that they do not require added cytokinin.

xvThe Biochemistry of Plants, published by Academic Press in the late 1980s, ran to 16 volumes.

xviNote that in animals, GTP rather than ATP is synthesized at this step.

xviiIn eudicots, acetyl-CoA carboxylase is a complex of four polypeptides each with its own catalytic site; in monocots it a large (240 kDa) polypeptide with four catalytic sites.

xviiiVitamin B7, a co-factor that participates in several CO2 transfer reactions.

xixThe others are bats, guinea pigs, capybaras, and three primate groups: tarsiers, monkeys and apes. The latter three groups of primates diverged from a common ancestor about 60 million years ago and it is presumed that it was the common ancestor that lost the ability to make vitamin C.

xxThe biosynthetic route by which animals make ascorbate has been known for many years.

xxiA heterocyclic N-containing organic compound.
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(Figure 4.5). Only a small proportion of the stored carbohydrate in soybean - up 1o one
third — consists of starch.
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